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numerous other awards Langer has received are the Dickson Prize for Science (2002); Heinz Award for Technology, Economy
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world’s largest prize for invention for being ‘one of history’s most prolific inventors in medicine’. In 1989, Dr. Langer was
elected to the Institute of Medicine of the National Academy of Sciences, and in 1992, he was elected to both the National
Academy of Engineering and the National Academy of Sciences. He is one of very few people ever elected to all three United
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Powe Junior Faculty Enhancement Award (2008), Young Investigator Awards from ONR and ARO (2008), a 3M Non-tenured
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PREFACE

Comprehensive Polymer Science was published in 1989 as a set of seven volumes and then supplemented by two
additional volumes. This excellent print collection comprehensively covered the entire field of polymer science
at that time. Much of the information is currently still as valuable as it was then, although some aspects are seen
differently now. Those differences are important in order to understand the enormous development polymer
science has taken since 1989. When we developed the concept for an entirely new edition of Polymer Science:
A Comprehensive Reference, we intended not only to update and replace the original edition of Comprehensive
Polymer Science, (we are pleased to announce that it will be soon available in electronic format) but also to
focus on a widely observed transition of polymer science, from exploring only macromolecules, polymeric
materials, and polymerization processes to become part of a comprehensive study on molecular soft matter
science enabling advancements in other related disciplines.

In 1989, polymer science had just started a second stage of development after completing the scientific
and technological evolution of its fundamental principles. This second stage has been driven by the
continuously increasing understanding of the complexity in the structural organization of polymer
materials and the challenge to understand and to master the fundamental underlying structure formation
on exceedingly large length scales. Material functions based on molecular organization have been the
focus of outstanding and highly recognized achievements, for example, new concepts for macromolecular
architectures, self-assembling properties, electronically conductive polymers, ultrathin films, and hybrid
structures or bioconjugates.

We are once again at the beginning of another step forward in the development of polymer science. Based
on an increasing understanding of molecular processes, for example, advancements in mastering molecular
self-assembly and the interfacing of bottom-up and top-down approaches to molecular organization, the
tremendous progress in understanding the molecular basis of biological processes, and the growing ability to
describe more and more complex systems with the rigorous approaches of physics, the traditional bound-
aries between these fields of science are being torn down. At the same time, the differentiation between
materials and living organisms is becoming more and more indistinct, that is, machines are becoming
biological and biology is becoming engineered. Already a new field of biofunctional materials is emerging,
where ‘biofunctional’ represents the ability to activate and control a biological response. As a consequence,
polymer science is facing a shift in paradigm from having been focused on itself, toward creating an enabling
science that provides an understanding of a much broader base of ‘molecular soft matter science’ that reaches
out and provides important contributions toward biology and information- and energy-related technologies.
This development is seen in the increased worldwide interest in bioinspired materials engineering biomi-
metic materials and in the creation of smart nanostructures, as well as polymeric electronic and photonic
devices.

The great progress that has been made in many areas of polymer science since 1989 is reflected in, and aided
by, three major developments: (1) the advancements in precision polymerization and synthetic combination of
well-defined (bio)macromolecular building blocks, for example, controlled polymerization processes, and new
macromolecular architectures; (2) the progress in characterization methods spanning an enormous increase in
length- and timescales, for example, single molecule imaging and spectroscopy that provides an improved
insight on slow and cooperative relaxation and ordering; and (3) significant improvement in the under-
standing of complex macromolecular systems like polyelectrolytes and block and graft copolymers amplified
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by the dramatically enhanced power of computational simulations. In addition, much interest has been
focused on polymers and materials coming from biological sources, or those designed to serve specific
functions in a biological system, which is partly driven by environmental and sustainability aspects, but also
by the rising interest in smart biomimetic and bioactive materials. Besides the emergence of new biomaterials
and biohybrid macromolecules, this also leads to a new interest in waterborne polymers and polymer synthesis
in aqueous systems, for example, enzymatic polymerization.

The organization and outline of the ten volumes of this edition of Polymer Science: A Comprehensive
Reference has been chosen to give consideration to these developments, but also to link the fundamentals
of polymer science, as developed over almost 100 years, with the challenges of the ever more complex
systems, and introduce connections that will dominate the future development of a polymer-based mole-
cular soft matter science. Besides the classic print edition, this new edition of Polymer Science: A Comprehensive
Reference is also provided as an e-version, enabled with efficient cross-referencing and multimedia. We
invited the top world experts in polymer science to serve as volume editors and this ‘dream team’ has
prepared a ten-volume set with 269 chapters covering both the fundamentals and the most recent advances
in polymer science. Volumes 1–5 are directed toward the fundamentals of polymer science, that is, polymer
physics and physical chemistry, advanced characterization methods, and polymer synthesis. In spite of the
breadth of information collected in these five volumes, it has not been possible to cover all aspects of
polymer science. In some cases, the reader must refer to the chapters in volumes 6–10 that address topical
developments with a stronger material focus.

The progress in polymer science is revealed in essentially all chapters of this edition of Polymer Science:
A Comprehensive Reference. In Volume 1, edited by Khokhlov and Kremer, this is reflected in the improved
understanding of the properties of polymers in solution, in bulk, and in confined situations such as in
thin films. Volume 2, edited by Spiess, Hashimoto, and Takenaka, addresses new characterization
techniques that were not covered in the first edition, or did not even exist in 1989, such as high-
resolution optical microscopy, scanning probe microscopy, and other procedures for surface and interface
characterization. Volume 3, edited by Coates and Sawamoto, presents the great progress achieved in
precise synthetic polymerization techniques for vinyl monomers to control macromolecular architecture:
the development of metallocene and post-metallocene catalysis for olefin polymerization, new ionic
polymerization procedures, atom transfer radical polymerization, nitroxide-mediated polymerization,
and reversible addition-fragmentation chain transfer systems as the most often used controlled/living
radical polymerization methods. Volume 4, edited by Penczek and Grubbs, is devoted to kinetics,
mechanisms, and applications of ring-opening polymerization of heterocyclic monomers and cycloolefins
(ROMP), as well as to various less common polymerization techniques. Polycondensation and non-chain
polymerizations, including dendrimer synthesis and various ‘click’ procedures, are covered in Volume 5,
edited by Schmidt and Ueda. Volume 6, edited by Müller and Wooley, focuses on several aspects of
controlled macromolecular architectures and soft nanoobjects including hybrids and bioconjugates. Many
of the achievements would have not been possible without new characterization techniques like atomic
force microscopy (AFM) that allowed direct imaging of single molecules and nanoobjects with a precision
only recently available. An entirely new aspect in polymer science is based on the combination of
bottom-up methods such as molecularly programmed self-assembly with top-down structuring such as
lithography and surface templating, as presented in Volume 7, edited by Kumacheva and Russell. It
encompasses polymer and nanoparticle assembly in bulk and under confined conditions or influenced by
an external field, including thin films, inorganic–organic hybrids, or nanofibers. Volume 8, edited by
Muellen and Ober, expands these concepts, focusing on applications in advanced technologies, for
example, in electronic industry and centers, in combination with the top-down approach and functional
properties like conductivity. Another type of functionality that is rapidly increasing in importance in
polymer science is introduced in volume 9, edited by Langer and Tirrell. This deals with various aspects of
polymers in biology and medicine, including the response of living cells and tissue to the contact with
biofunctional particles and surfaces. Volume 10, edited by Höfer, Hickner, and McGrath, is devoted to the
scope and potential provided by environmentally benign and green polymers, as well as energy-related
polymers. It discusses new technologies needed for a sustainable economy in our world of limited
resources. Common to all approaches in this edition of Polymer Science: A Comprehensive Reference is the
mastering of an increasing complexity of the polymer material structure needed for a change in focus
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from commodities to materials for various advanced applications, related to energy, environment, and
biomedicine.

We hope that this new edition of Polymer Science: A Comprehensive Reference will provide the readers with
state-of-the-art coverage of all important and modern aspects of polymer science. We would like to thank all
volume editors, contributing authors, and Elsevier personnel for their efforts, not only in completing the
project in a timely fashion but also in ensuring the outstanding quality of the final product.

Krzysztof Matyjaszewski
Martin Möller
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FOREWORD

Polymer science has experienced a most impressive expansion in depth, breadth, and diversity through
developments in its core domains as well as at the interfaces of polymer chemistry and physics with materials
science, supramolecular chemistry, nanoscience, biophysics, and biology. These developments are reflected in
the evolution from the original edition of Comprehensive Polymer Science to the present edition Polymer Science: A
Comprehensive Reference. None of these areas can nowadays be envisaged without considering the contributions
of polymer science to their own progress. At the same time and with increasing impact, scientists from the other
fields contribute new findings and concepts to polymer science and many novel and topical approaches are
rooted in the areas mentioned above.

The extension of the concepts and features of supramolecular chemistry from discrete species to
polymolecular entities has opened novel perspectives in materials science. It defines a field of supramole-
cular materials that rests on the explicit implementation of intermolecular interactions and recognition
processes for controlling the buildup, the architecture, and the properties of polymolecular assemblies as
they emerge from their components through self-organization. Such spontaneous but directed self-assembly
is of major interest for the supramolecular design, synthesis, and engineering of novel materials presenting
novel properties.

Our own connection with polymer science stems from the introduction and progressive establishment
of a supramolecular polymer chemistry built on entities generated by polyassociation between molecular
‘monomeric’ components through dynamic noncovalent interactions with molecular recognition between
the components. The more recent development of dynamic covalent chemistry led to the investigation of
dynamic covalent polymers formed by polycondensation through reversible reactions between subunits
bearing suitable functional groups. The dynamic features of both these molecular and supramolecular
polymers characterize dynamic polymers, dynamers, on both levels. Dynamers may be defined as
constitutional dynamic polymers, that is, polymeric entities whose monomeric components are linked
through reversible connections and have therefore the capacity to modify their constitution by exchange
and reshuffling of their components. They may undergo constitutional variation by incorporation,
decorporation, and exchange of components. These dynamic properties confer to dynamers the ability
to undergo adaptation and driven evolution in response to physical stimuli or chemical effectors.
Dynamers are thus constitutional dynamic materials resulting from the application of the principles of
constitutional dynamic chemistry to polymer science. As such, they open wide perspectives toward
adaptive materials and technologies.

By the nature and the size of its objects, polymer science plays a very important role in nanoscience and
nanotechnology, both areas experiencing a profound mutual fertilization. Polymer science has also been
subject to major developments at the interface with biology, by the incorporation of biological components
into synthetic polymers, as well as by applying its own principles to the understanding of the features of
biological macromolecules.

An extremely rich variety of novel architectures, processes, and properties have resulted and may be expected
to further emerge from the blending of polymer science with the other areas of materials chemistry and physics,
with ongoing developments in chemistry as well as with the investigation of complex molecular behavior in
biological sciences.
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Polymer Science: A Comprehensive Reference provides complete and up-to-date coverage of the most impor-
tant contemporary aspects and fundamental concepts of polymer science. It will become the indispensable
reference not only for polymer scientists but also for all researchers in disciplines related to macromolecular
systems.

Jean-Marie Lehn
ISIS - Université de Strasbourg, Strasbourg, France
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4.01 Introduction 
S Penczek, Polish Academy of Sciences, Lodz, Poland 
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Ring-opening polymerization (ROP) encompasses polymeriza
tion of cyclic compounds (monomers) with at least one 
heteroatom or a double bond in the molecules. Polymerization 
of the latter proceeds by the metathesis mechanism and is called 
ring-opening metathesis polymerization (ROMP). It has become 
customary to use the expression ‘ROP’ mostly for heterocyclic 
monomers. Both processes belong to the larger family of chain 
polymerizations. In this volume of Polymer Science: A 
Comprehensive Reference there are a few chapters that do not 
entirely belong to ROP. 

The first chapters describe the general phenomena of ROP 
(and ROMP). For the first time, the mechanistic aspects of 
ROMP are presented, as they were not treated in the first edi
tion of Comprehensive Polymer Science (CPS). These chapters 
will present a discussion of the history of development of 
‘living’ ROMP and the key features that must be controlled to 
obtain narrow dispersity polymer samples with the desired 
molecular weight. 

Thermodynamic features of polymerization of both classes 
of monomers are similar and the ring strain is mostly respon
sible for conversion of monomer into polymer unit. The origins 
of the ring strains are similar, namely distortion of the ring 
angles and stretching bonds. Nevertheless, certain differences in 
thermodynamics in the two groups of monomers stems from 
the conversion of the single bonds into single bonds in the 
former and the conversion of the double bond into a double 
bond in the repeating units in the latter. Then, if there is a 
sufficiently short distance, their interaction may influence the 
enthalpy of the chemical change. 

Metathesis can be accomplished with ruthenium-based cata
lysis in water solvent, whereas ionic processes typical in the ROP 
exclude water as a reaction medium (there are a few exceptions: 
the most basic monomers, radical ROP as well as unusual ionic 
polymerization in water emulsions (cyclic siloxanes)). 

Impressive progress has been made in stereospecific poly
merization of cyclic ethers and cyclic esters since the first 
edition of CPS was published. A novel ROP phenomenon 
called stereocomplexation, which is especially important 
when it involves homochiral macromolecules, poly(R)- and 
poly(S)- polylactides, is analyzed in detail (chapter devoted 
to cyclic esters). A breakthrough in the stereoregulation of 
methyloxirane (propylene oxide) polymerization is the subject 
of a chapter on stereospecific polymerization of oxiranes. 

Several chapters describe ROP of major classes of monomers 
such as cyclic ethers, acetals, esters, sulfides, amines, amides, 
oxazolines, and less common ones, like N-carboxyanhydrides 
(NCAs) of α-amino acids, leading to polypeptides or ROP of 
cyclic esters of phosphoric acid allowing synthesis of the back
bones of DNA. 

Novel phenomena are examined such as ROMP 
(metal-catalyzed ROMP of olefins) involving new classes of 
initiators (so-called metal free) and phosphorus compounds. 
Moreover, if one looks at the literature cited in the majority of 
chapters, then it becomes clear that at least half of the chapters 

are based on results published after the first edition of CPS 
appeared. Of course, there are established fields, like polymer
izations of cyclic sulfides or cationic polymerization of cyclic 
acetals or several cyclic ethers (e.g., tetrahydrofuran (THF)). 
Therefore, in the corresponding chapters, the major facts of 
the past are recalled. However, in the chapters on mechanism 
of ROMP or cyclic esters, almost exclusively new data are set 
forth, like the polymerization of biobased monomers (e.g., 
lactides). The mechanism of the most often used catalytic 
system, based on Sn(Oct)2, is novel and conditions for living 
and controlled polymerization of L-lactide polymer (PLA), 
which is called the ‘polymer of the twenty-first century’, are 
discussed in detail. 

In the processes of chain ROP/ROMP, there are several 
phenomena not existing in the vinyl chain polymerizations. 
These include chain transfer to macromolecules with chain 
breaking, the most prominent in the polymerization of cyclic 
acetals (described Chapter 4.10 by Kubisa and Warren), where 
cationic active species may react with the repeating units of 
macromolecules with rate constants exceeding the rate con
stants of propagation. 

Similar phenomena, although less effective, take place in 
the polymerization of all monomers leading to macromole
cules with heteroatoms in the chains. A related phenomenon is 
chain transfer to the same macromolecule, called backbiting 
and bearing a resemblance to the intramolecular transfer in, for 
example, polymerization of ethylene. However, in the latter, 
branching results from ‘backbiting’ and in ROP/ROMP forma
tion of cyclic molecules is the dominating process. 

The theory of chain transfer with chain breaking is pre
sented Chapter 4.11 by Duda. Zwitterionic ROP was studied 
already in the 1970s (initiation with strong bases – tertiary 
amines and phosphines), but this work has mostly been for
gotten. Related classes of strong nucleophiles and carbenes 
have appeared and are discussed under the more appealing 
name ‘no metal catalysts’. These are particularly important for 
cyclic esters due to the value of the final applications of the 
resulting polymers ranging from medicine to electronics. In 
addition, strong bases and acids, which perform equally well 
in some systems, also belong to this category of initiators/ 
catalysts. 

The second large group of chapters specifically describes the 
synthetic aspects of ROP/ROMP. In this section, the architec
ture of polymers prepared by ROMP, functionalization of poly 
(ethylene oxide), chain extension by ROP, nonlinear poly-
ethers, as well as ROP in heterogeneous media are discussed. 
It also describes methods of polymerization that provide reg
ular and mostly spherical particles, and gives for the first time a 
review of the kinetics and mechanism of this particular system 
that resembles emulsion vinyl polymerization. The chapter on 
polymerization in confined space (encompassing matrix poly
merization) summarizes results that may open the way to the 
‘replica polymerization’, a process that is typical for the matrix 
synthesis of biomacromolecules in nature. 

Polymer Science: A Comprehensive Reference, Volume 4 doi:10.1016/B978-0-444-53349-4.00089-3 1 

(c) 2013 Elsevier Inc. All Rights Reserved.



2 Introduction 

Frontal polymerization and solid-state polymerization, 
which are found in separate chapters, are gaining practical 
importance. Solid-state polymerization is a useful tool to ‘fight 
against thermodynamics’. Indeed, when polymerization is 
conducted at a relatively high temperature (e.g., polymerization 
of L-lactide), there is a high equilibrium monomer concentra
tion. Changing from homogeneous to heterogeneous conditions 
may not change the equilibrium monomer concentration but 
changes the volume of the system in which polymer–monomer 
equilibrium takes place, reducing the amount of monomer left 
at equilibrium. Ring-chain equilibrium and copolymerization at 
equilibria are the subjects of separate chapters, giving the neces
sary theoretical background. 

The next group of chapters is devoted to particularly impor
tant applications. In this section, a chapter on conducting 
polymers by ROMP describes advances in this popular area 
and several chapters are devoted to biomedical applications: 
biorelated polymers by ROMP, functional surfaces and supports 
prepared by ROMP, biological applications of polyphospho
esters by ROP, and the already mentioned chapter on 
functionalized poly(ethylene oxide) (PEO), devoted mostly to 
the preparation of PEO for further PEGylation, a process making 
bioactive macromolecules more stable toward biohydrolysis. 

The final group of chapters describes either already 
existing general industrial methods of polymer synthesis 

(Chapter 4.32) or polymerization methods specifically related 
to a given group (Chapters 4.30, 4.36, 4.37 and 4.39). Under 
these general titles, there are several important specific ROP 
polymerizations, like ROP of cyclic ethers, where photochemical 
initiation converts thermally stable compounds into strong pro
tonic acids initiating fast cationic polymerization. Nevertheless, 
radical photopolymerization is still the most important area of 
research, and the introduction of lasers now competes success
fully with the ionizing radiation processes. High-pressure 
polymerization, mostly known as an industrial process of 
ethylene polymerization, is the subject of the last chapter of this 
volume. It provides up-to-date analysis of the radical 
high-pressure polymerization and stresses the importance of the 
high pressure in supercritical CO2 (supercritical CO2). 

It could be assumed that the accumulated knowledge 
would also be used for monomers with structural features 
preventing them from polymerization under normal condi
tions (resulting in thermodynamic potentials that indicate 
‘nonpolymerizability’). Several cyclic compounds that might 
under high pressure successfully become monomers are 
considered. 

Since the first edition of CPS, significant progress has been 
made in ROP and ROMP; the chapters of this section of the 
book were designed to emphasize these aspects and to put 
them in the context of prior work on ring-opening processes. 
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4.02.1 Introduction 

In the first edition of Comprehensive Polymer Science1 the ther
modynamics of cationic ring-opening polymerization (CROP) 
was discussed exclusively. The content of this earlier chapter is 
to some extent retained, although entirely rewritten, taking 
into account the IUPAC document ‘Glossary of Terms 
Related to Kinetics, Thermodynamics, and Mechanisms of 
Polymerization’ (‘Glossary’)2 published in 2008 as well as 
some new literature data. In the ‘Glossary’ enthalpy and 
entropy of polymerization as well as ceiling and floor tempera
tures are defined. 

Major references are given to monographs, textbooks, 
and review papers. Nevertheless, papers that mostly contribu
ted to the thermodynamics of polymerization are duly quoted. 

Thermodynamics of polymerization does not formally dif
fer from that of any other chemical reaction if by 
‘polymerization’ the propagation step is understood. 

Then 

M ⇄ 1=n −ðmÞ −n

where M is a monomer, –(m)– is the repeating unit, and n 
is the polymerization degree (Pn). Like in any other 
chemical reaction, the polymerization may occur if the Gibbs 
energy of polymerization (actually, propagation) is negative 
(ΔG < 0). 

4.02.2 Major Definitions 

Thermodynamic functions of polymerization may depend on 
the polymerization degree (Pn) (length of the polymer chain). 
If Pn is large enough the influence of the chain ends and the 
translation entropy of the macromolecule as a whole could be 
neglected, and the thermodynamic functions practically do not 
depend on Pn. 

According to the IUPAC definition, Gibbs energy (G) is  
defined as “Enthalpy minus the product of thermodynamic 
temperature and entropy”: G = H − TS.3 The corresponding defi
nitions of enthalpy and entropy related to polymerization are 
given below and are copied from the ‘Glossary’.2 

4.02.2.1 (Molar) Enthalpy of Polymerization (ΔHm or ΔabHm, 
SI Unit: J mol−1) 

Change of enthalpy, in a ‘chain polymerization’ forming a 
homopolymer, is associated with the conversion of one mole 
of monomer into polymer under isobaric and isothermal 
conditions. 

Note 1: Under defined standard conditions the enthalpy of 
polymerization is designated ΔH°m. 

Note 2: The subscripts a and b in ΔabHm denote the state of the 

monomer and the state of polymer, respectively: 
g: gaseous state (hypothetical in the case of polymer); 

Polymer Science: A Comprehensive Reference, Volume 4 doi:10.1016/B978-0-444-53349-4.00090-X 5 

(c) 2013 Elsevier Inc. All Rights Reserved.



6 Thermodynamic and Kinetic Polymerizability 

l:	 liquid state (must be specified in the case of a 

mesophase); 
s:	 in solution (solvent and mesophases, if any, must be 

specified); 
c: (condensed) amorphous, glassy states;
 
c′: crystalline or partly crystalline state;
 
for example, ΔlcHm means: from liquid state to amor

phous or glassy state; and 

ΔssHm means: from monomer in solvent to polymer in 

solvent. 
Note 3:	 The symbol ΔHab, in common usage in polymer chem

istry, is discouraged as the IUPAC-recommended 

symbol is ΔabHm. 

4.02.2.2 (Molar) Entropy of Polymerization (ΔSm or ΔabSm, 
SI Unit: J mol−1 K−1) 

Change of entropy, in a ‘chain polymerization’ forming a 
homopolymer, is associated with the conversion of 1 mol of 
monomer into polymer under isobaric and isothermal 
conditions. 

Note 1: Under defined standard conditions, the entropy of poly
merization is designated ΔS°m; thus, if the standard state 

refers to standard concentration, and the monomer 
behaves ideally, ΔSm ¼ ΔS˚m þ Rlnð½M�0 =c˚Þ, where
[M]0 denotes the starting monomer concentration and 
c°=1m old m−3 is the standard concentration. 

Note 2: The a and b subscripts in ΔabSm denote the state of 
the monomer and the state of polymer, respectively 

(see Section 4.02.2.1). 

In the present chapter the subscript m is omitted and all the 
values are given for 1 mol. In place of dm−3 symbol l (allowed 
by IUPAC) is used. 

To use the accepted IUPAC definitions and notations is 
necessary, since in many monographs and textbooks, particu
larly coming from various countries, similar phenomena are 
described by different terms. For instance, Gibbs energy 
(IUPAC-preferred term) is still called ‘free energy’ or ‘free 
enthalpy’.4 In the authoritative monograph Kinetics of 
Polymerization Processes published in Russia G is called ‘thermo
dynamic potential’,5 although this term (not existing in the 
IUPAC Gold Book) describes all the major thermodynamic 
functions, namely Gibbs energy G(T, P, n), enthalpy H(S, P, n), 
internal energy U(S, V, n), and Helmholtz energy F(T, V, n). 
The letters in brackets have their usual meaning (n is the number 
of species). The relationship between these thermodynamic 
potentials is known to be given by Legendre transforms, defining 
the other thermodynamic potentials in terms of U minus variable 
as shown above for a given potential.6 An understanding of the 
interrelation is important, since in some monographs and text
books either ΔG or ΔF is u sed. As it i s known, e xclusively a t  
constant P and V ΔG = ΔF. 

Thermodynamic potentials should be known, as well as 
their change when polymerization occurs, in order to properly 
understand positions of equilibriums (thermodynamic poly
merizability). These potentials, like potential energy in 
mechanics, give information about the most stable state of 
the system, related to polymerizability. 

 

Moreover, when for a given system, for example, ΔssG >0,  it  
does not mean that polymerization in bulk would not also be 
possible (or vice versa), since it may happen at the same P, V, 
and T, ΔlcG < 0.  

Thermodynamic polymerizability of monomers may be 
described and compared in various ways. ΔabG at a given 
temperature is one of the possible approaches. However, the 
ceiling temperature of monomers in bulk (Tc(bulk)) appears as 
a useful candidate since this is the upper limit at which the 
polymer of a given monomer is thermodynamically stable. 

4.02.3 Equilibrium and Ceiling (Floor) Temperatures 
(Te and Tc/Tf) 

The history of the term ‘ceiling temperature’ is described in the 
paper by Ivin7 and this term was first used for copolymeriza
tion of olefins with SO2, studied in Phillips Petroleum by Snow 
and Frey. Copolymerization proceeded only below a certain 
temperature, which the authors called ceiling temperature .8 

‘ ’

In several papers and textbooks there is no clear-cut distinc
tion made between equilibrium temperatures (Te) and this 
particular temperature – ceiling temperature (Tc) – above 
which high polymer may not exist. 

The statements from some textbooks are for instance as 
follows: “The temperature at which propagation and depropa
gation rates are equal is called a ceiling temperature”.9 

“The 
temperature at which this equilibrium occurs is called ceiling 
temperature 10 

”. In the Odian’s textbook we find “Finally a 
temperature – the ceiling temperature Tc is reached at which 
propagation and depropagation notes are equal”.11 Actually 
ΔG = 0 (or ΔF = 0) is a necessary but not a sufficient condition 
to fulfill the IUPAC definition and the original meaning intro
duced by Dainton and Ivin.12 At Tc no high polymer, according 
to IUPAC definition (cf. below), is formed, and Snow and Frey 
(vide supra) have indeed not observed any polymer formation. 
To make it clear, let us assume that monomer M is to be 
polymerized at a certain temperature T1 in bulk at living poly
merization conditions. Then, after addition of an initiator 
polymerization proceeds until equilibrium monomer concen
tration [M]e is reached. Thus the ΔssG = 0 condition is fulfilled. 
At this T1 = Te, however, a certain amount of polymer (P) is 
produced. The total number of repeating units (Pn) is equal to 
[M] –0  [M]e. Polymerization of, for example, tetrahydrofuran 
(oxolane) in bulk ([M]0 = 12.5 mol l−1) and at 298 K would 
stop eventually at this temperature. Equilibrium monomer 
concentration [M]e would be equal to 2.3 mol l−1. When the 
temperature is increased further, finally at a certain tempera
ture, called, according to the above definition, ceiling 
temperature, Tc, there will be no high polymer formed, and 
[M]e = [M] ≈ [M] (here � 12.5 mol l−1c 0 ). Thus, there is, when 
polymerization is conducted in bulk, an infinite number of 
‘pairs’: equilibrium monomer concentration [M]e paired with 
the corresponding equilibrium temperatures Te. For these con
ditions (bulk), there is, however, only one ceiling temperature 
Tc(bulk), which for THF ≅ 84 °C. 

When polymerization is conducted in solution, in the ideal 
system, the polymerization started at [M]0 would go to equili
brium at [M]e, characteristic only for the temperature of 
polymerization: [M]e does not depend on [M]0 although Tc 
does depend, as it follows from eqn [1]. If the temperature is 
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increased further, finally [M]e becomes equal to [M]0, and only 
then there would be no high polymer formed. In the nonideal 
systems (Section 4.02.7) [M]e is a function of [M]0 (cf. 
Figure 4). Thus, in these real systems there is an infinite num
ber of pairs of [M]e and Te for various [M]0 and an infinite 
number of Tc for various [M]0. The corresponding equation 
relating Tc and [M]0 reads 

ΔG ¼ 0 ¼ ΔH − TcðΔS˚ þ Rln½M�0Þ ½1� 
(Since the system is nonideal ΔS° may also depend on [M]0.) 

In eqn [1] and in some further equations the subscripts at 
ΔG, ΔH, and ΔS (existing in the IUPAC document) are omitted. 
Equations may be valid for any chosen conditions with a 
pertinent modification. Often the subscript ‘p’ is used in the 
literature (e.g., ΔHp) indicating the polymerization process, 
particularly when a paper is published in journals of a more 
general scope. These are also omitted in this chapter. Finally, 
ΔH can be taken as equal to ΔH°, since practically it depends 
neither on temperature nor on monomer concentration, in 
contrast to ΔS. 

If the standard conditions are used, when [M]  mol l−10 = 1 , 
then 

ΔG ¼ 0 ¼ ΔH − TΔS˚; therefore ΔH ¼ TΔS˚ ðin generalÞ ½2� 
From this relationship, for polymerizations with negative 

ΔH the exothermicity of polymerization (propagation) is coun
terbalanced at equilibrium by a negative change of entropy. 
This simple thermodynamic condition could also be explained 
by kinetic approach. At any equilibrium (i.e., also at Tc) the 
forward reaction (propagation) may proceed all of the time, 
although it is counterbalanced by an equally fast 
depropagation. 

In the present treatment it is assumed that high molar mass 
polymers are formed; therefore…(–m–)  ≈ …(–m–nm* )n+1 

m* = [ Pi*]. 
The rate constants can be expressed according to the theory 

of the transition state (rate constants are given at Tc): 

kp ¼ Apexpð−Ep =RTcÞ ½3� 
kd ¼ Adexpð−Ed=RTcÞ ½4� 

At the ceiling temperature polymer (by definition) is 
not formed; therefore, at this particular equilibrium 
[M]e = [M]c = [M]0. 

The rate of propagation and the rate of depropagation are 
equal: 

Apexpð−Ep =RTcÞ½M�0½Pi
�
 � ¼ Adexpð−E  

d=RTcÞ½Pi
�
 � ½5� 

It follows that 
    

Tc ¼ ðEp−EdÞ=Rln 
�ðA  

p =AdÞ½M� � ¼ ΔH o
0	 = 

�
ΔS þ Rln½M�0 

� ½6�
remembering that Ep − Ed = ΔH, ΔS°=  Δ≠Sp° − Δ≠Sd° =  R ln 
(A /A ), and Δ≠S ° and Δ≠

p d p Sd° are entropies of activation and 
Ap and Ad are probability factors of propagation and depro
pagation, respectively, and concentrations of species can be 
omitted. 

There is also another strictly thermodynamic way to express 
Tc as the function of ΔH and ΔS. 

As it is known from monographs on thermodynamics,13,14 

it could be shown by methods of chemical thermodynamics or 

statistical mechanics (both out of scope of this chapter) that 
Gibbs energy change and equilibrium constant are related in 
the following way: 

ΔG ¼ ΔG˚ þ RT lnK; at equilibrium ΔG ¼ 0 ½7� 
ΔG˚ ¼ −RT lnK; since K ¼ kp =kd ¼ 1=½M�eðfor long chainsÞ

½8� 
ΔG˚ ¼ RT ln ½M� ˚e; thus; at Tc : ΔG  ¼ RTc ln ½M�0 ½9� 

Thus 

ΔG˚ ¼ ΔH − TcΔS˚ ¼ RTc ln ½M�0 ½10� 
After rearranging 

 
Tc ¼ ΔH=ðΔS˚ þ R ln½M�0Þ ðcf : eqns ½1� and ½6�

�
½11� 

At particular conditions, when [M]0 = 1 mol l−1 

Tc ¼ ΔH=ΔS˚	 ½12� 
(Superscript over ΔH may be omitted for reasons presented 
above.) 

The higher the ceiling temperature of a given monomer, the 
higher its thermodynamic polymerizability. Tc could be calcu
lated from ΔH and ΔS° and the extensive scale of Tc for various 
monomers could thus be tabulated. 

Since 

ln½M� ¼ ΔH=RTe – ΔS˚e =R ½13�
the experimentally accessible plot of ln[M]e versus 1/Te gives 
from the intercept and slope ΔS° and ΔH, respectively. 

In Figure 1 this plot is shown for polymerization of L-lactide 
(L-LA).15 The calculated values are ΔH = − 22.9 kJ mol−1 and 
ΔS° =−  25 J mol−1 K−1. In this particular instance, as in many 
others, Tc is higher than the temperature at which the polymer 
would start to degrade. 

In the extensive paper by Duda and Kowalski, published in 
2009, a large number of ΔH, ΔS°, and [M]e at 298 K are 
tabulated.16 

4.02.3.1 The IUPAC Definitions for Ceiling and Floor 
Temperatures 

The IUPAC definitions taken in extenso from the IUPAC 
‘Glossary 2 

’ are given below. 

4.02.3.1.1 Ceiling temperature ( Tc, SI Unit: K) 
Temperature above which, in a given ‘chain polymerization’, 
polymer of high molar mass is not formed. 

Note 1:	 A ceiling temperature is only observed for enthalpy-
driven chain polymerizations in which ΔHm<0 and 

ΔSm < 0, where ΔHm and ΔSm are, respectively, the 

enthalpy and entropy change per mole of monomer 
reacted. 

Note 2: For most chain polymerizations, ΔHm<0 and ΔSm <0.  
Note 3: Below Tc, ΔGm (= ΔHm – TΔSm) <0; at Tc, ΔGm = 0; and 

above Tc, ΔGm >0.  
Note 4: Because ΔGm = 0 at the ceiling temperature, Tc = ΔHm°/ 

ΔSm°. If ΔHm° and  ΔSm° are the enthalpy and entropy 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 1 Dependence of the equilibrium concentration of L-lactide on the reciprocal of the absolute temperature. 

changes in the standard state, and the monomer behaves 

ideally, then Tc = ΔHm°/{ΔSm°+R  ln([M]0/c°)}, 
where c°=  1mold m−3 is the standard concentration and 

[M]0 is the initial monomer concentration. Thus, Tc 
depends on the initial monomer concentration. 

Note 5:	 The symbol Tc(c°) is used to denote the ceiling tem

perature when the initial monomer concentration, 

[M]0, is equal to c°. 
Note 6:	 The symbol Tc(bulk) is used to denote the ceiling 

temperature when the initial monomer concentration 

is equal to its undiluted concentration. 

4.02.3.1.2 Floor temperature (Tf, SI Unit: K) 
Temperature below which, in a given ‘chain polymerization’, 
polymer of high molar mass is not formed. 

Note 1:	 A floor temperature is only observed for entropy-driven 

‘chain polymerizations’ in which ΔHm>0 and ΔSm >0,  

where ΔHm and ΔSm are, respectively, the enthalpy and 

entropy change per mole of monomer reacted. 
Note 2:	 Examples of ‘chain polymerizations’ for which ΔHm>0  

and ΔSm> 0 are polymerizations of larger cyclic 

monomers, for example, elemental sulfur (S8) and

octamethylcyclotetrasiloxane (2,2,4,4,6,6,8,8-octamethyl

1,3,5,7,2,4,6,8-tetraoxatetrasiloxane), proceeding via 

ring-opening mechanisms. 
Note 3:	 Above Tf, ΔGm (= ΔHm – TΔSm)< 0; at Tf, ΔGm = 0; and 

below Tf, ΔGm > 0.  
Note 4:	 Because ΔGm = 0 at the floor temperature, Tf = ΔHm/ΔSm. 

If ΔHm° and Δ Sm° are the enthalpy and entropy changes 

in the standard state, and the monomer behaves ideally, 

then Tf = ΔHm°/{ΔSm°+  R ln([M]0/c°)} 

where c°=1mol  dm−3 is the standard concentra
tion. Thus, Tf depends on the initial monomer 

concentration. 

 

Note 5: The symbol Tf(c°) is used to denote the floor tempera
ture when the initial monomer concentration, [M]0, is  

equal to c°. 
Note 6: The symbol Tf(bulk) is used to denote the floor tem

perature when the initial monomer concentration is 
equal to its undiluted concentration. In this chapter 
subscript ‘m’ is omitted. 

4.02.4 Methods for Determination of Tc (or [M]e) 

For living polymerizations a simple method could be to mea
sure the monomer concentration as a function of temperature 
(e.g., NMR, GC, SEC) and determine the temperature at which 
[M]e = [M]0, that is, there is no polymer in the system. This 
method may be impractical for several cyclic monomers with 
highly exothermic polymerization, since their Tc, particularly in 
bulk, may be too high and decomposition would come first. 

Ceiling temperatures Tc and floor temperatures Tf of poly
merizations in bulk are usually reported for ΔlcG or Δlc′G for 
polymerizations of liquid monomers (subscript l) to amor
phous (subscript c) or crystalline (subscript c′) polymers. 
Polymerization in solution is usually referred to as the poly
merization of a 1 mol l−1 monomer solution (subscript s) to a 
dissolved polymer (subscript s), that is, ΔssG° = 0. Ceiling tem
peratures in bulk (Tc(bulk)) are always higher than ceiling 
temperatures in solution. 

Another method would be based on the determination of 
ΔH and ΔS° first from studies of dependence of [M]e on 1/T, as  
shown in Figure 1. 

How large are differences between Tc(bulk) and Tc(25 °C) is 
shown for a few examples in Table 1. 

4.02.5 Factors Affecting Polymerizability: Enthalpy of 
Polymerization 

Any factor that lowers the enthalpy or raises the entropy of a 
particular species in a system will shift the equilibrium to favor 
that species. 

(c) 2013 Elsevier Inc. All Rights Reserved.



1,3-Dioxolane 

1,3-Dioxepane 

ε-Caprolactam 

9 Thermodynamic and Kinetic Polymerizability 

Table 1 Comparison of ceiling temperatures (Tc): 
determined for bulk – lc or (lc′) and ss conditions (the 
former for bulk, the latter for [M]c = ([M]0) = 1 mol l−1)17 

Tc 
(°C)
 

Monomer lc ss (solvent)
 

Tetrahydrofuran 

80 23 (C6H6) 

91 1 (CH2Cl2) 

149 (gc′)  78  (C6H6) 

223 

4.02.5.1 Ring Strain 

In polymerization at normal pressure, the PΔV term in 
ΔH = ΔE − PΔV is negligible and the enthalpy change is almost 
equal to the change in the internal energy of the monomer. 
Thus, the heat of polymerization may be used as a measure of 
the strain energy in the cyclic compound, which reflects well 
the thermodynamic polymerizability of the monomer. The 
major sources of ring strain are (1) bond-angle distortion 
(angular strain); (2) bond stretching or compression; (3) repul
sion between eclipsed hydrogen atoms (conformational strain, 
bond torsion, bond opposition); and (4) nonbonded interac
tion between atoms or substituents attached to different parts 
of the ring (transannular strain, compression of the van der 
Waals radii). 

In some groups of monomers, there are additional sources 
of strain, such as inhibition or reduction of amide-group reso
nance in lactams.18 The contribution of each type of strain 
depends on the chemical structure of the cyclic monomer, 
ring size, and its substitution. 

Distortion in bond angles is the major source of the ring 
strain in three- and four-membered cyclic monomers. In 
five-membered cyclic compounds, the strain is mostly due to 
bond opposition forces, arising from eclipsed conformations. 
Tetrahydrofuran is an example. In medium-sized rings, strain 
arises primarily from nonbonded interactions and bond oppo
sitions. Any kind of strain, including transannular interactions, 
can be removed completely in very large rings by arranging the 
ring atoms into two almost parallel chains.19 

Table 2 
ethers19 

Dependence of ΔH on the ring size for cyclic 

−ΔH 
Monomer Ring size (kJ mol−1) 

Ethylene oxide (oxirane) 3 94.5 
Trimethylene oxide (oxetane) 4 81 
Tetrahydrofuran (oxolane) 5 15 
Tetrahydropyran (oxane) 6 � 0 
1,4-Dioxane 6 � 0 
Hexamethylene oxide (oxepane) 7 35.520 

Table 3 Dependence of ΔH on the ring size for lactams21 

−ΔH 
Monomer Ring size (kJ mol−1) 

Butano-4-lactam 5 4.6 
Pentano-5-lactam 6 7.1 
Hexano-6-lactam (e-caprolactam) 7 13.8 
Heptano-7-lactam 8 22.6 
Octano-8-lactam 9 35.1 
Nonano-9-lactam 10 23.4 
Decano-10-lactam 11 11.7 
Undecano-11-lactam 12 −2.1 
Dodecano-12-lactam 13 2.9 

ΔH as a function of the ring size in cyclic ethers and for 
lactams are given in Table 2 and Table 3, respectively. 

The normal angles between the four valences of a tetrahe
dral carbon atom are assumed to be 109°28′, that is, the 
valences are equally spaced about the atom: then, in three-
and four-membered rings, severe valence angles must be 
involved. Thus, if rings are considered to be planar (which is, 
however, not true for majority of heterocyclic monomers), the 
distortion [0.5 � (normal valence angle minus actual angle 
between bonds)] from normal valence angle would be the 
number of atoms in the ring, and distortion, given in this 
order, is 3, 24°44′; 4, 9°44′; 5, 0°44′; and 6, -5°16′. Thus, the 
angle strain is quite severe in the three- and four-membered 
rings. It is much lower for the five- and six-membered rings 
(minimum of strain). Cyclic esters are exceptions from this 
rule, due to the presence of the >C=O group. Comparison of 
conformations of the five- and six-membered lactones and 
five-membered THF is given in Figure 2. There is a repulsion 
between the H atoms in the six-membered lactones, which is 
practically not present in the five-membered rings. Therefore, 
the six-membered ester is known to polymerize, whereas the 
five-membered is not. In the same figure a model of tetrahy
drofuran, a polymerizable five-membered cyclic ether, is 
shown and opposition of H atoms is seen. 

Figure 2 Comparison of conformations of five-membered cyclic ether 
(tetrahydrofuran) and the five- and six-membered lactones. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.02.5.2 Side Groups’ Interaction 

Bulky side groups attached to the polymer chain can destabilize 
a polymer relative to monomer or cyclic oligomers. The pre
sence of small substituents may have no influence on the 
repulsion in monomer and polymer, which can be negligible. 
On the other hand, the presence of large substituents may 
practically make polymerization impossible. For vinyl mono
mers the best known example is 1,1-diphenylethene: 

In polymerization of cyclic siloxanes (cf. Chapter 4.17 in 
this comprehensive), even in poly(dimethylsiloxane), there is 
87% of linear polymer at equilibrium and the rest consists of 
cyclics: 

When larger substituents are present, then monomer and 
cyclic oligomers are further favored and thermodynamic poly
merizability is lowered.22 

Allcock23 gives corresponding examples for cyclophospha
zenes: 

For R = Cl the polymer is stable up to 350 °C whereas when 
R = OCH2CF3 or OC6H5 substantial depropagation takes place 
at much lower temperatures. 

In the monograph on ring-opening polymerization (ROP) 
by Ivin and Saegusa24 over 170 various cyclic compounds, five-, 
six-, and seven-membered (plus bridged ones), are tabulated 
and their ability to polymerize is described in the chapter on 
polymerization thermodynamics. In another comprehensive 
treatment ΔH, ΔS°, and [M]e data for 25 more common mono
mers (mostly at 298 K) are compiled.16 

On the other hand, in Allcock’s textbook several Tc(bulk) 
are given and unsaturated monomers are compared, showing 
that, for example, for tetrafluoroethene Tc(bulk) equals 
1100 °C whereas for acetaldehyde it is as low as −40 °C. For 
cyclic monomers these differences may also be quite high. It is 
understandable that for a strained ethylene oxide it would have 
been �1000 °C whereas for THF it is equal, as mentioned 
above, to �84 °C (Tc(bulk)). 

4.02.5.3 Independent Determination of ΔH and ΔS 

As it follows from the ‘Glossary’ document,2 it is necessary for 
the purpose of tabulation and comparison of, for example, [M]e 

to choose standard states such as 25 °C, 1 mol l−1 of monomer 

in the inert solvent, converted to 1 mol l−1 of repeating units, 
that is, to 1/n mole of polymer with an average degree of 
polymerization n in the same solvent. 

Standard enthalpies of polymerization ΔH° (ΔH) are most 
generally obtained by direct comparison of the results of calori
metric measurements of the amount of monomer converted to 
polymer with the determined amount of heat evolved. The heat 
of combustion of monomer and polymer give standard enthal
pies of formation for the monomer (ΔHf°(M)) and polymer 
unit (1/n ΔHf°(Pn)) respectively. The difference (Eqn 14) is  
equal to the standard enthalpy of polymerization. 

ΔH˚ ¼ 1=nΔHf ̊ ðPnÞ − ΔHf ̊ ðMÞ ½14� 
Standard entropies of polymerization ΔS° are generally calcu

lated from the absolute entropies of the monomer and polymer: 

ΔSf ̊  ¼ 1=nS˚ðPnÞ − S˚ðMÞ ½15� 
The absolute entropies are determined in turn from calori

metric measurements of the heat capacities of the monomer and 
polymer over a wide temperature range using the expression ðT CpSoðTÞ ¼  dT ½16� 

T0 

where Cp is the molar heat capacity at constant pressure and T is 
the absolute temperature. 

Quite often ΔH and ΔS are determined at the temperature of 
the process and then ΔG has to be known at standard condi
tions, that is, at T = 298 K. Thus, the dependence of ΔH and ΔS 
on temperature should be known: 

T

ΔHT ¼ ΔH298 þ 
ð  

ΔCpdT 
298 

½17� 

and 

T 

ΔST ¼ ΔS298 þ 
ð
298 

ðΔCp =TÞdT ½18� 

where ΔCp is the change of heat capacity. 
Although it is generally accepted that ΔH and ΔS do not 

substantially depend on temperature, Berlin et al. calculated 
this dependence for polymerization of gaseous formaldehyde 
to crystalline polymer.5 Such a calculation could seldom be 
found in the polymer monographs and textbooks. 

The experimentally determined ΔgcʹH = 70.4 kJ mol−1. The 
temperature range for calculations was chosen from 26 to 
72 °C. Values of Cp of monomer and polymer in the given 
states are known, being equal to 43.2 and 34.8 J mol−1, 
respectively. 

Thus, ΔCp = 8.4 J mol−1 K−1 and 

ðT 

ΔCpdT ≈ ΔCpΔT ≈ 0:2 kJ mol−1 ½19� 
298 

The average temperature of experiment is equal to 48 °C, 
that is, correction for ΔT = 23 °C has to be introduced. The 
measured value is equal to 70.4 kJ mol−1 and the correction 
for the temperature change would only be 0.2 kJ mol−1. 
Similar comparison of measured and calculated values of ΔST 

(the measured ΔST for the same temperature interval) equals 
−178.9 J mol−1 K−1 and correction for every 10 K is equal to 
� 0.24 J mol−1 K−1. Therefore, if Tc is calculated or determined 

(c) 2013 Elsevier Inc. All Rights Reserved.
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for a certain monomer at a temperature that differs from 298 K 
it can be compared with Tc of other monomers, taking as an 
average corrections as calculated above. However, when |ΔH| 
and |ΔS| have low absolute values this correction may have a 
much larger influence. 

When ΔggH is known by calculations (gaseous monomer 
gives hypothetical gaseous polymer), then, to find, for exam
ple, Δsc′H, that is, formation of the crystalline polymer from 
monomer in solution, it is necessary to calculate heat of mono
mer dissolution (interaction with solvent), dissolution of 
polymer, and polymer crystallization. 

4.02.6 Entropy-Driven Polymerization 

Polymerization driven by entropy may only proceed if |ΔH| ≤ 
|TΔS|, that is, |ΔH| ≤ |T(ΔS°+  R ln[M])| (since ΔH > 0). Thus, 
ΔG <0.  

The best known example is polymerization of sulfur (cyclooc
tasulfur). Cyclooctasulfur monomer is an eight-membered, 
crown compound with restricted rotational and vibrational free
dom. The eight-membered ring is not strained; however, 
polymerization is possible, since at high enough temperature 
(above the floor temperature Tf) the entropic factor (T(ΔS°+  R 
ln[M])) outweighs the positive or near to zero ΔH value. Entropy 
of polymerization is positive as polymer units have more free
dom (rotational, vibrational) than in S8 ring, in spite of losing 
the translational entropy. The sulfur polymerization and its 
copolymerization with selenium had been used by Tobolsky 
and Eisenberg25,26 for detailed analysis of thermodynamics of 
homopolymerization and of equilibrium copolymerization. 
These works, together with works of Dainton and Ivin,12 are 
the milestones of polymerization thermodynamics. 

Later, a general solution of equilibrium copolymerization 
in living conditions was developed by Szwarc27 and Szymanski 
(cf. Chapter 4.04 in this comprehensive). 

In the polymerization of the six-membered cyclic esters of 
phosphoric acid (dioxaphosphorinanes) 

it was observed that polymerization is entropy driven (in con
trast to the five-membered cyclic triester, cf. Figure 3). These 
monomers are puckered and vibration as well as rotation is 
easier in linear chains. These apparently contribute sufficiently 
to a positive change of entropy of polymerization. The larger 
the exocyclic group the higher the contribution to a positive 

30 
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Figure 3 Isoequilibrium dependence for 2-alkoxy-2-oxo-1,3,2
dioxaphosphorinan-2-ones (six-membered) substituted in position 2. 
Exocyclic substituents are indicated in the figure. Point 5: 2-methoxy-2
oxo-1,3,2-dioxaphospholan-2-one (five-membered) for comparison.28 

change of entropy as it follows from the dependence of ΔH on 
ΔS° shown in Figure 3.28,29 

4.02.6.1 Polymerization of Cyclic Oligocarbonates 

An interesting case of the entropy-driven reaction is the poly
merization of cyclic oligocarbonates.30 The monomer 
consisting of a mixture of cyclic oligocarbonates is made by 
the pseudo-high dilution method (Scheme 1). Bisphenol A bis 
(chloroformate) was added slowly to a mixture of (C2H5)3N, 
aqueous NaOH, and CH2Cl2. The selectivity for cyclics versus 
linear oligomers was 10 000:1.0. 

On polymerization by ring opening at 180 °C a linear poly
mer is formed containing less than 1% of cyclic oligomers at 
equilibrium. The actual entropy change depends on the value 
of n and on the dilution, but at the used conditions TΔS is 
much greater than – ΔH, which is close to zero. 

4.02.6.2 Ring-Opening Metathesis Polymerization 

Besides the heterocyclic monomers, mostly discussed in this 
chapter, this volume is also devoted to the ring-opening 
metathesis polymerization (ROMP). This polymerization is 
initiated and propagated by metal carbene complexes and 
metallacyclobutane complexes as shown in Scheme 2. 

This reaction is reversible and back reactions can lead to 
cyclic oligomers as well as the starting monomer. The 

Scheme 1 Formation of cyclic oligocarbonates by the pseudo-high dilution method. 

(c) 2013 Elsevier Inc. All Rights Reserved.



12 Thermodynamic and Kinetic Polymerizability 

Scheme 2 Ring-opening metathesis polymerization of cyclopentene. 

Table 4 Polymerizability of substituted cyclopentenes31,32 

High conversion: 

Some conversion: 

No conversion: 

polymerizability of some substituted five-membered cycloalk
enes is illustrated in Table 4 taken in extenso from Reference 7. 

For norbornene and its derivatives, as indicated by Ivin,7 the 
opening of the bicyclic structures results in a considerable 
release of ring strain when double bond is cleaved during 
polymerization and monomers polymerize to high conversion. 
The metathesis reaction of the double bonds in the initial 
monomers is much less thermodynamically favorable but 
finally could lead to cross-linked polymers (Scheme 3).7 

4.02.7 Nonideal (Real) Systems 

When the conversion of a monomer into a polymer unit is 
measured in bulk or at high [M]0, the monomer–polymer 
interaction cannot be neglected. The same is true when the 
measurements are made in a solvent interacting differently 
with the monomer and polymer. Under these conditions, the 
corresponding interactions have to be taken into account. If the 

molar mass of the polymer is high enough, the following 
semiempirical equation can be used to determine ΔG: 

ΔG ¼ RT½lnΦ1 þ1þ χðΦ1 – Φ2Þ� ½20� 
where Φ1 and Φ2 are the volume fractions of the monomer 
and polymer, respectively, and χ is the polymer–monomer 
interaction parameter according to the Flory–Fox theory. At 
these conditions either ΔlcG or ΔssG is determined.33 

The relationship between these two functions is as follows: 
ΔlcG = ΔssG + Δ1G − Δ2G, where Δ1G and Δ2G are the related 
Gibbs energies of dissolution of the monomer and polymer 
in the given solution. In an inert solvent Δ1G ≈ Δ2G and then 
ΔlcG ≈ ΔssG, indicated above simply as ΔG. 

4.02.7.1 Influence of Initial Monomer Concentration 

It was observed in the polymerization of THF in benzene 
solvent that the equilibrium monomer concentration [THF]e 

depends linearly on [THF]0. A method was elaborated to deter
mine ΔlcH and ΔlcS° from the experimental data for such 
nonideal thermodynamics. 

It has also been observed that the extent of dependence of 
[THF]e on [THF]0 is a function of the acidity of the solvent 
used.34 This is shown in Figure 4 (Reference 1), where [THF]e 

is plotted as a function of [THF]0 for CCl4, C6H6, CH2Cl2, and  
CH3NO2 solvents. Some of these solvents interact with THF, 
making its polymerization more difficult. This is because THF 
is a stronger base than its open-chain counterpart and, thus, 
interaction with polymer units is relatively weaker. These 
dependences can be envisaged: THF behaves as if its actual 
instantaneous concentration available for polymerization 
were lowered by a fraction of complexed monomer, provided 
that the complexed monomer propagates less rapidly and 
requires preliminary desolvation. Indeed, the heat of mixing 
of THF with CCl4 is only −2.9 kJ mol−1, whereas the heat of 
mixing of THF with CH2Cl2 is −5.0 kJ mol−1. 

1,3-Dioxolane (DXL) is much less basic than THF and, 
besides, in contrast to THF, DXL is slightly less basic than its 
polymer, although the difference is not as great as in the THF/ 
polyTHF system. It follows that the dependence of its equilibrium 

Scheme 3 Ring-opening metathesis polymerization of the bicyclic monomers (norbornene and its derivatives). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 4 Dependence of the equilibrium monomer concentration [THF]e 
on initial monomer concentration [THF]0 at 25 °C; ●, NMR; ▲, gravime
trically. Solvent: CCl4, C6H6, CH2Cl2, CH3NO2 (References 1 and 34). 

concentration [DXL]e on [DXL]0 and solvent acidity is much 
smaller than in the polymerization of THF.35 In the monograph 
published in 2008 this system is analyzed in great details on the 
basis of the series of papers published earlier mostly by Berlin 
et al. (cited in the monograph).36 This is the most comprehensive 
coverage of the monomer–solvent–polymer system in the ROP 
(like α-methylstyrene analyzed by Szwarc in the anionic vinyl 
polymerization).37 According to these studies the equilibrium 
monomer concentration [M]e is practically a linear function of 
[M]0 (i.e., like for THF as above), although this dependence, at 
least for CH2Cl2 solvent, is indeed much less pronounced than 
for THF. The dependence of ln[M]e on 1/T in this series of works 
agrees well with the earlier data of Plesch35 and leads to 
Δ H ¼ −23 0 kJ mol−1 
lc : and Δlc S˚ ¼ −62:9 J K  mol−1. 
Knowledge of the dependence of [M]e on [M]0 is of primary 

importance in the studies of kinetics of polymerization. The use 
of a wrong value of [M]e may lead to erroneous values of kp, 
especially when polymerization is studied starting from [M]0 

close to [M]e. Therefore, the studies of equilibrium polymeriza
tion, when [M]e is relatively high, require determination of [M]e 

for every run. 

4.02.8 Influence of Degree of Polymerization 

The equilibrium monomer concentration [M]e depends on Pn 

for shorter chains because, in the neighborhood of the end 
groups, the thermodynamic potentials of the polymer units 
are different from those in the middle of the chain. 

These relationships, described by Tobolsky and Eisenberg,25 

have been confirmed experimentally for THF polymerization 
by Fukuda and Hirota.38 

For low polymerization degrees, 

∞ n½P�� ∑∞  
∑n¼1 n nK Kn−1 I M n

Pn ¼ n e 1
∞ ¼	 ¼1 1 p ½ �eð½ �eÞ

∑ ½P�� ∞ K Kn−1 I M n 
n e

½21  
¼1 ∑n

¼
1 −n  K M

�
¼1 1 p ½ � ð½ � Þ pe e ½ �e 

(when K1 = Kp, where Kp is an equilibrium constant at any 
polymerization degree). Fukuda studied the polymerization 
of THF at high dilution. At these conditions it was observed 
that [M]e ‘increased’ with increasing [M]0 which was contrary to 

the dependence shown above in Figure 4, when the interaction 
of the monomer and polymer with solvent has to be taken into 
account. 

This observation is described for the sake of completeness of 
information, although it is of minor importance, since for 
Pn =10,  Kp differs from 1/[M]e only by 10% and usually [M]e is 
determined for much higher Pn. This is true, however, only when 
the equilibrium constant K is the same for all the propagation/ 
depropagation steps, including the first one, namely, the reac
tion of initiator with the monomer. 

When the equilibrium constants are not the same, they can 
be determined by Szwarc's treatment, based on the reduction of 
the number of steps.39 Heitz et al.40 have studied the cationic 
oligomerization of THF and established that only the first 
equilibrium constant K0 differs from Kn, that is, the equili
brium constant for every next step. Thus, K = 1.7 l mol−1 

0 and 
Kn = 0.25 l mol−l. This study has been made possible by using 
high-resolution HPLC, allowing measurements of the concen
trations of all of the chains involved. It is also based on the 
assumption that the distribution of the growing chains is the 
same as that of the dead macromolecules. 

4.02.9 Influence of Phase Separation 

When a liquid monomer in solution is converted into an 
insoluble polymer, the following possibilities arise: (1) solid 
amorphous polymer precipitates out of the saturated solution; 
(2) solid crystalline polymer precipitates from the saturated 
solution; and (3) polymerization proceeds in the crystalline 
state and the monomer is supplied from solution. 

Only polymerization proceeding in the crystalline state dif
fers thermodynamically from the polymerization of the same 
monomer in homogeneous solution. In the first two instances, 
the growing species may still remain in solution and [M]e 

would be the same for both homogeneous and apparently 
heterogeneous systems. However, this does not mean that the 
polymer yield would be the same. Although [M]e remains the 
same, in the precipitating system the total volume of the liquid 
polymer–monomer mixture becomes smaller, so the amount 
of monomer at equilibrium is smaller anyway when the poly
mer precipitates. 

The change in the Gibbs energy of the polymerization pro
ceeding in the crystalline state differs from that taking place in 
the homogeneous solution by the heat of crystallization. 
Therefore, we have 

½M�e;s =½M�e;ss ¼ expΔGcryst =RT ½22� 
It follows from this equation that the [M]e observed in the 

homogeneous polymerization may be greatly reduced by 
performing polymerization under conditions when the pro
pagation step proceeds at the crystalline sites of a solid 
polymer. 

Cationic polymerization of 1,3,5-trioxane (TXN) takes place 
in the crystalline state. The hypothetical equilibrium monomer 
concentration calculated for the homogeneous polymerization is 
[TXN]e =2.5m ol l−1 (CH2Cl

41
2, 20° C),

 whereas [TXN]e for the 
polymerization from the dissolved monomer directly to the 
crystalline polymer is 0.11 mol l−1 (at 25 °C). Thus, if 
one starts from a 30% solution of TXN (� 3.3 mol l−1), then, in 
the homogeneous solution, 72% of the monomer would be 

(c) 2013 Elsevier Inc. All Rights Reserved.
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left at equilibrium, whereas the real polymerization, proceeding 
in the crystalline state, leaves only � 3% of the unreacted 
monomer. 

The only ROP process in industry, using conversion of a 
liquid monomer into an insoluble, crystalline polymer, is 
cationic polymerization of TXN. Although in this process no 
solvent is used, there was also elaborated polymerization of 
TXN in cyclohexane solvent with the formation of insoluble, 
crystalline polymer. Therefore, it was of interest to compare the 
dependence of [M]e on the solvent properties. Some data5 

(formula of solvent and [TXN]e in mol l−1) follow in this 
order (for 20–30 °C): C6H5NO2 : 0.14; CH2Cl2 : 0.11; 
C7H16 : 0.03. From the thermodynamic viewpoint the higher 
the difference between the polarity (dielectric permittivity was 
taken as a measure) of solvent and monomer the higher then 
the chemical potential of the system. 

Summarizing the thermodynamic polymerizability, some 
data of ΔH (kJ mol−1) and ΔS° (J K−1 mol−1) for cyclic mono
mers are given below, according to Ref. 42 and from the more 
recent compilation by Duda and Kowalski, giving ΔH and ΔS° 
as well as [M]e at 25 °C.16 

Ceiling temperatures (Tc) can be calculated from the corre
sponding values of ΔH and ΔS° from Table 5. 

4.02.10 Final Remarks on the Thermodynamic 
Polymerizability 

It might look like a paradox that in this part of the chapter the 
thermodynamic polymerizability has mostly been determined 
by the critical temperature of the given monomer (the best is Tc 
(bulk)) or the change of enthalpy and entropy as measured in 
polymerization. This could indicate that the information on 
the range of polymerizability requires preformation of the 
polymerization itself. It is true in the sense that in this way 
the structure and polymerizability of monomers could be cor
related, which then allow the prediction of the polymerizability 
of a novel monomer taken for polymerization. However, in 
such an instance the thermochemical measurements (calorime
try) may also be of help and a certain model of the not yet 
existing polymer could be taken as a standard. Then, if the 
thermodynamic polymerizability is established, the proper 
mechanism (initiator/catalysts) has to be chosen. 

4.02.11 Kinetic Polymerizability 

Thermodynamic polymerizability is of major importance. If a 
monomer to be studied had (for ΔH < 0) a very low Tc(bulk), as 
determined thermochemically or calculated, then its polymer
ization is hopeless. If it looks thermodynamically 
polymerizable then it could be expected that the mechanism 
would be found for successful polymerization. The accumu
lated experience allows to reasonably choose the 
corresponding conditions of polymerization. 

A large majority of cyclic monomers polymerize by one of 
the ionic or coordination (so-called pseudoionic) mechanisms. 
Moreover, kinetic polymerizability and the difference in the 
rates of polymerization depend on the used conditions and 
may vary dramatically. In CROP there is no difference between 
the reactivities of ions and ion pairs, but in anionic 

polymerization (e.g., of ethylene oxide) ions are much more 
reactive than ion pairs. In a solvent (e.g., in 1,4-dioxane, poorly 
solvating ions) there may occur no polymerization, whereas 
in, for example, hexamethylphosphorotriamide (HMPTA) 
(highly solvating, helping dissociation) there could occur a 
fast polymerization. Cyclic esters, for example, e-caprolactone 
(CL) or lactides, polymerize by cationic, anionic, and 
coordination polymerizations. For the same conditions 
(monomer concentration, active species concentration, and 
solvent) the difference between the rates of propagation 
can be 1000-fold. 

In the propagation step some active species could reversibly be 
converted into the inactive species, like, for instance, in the poly
merization of lactides initiated by aluminum alkoxides, when 
unimers propagate and their aggregates do not. For all these rea
sons there is no simple way to compare kinetic reactivities of 
various monomers and construct the table comparing kinetic reac
tivities – in contrast to the thermodynamic reactivities, when some 
of the thermodynamic potentials give an absolute measure and 
could be correlated with monomer structure (ring size, heteroa
toms present, substituents). The thermodynamic activation 
parameters of the rate constants of propagation, namely Δ≠G, 
Δ≠H, and  Δ≠S, also have different values, depending on the struc
ture of the active species (i.e., initiator/catalyst used). Therefore, 
these parameters can reasonably be compared only for a given 
monomer and various active species or for a given active species 
(e.g., anionic pair with a defined cation) for various monomers. 
This kind of experimental data is almost nonexistent. Besides, some 
authors determine the dependence of the rate of polymerization 
(not propagation!) on the reciprocal of the absolute temperature 
and are erroneously calling the temperature coefficient determined 
in this way merely temperature coefficient – as activation para
meters. For CROP there was an attempt to correlate rate 
constants of propagation with basicities of different heterocyclic 
monomers. This dependence taken from Reference 43 is tabulated 
in Table 6. 

Thus, the data above indicate that the highest rate constant 
is observed for the monomer of lowest basicity. This ‘correla
tion’ is rather rough but, indeed, more basic monomers are 
slower, even if the bridged four-membered ring is compared 
with the five-membered THF. 

The proper correlation analyses of the reactivities of given 
species (i.e., monomers or active centers) requires comparing 
additions of various monomers to the same active species as 
well as the addition of the same monomer to different active 
species. 

The methyloxonium cation derived from THF was used as a 
model of cationic active centers and triflic ester as a model of 
the covalent ones (Scheme 4).43 

The values of the corresponding rate constants determined 
in this way are given in Table 7. In this series higher rate 
constants were observed for monomers of higher basicity. 

These data indicate that the rate constants for reactions of 
various monomers and model active species, both ionic and 
covalent, are the function of monomer basicity. 

In order to correlate the reactivities of various onium ions 
(active species) within their structures, the reaction of ions, 
modeling different active species, and the highly nucleophilic 
monomer conidine was studied. The corresponding rate con
stants are given in Table 8. 

(c) 2013 Elsevier Inc. All Rights Reserved.



3,3-Bis(chloromethyl)oxetane 

Pivalolactone 

Tetrahydrofuran 

1,3-Dioxolane 

γ-Butyrolactone (butano-4-lactone) 

ε-Caprolactone (hexano-6-lactone) 

1,3,5-Trioxane 

Hexano-6-lactam 

Ethylene oxide 

β-Propiolactone 

Ethylenemethylphosphate 

Trimethylene-H-phosphonate 

Table 5 Summary of thermodynamic polymerizability: ΔH and ΔS° data for the most often polymerized cyclic monomers 

No Monomer Conditions ΔH ΔS° Method 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 Sulfur 

gl 

lc 

lc 

lc 

lc 

ss 

lc 

lc′ 

lc′ 

lc 

ss 

ssls 

ls 

−140 

−84.5 

−80.5 

−92.0 

−12.5 

−21.3 

5.1 

−28.8 

−28 

−12.5 

−14.0 

5.4 
− 0.64 

13.2 

−174 

nd 

nd 

nd 

−41.0 

−77.8 

−29.9 

−53.9 

nd 

+5.4 

−13.5 

7.1 
− 5.8 

19.4 

Semiempirical calculation 

Experimentally measured heats of polymerization 

Experimentally determined heats of formation 

As above 

From [M]e = f (l/Te) 

As above 

Thermochemical 

From [M]e = f (l/Te) 

From heats of formation 

As above 

From [M]e = f (l/Te) 

As above 
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In this series a reverse order of reactivities is observed: active 
species from more basic monomers are less reactive. Thus the 
observed order of reactivities in homopropagation is parallel to 

the order of reactivities in the reaction of standard monomer 
with different active species and reverse to that observed in the 
reaction of different monomers with standard active species. 
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Table 6 Rate constants of propagation and basicities of different heterocyclics 

Monomer 

1k (mol−1 −
p l s ) 
pKa 

� 104 4 � 10−2 � 10−8 5 � 10−5 7 � 10−3 

−6.5 −2.0 1.2 3.4 11 

Scheme 4 Models of cationic and covalent active centers: methyloxonium cation of THF and triflic ester, respectively. 

located at the chain end, and analyzed in this chapter, but also 
by another SN2 mechanism involving an activated monomer, 
adding to the neutral chain ends. 

4.02.12 Kinetic Polymerizability versus Macroions 
and Macroion Pairs in Propagation 

Kinetic polymerizability depends on the actual conditions of 
polymerization, having no influence on thermodynamic poly
merizability. There are a few systems for which equilibrium 
constants of dissociation (KD) were determined in order to 
establish the proportions of macroion pairs and macroions. 
Then, the rate constants of propagation for these species were 
determined and in this way the kinetic reactivity of various 
forms of active species could be compared. In the cationic 
polymerization of THF, oxepane (OXP), and more recently 
conidine, it has been shown that k � = k + 44

p p .  This was explained 
by assuming weak interactions of counterions within the ion 

5 � 102 

1 � 10−3 

9 � 10−2 

7 � 10−3 

Table 8 Rate constants of addition of conidine to various onium 
ions, differing in heteroatoms (C6H5NO2, 35 °C)43 

kadd 

Active center (mol−1 l s−1) 

the model active species (C6H5NO2, 35 °C), shown in Scheme 443 

(Ionic) kai (Covalent) kac 
Monomer (mol−1 l s−1) (mol−1 l s−1) pKa 

 4.5 � 10−3  4 � 10−5 −7.3 

 10−4  6 � 10−5 −6.5 

 4 � 10−2  2 � 10−4 −2.0 

20  4.4 � 10−2 1.2 

120  4 � 10−1 3.4 

500 170 11 

Table 7 Rate constants for the addition of heterocyclic monomers to 

This is a clear demonstration that in passing from the 
ground state to the transition state the bond-breaking is more 
advanced than the bond-making. 

With a further shift in the direction of still more advanced 
breaking of the bond within active species this borderline SN2 
mechanism could eventually convert into the SN1 mechanism. 
This should be promoted by the presence of a stabilizing group 
located close to the carbenium ion (like in the polymerization of 
cyclic acetals) and/or high ring strain (like in the three-membered 
rings). Indeed, contribution of the SN1 mechanism in both cases 
has been postulated for polymerization of 1,3-dioxolane and 
isobutylene oxide (2,2-dimethyloxirane) but there is still no 
clear-cut evidence for its operation. This is probably the reason 
for high kinetic polymerizability of these monomers. 

Cationic polymerization of heterocyclic monomers can pro
ceed not only by the SN2 mechanism involving onium ions 

(c) 2013 Elsevier Inc. All Rights Reserved.



THF, 20 °C 

THF, −30 °C 

Benzene, 20 °C 

CH2Cl2, 25 ° C  

THF, 20 °C 

Table 9 Rate constants of propagation in anionic polymerization of heterocyclic compounds 

k � − 
p kp 

 −  Monomer ization conditions Active species (mol 1 −polymer l s 1) −  (mol 1 −l s 1) Reference 

−  … CH2CH2O−K+
 …−CH2CH2O−Cs+

…−CH −
2CH2O K+[2.2.2]-cryptand 

 …−CH2CH(CH3)S−Na+
− + …−CH2CH(CH3)S Cs

…−Si(CH3)2O−Li+[2.1.1]-cryptand 

…−CH2CH2COO−K+DB-18-C6 

…−C(O)(CH2) +
5O−K  

 4.8 � 10−2
 1.22 � 10−1

 2.5 � 10−2

 2.5 � 10−3
 2.3 � 10−1

1.4 

 7.0 � 10−4

4.7 

− 
– 
1.67 

3.8 
− 

− 

1.6 � 

− 

 10−1

45 
45 
45 

45 
45 

45 

46 

47 

Thermodynamic and Kinetic Polymerizability 17 

pairs, due to delocalization of the positive charge in the com
ponents of onium ions, as well as by the stereochemical course 
of the propagation step, in which the approaching monomer 
hardly requires the pulling apart from the anion. 

In the anionic polymerization there are three monomers 
only that have been studied in more detail, namely ethylene 
oxide, propylene oxide (methyloxirane), and β-propiolactone 
(propano-3-lactone). In the anionic active species, like alcoho
late anions, the negative charge (in contrast to onium cations) 
is localized almost exclusively on one atom. Therefore, disso
ciation constants are much lower and the differences in 
reactivity of ions and ion pairs are much more pronounced 
(Table 9). 

Comparison of kinetic reactivities of the monomers pro
vides interesting observations. Oxirane (EO) is more strained 
than CL, but k � −

… –p for the O ,K+ ion pairs is � 100 times 
higher for CL than EO. Presumably, this is because the higher 
ring strain of EO, in comparison with that of CL, outweighs the 
higher reactivity of the ester linkage (lower bond energy). 

The kinetic polymerizability of monomers belonging to the 
same class of compounds and studied at similar conditions 
could be compared using thermodynamic activation para
meters. Actually, these parameters are determined from the 
dependence of the rate constants of elementary reactions (ln 
kp) on 1/T; in several instances comparison of kp could be 
sufficient. Comparison of Δ≠H and Δ≠S is more subtle since it 
provides information on the genuine source of differences in kp 

and therefore on kinetic polymerizabilities. A good example of 
such a comparison for CROP of oxetane, 3-methyloxetane, and 
3,3-dimethyloxetane is given in a classical work by Saegusa and 
Kobayashi.48 

In this work rate constants were determined from the slope 
of the linear dependence of ln([M]t1/[M]t2) on  

∫t2 
t ½Pþ�dt 
1 

½23�
and the change in [P+] was determined by ion trapping. Then, 
the dependence of ln kp on 1/T provides the thermodynamic 
parameters of activation. These are given in the following order: 
monomer, k −1 −1 ≠ −1

p (at –20 °C; in mol l s ), Δ H (in kJ mol ), and 
Δ≠S (in J mol−1K−1): OX: 0.18, 44.8 and similarly, –77.9; MOX: 
0.92, 47.3, –61.1; DMOX: 3.4, 50.7, –35.6. 

Thus cationic polymerizability could only be related to the 
entropy of activation as described in this chapter for cyclic esters 
of phosphoric acid. Most probably substituents and the related 
polymer linear units are getting enhanced statistical probability 
of states in the transition state. One could expect dependence on 
basicity, but the known basicities are almost the same and do 
not change monotonically (given in ΔDγ (m

−1)): OX: 103; MOX: 
106; DMOX: 99.48 Thus, like in polymerization of cyclic esters of 
phosphoric acid, where the thermodynamic reactivity is gov
erned by entropy change, this is the kinetic reactivity 
depending on the change of entropy of activation. 

Summarizing the kinetic ring-opening polymerizability/ 
reactivity it should be stressed that there are a larger number 
of monomers polymerizing cationically than anionically. This 
can be understood when the cationic and anionic propagation 
steps are compared: 

Thus, in the cationic process the (usually) strained onium 
ion is attacked, whereas in the anionic polymerization the 
neutral cyclic species is attacked, which is less prone to ring 
opening. There are a few monomers that are able to polymerize 
exclusively by cationic mechanism (cyclic amines, phospha
zenes) and all monomers polymerizing anionically are also 
able to polymerize cationically (Table 10). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 10 Monomers, catalysts, and polymerizability in ROP (taken in part with some modifications) from Reference 49 

Class Ring   Ring astructure size Catalyst btype /mechanism 

Olefin 

Ether 

Thioether 

Amine 

Lactone 

Thiolactone 

Lactam 

Disulfide 

Anhydride 

Carbonate 

Formal 

Siloxane 

Phosphazene 

Oxazole 

Phosphonite 

Dioxaphosphorinanes(cyclic phosphates) 

4, 5, 8 ROMP 

3, 4, 5, 7 Anionic, cationic (including activated monomer) 

3, 4 Anionic, cationic 

3, 4, 7 Cationic 

4, 6, 7, 8 Anionic, cationic, coordinate 

4–8 Anionic, cationic 

4–8 and higher Anionic, cationic (including activated monomer) 

4–8 and higher Radical 

5, 7, 8, and higher Anionic, cationic 

6, 7, 8, 20, and higher Anionic, cationic, coordinate 

5, 7, 8, and higher Cationic 

6, 8, 10, and higher Anionic, cationic 

6 Cationic 

5 Cationic 

3, 5, 6, 7 Cationic 

5, 6 Anionic, cationic, coordination 

aRing sizes affording high molar mass polymers.
 
bCovalent nucleophilic mechanisms may include alkylating agents (e.g., benzyl chloride) and organometallics (e.g., R3-Sn-X).
 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.02.13 Outlook 

Major principles governing thermodynamic and kinetic poly
merizabilities in ROP/ROMP are already established. Angular 
strain, transannular interactions leading to strain, translational, 
vibrational, and rotational entropies in polymerization, as well 
as other factors were described in the past for several systems in 
polymer monographs and handbooks. Principal definitions of 
thermodynamic parameters and ceiling (and floor) tempera
tures have been formulated by IUPAC. Nevertheless, the 
general theory in the form of the algorithm encompassing con
stitutive elements of monomer structures and polymerizabilities 
does not exist since the data are scattered and not sufficient. On 
the other hand, all new monomers are polymerized and thermo
dynamic equilibrium data as well as thermodynamic activation 
parameters are being determined for those novel systems. 
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Calderon was the first to find a catalyst system that would initiate 
both ring-opening polymerization of olefins (subsequently 
named ROMP by Tim Swager when he was a student at 
Caltech) and acyclic metathesis of simple olefins.1 Up until his 
findings, most catalysts for acyclic metathesis were heterogeneous 
systems, and metal salts were used to polymerize strained olefins 
such as norbornenes.2 Beautiful work was carried out using the 
poorly defined systems to work out the stereochemistry and 
mechanism of metathesis. This beautiful work provides an 
excellent backdrop for the work described here.3 This section 
will focus on the use of well-defined complexes as initiators for 
the living polymerization of cyclic olefins. 

Although metathesis polymerization was well known from 
previous work using ill-defined catalysts, it was only with the 
introduction of single component catalysts that well-defined 
polymerizations using ring-opening metathesis polymerization 
(ROMP) became possible. 

As with any living system, an initiator is needed which will 
polymerize without termination or chain transfer.4 In addition, to 
obtain well-controlled polymer molecular weight and polydis
persity, the initiation and quenching of the growing polymer 
must be controlled. The mechanism of olefin metathesis provides 
this potential and with an understanding of the mechanistic steps, 
each of the three requirements can be regulated. 

The work of Fred Tebbe, of Dupont, provided a good starting 
point for the creation of living ROMP initiators where each of 
the critical features could be controlled. Tebbe and co-workers7 

demonstrated that the titanocene methylene complex would 
undergo a metathesis exchange with terminal olefins. This pro
vided one of the earliest examples of a well-defined metal 
alkylidene complex undergoing a clean exchange with an olefin. 
The Caltech group demonstrated that a kinetically competent 
metallacyclobutane could be isolated from this system.8 

The isolated metallacyclobutane would also undergo 
exchange with an olefin and provided a model for metathesis 
and a clean system for systematic mechanistic study.9 The 
Tebbe reagent also reacted with carbonyl compounds such as 
ketones and esters to exchange an oxygen from the organic for 
the methylene of the complex. This reaction has become an 
often used transformation for organic synthesis.10 

The first use of a well-defined initiator was by Katz5 in 
which he used the Fisher-type carbenes as prepared by Casey 
and Burkhardt6 for the polymerization of strained olefins such 
as norbornene and cyclobutenes. 

These systems gave poor control of molecular weight, but 
showed some of the characteristics of a living system such as 
the ability to prepare blocky polymers and the incorporation of 
an ill-defined initiator fragment in the resulting polymer. 
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Since metathesis is a reversible reaction, monomers must 
be chosen so that the monomer should be more reactive than 
the double bond in the polymer. If this is not the case, 
the polymer will compete with the monomer for reaction 
and will result in a chain transfer reaction. Consequently, 
norbornenes have been used in most cases, although 
other less readily available strained monomers such as 
cyclobutenes, cyclopropenes, and transcyclooctenes have 
also been used in living ROMP.11 

The reaction of the Tebbe reagent with a base and 
norbornene gave an isolated metallacycle.12 When the isolated 
metallacycle was heated with monomer, polymerization 
initiated at 60 °C and cooling to room temperature stopped 
the reaction. The resulting polymer containing the metallacycle 
end group could be isolated and the polymer could be released 
from the metal by the addition of acetone that undergoes a 
Wittig-type reaction to replace the metal with a dimethyl group. 
These polymers were living – that is, termination was much 
slower than polymerization, and the resulting polymer was 
relatively stable with the initiator at the terminus. However, 
the polydispersity was near 1.5. 

The titanium initiators were used to demonstrate many of 
the features of living systems such as the formation of block 
systems13 and the ability to use the chain end to initiate other 
polymerization reactions. 

An amusing application of this system was the use of the 
alkylidene to produce a living polymer that was converted to a 
system with the polymer attached to the metal through a single 
bond. This complex could be used to initiate polymerization of 
ethylene to generate a block[polynorbornene-polyethylene].14 

Later the Schrock group15 demonstrated that Ta complex 7 
showed similar reactivity to the titanium system. 

OAr 
Ta 

OArO 

ArO 

(ArO)3Ta 

n−1n 

7, Ar = 2,6-diisopropylbenzene 

The thermal and functional group sensitivity of these com
plexes limited their application in functional polymer synthesis 

As better initiators became available,16 there was little further 
research utilizing these very early Ti and Ta complex initiators. 
However, these early studies provided the foundation for living 
ROMP. With the titanium systems, it was demonstrated that: 

The final feature needed was an increase in the initiation rate. 
The starting metallacycle is a disubstituted metallacycle, while the 
propagating metallacycle is trisubstituted. Steric interactions will 
destablize the trisubstituted metallacycle relative to the disubsti
tuted – that is, propagating species is more reactive than the 
initiator. To solve this problem, a more reactive initiator was 
required. It was found that the addition of dimethylcyclopropene 
to the Tebbe reagent in the presence of a base resulted in the 
formation of a stable metallacycle. The ring strain of the cyclopro
pene-derived metallacycle resulted in a very reactive initiator and 
the polynorbornene resulting from this initiator was near 1.1. 

n 

Cp2Ti 

6 

Cp2Ti 

n 

1. Well-defined initiators resulted in a general living metathesis 

polymerization system with strained olefin (a limited num

ber were known at the time). Stable initiators produced stable 

propagating species. 
2. Control of initiator structure was required to obtain low 

polydispersity indices (PDIs). Standard organometallic 

principles could be used to balance the rates of initiation 

and termination. 
3. The ‘Wittig’-like activity of these systems provided a clean 

termination process. 

Many new applications were opened with the advent of 
much more active and stable tungsten and later molybdenum 
and ruthenium initiators. A number of these applications will 
be discussed in other sections. In this chapter, we will limit the 
discussion to those points directly related to the use of these 
systems in the synthesis of well-defined, low PDI, living 
polymers. 
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While Schrock was on sabbatical at Caltech, we initiated 
a collaboration to examine the living nature of other 
metathesis active complexes. The highly active tungsten-
based metathesis catalysts that were the focus of this study 
opened the next chapter in living ROMP. The high activity 
of these systems required the development of additional 
methods of control. If the catalysts were too active, termi
nation and backbiting reactions destroyed the livingness of 
the systems. Schrock had found that the activity of these 
tungsten systems could be controlled by the structure of the 
alkoxy ligands. The hexafluoro-t-butanol complex (8c) was  
much more active than that of the t-butoxy complex (8a). 
The less active complex gave lower polydispersities since 
the more active complex r eacted with the  polymer  in  
competition with monomer.17 In addition, the lower 
activity of the 8a catalyst resulted in a much better balance 
in the initiation–propagation rates such that low PDIs of 
less than 1.1 were produced. 

By controlling the ligands and additives, these systems 
opened the way to the synthesis of a wide array of homo and 
block polymers of well-defined structures. Polymers with PDIs 
of less than 1.1 that contained a variety of functional groups 
were routinely prepared using these initiators. 

The Mo-based systems are used in a wide variety of appli
cations. However, for the present discussion, the principles 
developed during these studies were as follows: 

1. The activity of the catalyst must be controlled by ligands to 

prevent backbiting into the growing polymer chains. 
2. Systems	 can be controlled by the addition of reversible 

inhibitors to control the propagation rate by reversible ter

mination as in ATRP. 
3. Highly active, functional group-tolerant initiators	 can be 

used to prepare a wide array of functional homo and block 

polymers with well-controlled structures.20 

Ph
9a/P(CH3)3 (1:5) 

n 

m 
[Mo] 

n 

Ph [Mo] O 

n m 
Ph 

n m 

H2 
Ph 

n m 

The second method of controlling the polymerization of 
these systems was the addition of phosphine, an inhibitor, to 
the system that stabilized the intermediate, decreased the reac
tivity of the chain end, and resulted in much narrower 
polydispersity.18 The additives appeared to operate by the 
reversible termination principle that is the basis for atom trans
fer radical polymerization (ATRP). As was the case with the 
Tebbe systems, the tungsten alkylidenes reacted cleanly with 
aldehydes or ketones. Consequently, the living systems could 
be terminated by the addition of an aldehyde or ketone. 

A related series of Mo-based complexes were more con
trolled and functional group tolerant than were the 
corresponding W-based systems. In a similar way, the structure 
of the alkoxide ligand controlled the catalyst activity.19 

Based on work with aqueous ruthenium-based metathesis 
systems, stable, active, and well-defined ruthenium metathesis 
catalysts were developed. As will be demonstrated, the early 
promise of broadly functional group-tolerant and 
water-tolerant initiators based on ruthenium have been rea
lized. The first complex, 10, was not particularly reactive, but 
would polymerize norbornene and its derivatives. These com
plexes were much more stable to functional groups, water, and 
oxygen than prior systems. It was demonstrated that these 
systems would give a living polymer with norbornene and 
could be used to form block polymers.21 

The usual quenching conditions that had been developed for 
earlier metal-based ROMP systems, the addition of an aldehyde, 
ketone, or acid, did not provide a clean cleavage of the metal from 

(c) 2013 Elsevier Inc. All Rights Reserved.
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the polymer chain with the Ru initiators. It was found that the 
addition of a vinyl ether cleaved the chain and produced a ‘Fisher’ 
carbene that is less reactive than the initiating complex. Polymers 
with PDI of less than 1.2 could be obtained with these systems. 

In contrast to the Mo and W systems, where electron-
withdrawing groups increased the activity of the catalysts, it was 
found in the ruthenium systems that addition of the more 
electron-rich tricyclohexylphosphine to the original triphenylpho-
sphine complexes resulted in the  formation of a much  more
reactive complex.22 

The complex 11 gave low polydispersity polymers, below 1.2, 
but additives were required to obtain narrow dispersity blocks and 
homopolymers.23 As had been demonstrated with the Mo and W 
systems, a reversible inhibitor could be used to control the system. 

The added excess phosphine slows the rate of polymeriza
tion. Addition of more than one equivalent gives good 
control of the PDI without completely shutting down the 
reaction. To understand the effect of added phosphine and 
to guide further changes in ligands, the mechanism of the 
activity of these systems in general metathesis reactions was 
examined. 

The rate of reaction in most cases appears to be controlled by 
the loss of one of the neutral ligands to produce the active 
14-electron species.
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Under normal operating conditions, the 14-electron 
species is not detected. Only the 16-electron species that 
are the chain-carrying species in the reaction are observed. 
Buildup of significant concentrations of the reactive 
14-electron complex leads to decomposition. In polymeriza-
tion terms, the generation of the 14-electron species is 
initiation and the metathesis step is propagation. The addi-
tion of excess phosphine balances the initiation/propagation 
rates. Using these systems, well-defined homo and block 
polymers could be prepared. However, to obtain good 
control and rates, the less available exo isomers of the 
norbornene derivatives were required. 

As a result of examining more electron-rich ligands, the 
N-mesityl family of N-heterocyclic carbene complexes was 
developed.24 These complexes appear to operate by the same 
basic mechanism as the bisphosphine complexes with the 
initiation step slower and the propagation faster. As a result, 
these systems gave polynorbornenes with high PDIs. 
However, the higher activity did result in excellent rates of 
polymerizations with endo norbornenes. Attempts to control 

As part of a study to explore the role of phosphine structure 
on initiation, other phosphine derivatives of 12 were prepared 
from the bispyridine complex 13. Complex 13 precipitated 
when 12 was dissolved in a pyridine solution. Mixing 13 with 
a solution of the desired phosphine and pumping off the 
solvent and pyridine resulted in the clean production of the 
desired new complex.26 Although some of these initiated more 
rapidly, it was found that the bispyridine complex itself 
initiated at a very rapid rate.27 Complex 13 could be used to 
prepare a wide variety of new well-defined homo and block 
polymers with PDIs less than 1.1.28 In some cases, the PDI is 
lower than the standard polystyrenes used in calibration of gel 
permeation chromatography (GPC). 

Initially, the meta-bromopyridine complex 13b was used 
since it initiated at a very rapid rate. However, it was found in 
subsequent studies that the slower initiating pyridine complex 
13a was more stable and still provided good control.29 

Polymerization with 13a could be carried out under nitrogen 
in standard equipment and the reactions to produce well-defined 
polymers in the 100 K range were completed in tens of minutes. 

the PDI by the addition of excess phosphine resulted in some 
narrowing of the dispersity, but they remained unacceptably 
broad to be used to prepare well-controlled polymers. 
Apparently, the initiation of these systems is too slow relative 
to the propagation rate to be controlled by the addition of 
phosphine. A new derivative was needed.25 

In a recent example of the control of polymer structure that is 
made possible utilizing these initiators, a family of brush poly-
mers was prepared. Brush polymers have been explored by many 
groups due to their interesting topology and are prepared using 
macromers–monomers that are short oligomers containing a 
polymerizable end group.30 The special features of these materials 
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result from the collapse of these macromers along the backbone 
to produce rigid systems with high persistence lengths. However, 
it has proven difficult to prepare them with well-controlled struc
tures by other living systems due to the steric hindrance around 
the end group induced by the high molecular weight of the 
monomers. Living radical systems are limited due to the instabil
ity of the propagating species31 and the steric congestion resulting 
from the close proximity of the side groups. The ROMP systems 
have proven to be particularly useful for the preparation of 
well-defined brush polymers due to the stability of the propagat
ing alkylidene as well as the broader displacement of the side 
groups resulting from the greater spacing resulting from opening 
of a norbornene monomer.32 

A variety of well-defined macromers with PDIs of less 
than 1.1 could be prepared by the use of ATRP or the 
living opening of lactides. Using these macromers, high
molecular-weight polymers could be prepared with PDIs of 
less than 1.1. Atomic force microscope (AFM) images 
demonstrated that these polymers dispersed on a surface 
with highly extended structures. The lengths demonstrated 
that the backbones were consistent, with all the C–C bonds 
being fully transoid and extended.33 Bulk samples of block 

brush copolymers demonstrated facile and well-defined 
periodic structures resulting from phase separation of the 
blocks.33 

A major limitation of all living systems is the requirement 
that one initiator produces only one chain. In ROMP, the 
initiators are rather complex and have high molecular weight. 
To solve this last limiting problem, pulsed living polymeriza
tion was developed. This approach was based on the 
observation that living systems could be terminated cleanly 
using cis-olefins.34 The following terminations were carried 
out to prepare polymers that contained an end functionality 
that could be used to grow block polymers where the second 
block was prepared by ATRP.35 

The key to these reactions was the higher rate of reactivity 
of the cis-olefin relative to the double bonds in the polymer. 
The predominantly trans stereochemistry of the polymer and 
the allylic substituents slow the reaction of the polymer double 
bonds relative to those in the cis acyclic olefin. In subsequent 
reactions, it was found that the cis-olefin could be present from 
the beginning of the reaction, that is, the stained norbornene 
reacted much faster than the cis-olefin. Since the complex 
resulting from the termination of the polymers with the acyclic 
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olefin is also an initiator, the system is perfectly set up to 
continue a second polymerization on addition of a pulsed 
addition of a new bolus of monomer. 

The reaction was carried out in 10 vials using a robot to add 
more monomer at the appropriate times. Each vial contained 
monomer, initiator, and an excess of the cis-olefin terminator. At 
the end of each 30 min cycle, a second addition of monomer was 
added to vials 2–10. On each subsequent  monomer addition,  
another vial was eliminated so that at the last time period, only 
the 10th vial received an injection of monomer. As can be seen in 
the table, even after 10 additions of monomer, the polymer 

was near 1.1 in PDI and near the predicted molecular weight. 
The increase in PDI and molecular weight are a result of loss of 
initiator in each step due to decomposition during the slow reac
tion with the terminator. Subsequent reactions could be run so 
that the amount of monomer was decreased slightly in each cycle 
to maintain the appropriate molecular weight and PDI. 

At this stage, all of the steps of ROMP were demon
strated to produce polymers of well-defined and low PDI 
homo and block polymers. The last remaining issue is the 
control of the stereochemistry of the double bonds in the 
resulting polymer. Traditional molybdenum- and ruthe
nium-based catalysts give polymers with high levels of E 
geometry. However, it had been observed with some spe
cial ill-defined catalysts that high E or high Z polymers 
could be produced depending on the catalyst structure, 
although most of the ill-defined catalysts gave near equili
brium ratios of E and Z double bonds.36 Some of the 
earliest well-defined tungsten catalysts give high Z stereo
chemistry. No explanations for these observations were 
given.15 However, the ability to rationally control the 
stereochemistry and tacticity of the resulting polymer has 
recently been demonstrated for a well-defined catalyst. The 
Schrock and Hoveyda groups37 have prepared a family of 
molybdenum- and tungsten-based initiators that produce 
high percentages of the Z isomer in standard metathesis 
reactions. Some of these same catalysts will also polymer
ize norbornenes and cyclopropenes to produce high 
cis polymers. As was found with ill-defined catalysts 
that gave good control of the double-bond geometry, these 

catalysts also provided excellent control of the tacticity of the 
resulting polymers. For example, it was found that the poly
merization of the norbornadiene derivative with catalyst 14 
gave a stereoregular polymer that was highly cis and syndio
tactic.38 The stereochemistry of the polymer is explained 
by addition of the norbornadiene on the exo face with the 
methylene pointing toward the adamantly group. If the nor
bornadiene always adds in that direction, cis polymer is 
obtained. The addition of the monomer to opposite faces 
of the growing polymer as a result of the chirality of the 
complex results in the syntiotactic structure. 

Although ROMP of norbornenes and related strained 
monomers has been known since the 1960s, the development 
of well-defined catalysts/initiators for this reaction over the 
past 25 years has resulted in the ability to prepare polymeric 
structures that have controlled length and block structures. 
Only recently have well-defined catalysts been prepared that 
produce polymers with defined double-bond geometry and 
tacticity which can be easily assigned based on the catalyst 
structure. 

As a result of this control, the promise of olefin metathesis 
as a polymerization method has been realized. The controlled 
ROMP techniques, combined with ATRP and other living poly
merization methods, provide the ability to produce polymeric 
materials of high molecular weight with unprecedented 
control. 
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4.04.1 Phenomenon of the Ring–Chain Equilibria 
in Ring-Opening Polymerization 

The general scheme of a ring-opening polymerization (ROP) 
contains, besides initiation and propagation, additional pro
cesses. Putting transfer reactions, termination, and other 
transformations of active species aside, the most important reac
tion involved often in polymerization processes of cyclic 
monomers is depolymerization. Formation of cyclic oligomers 
and polymers, macrocycles, is chemically similar to this reaction. 
Macrocycles can act as monomers in polymerization processes 
and their formation can be regarded as depolymerization of 
macrocycle polymerization. As all these reactions can in many 
systems be simultaneously reversible (polymerization and depo
lymerization of monomer and macrocycles), the ring–chain 
equilibria are important in many ROPs, playing positive or 
negative roles, depending on the aim of a given ROP. 

Main reactions constituting the ring–chain equilibria in 
ROP are shown in a simplified scheme (Scheme 1). 

The interchain segmental exchange reactions were not 
included in the scheme because they do not directly influence 
the ring–chain equilibria, although the reactions of the active 
chain-end (ACE) with the repeating units resulting in breaking 
of the polymer chain are similar to the backbiting reaction 
leading to macrocycles. However, although neglected here, 
they influence the kinetics of attaining the ring–chain equili
bria by broadening the dispersity of linear polymer, usually 
doing it much faster than depolymerization and cyclization 
alone. Consequently, when the interchain segmental exchange 
is very effective, the system reaches the equilibrium faster and 
the kinetic enhancement in cyclic or linear polymer, the phe
nomena discussed in Section 4.04.5, can be less pronounced or 
not observed at all. 

Cyclic oligomers can be formed mainly in the so-called end-
and backbiting reactions shown in the scheme. The first of 
them is a reaction of active species of polymerization, located 
on one of the growing chain-ends, with the end group formed 
in polymerization initiation (or in chain transfer reactions). 

Quite often reactivities of these end groups in relation to active 
species are higher than reactivities of repeating units of the 
growing chain (backbiting reactions – see Scheme 1). It can 
stem from chemical differences of reacting groups (end group 
differing from the corresponding group of the repeating unit), 
but steric hindrance alone often also favors endbiting over 
backbiting. Depending on the considered ROP system, back-
and endbiting reactions can lead either directly to macrocycles 
and shorter living chains (backbiting) or initiator/activator 
molecule or ion (endbiting), or activated macrocycles are 
formed first as intermediates (cf. Scheme 1). Free macrocycles 
can next be formed as a result of other reactions, for example, as 
shown in the scheme via breaking of the exocyclic bond con
necting the activating group to the cycle. 

If endbiting is very effective, it can be mistaken for 
ring-expansion reaction, also shown in Scheme 1. 

Such a situation existed in polymerization of cyclic acetals. 
After observing in many systems the formation of exclusively 
cyclic polyacetals, Plesch and Westermann1 argued that no 
linear propagation accompanied by cyclization can explain 
this situation. Consequently, they proposed the ring-expansion 
mechanism of polymerization of cyclic acetals operating on 
cationated monomer and macrocycles. 

However, as discussed by Szymanski et al.,2 ring-expansion 
mechanism can be excluded on the basis of the presence of a 
fraction of linear polymer in polymerization systems as well as 
on the basis of some model reactions and computer simula
tions. Arguments presented by the authors prove that endbiting 
reaction accompanying linear propagation together with other 
reactions of ring–chain equilibria can explain experimental 
results and it is not necessary to assume ring-expansion 
reaction. 

Thus, if endbiting is very effective and reversible, and acti
vated macrocycles can react as active species with monomer 
giving normal linear growing chain, the net result can be very 
similar to ring expansion. Scheme 2 shows this possibility, 
explaining Plesch’s results of observing only macrocycles in 
some polymerizations of cyclic acetals (here 1,3-dioxolane 
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Scheme 1 Reactions constituting ring–chain equilibria in ROP (simplified scheme). In brackets, a variant with hyper-bonded structures, for example, 
with oxonium cations or catalyst coordinated (activated) compounds, is shown. Z denotes an initiator originated end group (X–) or a linear fragment of 
polymer (X(M)i–). Reversible ring-expansion/contraction reactions were added to this general scheme, although they are usually possible and/or 
important only in some coordination ROP polymerizations. 

Scheme 2 Formation of macrocycles in polymerization of 1,3-dioxolane initiated with protonic acids. Backbiting neglected, ring expansion route rather 
improbable.2 

(c) 2013 Elsevier Inc. All Rights Reserved.
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polymerization system is shown), although ring expansion can 
be usually excluded. 

It is worth stressing that the existence of ring–chain equili
bria in polymerization results automatically in the existence of 
the chain–chain and ring–ring equilibria even if direct routes in 
some systems are absent (like direct ring interconversions rarely 
observed in ROP). On the other hand, the ring–chain equili
brium can in some systems be reached faster via the direct ring– 
ring interconversions if these reaction routes are present and are 
kinetically favored (fusion/fission reactions – the simplest reac
tions constituting the ring–ring equilibria). 

Nevertheless, the ring-expansion reaction (and generally 
ring–ring interconversions) are postulated for some systems 
with heteroatoms having 3d or higher orbitals, including sys
tems with catalyst capable of incorporation itself into the 
monomer ring. In such systems, ring expansion is possible via 
concerted reaction of insertion of monomer molecules (and/or 
macrocycles) into the corresponding bond of the hybrid cycle. 
Some examples are shown in the following sections. 

However, it is worth noting that the equilibrium in real 
ring-expansion systems, without linear chains, should rather 
give higher equilibrium concentrations of macrocycles than in 
systems in which linear chains are formed. It stems from the 
mass balance not including the absent linear polymer fraction 
(see a short discussion in the next section), but it has not yet 
been verified experimentally. 

4.04.2 Thermodynamics of the Ring–Chain Equilibria 
in ROP 

Equilibrium in ROP accompanied by macrocyclization reac
tions is described by an infinite set of equations: 

½1� 

K
½c-Mx�½−My−x−� 

x ¼ ½2� ½−My−� 
where Kx is the cyclization equilibrium constant for formation 
of x-size ring (monomer, cyclic oligomers and polymers, cyclo-
Mx); x, y = 1 , 2, 3,  … are the numbers of repeating units in a 
(macro)cycle and linear polymer (eqn [1]), respectively. 

Jacobson and Stockmayer3 analyzed such types of equilibria 
and formulated a theory describing dependence of the cycliza
tion equilibrium constants on the ring size. 

It is assumed, that Kx is independent of the polymer length, 
that is, y > x in eqns [1] and [2]. 

As Kx is a thermodynamic function, it is independent of the 
reaction routes (see, e.g., Scheme 1) leading to the state 
described by eqns [1] and [2]. 

Although Jacobson and Stockmayer analyzed mainly the 
polycondensation systems, their results are also valid for ROP. 

In ROP, Kx is equal to the ratio of the rate constants of 
backbiting and polymerization (addition) of macrocycle 

½3� 

k
K bx
x ¼ 4� 

kpx 
½

Analogously it can be defined by rate constants of endbiting 
reactions or any other set of reactions of the full reaction 
scheme (e.g., reactions of Scheme 1). 

Because distribution of lengths of linear polymer in 
equilibrium is usually the most probable one, the ratio of 
concentrations of chains differing by x repeating units can be 
expressed as px , 

px
½ −Myþx− �¼ ½5� ½ −My− � 

where p is the ratio of concentrations of chains differing by one 
repeating unit (eqn [6]) 

My 1−  1 
p 

½ �¼ þ ¼ 1− ½6
−

� ½ My−� DPn 

(DPn is the number average degree of polymerization) being 
close to unity for a large average length of linear polymer 
chains. 

Consequently, from eqns [2] and [5], we get the equation 
relating the equilibrium concentration of macrocycle with the 
corresponding cyclization equilibrium constant and parameter 
p describing the linear polymer 

½c-M x
x� ¼ Kxp ½7� 

One can easily observe that the cyclization equilibrium 
constants are in fact reciprocals of the equilibrium polymeriza
tion constants of macrocycles, regarded as monomers of linear 
homopolymerization. 

The sum of monomer units incorporated into cyclics is in 
the equilibrium dependent on p, that is, in fact on the average 
length of linear polymer: 

1 i
∞ ∞ ∞ ½−M−�cyclic ¼ ∑ i½c-Mi� ¼  ∑ iKipi  ∑ iKi 1− 8  
i 1 1

¼
¼  i¼  i¼1 

�
DPn 

�
½ �

This relationship gives the so-called critical monomer con
centration, also called a critical cyclics concentration or a cutoff 
point (calculated from the above equation for p = 1), being the 
total equilibrium concentration of cyclics (monomer and 
macrocycles), expressed in monomer units, in the systems 
with linear polymer of infinite average length. For initial 
monomer concentration larger than this critical concentration, 
we can have the linear high-molar-mass polymer and macro-
cycles, while for lower initial monomer concentrations 
practically all the monomer above its equilibrium concentra
tion is converted into cyclic oligomers. This critical monomer 
concentration is not a sharp borderline (cutoff point) because 
in fact the equilibrium concentrations of macrocycles depend 
on DPn of linear polymer (eqn [7]). Consequently, in real 
systems, with not very low initiator concentrations, the fraction 
of linear oligomers gradually decreases in equilibrium with 
decreasing initial monomer concentration from values close 
above to values below the critical value. The computed depen
dence of cyclic fraction in equilibrium systems of 1,3-dioxolane 
polymerization initiated irreversibly with two different concen
trations of initiator is shown in Figure 1. 

For higher initiator concentration (0.01 mol l−1) the max
imum fraction of macrocycles in polymerization product at 
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Figure 1 Contributions of cyclics in the equilibrium system of 1,3-dioxolane computed4 for various initial concentrations of monomer and two 
concentrations of initiators: 0.01 and 0.001 mol l−1. All-cyclics plots include monomer both in cyclics and in total mass of the systems. Equilibrium 
constants are taken from Andrews, J. M.; Semlyen, J. A. Polymer, 1972, 13, 142.5 

equilibrium is about 74%, while the maximum fraction of 
cyclics, including monomer, reaches 96.5%. For 10 times 
lower concentrations of initiator (0.001 mol l−1), the corre
sponding numbers are 98% and 99.8% and the critical 
monomer concentration borderline at about 3.3 mol l−1 is pro
nounced a bit more sharply. It is worth noting that at low initial 
monomer concentrations close to zero, the fraction of cyclics 
drops to zero due to the assumed irreversible initiation and 
decreasing the average length of linear oligomers to unity (con
sequently, the parameter p from eqns [5]–[8] limiting the 
equilibrium concentrations of cyclics, attains zero). 

Jacobson and Stockmayer3 analyzing the density of distri
bution of segments of linear polymer formulated a theory 
relating the distribution function of the end-to-end vector r 
for linear polymer composed of x units (Wx(r)), per unit 
range in r, with the equilibrium constant of cyclization for 
systems without ring-strain and other enthalpic factors (equili
brium governed only by entropic factors): 

Wxð0Þ Kx ¼ ½9� 
NAσRx 

where NA is the Avogadro constant and σRx the symmetry 
number for macrocycle of size x. 

The above equation was derived assuming, besides no heat 
of cyclization, that the probability of cyclization is propor
tional to the fraction of polymer conformations at which the 
ends are close to each other and that reactivity of terminal 
groups are independent of the chain length. 

Consequently, Jacobson and Stockmayer came to the con
clusion that Kx is proportional to x raised to the power –5/2. 

Flory and Semlyen6 contributed to the original Jacobson– 
Stockmayer (J-S) theory assuming that for sufficiently long 
chains Wx(r) should be Gaussian to an adequate approxima
tion, fulfilling the relationship 

2 3=2
Wxð0Þ ¼  3=2π‘ r 	 

x ½10�
where 〈r2x 〉 is the mean-square

�
 end-to-end

�
 length averaged over 

all configurations of the real linear chain of size x. Additionally, 
as an approximation, they identified 〈r2x 〉 with the unperturbed 
mean-square end-to-end length 〈r2x 〉0 as, for instance, in dilute 
theta solvent. 

The unperturbed mean-square end-to-end length 〈r2x 〉0 

appears to be approximately proportional to the ring size x: 

2‘ r  0 ¼ Cxνxl2	 
x ½11�

where Cx is the characteristic ratio of linear x-mer, l the average 
length of skeletal bonds, and ν the number of these bonds in 
repeating unit. 

For large x, Cx can be replaced with the limiting value of the 
characteristic ratio 

〈 r2
C x 〉0
∞ ¼

� �
½12� 

νxl2 
x→∞ 

Combining eqns [9]–[11], we get the relationship 

½ 3 ð2πC νxl2Þ �3=2=
K x
x ¼ ½13� 

NA σRx 

which allows a prediction of the equilibrium constants of 
macrocyclization for nonstrained macrocycles on the basis of 
geometric features of polymers. 

This equation does not take into account in a visible way the 
conformational restrictions (although they can be partly 
accounted for, hidden in the value of the characteristic ratio Cx). 
Conformational constraints are especially important for rigid 
chains. For instance, the equilibrium concentration of cyclics in 
poly(butylene isophthalate) is ∼3 times higher than in poly(buty
lene terephthalate), because the former has a bent rigid structure.7 

(c) 2013 Elsevier Inc. All Rights Reserved.



Ring–Chain Equilibria in Ring-Opening Polymerization 35 

As the symmetry number for macrocycle σRx is proportional 
to the ring size, for instance, cyclic x-mers of poly(dimethylsi
loxane) is equal to 2x, the cyclization equilibrium constant for 
larger macrocycles is, according to Flory and Semlyen, propor
tional to the ring size to the power –2.5 (�x− 5/2), similarly as 
was predicted in the original version of J-S theory. 

This relationship was verified experimentally for many 
systems. 

Any deviations from the predicted relationship could be 
explained by the ring strain of smaller macrocycles, not theta 
solvent or insufficient dilution, or by other factors. 

An example of the experimentally determined dependence 
of the cyclization equilibrium constants on the ring size, indi
cating the observed deviation from the J-S theory, is shown in 
Figure 2.8 

The fraction of macrocycles in the overall polymer at equili
brium conditions is, however, usually overestimated by the J-S 
theory and some of its improvements. There are several reasons 
for that, but the most important, besides the ring strain of 
smaller macrocycles, is insufficient approximation of the poly
mer segments distribution by the Gaussian density distribution 
function. Some factors, such as the polymer excluded volume, 
important for larger macromolecules, are not taken correctly 
into account due to lack of sufficiently good models. Also, the 
geometric restrictions for ring closure (orientational factor) can 
not always be correctly taken into account. One of the possible 
solutions to these problems is using Monte Carlo simulations 
to determine, for instance, the fraction of chain conformations 
for which both ends meet inside a small sphere and have the 
correct orientations. One of the models, most often used in 
these computations, is the rotational isomeric state model.9 
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Figure 2 Molar cyclization equilibrium constants Kx for cyclics 
((CH3)2SiO)x at 383 K for a bulk equilibrate (open circles) are compared 
with a solution equilibrate (filled circles) and with values calculated (x) 
according to the J-S theory. Kx values are in mol l−1. Reproduced with 
permission from Semlyen, J. A. Adv. Polym. Sci. 1976, 21, 41.8 

From the formal equilibria for ring–chain interconversions 
(eqns [2]–[7]), we also get equations for the ring–ring 
equilibria. 

The equilibrium constants for these reactions, derived from 
the ring–chain equilibria relationships, are also valid, being the 
real thermodynamic functions, for systems without reaction 
routes leading to linear polymers. In other words, they are 
also valid for systems in which ring expansion and ring con
traction operate, but there are no reactions for formation of 
linear polymer. 

Taking into account eqn [2], we get the relationships [14]: 

½c-M¼ x  þy � KxþyKx;y  14  ½c-Mx�½c-My� ¼ KxKy 
½ �

indicating that the equilibrium constants of ring–ring equili
bria are functions of the macrocyclization equilibrium 
constants. 

Assuming that sufficiently large homogeneous macrocycles 
are considered (nonstrained and with approximately equal 
characteristic ratios Cx ≈ Cy ≈ Cx+y ≈ C∞) and that the symmetry 
numbers for macrocycles are proportional to the ring size, 
σRz = az, we get, combining eqns [13] and [14], a simple equa
tion relating the ring–ring equilibria constants with the ring 
sizes 

KxK þy NAα 

�
x 

x;y 
þ y 
�−5=2

¼ ¼ ½ 3=ð2πC∞νl2Þ �−3=2 ½15� 
KxKy xy 

where a is a proportion coefficient relating the symmetry num
ber of macrocycles with their size (σRz = az). 

This relationship differs from the one given by Kricheldorf, 
who assumed that the dependence of the equilibrium con
stants of ring–ring equilibria on the equilibrium constants of 
ring–chain equilibria can be neglected and that independence 
of the ring–ring equilibrium constants of the sizes of rings 
describes the ring–ring equilibrium systems sufficiently well 
(Kx,y = Kcyclo, for any x and y).10 

Moratti11 criticized the Kricheldorf’s paper indicating that 
this assumption of all ring–ring equilibrium constants being 
similar is incorrect. Nevertheless, Kricheldorf in the later paper 
repeats his treatment, extending the simplifying assumption to 
the kinetically controlled distribution of macrocycles.12 

One more aspect of ring–ring equilibria can be noted. When 
no linear polymer can be formed and the system reaches the 
ring–ring equilibria, the mass–balance relationship without 
terms for linear polymer has to be held: 

∞ ½M�0 ¼ ½c-M1�0 ¼ ∑ i½c-Mi� ½16� 
i¼1 

As can be easily derived from eqn [7], the concentration of 
any ring at equilibrium is proportional to the ring–chain equi
librium constant and to the corresponding power of the 
parameter p = [M]/K1 (defined here on the basis of eqn [7], 
not in relation to linear polymer as it is not present) �½c-M �i 

1�
�½M

c-
� �i

½ M i
i� ¼ Ki ¼ Ki ¼ KipK1 K1 

½17� 

Combining eqns [16] and [17], we get the equation relating 
the initial concentration of monomer to the ring–chain equili
brium constants and the parameter p 
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∞ ∞ 

½M�
X X

i
0 ¼ i½c-Mi� ¼  iKip 18  

i¼1 i¼1 

½ �

This parameter p resembles the analogous parameter for 
equilibrium systems of linear ROP in which p is equal to the 
ratio of concentrations of chains differing by one repeating unit 
and is always lower than 1 for such systems. 

However, if formation of linear polymer is not possible, and 
the initial concentration of monomer is above the critical 
monomer concentration, then the ratio p = [M]/K1 becomes 
higher than 1. Otherwise the sum on the right-hand side of 
eqn [18] would be, at the most, equal to the critical cyclic 
concentration (cf. eqn [8]), and the eqn [18] would not hold. 

Thus, p in systems without linear polymer and initial mono
mer concentration larger than the critical value is larger than 1 
and consequently the total concentration of macrocycles in 
equilibrium ring-expansion systems without reaction routes 
leading to linear polymer, is higher than in systems of ring– 
chain equilibria. 

Moreover, we can prove that the J-S theory of ring–chain 
equilibria, or rather its simplification giving the known depen
dence of the cyclization equilibrium constants on the ring sizes, 
is not correct for macrocycles of sizes attaining infinity. 
Namely, otherwise the infinite sum, defining the total concen
tration of monomer units in all cyclics (eqn [18]), attains 
infinity for any p >1  

∞ ∞ ∞ 

½−M−�cyclic ¼ 
X

 

i½c-M
X

pi i� ¼  iKi ¼ 
X

 

Ai−1:5pi ½19� 
i¼1 i¼1 i¼1 

where A is a factor stemming from the simplified expression of 
the macrocyclization equilibrium constants being, according to 
the J-S theory, proportional to the ring size raised to the power 
–2.5 (deviation of smaller rings from the general relationship 
was neglected). 

The conclusion is only one: at least for very large macro-
cycles, the cyclization equilibrium constants have to decrease 
with the ring size i faster than i−2.5. Thus, the slope of log Kx 

versus log x for at least very large macrocycles has to increase 
(in absolute value) gradually giving the slope parameter less 
than –2.5, the value predicted by the J-S theory. This can be 
associated with not taking correctly into account the exclusion 
volume factor by the J-S theory or its extensions for very large 
polymers. 

4.04.3 Thermodynamics of Ring–Chain Equilibria 
in Copolymerization 

The J-S theory describing the ring–chain equilibria in systems 
of nonstrained cyclics can be applied also to copolymerization. 
However, due to possible differences of comonomers in their 
structures, including the number and type of atoms, bond 
lengths, and bond angles, the eqn [13] cannot be applied 
directly. We have to take into account the equilibrium distribu
tion of comonomer units in copolymer chains of different 
lengths. Szymanski13 has proposed relating the copolymeriza
tion cyclization equilibrium constants to analogous constants 
for homopolymerization to simplify the treatment. 

Combining the equilibrium constants formulated accord
ing to the Flory and Semlyen (eqn [13]) for homo- and 

copolymeric macrocycles, the following relationship can be 
obtained:13 

σn=x RxA σ
m=x 

KxAnBm ¼ RxB ½20� 
σRAnBmKx

n
A 
=xKm=xWxB 

where KxAnBm, KxA, and KxB are the cyclization equilibrium 
constants for formation of homo- and copolymeric macro-
cycles composed of x units, x = n + m, n, and m are the 
numbers of A and B units in copolymeric macrocycle, respec
tively, and σ are the symmetry numbers of macrocycles, W is a 
function of the mean-square end-to-end lengths of homoge
neous and heterogeneous chains of size x !3=2

2〈 r 〉AnBmxW ¼ ½21� 
〉n=x 〉m=x〈 r2 〈 r2 

x Ax x Bx

The coefficient W for copolymers of similar monomers can 
be predicted to be close to 1 and thus can be neglected. For 
other systems, it can be approximated by computation, for 
instance, assuming the model of free-joint chain with block 
distribution of units A and B !3=2
 

〈 r2
 

W ¼ x 〉AnBm 

〉n=x 〉m=x〈 r2 〈 r2 
x Ax x Bx( )3=2 ðna − 1ÞLA2 þ ðmb − 1ÞL2B þ ðLA2 þ L2BÞ=2 

≈ ½22� 
n=x m=x½ ðna − 1ÞLA2 � ½ ðmb − 1ÞLB2 �

where LA
2 and LB

2 are the average squared bond lengths of units A 
and B, a and b the numbers of bonds in corresponding copo
lymer units, and the squared AB bond length was 
approximated by the mean squared length of homogeneous 
bonds (LA

2+LB
2)/2. If LA and LB differ much, and the squared 

length of the A–B bond differs significantly from the assumed 
value, the real microstructure of the chain corresponding to the 
given macrocycle (not the block structure assumed above) 
should be taken into account. 

However, unlike in homopolymerization systems, the con
centrations of macrocycles are not at equilibrium equal 
(or approximately equal for not infinitely long linear chains) 
to the macrocyclization equilibrium constants. It stems from 
the fact that various compositions and microstructures of 
chains can usually be obtained depending on the initial mono
mer feed and copolymerization equilibrium constants 
(of homo- and crosspropagations). The only exceptions are 
alternating copolymers for which macrocycle concentrations 
correspond to macrocyclization equilibrium constants like in 
homopolymerization systems. 

Szymanski13 formulated the equations for the equilibrium 
concentrations of copolymer macrocycles as functions of the 
equilibrium constants of macrocyclizations, homo- and cross-
propagations, and equilibrium concentrations of comonomers. 
For dyad model copolymerization, the derived relationship is 
the following (eqn [23]): 

r 
n m KABKBA½CAnBmABr � ¼ KAnBmABr ðKAA ½A�Þ ðKBB½B�Þ ½23� 

KAA KBB 

where CAnBmABr denotes a copolymer macrocycle composed of 
n units A and m units B and containing r AB bonds (and r BA 
bonds; the number of heterogeneous bonds is 2r), and with the 
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distinct symmetry number (depending on microstructure) 
determining (besides other parameters) the macrocyclization 
equilibrium constant KAnBmABr (cf. eqn [20]). The brackets are 
used for denoting the equilibrium concentrations. 

Instead of the homo- and crosspropagation equilibrium 
constants and the equilibrium comonomer concentrations, 
we can use the experimentally determined ratios of correspond
ing sequences of linear copolymer. For instance, for dyad 
model copolymerization, the following equation can be 
obtained: 

n m r½−AA−� ½−BB−� ½−AB−�½−BA−�
 ½CAnBmABr � ¼  KAnBmABr
 ½−A−� ½−B−� ½−AA−�½−BB−� 
½24� 

Analyzing these equations, we can easily come to the con
clusion that linear and cyclic polymers can at equilibrium differ 
in copolymer units composition and microstructure (e.g., con
tributions of various triads). Such a phenomenon was observed 
for some copolymerization systems, for example, the maleic 
acid units fraction in macrocycles and in linear polymer 
differ for poly(hexane-1,6-diyl maleate-co-hexane-1,6-diyl 
fumarate).14 

Equation [24] (after rearrangement) can be used for 
computing the macrocyclization equilibrium constants in 
copolymerization on the basis of the determined equilibrium 
concentrations of macrocycles and linear copolymer 
microstructure. 

The relationships presented for copolymerization systems 
can also be used for some homopolymerization systems in 
which polymer with irregular structures is formed, like one 
containing head-to-head and tail-to-tail sequences. This pro
blem is discussed in Section 4.04.6.2. 

When the cyclization equilibrium constants in copolymer
ization are known, the same eqn [24] can be used to predict the 
equilibrium concentrations of macrocycles provided the equi
librium composition and microstructure of linear copolymer is 
known. When the properties of the equilibrium linear copoly
mer cannot be determined, but the equilibrium constants of 
macrocyclization and copolymerization are known, the predic
tion of the equilibrium concentrations of macrocycles can still 
be accomplished, but only by formulation and solving the set 
of equations, taking into account besides eqn [23] the mass 
balance equations for comonomer units in linear and cyclic 
fractions.13 

4.04.4 Effects of Pressure and Solvents on the 
Ring–Chain Equilibria 

Smaller cyclic oligomers, due to conformational restrictions as 
well as changed bond lengths and angles often differ from the 
high polymer in densities and some other features, like the 
average dipole moment of repeating units. Consequently, we 
can expect the dependence of the cyclization equilibrium con
stants for these cyclics on pressure and the reaction medium, 
solvent, and dilution. 

The effect of pressure on undiluted oligo(dimethylsiloxane) 
ring–chain equilibria was studied by Wright.15,16 The author 
found that at 3500 atm, the weight content of smaller cyclics 
Dx, where D denotes the dimethylsiloxane unit and x =4,  5,  6,  

decreases at equilibrium from 6.2, 3.8, 1.6, respectively, at 
1 atm to 4.4, 2.8, 1.3, respectively, while the content of larger 
macrocycles remains unchanged. It is associated directly with 
the differences of densities of siloxane compounds: at 383 K, 
the values for cyclic tetramer, pentamer, and high polymer are 
equal to 0.853, 0.866, and 0.898 g cm−3, respectively. 

Wright and Semlyen17 also observed an increase in the 
equilibrium constants of cyclization for small-ring cyclic 
dimethyl-, methyl-, and diethylsiloxanes diluted with diglyme 
and toluene. For instance, Kx, x=  4 and 5, are equal to 0.19 and 
0.09 for the undiluted system at 383 K (898 g l−1 for dimethyl-
siloxane compounds) and to 0.21 and 0.13 in diglyme solution 
(212 g l−1, 333 K), and 0.30 and 0.15 in toluene solution 
(224 g l−1, 383 K). Consequently, while diluting the systems to 
the critical concentration (calculated from Kx values for the 
undiluted systems), the contents of cyclic fraction increases 
faster than expected. 

Solvent also changes the density distribution function of the 
end-to-end vector r for linear polymer of x units (Wx(r)), 
influencing in this way directly the ring–chain equilibria. In a 
good solvent, this effect, associated with the excluded volume, 
change the power law of the dependence of Kx on the ring size 
x, making this dependence steeper: instead of −2.5 (K � x−2.5x )
values −2.8 or even −2.9 are observed.18,19 

The effect of solvent on the cyclization equilibrium 
constants was analyzed by Carmichael et al.20 for dimethylsi
loxane systems in xylene and diglyme solutions. They 
explained it from the viewpoint of ‘good’ (toluene, xylene) 
and ‘poor’ solvents (diglyme) and semiempirical parameters 
of the Flory–Huggins equations for three-component 
systems.21 

4.04.5 Kinetics of the Ring–Chain Equilibria in ROP 

Looking at the general reaction scheme of the ring–chain equi
libria (Scheme 1), we can predict that the main factor 
determining the rates of formation of macrocycles, besides 
the chemical structures of ROP monomers and initiators/cata
lysts, is the distance between the reacting entities of linear 
macromolecule (cyclization). 

If diffusion of polymer segments is much faster than the rate 
of reaction of reacting groups forming the ring closing bond, 
and the ring strain influencing the activation enthalpy of the 
reaction can be neglected, the rate of cyclization is proportional 
to the distribution function of the end-to-end vector r for linear 
polymer of x units at r close to 0 (Wx(0)). According to the J-S 
theory,3 the chain conformations are governed by the Gaussian 
distribution of interunit vectors, giving Wx(0) and conse
quently the rate of cyclization proportional to the ring size 
raised to the power −3/2 for sufficiently large cyclics. 

As there are at least two distinguished routes of macrocycle 
formation: backbiting and endbiting, that is, the reaction of the 
ACE of growing macromolecule with the chemical group 
located inside the chain and with a group located at the second 
chain-end, the kinetics of macrocycle formation in ROP of the 
same monomer may differ, depending on composition of the 
analyzed system, not only quantitatively (different time scales 
of attaining the equilibrium) but also qualitatively. The groups 
inside the chains and located at the chain end differ at least in 
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accessibility (differences in steric hindrance) but often they are 
also chemically different. 

Discussion of one of the possible situations is given in 
Section 4.04.6.2. 

Qualitatively the results of differences in rates of cyclization 
proceeding via back- and endbiting reactions (the mentioned 
polymerization of cyclic acetals is just an example) can be 
described simplifying cyclizations to be one-step reactions. 

The differences in end- and backbiting rates result in phe
nomena known as kinetic enhancement of macrocycles or 
linear polymer. The former occurs when endbiting is more 
effective than backbiting and manifests itself in formation of 
macrocycles during polymerization in concentrations higher 
than the equilibrium values. 

It is observed, for instance, in many ROPs of cyclic acetals 
and ethers initiated with protonic acids. The hydroxy end group 
formed in initiation is more effective in cyclization than acetal 
or ether groups of polymer repeating units, giving as a result a 
kinetic product with increased concentration of macrocycles, as 
briefly discussed previously for polymerization of 
1,3-dioxolane. When the system can be kept living for a longer 
time, it eventually reaches the ring–chain equilibrium but for 
intermediate times the enhancement in macrocycles is 
observed. Such behavior was modeled by Matyjaszewski 
et al.22 who have shown, assuming cyclizations to be one-step 
reactions, that during polymerization in systems with endbit
ing rate constants larger than those of backbiting, the 
concentrations of macrocycles after reaching maxima decreases 
to the equilibrium values. When endbiting can be neglected the 
concentrations of macrocycles, according to the same paper, 
steadily increase from zero to the equilibrium concentrations. 

Similar simulations were performed by Slomkowski,23 who 
assumed that cyclizations via backbiting are one-step reactions 
while endbiting gives more stable macrocycles with active cen
ters (cf. Scheme 1). These activated macrocycles can either react 
in the reverse reaction giving linear growing chains or react in 
the exchange reaction of the active center with other cyclics, 
including monomer. Reactions of activated (e.g., protonated) 
macrocycle with linear polymer were neglected as well as all 
reactions leading to its ring opening in reaction with monomer 
or other compounds. 

Nevertheless, such approximation can be justified for some 
cyclic ethers and acetals, at least for the initial stages of 
polymerization. The simulations have proved that a high 
contribution of macrocycles in the kinetic product of polymer-
ization can be expected for systems with effective endbiting, 
especially for lower initial monomer concentrations, and the 
ring-expansion mechanism proposed by Plesch and 
Westermann1 for cyclic acetals is not necessary to explain the 
experimental evidence of dominance of cyclics in some 
polymerizations. 

However, the authors of both simulation works mentioned 
above analyzed systems with high DPn of linear polymer. When 
critical concentration (total equilibrium concentration of cyc
lics for infinite DPn of linear polymer, expressed in monomer 
units) for a given monomer is high in comparison to the initial 
monomer concentration and the concentration of initiator DPn 

is also relatively high, the resulting equilibrium linear polymer 
is of low DPn. Consequently, the effect of kinetic enhancement 
of macrocycles, that is, passing of the macrocycle concentra
tions through maxima, is observed not only for systems with 

effective endbiting but also for systems with negligible end-
biting. This was shown by Szymanski24 in computer 
simulations and it stems from changing the molar mass dis
tribution of linear polymer after reaching the maximum 
monomer conversion. This phenomenon exactly corresponds 
to the well-known slow decrease in the steady-state (pseudo
equilibrium) concentration of monomer in reversible polymer
ization, proceeding simultaneously with broadening of the 
dispersity of polymer chain lengths. The kinetic linear polymer 
can often have a low dispersity, which means that the concen
tration of chains of DP close to DPn can, at these stages of 
polymerization, be much higher than in the equilibrium pro
duct. Consequently, the rates of macrocyclizations leading to 
rings of those sizes and smaller are much higher than in equili
brium. Consequently, the instantaneous, steady-state 
concentrations of them can be significantly higher than the 
equilibrium concentrations. Computer simulations performed 
for rate constants determined for ε-caprolactone polymeriza
tion have shown, for lower initial monomer concentrations, 
the predicted enhancement of macrocycles, although not con
firmed yet experimentally (Figure 3).24 

For systems with propagation rate constants significantly 
higher than the rate constants of macrocyclization, a phenom
enon of kinetic enhancement of linear polymer is observed. 
When the differences in ring strain and/or other factors influen
cing reactivity, like steric effect, discriminating monomer from 
monomer units, are sufficiently large, it is often possible to find 
an initiator giving active centers of propagation reacting pre
dominantly, almost selectively, with monomer. Reactions with 
polymer repeating units (macrocyclization or interchain 
exchange) are much slower. Consequently, in such polymeriza
tions, monomer is converted initially almost exclusively to 
linear polymer, giving a product of low dispersity. Next, in a 
different time scale, sometimes practically not attainable, a 
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Figure 3 Kinetics of attaining the equilibrium concentrations of 
macrocycles of the size x = 2 to 9 in polymerization of ε-caprolactone 
computed for [M]0/[I]0 = 22.7 and the low initial monomer concentration 
[M]0 = 0.08 mol l− 1. The initial condition chosen to get a clearly visible 
effect of kinetic enhancement of macrocycles despite neglecting the 
endbiting reaction. Maximum concentrations of cyclics: 0.088 (C1 = [M]), 
0.0202 (C2), 5.29 � 10− 3 ( −C3), 3.05 � 10  3 ( − 3C4), 1.65 

− 4
� 10 (C5), 

9.15 � 10 (C6), 5.21 � 10− 4 ( � 10− 4C7), 3.12 ( ), − 4C8  1.88 � 10 (C9), 
all in mol l− 1. Reproduced with permission from Szymanski, R.; Baran, J. 
Polimery (Warsaw) 2003, 48, 758.24 
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macrocyclic product is slowly formed and interchain segmental 
exchange is also observed. Both these reactions lead to broad
ening of the molar mass distribution and the ring–chain 
equilibria can be reached after a much longer time than 
polymerization. 

A special type of kinetic enhancement in linear polymer is 
observed when the polymerization is carried out via the acti
vated monomer (AM) mechanism. Instead of active species 
located on the chain ends, the active species is located on 
some of the monomer molecules. Most often, such an activa
tion proceeds via proton transfer reactions – protonated 
(cationic process) or deprotonated (anionic process) monomer 
can further react with the chain ends of linear polymer, increas
ing their lengths. 

As the growing chain does not contain an active center, 
cyclization reactions are impossible or strongly hindered. 

A case of AM polymerization of oxirane is briefly discussed 
in Section 4.04.6.2. 

Specific kinetic enhancement in one type of macrocycle can 
sometimes be observed in enzymatically catalyzed processes. 
For instance, in lipase-catalyzed polycondensation of dimethyl 
terephthalate and diethylene glycol at first a series of cyclic 
oligomers is formed. Further, due to polymerization/depoly
merization of them, almost exclusively a cyclic dimer is 
obtained25 while the most stable oligomer is trimer.26 

4.04.6 Ring–Chain Equilibria in Selected ROP Systems 

A few ROP systems in which ring–chain equilibria are impor
tant are briefly discussed. No attempt was made to give a 
comprehensive review of various groups of ROP monomers 
but peculiarities of the ring–chain equilibria in each of the 
presented systems are indicated while describing their 
examples. 

4.04.6.1 Ring–Chain Equilibria in Polysiloxane Systems 

Polymerizations of cyclic siloxanes are systems in which ring– 
chain equilibria have been studied in detail for a long time. 
Following the usage of many authors, the dimethylsiloxane 
unit is denoted here as D, and consequently cyclic monomers 
of ring sizes 6, 8, 10, and so on, as D3, D4, D5. 
Octamethylcyclotetrasiloxane (D4) is the only significantly 
strained cyclic monomer of this group, polymerizing readily 
to a linear polymer (eqn [25]). 
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Depolymerization of poly(dimethylsiloxane) was postu
lated by Grubb and Osthoff27 in 1955, but it was Scott28 in 
1946 who first determined the equilibrium concentrations of 
D4, as well as of D3 and several larger macrocycles (a few 
months earlier, the equilibration reaction between cyclic and 
linear polysiloxanes was reported by Wilcock29). 

Polysiloxane systems were the most widely used by several 
authors to verify the theory of the ring–chain equilibria formu
lated by Jacobson and Stockmayer. This was because it was 
relatively easy to determine concentrations of macrocycles up 
to 200-membered rings and even larger. 

Wright and Semlyen17 have studied the effect of substitu
ents in a polysiloxane system determining the equilibrium 
cyclization constants for cyclics [R(CH3)SiO]x, where R = H, 
Et, Pr, and CF3CH2CH2. 

There is a significant correlation between equilibrium cycli
zation constants Kx and the size of the substituent group R. The 
Kx values for the smallest nonstrained rings (x = 4 or 5) increase 
with the size of R: H < CH3 <CH3CH2 <CH3CH2CH2 <CF3
CH2CH2. However, the Kx values for the larger macrocycles 
decrease with increasing size of R and, for example, K12 for 
[H(CH3)SiO]12 is 10 times larger than K12 for [CF3CH2CH2 

(CH3)SiO]12. Such a dependence on the substituent size can be 
explained by the steric interactions of R, influencing 
the numbers of possible low-energy conformations of the 
open-chain molecules. The cyclic tetramer and pentamer can 
adopt a number of strain-free conformations independently of 
the size of the studied range of substituents. However, as the 
group R increases, the number of low-energy conformations, 
which may be adopted by the corresponding linear chains are 
drastically reduced, resulting in the increase in the equilibrium 
cyclization constants Kx in the order of the increasing size of R. 
For larger macrocycles, which attain the prediction by the J-S 
theory proportionality of the equilibrium cyclization constants 
to the ring size in the power − 2.5, the key factor is the decrease 
in the ‘flexibilities’ of siloxane chains in the order 

H>CH3 >CH3CH2 >CH3CH2CH2 >CF3CH2CH2 

resulting in the parallel decrease in the chain end-to-end vector 
density W12(0). Consequently, the equilibrium cyclization 
constants decrease for larger macrocycles with the increase 
equilibrium in the substituent size. 

Similarly, taking into account conformations of linear 
chains, Wright and Semlyen explain the observed differences 
in the characteristic minima observed in the log Kx versus log x 
plots for various R (an example of such a minimum can be seen 
in Figure 2). The minimum is not observed (only a slight 
inflection point at about x = 12) for R = H and for larger R it is 
shifted to higher values of x with the increase in the substituent 
size. Consequently, the plots show the limiting slope −2.5 for 
x > 12 and R = H but starting from x > 25 for R = CF3CH2CH2. 

Thomas and Kendrick30 observed the establishment of the 
ring–chain equilibria in systems of linear poly(dimethylsilox
ane) at high temperatures without catalysts and interpreted 
their results as the effect of a siloxane-bond interchange reac
tion involving a four-center transition state. This reaction is in 
fact a ring-insertion/exclusion reaction (Scheme 3) (or ring
expansion/contraction reaction if only cyclic compounds are 
involved, cf. Scheme 4): 

Bannister and Semlyen31 studied an analogous reaction 
using both linear and cyclic oligo/poly(dimethylsiloxane)s as 
substrates at temperatures 623–693 K. When cyclic substrates 
were used, equilibration of the systems gave a product contain
ing a typical cyclic fraction and a high-molar-mass product. The 
authors believed that the high-molar-mass polymer also had 
cyclic structure and was formed via siloxane-bond exchange 
reactions (ring-expansion/contraction reactions) (Scheme 4): 

If only cyclic compounds are present, the reactions of ring 
expansion/contraction lead to ring–ring equilibria. However, 
the authors did not give any evidence that the high
molar-mass product had cyclic structure. Therefore, one can
not exclude that the high-molar-mass product observed by 
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Scheme 3 The ring-insertion/exclusion reaction proposed by Thomas 
and Kendrick30 for thermal equilibration of poly(dimethylsiloxane) 
systems. 

Scheme 4 The ring-expansion/contraction reactions proposed by 
Bannister and Semlyen31 for poly(dimethylsiloxane) systems. 

the authors is in fact a linear polymer formed from impurities 
or some degradation products acting as initiators of linear 
chains, and the ring-expansion/contraction reactions, if really 
operating in the systems, are only responsible for faster estab
lishing of the ring–chain equilibria. The determined relatively 
low dispersity of the high-molar-mass polymer may be arti
ficial because of a too low exclusion limit of the used 
chromatographic columns. 

4.04.6.2 Ring–Chain Equilibria in Cyclic Acetals and Ethers 
Polymerizations 

Cyclic acetals are very reactive in cationic conditions and both 
linear polymer and cyclic compounds are formed. Both types of 
cyclization (back- and endbiting) are important. 

For instance, in polymerization of cyclic acetals the oxo
nium or oxocarbenium cation acting as the active center of 
propagation can react with the acetal groups located inside 
the polymer chain (backbiting) or with the end group, the 
nature of which depends on the used initiator. If 

polymerization was initiated with protonic acid, the end 
group is a hydroxy group. On the other hand, initiation with 
trialkyloxonium salts gives an ether end group. Both these 
groups are stronger bases than acetal groups, which causes 
that cyclization with their participation proceeds faster in com
parison to the acetal groups located at the same distance from 
the active centers. Nevertheless, the kinetics of macrocycliza
tion proceeds in these exemplary systems quite differently. The 
rates of both types of cyclization decrease with the cycle size 
proportionally to the probability of formation of the corre
sponding conformations of linear polymer (as discussed 

− 3/2previously k � x for larger cycles). However, besides the 
relations between the rates of propagation, backbiting, and 
endbiting, other factors, such as the nature and kinetics of 
elementary reactions of two- or multistep cyclizations, deter
mine as well the kinetic picture of polymerization. 

The effects of the endbiting observed in polymerization of 
cyclic acetals can be explained as follows (Scheme 5). As an 
example of cyclic acetals, 1,3-dioxolane was chosen. 

Because of low basicity of acetal oxygen atoms in compar
ison to the end groups in both systems, differing in the initiator 
used, cyclization involving end groups is faster than the analo
gous reaction (formation of rings of the same size) involving 
the acetal groups of polymer repeating groups. However, in 
order to get a free macrocycle, the intermediate macrocyclic 
oxonium cation has to react with any nucleophile present in 
the system (monomer, polymer unit, counter-ion, etc.), con
verting it to a free macrocycle. If the secondary oxonium cation 
is considered (protonated macrocycle) deprotonation as a pro
ton transfer reaction is very fast, several orders of magnitude 
higher than the other possible reactions preventing formation 
of macrocycle. In Scheme 3, one of these side-reactions is 
shown, namely the reaction of an activated acetal methylene 
group (adjacent to the protonated oxygen atom) with mono
mer. Instead of monomer, shown as an example of a base for 
the proton transfer reaction, any other nucleophile present in 
the system, including polymer units or anion of the protonic 
acid used as initiator, can participate in such reactions. 
Consequently, as proton transfer reactions are very fast practi
cally any macrocyclization reaction involving the hydroxy end 
group leads to a macrocycle released to the polymerization 
medium. 

A different situation is when a tertiary macrocyclic oxo
nium cation involving the ether end group is formed. In 
order to get a free macrocycle, a reaction of nucleophile 
(monomer, polymer repeating unit, etc.) with the alkyl 
group from the end group is necessary. However, the acetal 
methylene group, also present at the tertiary oxonium 
atom, is much more reactive. Consequently, most cycliza
tions involving the ether end group are ineffective from the 
point of view of macrocycle formation, because predomi
nantly they are followed by reactions of ring opening of the 
macrocyclic oxonium cation. 

If reaction of backbiting is considered, involving the intra-
chain acetal group, the macrocyclic oxonium cation is about 
50% converted to free macrocycle. This is because for non-
strained, sufficiently large cyclic oxonium cations, the 
reactivities of the two acetal methylene groups at the oxonium 
oxygen atom – endocyclic and exocyclic – are practically equal, 
which results in equal probabilities of endo- and exocyclic 
reactions. The exocyclic attack of monomer leads to free 
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Scheme 5 A simplified reaction scheme for 1,3-dioxolane polymerization initiated with protonic acid (Z=H) or an alkylating agent (Z=R). See text for 
differences in effectiveness of end- and backbiting in these systems. 

macrocycle and a shorter living linear chain, while the analo
gous endocyclic reaction leads to linear growing chain with the 
degree of polymerization increased by one unit in comparison 
to the macromolecule from which the macrocyclic oxonium 
cation was formed. 

It is worth adding that because of at least two bonds (more 
in compounds with two or more acetal groups) which can be 
broken in monomer as well as in repeating units of polymer, 
the redistribution of polymer ends as well as the redistribution 
of polymer segments has to be considered in polymerization of 
cyclic acetals. If unsubstituted cyclic acetals with one acetal 
group, for example, 1,3-dioxolane, are considered only the 
effect of redistribution of chain ends and reshuffling of 
polymer segments leading to a faster attainment of the system 
equilibrium, can be observed. However, when an asymmetri
cally substituted monomer is polymerized, the effects of head-
to-head and tail-to-tail structures and/or tacticity has to be 
additionally taken into account. 

For instance, 4-methyl-1,3-dioxolane can be polymerized at 
low temperatures32,33 giving macrocycles differing not only in 
sizes but also in their structure (structural and geometric 
isomers). 

It is a special case of 1,3,5-trioxepane (TXP) as an example 
of a cyclic acetal monomer capable of creation of polymer 
segments as well as cyclic oligomers not being the simple 
multiplication of monomer units.34 This monomer contains 
two acetal groups (and four acetal bonds, easily breakable in 
cationic conditions) and the real repeating segments in linear 
polymer and macrocycles, distributed statistically according to 
polymerization kinetics and the system thermodynamics, are 
oxymethylene groups (formally formaldehyde monomer 
units) and 1,3-dioxolane monomer units (Scheme 6). 

Both formaldehyde and 1,3-dioxolane can be detected in 
the equilibrium besides monomer, polymer, and macrocycles. 
Polymer and macrocycles are composed of the mentioned 
repeating units, giving various microstructures and 
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Scheme 6 Equilibria in 1,3,5-trioxepane polymerization. 

compositions. TXP can be considered as a composed monomer 
and the thermodynamic parameters for such a monomer can
not be determined simply on the basis of the measured 
equilibrium concentrations at several temperatures. Namely, 
the equilibrium monomer concentration (at high DPn of linear 
polymer) is not equal to a reciprocal equilibrium constant of 
propagation (or to the equilibrium cyclization constant if the 
ring–chain equilibria are considered) but is also a function of 
the microstructure of linear polymer. The latter depends, for a 
given temperature, mainly on initial monomer concentration 
because the equilibrium concentration of 1,3-dioxolane con
stitutes a different fraction of the system of 1,3-dioxolane units 
depending on the system. As it was indicated first by Szwarc 
and Perrin,35 and then the corresponding relationship 
corrected by Szymanski,13 the equilibrium constant of propa
gation for 1,3,5-trioxepane KTXP (equal to the reciprocal 
equilibrium constant of cyclization) can be computed, taking 
into account, besides the equilibrium concentration of TXP, the 
polymer composition: 

2½−TXP−�−1KTXP ¼ K−1 ½26�cTXP ¼ ½TXP� ½−E−�ð½−M−�−½−E−�Þ 
where KTXP and KcTXP are the equilibrium constants of TXP 
polymerization and of the corresponding cyclization, 
while –TXP–, –E–, –M–, denote TXP, oxyethylene, and formal
dehyde units, respectively. 

The general equation for determination of the equilibrium 
cyclization constants for the composed cyclics is in fact the one 
shown previously in Section 4.04.2 (eqn [24]), because the 
equilibrium in polymerizations of such monomers is the 
same as in copolymerization of corresponding simpler mono
mers (e.g., 1,3,5-trioxepane polymerization versus 1:1 
copolymerization of 1,3-dioxolane and formaldehyde). 

In ROP polymerization of cyclic ethers, oxiranes are the 
ones with the highest ring strain.36 They can undergo the 
ring-opening reactions in anionic and cationic as well as in 
coordination processes. However, cyclization requires the reac
tion of the ether groups of linear polymer with active species 
and the only effective reaction proceeds with cationic species 
(and some dormant forms of them, like trifluoromethanesul
fonate ester groups). As a result of fast cyclization, leading at 
first to nonstrained oxonium cations (preferably with 
six-membered rings when without bulky substituents), cyclic 
oligomers are formed (Scheme 7). 

Consequently, linear polymer cannot be usually obtained 
because of kinetic enhancement in macrocycles connected with 
conversion of the active center of oxirane propagation to more 
stable nonstrained oxonium cations. Dale et al.37 have 
observed that oligomerization of oxirane with BF3 in 

Scheme 7 Formation of 1,4-dioxane in cationic active chain-end (ACE) 
polymerization of oxirane. Larger cyclics can be formed in a similar way. 

dichloromethane containing deuterated 1,4-dioxane gave 
after 8 h a product containing 85 wt.% of dioxane. Larger iden
tified cyclic oligomers of oxirane were trimer to hexamer, in 
quantities, respectively: 1, 4, 1, 1 (wt.%), while still 8 wt.% of 
oxirane was unreacted. Linear product was not observed. 

For bulky substituted oxiranes, the kinetic enhancement in 
cyclics are also observed but the main products of cyclization 
are tetramers.38 

However, while applying the method of the AM polymer
ization, oxiranes can be polymerized to linear oligomers. 

For instance, oxiranes in the presence of alcohols giving, as 
initiators, its hydroxy and alkyl groups to polymer chains can 
be polymerized via the AM mechanism while catalyzed with 
strong protonic acids (like HAsF6, also generated in situ from, 
e.g., oxonium salts) (Scheme 8). 

AM, reacting with the polymer hydroxy end group, forms 
intermediate secondary oxonium cation and after deprotona
tion a linear chain by one monomer unit longer. As the 
reactivity of hydroxy end groups toward AM is higher than 
toward ether groups of repeating units, linear oligomers can 

Scheme 8 Activated-monomer polymerization of oxirane. 
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be obtained and such a polymerization can be treated as a 
process with kinetic enhancement in the linear polymer – 
ring–chain equilibria not reached in the polymerization time 
scale. 

Formation of cyclic oligomers in cationic polymerization of 
highly strained four-membered cyclic ethers, oxetanes, seems to 
proceed in parallel with propagation and virtually stops when 
monomer is consumed.39 The equilibrium is not attained 
probably because the active species of propagation are not 
stable and their terminated forms, like protonated polymer, 
formed after finished polymerization, are not effective in start
ing any cyclization reactions, unless a new portion of monomer 
is added. 

Nonstrained cyclic ethers are much less reactive. Therefore, 
attaining the ring–chain equilibria takes much time despite the 
stability of active species (oxonium cations) in many systems. 
Nevertheless, formation of cyclic oligomers was reported for all 
common monomers belonging to this group. 

Pruckmayr,40,41 for instance, reported formation of cyclic 
oligomers in polymerizations of tetrahydrofuran (THF) 
initiated with both trialkyloxonium salts and trifluorometha
nesulfonic acid (TfOH). As expected, more cyclic oligmers were 
observed in the systems with TfOH as initiator, although no 
kinetic enhancement in macrocycles was observed. It stems 
probably from higher reactivities of ether groups in polymer 
chain than of terminal hydroxy groups toward the exo- and 
endocyclic methylene groups of the five-membered oxonium 
cation – active center of THF polymerization. Additionally, a 
high effectiveness of backbiting leading to fast re-formation of 
the active center from the side-chain of the macrocyclic oxo
nium cation plays an important role in limiting the 
contribution of endbiting (see Scheme 9). In the scheme, 
cyclization reactions involve exocyclic methylene groups. 
However, formation of sufficiently large macrocycles via back-

and endbiting can also proceed with an attack on endocyclic 
methylene groups adjacent to oxonium atom (steric hindrance 
prevents this back attack breaking endocyclic O–C bond only 
in smaller rings). 

4.04.6.3 Ring–Chain Equilibria in Cyclic Ester 
Polymerizations 

In this section some systems of ROP of cyclic esters (of car
boxylic acids, including carbonates) are reviewed from the 
point of view of importance of the ring–chain equilibria. All 
these monomers are capable of undergoing the ring-opening 
reactions involving the carbonyl group. The mechanisms of 
these reactions depend on the reagents used but independently 
of these mechanisms the eventual equilibria of linear polymer 
and cyclics, usually monomer and macrocycles, depend only 
on the structure of monomer and reaction conditions (depen
dences of the equilibrium concentrations of strained cyclics on 
temperature and of all cyclics on solvation phenomena). 
If monomer is significantly more strained than other cyclics, it 
is often possible to find an initiator creating an active center of 
polymerization reacting almost selectively only with mono
mer. Reactions with repeating units, either of its own chain, 
leading to macrocyclization, or of other macromolecules, 
resulting in reshuffling of polymer segments in and between 
chains, is much slower, sometimes negligible. In such systems, 
we have the kinetic enhancement in linear polymer, usually of 
low dispersity. The thermodynamic product containing 
macrocycles and the most probable distribution of chain 
lengths of linear polymer is not formed in applied polymeriza
tion times. An example of such a situation is polymerization 
of ε-caprolactone, which is strained only moderately 
(ΔHlc = −28.8 kJ mol−1)42 and forms macrocycles easily while 
polymerized with most anionic, cationic, and coordination 

Scheme 9 Macrocyclization in polymerization of THF initiated with strong protonic acids. The suspension points denote a number of repeating units (the 
numbers indicated in parentheses). 
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initiators. It can be polymerized to linear polymer of low dis
persity when a coordination initiator creating active species 
with large steric hindrance is used. 

Hofman et al.43 presented a system of ε-caprolactone poly
merization with suppression of macrocycle formation, 
observed when using MeOAlEt2 as initiator. The authors 
explained the results by a high selectivity ratio of active species 
of propagation, reacting preferably with monomer, while cycli
zation reactions were much slower due to steric hindrance at 
the ACE. The following equation for the selectivity ratio, 
defined as the ratio of the propagation and cyclization rate 
constants (kp1/kc(n)), was derived: 

lnð½M�=½M�0Þ kp1 � � ¼ ½Cn� ½27�e 
ln ð½Cn� − ½Cn�Þ=½Cn� kcðnÞ 

e e 

where kp1 is the propagation rate constant and kc(n) is the 
cyclization rate constant of formation of macrocycle of size n 
(Cn), brackets indicate concentrations of monomer and macro-
cycle, subscripts e indicate equilibrium values for high DPn of 
linear polymer while 0 initial conditions (the equilibrium 
concentration of monomer is assumed to be close to zero). 

This equation relates the concentrations of macrocycles in 
the polymerization system to monomer concentration. The 
higher the selectivity ratio (kp1/kc(n)), the lower is concentration 
of macrocycle at the given monomer concentration 8

k
9

cðnÞ < =½M� kp1 ½Cn �e ½Cn� ¼ ½Cn� 1− ½28�e : ½M�0 ;
(equation obtained by rearrangement of eqn [27]). 

Baran et al.44 analyzed a series of initiators for polymeriza
tion of ε-caprolactone and found that for bulky active species 
in systems initiated with triisopropoxyaluminum the 
selectivity ratio, defined as the ratio of the propagation rate 
constant to the sum of cyclization rate constants (depropagation 
neglected), was equal to 3 � 105 while for anionic polymeriza
tion (sodium ethanolate) this ratio was equal only to 1.6 � 103. 

Applying zinc octoate as initiator, forming also bulky active 
species, allowed high-molar-mass poly(ε-caprolactone) 
(Mn � 4 � 105) to be  obtained with no cyclic  oligomers  
formed.45 

Florczak and Duda,46 while using as initiator aluminum 
alkoxide with a didentate, bulky ligand of the R or S configura
tion, 2,2′-[(1,1′-binaphthalene-2,2′-diyl)bis(iminomethyl)] 
diphenoxide, observed negligible formation of macrocycles 
not only in polymerizations of ε-caprolactone and L,L-lactide, 
but also in copolymerizations of these monomers. 
Additionally, applying enatiomerically pure R or S forms of 
the initiator or their mixtures they could get copolymers of 
various controlled microstructures. 

Kricheldorf published a series of papers indicating that 
the ring-expansion polymerization of various monomers 
can be carried out when appropriate initiators are used 
(e.g., Reference 47 and references therein). Applying cyclic tin 
alkoxides, he managed to obtain tin-containing cyclic polye
sters. For instance, when 2,2-dibutyl-1,3,2-dioxastannepane 
(2,2-dibutyl-2-stanna-1,3-dioxepane, DSDOP) was used as 
initiator in polymerization of ε-caprolactone the product was 
cyclic polymer formed by addition to the initiator ring a num
ber of monomer molecules.48 Although polymerization 

Scheme 10 Polymerization of ε-caprolactone via monomer insertion to 
cyclic dialkoxydialkyltin species.48 

resembled a living process, the dispersity of the product was 
about 1.5, much higher than expected. If the ring–ring 
equilibrium is considered, the process can be treated as a 
kinetic enhancement in rings containing one initiator unit 
(Scheme 10). 

The thermodynamic product would contain oligomers of 
ε-caprolactone as well, formed in ring-contraction reactions 
(Scheme 11). Cyclics containing more than one tin atom, 
formed in statistically less frequent reactions of ring-expan
sion/contraction of tin-containing macrocycles. 

If a reaction route leading to linear polymer were available, 
which cannot be excluded, the ring–chain equilibria should be 
considered as well. Unfortunately, no equilibrium was estab
lished in the studied systems and therefore no comparison with 
the ε-caprolactone ring–chain equilibria could be performed. 

A special case of kinetic enhancement in macrocycles is 
observed when a zwitterionic polymerization of lactide was 
carried out. Waymouth and co-workers49,50 have observed for
mation of cyclic polymer of Mn up to 3 � 104 and dispersity 
below 1.3 when polymerization was initiated by heterocyclic 
carbene (1,3-dimesitylimidazol-2-ylidene). It stems probably 
from propagation being much faster than cyclization and end-
biting being much faster than backbiting. The latter can be 
explained by the reaction of oppositely charged chain-ends, 
located close to each other more frequently than can be 
expected for neutral chains (Scheme 12). 

Scheme 11 The ring-contraction reaction of the tin-containing macro-
cycles of poly(ε-caprolactone) system leading to ε-caprolactone cyclic 
oligomers. 
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Scheme 12 Formation of macrocycles in zwitterionic polymerization of 
lactide.49 

Kinetic enhancement in cyclics was also observed by 
Kricheldorf et al.51 in polymerization of L-lactide with imida
zole. The authors proposed the mechanism of formation of 
cyclics via endbiting, involving the increased reactivity of the 
carbonyl group of terminal polymer unit bonded to the imida
zole moiety. However, the participation of the zwitterionic 
structures cannot be excluded here as well. 

Macrocyclic oligoesters are often convenient monomers for 
preparation of high-molar-mass polymer. They have advantages 
over polycodensation monomers (e.g., diacid/diol monomers) 
because no by-product has to be removed during polymeriza
tion, the process can be carried out usually at lower temperatures, 
and the viscosity of the polymerization mixture is lower. 
Polymerization of macrocyclic oligoesters, as an entropy-driven 
process with often negligible enthalpic effect, has no technologi
cal limitations of the polymerization volume because of the heat 
transfer problems. The only important drawback of polymeriza
tion of macrocyclic oligoesters is their limited availability. 

Ballone and Jones52,53 studied ROP of cyclic oligomers of 
Bisphenol A polycarbonate using density functional calcula
tions of the structure, potential energy surface, and reactivity 
of species. In their Monte Carlo simulations, the authors 
demonstrated that entropy in redistribution of interparticle 
bonds was the driving force for chain formation in the studied 
polymerization of macrocycles. 

Several methods of preparation of such macrocyclic mono
mers, capable of polymerization to high-molar-mass polymers, 
were described in literature. Virtually all of them are reviewed 
in two sections of the ‘Cyclic Polymers’ book edited by 
Semlyen.54,55 The most important two methods of them are: 

1. high-dilution polycondensation of corresponding monomers, 

for example, preparation of macrocyclic carbonates in 

polycondensation of bis(chloroformate) of 4,4′-isopropylide

nediphenol (BPA) with BPA (and its monochloroformate, 

both formed in situ from BPA dichloroformate);56 

2. depolymerization	 of linear polyesters, for example, of 
poly(propane-1,3-diyl succinate) yielding a distillate con
taining 89% of cyclic dimer and 9% of cyclic monomer.57 

Cyclic oligomers of poly(ethylene terephthalate) (PET) can 
be obtained by both mentioned methods.58 The authors also 
studied polymerization of cyclic oligomers of PET and found 
that they readily polymerize if hydroxy-containing compounds 
are added. Without addition of such initiating species, cyclic 
tris(ethylene terephthalate) polymerizes extremely slowly even 
at temperatures up to 300 °C. 

Preparation of high-molar-mass polyesters from cyclic oli
gomers seems to be a promising route. In literature, many such 
processes were described. For instance, many cyclic carbonates 
of bisphenols (mixtures of oligomers) could be polymerized to 
high-molar-mass polymers.59,60 

Applications of macrocyclic oligomers of engineering ther
moplastics (not only oligoesters) were reviewed by Brunelle.61 

4.04.6.4 Ring–Chain Equilibria in Other ROP Systems 

Ring–chain equilibria or reversible formation of cyclic oligo
mers were observed in ROP polymerizations of all other groups 
of ROP monomers. However, no detailed descriptions of the 
corresponding systems will be given in this section of the 
review, and many monomer groups will not be even men
tioned. The interested reader can find the corresponding 
literature relatively easily. 

In this section, only the most important groups of ROP 
systems, in which the ring–chain equilibria are important, but 
not discussed previously, are presented. 

4.04.6.4.1 Cyclic oligomers of polylamides 
The chain–ring equilibria are often observed in systems of 
polyamides. Independently of the route of preparation of poly
mers (polycondensation, polymerization of lactams, or other 
cyclic amides, including cyclic oligomers) the ring–chain inter-
conversions are often important and cannot be neglected. 
However, the equilibrium conditions usually are not reached 
and often only kinetic distributions can be observed. 

Oligo/macrocyclic polyamides are frequent contaminations 
of commercial polyamides, like various Nylons, and often have 
to be removed by extraction with hot water.62–64 

According to Mori et al.,65 the content of cyclics in polyca
prolactam reaches about 10% (8% monomer), while in poly 
(dodecano-12-lactam) 1.5% (0.3% monomer). 

Gupta et al.66 simulated polymerization of caprolactam 
including all important reactions: reversible ROP, polyconden
sation, polyaddition, and cyclization reactions as well as the 
reaction with monofunctional acids and found that reactions 
constituting the ring–chain equilibria influence the molar mass 
distribution of product. 

4.04.6.4.2 Cyclic poly(aryl ether)s 
Cyclic poly(aryl ether)s containing electron-withdrawing 
groups, enabling nucleophilic substitution in aromatic rings, 
can be polymerized with nucleophilic initiators.67–69 These 
oligomers are usually prepared by condensation, but the pro
posed mechanisms of polymerization and the often observed 
presence of cyclic oligomers in product suggest that polymer
ization is reversible and degradation of high-molar-mass 
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Scheme 13 Reversible initiation of cyclization processes with fluoride anion in poly(aryl ether) systems.68 

polymer carried out in dilute solution could also give cyclic After getting cyclic oligomers via cyclodepolymerization, 
oligomers if a proper initiator was chosen. the authors polymerized them using as initiator cesium salt of 

Colquhoun et al.68 managed to obtain cyclic oligomers 4-benzoylbenzene-1-thiol getting linear polymer of rather high 
from poly(ethersulfone), poly(oxybiphenyl-4,4′-diyloxy-1,4- dispersity (Mw = 151 000, Mn = 26 000, and a level of residual 
phenylenesulfonyl-1,4-phenylene), by initiating the process macrocyclic oligomers of �4%). Unfortunately, no studies 
with fluoride anion in dilute dimethylacetamide solution have been performed to determine equilibrium constants of 
(Scheme 13). the ring–chain equilibria (Scheme 14). 

Scheme 14 Cyclizations in poly(aryl ether) systems and polymerization of cyclic oligomers. 
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4.04.6.4.3 Metathesis ROP systems 
Many cyclic hydrocarbons containing unsaturated bonds 
(double or triple carbon-to-carbon bonds) can undergo ROP 
via metathesis reaction. These processes are usually reversible 
and cyclic oligomers are often observed as kinetic or thermo
dynamic side-products. In this section, no details of 
polymerization processes will be given. The interested reader 
can consult some reviews on metathesis polymerizations70–72 

and original papers cited therein. Here, only some specific 
features of ring–chain equilibria in metathesis ROP (ROMP) 
are mentioned and briefly discussed. 

Cycloolefins as well as resulting linear and cyclic oligomers 
and linear polymers can have cis and trans configurations at the 
C=C bond. Depending on the catalyst used and possible 
mechanisms of polymerization, we can expect various types 
of interconversions. Configuration of the C=C bond in mono
mer may be either preserved after incorporation into polymer 
chain or changed, or both possible configurations in polymer 
can be formed. Similar problems can be expected if cyclizations 
leading to cyclic oligomers are analyzed. Besides, if substituted 
cycloolefins are polymerized structural isomerism (head-to-tail 
and head-to-head structures) and/or tacticity has to be taken 
into account. 

All these structural variations imply differences in linear 
chain conformation distributions depending on chain 
structure. 

The observed dependence of the cyclization rate constants 
on the number of monomer units was often steeper than 
expected from the J-S theory (Kx � x− 2.5) and explained by 
nontheta solvent conditions. The exponent was usually 
expressed as −(2 + a), where a, the exponent of the Mark– 
Houwink relation between intrinsic viscosity and molecular 
weight, was found to be, for instance, 0.68 for cyclooctene 
oligomers in chlorobenzene,72 0.67 for poly(1-octene-1,8-diyl)/ 
toluene,73 and 0.72 for polybutadiene/toluene.74 

The equilibrium cyclization constants in respect to 
cis–trans, as well as to structural or configurational isomerism 
in ROMP, was not studied in detail. However, after analyzing 
the distribution of cis trans configurations, Thorn-Csányi and 
Ruhland75 observed that the proportion of ttt to ctt trimeric 
rings in the equilibrium of 1,4-polybutadiene system 
(–CH –2CH=CHCH2 ) was about 9 in toluene and 10 in cyclo
hexane, while the ratio of trans to cis configurations in linear 
polymer was 83:17. The exclusively entropically controlled 
backbiting process should, according to the authors, give the 
same cis/trans ratio in cyclics of all sizes. Therefore, these 
results for cyclic trimers, and the differences also observed 
for larger cyclics, indicate that some other factors, enthalpic 
in nature, such as exothermic formation of trimers, influence 
the ring–chain equilibria as well.76 

4.04.7 Conclusions and Outlook 

The ring–chain equilibration is a phenomenon frequently 
observed in ROP systems. Most often, it is treated as disadvan
tage disallowing a high-molar-mass polymerization product to 
be obtained. Knowledge of mechanism, kinetics, and thermo
dynamics of the ring–chain equilibria often allows the 
problems in obtaining a high-molar-mass products with 
negligible content of macrocycles to be overcome. However, 

for some systems, ring–chain equilibria can give access to 
low-molar-mass cyclics allowing the polymerization of them 
in a more controlled way than in direct polycondensation 
routes from initial substrates. Moreover, macrocycles, capable 
of being polymerized or used in other chemical processes, can 
often be produced from waste polymeric materials. Thus, ring– 
chain equilibria enable the recycling of such materials, which is 
becoming more and more important nowadays when environ
mental issues cannot be neglected. 
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4.05.1 Phenomenon of the Equilibrium 
Copolymerization in Ring-Opening Polymerization 

The general scheme of a ring-opening (RO) copolymerization 
contains, besides initiation and propagations (homo- and 
cross-propagations), additional processes. Among the many 
RO copolymerizations, the most important are processes 
that lead to depolymerization, usually homo- and cross
depropagations – the reverse reactions of the corresponding 
propagations. In many reversible RO copolymerizations, we 
have to also take into account reversible macrocyclizations, 
which can be regarded as depropagations and propagations of 
the composed monomers (built of two or more copolymer 
repeating units). All these reactions, together with another 
important reaction in many systems, namely, the segmental 
exchange leading to redistribution of copolymer repeating 
units, are shown in the simplified scheme of the reversible 
RO copolymerization (Scheme 1). 

Depending on the relationships between the rates of reactions 
operating in the RO copolymerization shown in Scheme 1, we  
can have either a purely kinetically or thermodynamically con
trolled product or a copolymer that is neither of these when 
contributions of kinetic and thermodynamic control do not 
differ much or change during copolymerization. Similarly, 
when depropagations are slow but the segmental exchange 
(reshuffling) fast, a copolymer can resemble a thermodynamic 
product when the copolymer microstructure is analyzed, 
although its composition can correspond to the kinetic control. 

The overall equilibrium in copolymerization requires 
attaining in the system the equilibrium composition and 
microstructure of a copolymer and the equilibrium concentra
tions of comonomers and all linear and cyclic oligomers and 
polymers. When the rate constants of all reactions operating in 

the system are known, the equilibrium conditions (concentra
tions of all reagents and the average parameters describing a 
copolymer such as contents of copolymer units and various 
sequences) can be predicted. As shown in Section 4.05.3, the 
equilibrium condition depends on the initial composition of 
the copolymerization system. However, kinetic restrictions can 
result in not reaching the overall equilibrium. Still, if the copo
lymer composition and microstructure are thermodynamically 
controlled, the process can be called an equilibrium 
copolymerization. 

A specific case of the RO equilibrium copolymerization is 
one that is concerned with systems without a linear polymer, 
involving only (besides activators/catalysts) RO comonomers 
and cyclic oligomers and polymers, and in which equilibrium 
can be reached by ring expansion/contraction and/or ring 
fusion/fission reactions. Such systems are briefly discussed in 
one of the sections below. 

4.05.2 The Concept of the Equilibrium 
Copolymerization 

In literature the term ‘equilibrium copolymerization’ has two 
distinct meanings. The first meaning is copolymerization sys
tem at equilibrium, that is, the copolymerization system in the 
state when all propagation/depropagation reactions have 
reached their equilibrium (Schemes 1 and 2). 

The equilibrium in all these reactions ensures that the equi
librium of the segmental exchange (cf. Scheme 1) is reached as 
well, independently of the rates of these reactions. 

When the reaction routes leading to macrocyclization 
are available, the real equilibrium requires equilibration of 
the ring-chain interconversions (cf. Scheme 1) as well. 
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Scheme 1 A simplified scheme of an equilibrium binary RO copolymerization. Only the dyad model of propagation and depropagation 
reactions, reversible cyclizations, and segmental exchange reactions are shown. Equilibrium constants of the corresponding reactions (denoted 
with the capital letter K with subscripts) are equal to the ratios of the corresponding rate constants. D, E, F, V, W, and Z denote copolymer units A 
and/or B. 

Unfortunately, the timescale of reaching the overall ring-chain 
equilibrium is usually much larger, and, therefore, most often, 
macrocyclization is not taken into account when the equili
brium copolymerization is analyzed. 

The second meaning of the ‘equilibrium copolymerization’ 
is a copolymerization process carried out in conditions when at 
least one of the reversible propagations is practically at equili
brium, that is, propagation (homo- or cross-propagation) is 
counterbalanced with the corresponding depropagation. 
Because other propagations are not at equilibrium, the conver
sion of all comonomers can proceed and be relatively high and 
contribution(s) of dyads (sequences) formed in the equili
brated propagation(s) can sometimes be significant. One of 

these types of the equilibrium copolymerization is shown 
schematically in Scheme 3. 

Similarly, to this type of the equilibrium copolymerization 
belong systems with the equilibrated cross-propagation and 
systems where the equilibria are maintained for more than 
one propagation and/or in which all or some of the nonequili
brated propagations are reversible. 

Some of the equilibrium copolymerizations of this type 
were kinetically analyzed by Lowry,1 Hazell and Ivin,2 

Yamashita et al.,3 and Wittmer,4 who derived equations for 
the composition of a copolymer in systems with reversibility 
of some reactions in triad (or some in dyad) model copolymer
izations. Although the analyzed systems are concerned with 
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Scheme 2 Equilibria of propagations in copolymerization hold for any chain length and copolymer sequences (i, j = 0,  1,  2,  …; α, β, χ, and δ indicate 
symbolically all possible copolymer unit sequences). 

Scheme 3 Equilibrium copolymerization with only one homopropaga
tion being in equilibrium and other propagations being irreversible. 

vinyl monomer copolymerizations, the derived equations can 
also be used for RO polymerization systems. 

Because of the decreasing equilibrium concentrations 
of monomers, the equilibrium copolymerization often 
allows polymerization of RO monomers, which do not 
homopolymerize. 

Some examples of such processes are shown in the follow
ing sections of the chapter. 

4.05.3 Copolymerization Equilibrium 

The term ‘equilibrium copolymerization’ was introduced by 
Alfrey and Tobolsky in 1959,5 who stated that, mathematically, 
the equilibrium in copolymerization is identical with the Ising 
problem in ferromagnetism, which leads to the same solution. 
Consequently, the authors formulated the most important 

equation relating the composition of the equilibrium copoly
mer with the equilibrium constant, at that moment not yet 
related with chemical reactions: 

ðNA − MABÞðNB − MABÞ fAA fBB ΔEAB¼ K ¼ exp ½1� 
M2 f 2 RTAB AB 

where NA and NB are the numbers of monomeric units A and B, 
respectively, and MAB is the number of dyads AB (equal to the 
number of dyads BA as the infinite chain length approximation 
was assumed). According to Alfrey and Tobolsky, K is an equi
librium constant expressed in terms of vibrational partition 
functions fAA, fBB, and fAB and the energy change ΔEAB. ΔEAB is 
equal to the corresponding differences per mole of bonds AA, 
BB, and AB (2EAB − EAA − EBB). 

A few years later, Tobolsky and Owen6 showed that the 
equilibrium copolymer composition is related to the propaga
tion equilibrium constants in simple systems such as the 
copolymerization of sulfur with selenium (the terminal 
model of copolymerization without any effect of ultimate 
units, i.e., KAA = KBA, KBB = KAB; cf. propagation equations of 
Scheme 1). 

It was Izu and O’Driscoll7 who first formulated the equa
tions describing the relationships between the equilibrium 
copolymer composition and microstructure, the equilibrium 
comonomer concentrations, and the equilibrium constants of 
the dyad model of copolymerization – the model most often 
used in the analysis of copolymerization processes. On analyz
ing the probabilities of finding copolymer units at various 
positions of copolymer chains, the authors obtained the fol
lowing relationships: 

ε η ½A� ¼ ½B� ¼ ½2�e eKAA KBB 

1 1
KABKBA ¼ − KAA − KBB ½3� ½A� ½B�e e 

KABKBA 1 − ε 1 − η ¼ ½4� 
KAAKBB ε η 

(c) 2013 Elsevier Inc. All Rights Reserved.
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1 − η 1 − ε 
FA ¼ FB ¼ ½5� 

2 − ε − η 2 − ε − η 

εð1 − ηÞ ηð1 − εÞ 
FAA ¼ FBB ¼ ½6� 

2 − ε − η 2 − ε − η 

ð1 − εÞð1 − ηÞ 
FAB ¼ FAB ¼ ½7� 

2 − ε − η 

where FA, FB, FAA, FBB, FAB, and  FBA are the mole fractions of 
the indicated copolymer units or dyads in the equilibrium 
copolymer; ε and η are the conditional probabilities of 
preceding the unit A and unit B, respectively, by a unit of the 
same kind. 

On analyzing the above equations, which enable us, after 
adding the mass–balance relationships, to calculate the equili
brium conditions of binary copolymerization, we can easily 
find that the equilibrium constant K from Alfrey and 
Tobolsky’s equation (eqn [1]) is equal to the ratio of products 
of cross- and homopropagation equilibrium constants, 
(KABKBA)/(KAAKBB). 

In another paper, Howell with Izu and O’Driscoll8 related 
the triad model of copolymerization equilibrium constants 
to the microstructure and composition of the equilibrium 
copolymer. Also, analysis of a multicomponent equilibrium 
copolymerization was presented.9 

Most of the equations, derived by O’Driscoll and 
co-workers with the assumption of infinite chains, appeared 
to be valid also for the equilibrium systems with low Xn 

(number-average degree of polymerization), which was 
shown by Szymanski10 in his analysis of equilibrium in 
copolymerization systems. 

4.05.3.1 Comonomer Equilibrium Concentrations 

Concentrations of comonomers at the copolymerization equi
librium are lower than those in homopolymerizations, 
provided no specific interactions/solvation play important 
roles in distinguishing these systems qualitatively or quantita
tively. The decrease in the monomer equilibrium concentration 
in copolymerization stems from the decrease in the proportion 
of homosequences. For instance, for the dyad model of copo
lymerization, when we assume the same value for the 
equilibrium constant of homopropagation (no specific 
interactions) as in homopolymerization (cf. Scheme 2), the 
following equation for the equilibrium concentration of 
monomer A can be formulated, independently if homo- or 
copolymerization is considered: 

½ − AA�� ½A� ¼ ½8�eq ½ − A��KAA 

where KAA is the corresponding equilibrium constant of homo-
propagation; subscript eq refers to the equilibrium conditions 
(omitted from brackets denoting concentrations of active spe
cies); -AA* and –A* denote, respectively, the active chain ends 
terminated with the indicated dyad or unit; –A* includes 
the species with terminal dyads (–AA*), but besides 
them it contains linear unimers (XA*, where X denotes the 
fragment coming from the initiator) and in the case of 
copolymerization chains terminated with a heterodyad – 
BA* ([–A*] = [XA*]+[–AA*]+[–BA*]). Consequently, 

−AA�  −A� − XA�  f½A�eq ¼ 
½ � ½ � ½ �g ¼ 

homo ½−A��KAA ½−A��KAA 

>
½−AA�� 

 f½A�eqg ¼ 
co 9½−A��KAA 

½ �
½−A��−½XA��−½−BA�� ¼ ½−A��KAA 

here subscripts homo and co correspond to homo- and copoly
erization, respectively. The decrease in the equilibrium 
oncentration in copolymerization is very large when the equili
rium copolymer resembles the alternating copolymer 
[–A*] ≈ [XA*] + [–BA*]) and very small when the equilibrium 
opolymer microstructure can be characterized by large blocks, 
hat is, low content of heterodyads and high average lengths of 
omosequences ([–BA*] ≈ 0). 
This phenomenon of decreasing the equilibrium concentra

ion of the monomer in copolymerization is essential to 
nderstanding why for some monomers it is not possible to 
btain homopolymer but copolymers often can be obtained. 
imply, the equilibrium constant of polymerization for a non 
homo)polymerizing polymer (KAA) is low (because of ther
odynamic reasons), and its reciprocal corresponding to the 
quilibrium monomer concentration ([A]eq(homo) ≈ 1/KAA) is  
igher than the concentration of the monomer in bulk. When 
n appropriate comonomer is found capable of forming 
ffective heterodyads, the equilibrium concentration of a 
on-homopolymerizing monomer can drop below the bulk 
or solution) concentration and the formation of a copolymer 
s thermodynamically possible. When the formation of 
eterodyads is strongly favored or the equilibrium constants 
f homopropagation are not too low (and moderate formation 
f heterodyads is sufficient), it is possible to form a copolymer 
rom two (or a larger number of) the non-homopolymerizing 
onomers. The content of heterodyads in such a copolymer 

ormed from non-homopolymerizing comonomers is higher 
han that in a random copolymer. If specific interactions operate 
n the system such that the apparent equilibrium constants are 
ependent on the system composition, then this restriction does 
ot hold, as indicated in Section 4.05.4.1. 
However, the dependence of the comonomer equilibrium 

oncentrations on the equilibrium constants of homo- and 
ross-propagations and on the copolymerization feed is complex. 

The aforementioned papers by O’Driscoll and co
orkers7–9 give access to the equilibrium concentrations of 
omonomers and copolymer sequences for systems when the 
nfinite chain length approximation can be applied. In the next 
ection, the relationships that enable us to compute all equili
rium features of copolymerization without any restrictions of 
he length of copolymer chains are presented. Quantities such 
s the equilibrium concentrations of comonomers and chains 
f any given sequence of copolymer units, Xn (number-average 
egree of the polymerization of copolymer chains), ÐX (dis
ersity of copolymer chain lengths), and contributions of 
arious sequences can be computed on the basis of the 
ssumed model of copolymerization. 
There is also a special case of the equilibrium copolymer

zation when no linear polymer is formed and the equilibrium 
s exclusively established between cyclic compounds: comono
ers and cyclic homo- and copolymeric oligomers and 
olymers. Such an equilibrium can be observed only in those 
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systems in which no initiator of linear polymerization is added 
and only reactions of ring expansion/contraction and/or ring 
fusion/fission can operate, often catalyzed by the added cata
lyst or initiated with a cyclic initiator. A series of papers on the 
formation of cyclic RO polymers were published by 
Kricheldorf11 (and see references listed therein), but there 
were none in which the equilibrium was quantitatively ana
lyzed. The present author in another contributed chapter (see 
Chapter 4.30) discussed this problem, arriving at the conclu
sion that the concentrations of cyclic oligomers and polymers 
in systems without linear polymers are only slightly larger than 
those in which the ring-chain equilibrium was established. The 
reader can also look into that chapter to find the analysis of the 
ring-chain equilibrium in copolymerization. 

4.05.3.2 General Treatment of Copolymerization Equilibrium 

The general treatment of the copolymerization equilibrium 
without restrictions of the chain lengths was first presented 
by Szwarc and Perrin,12 who delivered a mathematical solu
tion for any number of comonomers but restricted to the dyad 
model of propagation. Applying equations derived by Szwarc 
and Perrin, we can compute the concentrations of chains of 
any length and the sequence of copolymer units and conse
quently can compute any statistical feature of the system, such 
as the equilibrium concentrations of any dyad, triad, or longer 
sequence of copolymer units. However, their solution cannot 
be applied to systems in which KAAKBB = KABKBA, which results 
in singularity of matrixes used in computations.13 This is an 
important drawback of the presented treatment, because 
many copolymerizations can be characterized as ideal, that 
is, those in which the difference between the Gibbs energies 
for the addition of any of the two comonomers to the same 
active center depends only on these comonomers. For such 
systems, KAAKBB = KABKBA and the equilibrium copolymer has 
a random microstructure. Then, a solution of this problem 
was suggested,14 which would have, however, to be changed 
considering that generally [0A1]/[

0B1] ≠ [0A2]/[
0B2], where 

subscripts indicate the length of oligomers with the 
indicated comonomer unit at the starting position (hence 
superscripts 0). 

Another general treatment of the copolymerization equili
brium was provided by Szymanski,10 who used, while deriving 
his relationships, similarly as O’Driscoll and co-workers,7–9 the 
‘reverse’ conditional probabilities (of a copolymer unit to be 
preceded by the same or a different unit). This treatment looks 
simpler than the one proposed earlier by Szwarc and Perrin,12 

and similarly their equations can be applied to the systems of 
any number of comonomers and any average degree of poly
merization. The proposed solution also applies to the systems 
of ideal copolymerization (KAAKBB = KABKBA). Besides, the 
method can easily be extended to the triad model of copoly
merization (corresponding equations are shown in the 
appendix of Reference 10). 

When the dyad model of copolymerization equilibrium 
constants and initial conditions are known, the basic features 
of the equilibrium system (without cyclizations) can be found 
by solving a set of 4i equations, where i is the number of 
comonomers, denoted below as A, B, …, H:  

     2 ð1 − KAA aÞ − KABb … − KAHh YA 1 
 − 6 KBA a 1 − K  
 BBb  … − K     BHh 

32
Y B 

3
 

2
1    

3
 10  6

 
ð Þ

⋮ ⋮ ⋮ ⋮   ⋮ 4
− KHA a − KHBb … 1 − KHHh  

57766
YH

74
 

75 ¼ 66
 ⋮  

ð
577 ½ �

Þ
4
1 

A0 ¼ A�
1
 YA 

⋮ ½11� 
H0 ¼ H1

�YH 

ðAÞ ¼ A0 þ a0 − a ¼ A�YA 

⋮ ½12
−

� 
ðHÞ ¼ H0 þ h0  h ¼ H�YH 

  2 ð1 − KAAaÞ − KBA a … − KHAa A� A� 
1 

 ð1 6 − KABb − KBBbÞ … − KHBb

32
B� 

3 2
B   

  ¼  1
�

  

3
6

 ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 4
− KAHh − KBHh … ð1 − K

765746
H� 

HHh

577 646
H�

577
Þ 1 

½13� 
where a0…h0 and a…h denote, respectively, the initial and equi
librium concentrations of comonomers ([A]0…[H]0, [A]…[H]), 
while (P), P0, P*, and P1* (P  =A…H) denote the total concen
trations of copolymer units and the initial and equilibrium 
concentrations of active species and initiated monomers (living 
linear unimers) of the indicated type. YA…YH denote the copo
lymer parameters equal to the ratios of copolymer units and 
active species of the given kind (YA = (A)/A*; for homopolymer
ization, they are equal to Xn). KAA, KAB, …, KHH are the dyad 
model of copolymerization equilibrium constants. 

The solution of eqns [10]–[13] directly gives the equilibrium 
concentrations of comonomers (a…h) and the composition of 
the equilibrium copolymer ((A)…(H)). Besides, the equilibrium 
concentrations of living linear unimers and copolymerization 
parameters YA…YH are found. 

The copolymerization parameters YP allow computation of 
the average conditional probabilities of a copolymer unit of the 
given kind to be followed by a unit of the same (qPP) or  a  
different type (qPR): 

YR qPR ¼ KPR r ½14� 
YP 

where P, R =A, B, … and r = a, b, …. 
Consequently, the equilibrium concentrations of any copo

lymer sequence can be computed: 

ðPRS…TUVÞ ¼ ðPÞqPR qRS…qTUqUV ½15� 
where symbols in parentheses denote the equilibrium concen
trations of copolymer sequences or copolymer units. 

However, computation of the equilibrium concentrations of 
copolymer chains of a given sequence of copolymer units is 
more complex and can be found in the cited paper of 
Szymanski.10 It stems from the fact that the probabilities of 
finding a unit of a given kind in a copolymer chain depends, 
in a general case, on X (degree of polymerization), considered 
position, and a type of active center. Only for an ideal equili
brium copolymerization (KXXKYY = KXYKYX), the probabilities of 
finding a copolymer unit at any chain position (but the first) are 
dependent only on the unit type and thus computation of all 
copolymer equilibrium concentrations is relatively simple.10 

Another general solution describing relationships between 
the equilibrium constants of copolymerization and the features 
of the equilibrium systems, such as copolymer sequence 
distribution and comonomer equilibrium concentrations, 
computed for various initial conditions and various 

(c) 2013 Elsevier Inc. All Rights Reserved.



56 Equilibrium Copolymerization in Ring-Opening Polymerization 

relationships between the equilibrium constants was given by 
Cai and Yan.15 

4.05.4 Thermodynamics of Copolymerization 

The first comprehensive treatment of copolymerization 
thermodynamics was provided by Sawada,16,17 who analyzed 
the relationships between the thermodynamic parameters of 
copolymerization and such features of the system as the equili
brium concentrations of comonomers and the sequence 
distribution. Generally, the (molar) Gibbs energy of copolymer
ization can be defined, similarly as for homopolymerization, as 
the difference between the Gibbs energies of 1 base-mole of a 
copolymer and comonomers (the average value): 

1 
GðnÞG ¼ Gy − Gx ¼ − fA GAðxÞ − fBGBðxÞ − ⋯ ½16�Δxy coðyÞn 

where x and y describe the standard states of comonomers 
(A, B, …) and a copolymer, respectively. Gy ¼ GðnÞ 

=n is the coðyÞ 
Gibbs energy of a copolymer with the degree of polymerization 
equal to n and specific composition and microstructure, while 
Gx = fAGA(x) + fBGB(x) +⋯ is the average Gibbs energy of como
nomers (where fA, fB, … are the molar fractions of different 
copolymer units and GA(x), GB(x), … are the standard Gibbs 
energies of comonomers). Usually the following notation of 
copolymer and comonomer states is adopted: c = condensed, 
c′ = crystalline, s = in solution, and so on. Note the use of, 
according to the IUPAC recommendation, the symbol delta 
with the subscript indicating the initial state of (co)monomers 
and of resulting (co)polymer in notations of the thermody
namic functions of (co)polymerization. 

Equation [16] was formulated by assuming the following 
stoichiometric equation of copolymerization: 

ðαÞfAA þ fBB þ ⋯→1 fAfA BfB …g ½17� nn 

where n denotes Xn of the copolymer (n > 1), { } contains 
copolymer composition, and (α) denotes the microstructure 
specific for the given copolymerization process. 

The value of the Gibbs energy of copolymerization, ΔxyG, 
determines whether copolymerization can be a spontaneous 
process (ΔxyG < 0) or it can be the reverse reaction, depolymer
ization (ΔxyG > 0). When ΔxyG = 0, both processes are 
thermodynamically possible and copolymerization can be in 
equilibrium. 

However, ΔxyG = 0 is not a sufficient condition for copoly
merization to be at equilibrium, because ΔxyG is an average 
thermodynamic function (averaged over the whole set of copo
lymer chains) and the equilibrium of copolymerization is 
reached only when all reactions describing the overall equili
brium are at equilibrium: 

KfA ;fB ;…;β;n 1 ðβÞfAA þ fBB þ ⋯ ⇌ fAfABfB …g ½18� nn 

where n denotes Xn of the copolymer (n = 1,  2,  …) and (β) is  
the specific sequence of copolymer units. Here, all possible 
sequences have to be considered. The K on the arrow denotes 
the equilibrium constant, which is different for different 
values of n and (β) (other symbols have the same meaning 
as in eqn [17]). 

Consequently, Gibbs energies for all component 
equilibrium reactions are (have to be) equal to zero for 
copolymerization being at equilibrium: 

ΔxyGðfA ;fB ;…;β;nÞ ¼ Gy ðfA ;fB;…;β;nÞ − GxðfA ;fB;…Þ 
1 
GðnÞ¼ − fA GAðxÞ − fBGBðxÞ − ⋯ ¼ 0coðy;fA ;fB;…;β;nÞn 

½19� 
Although there are an infinite number of equilibrium reac

tions to be considered, the reversibility-of-microstates rule 
allows us to decrease the number of considered equilibria to 
a relatively small number, depending on the assumed model of 
copolymerization (although if considered on the level of Gibbs 
energies, such models often do not take into account the dis
tribution of chain lengths). 

Analyzing thermodynamics of homopolymerization, the 
monomer polymerizability feature called the ceiling (or floor) 
temperature is often determined. 

The Gibbs energy of polymerization can be expressed as a 
function of two other thermodynamic functions: enthalpy and 
entropy of polymerization. For equilibrium conditions, we have 

Δ xyG ¼ ΔxyH − TΔ xyS ¼ 0 ½20� 
where ΔxyH and ΔxyS denote the enthalpy and entropy of poly
merization for the process carried out in a way described by the 
subscripts, for example, ss denotes solution conditions of sub
strates and product and lc the liquid mixture of comonomers 
giving a condensed copolymer. The temperature T is given in 
absolute scale. 

Rearranging this fundamental equation, we get the tempera
ture at which the system is at equilibrium for the given values of 
enthalpy and entropy of polymerization: 

ΔxyH 
Tc ¼ ½21� 

ΔxyS 

where the subscript c refers to the ceiling temperature; the sub
script f can be used when the equation is used to calculate the 
floor temperature. 

Both terms describe the temperature at which a monomer 
and a polymer of a high molar mass and negligible quantity 
coexist at equilibrium and the difference between the ceiling 
and the floor temperature lies in what is below and above. 

One has to keep in mind that the entropy of polymerization 
depends on the monomer concentration: 

ΔxyS ¼ ΔxyS∘ þ R ln½M� ½22� 
where ΔxyS° is the standard entropy of polymerization 
(where the standard state was assumed to be monomer at a 
concentration of 1 mol l−1; alternatively, instead of monomer 
concentration, mole fraction can be used – in that case, the 
standard state corresponds to a pure monomer). 

Because of the dependence of ΔxyS on the monomer con
centration, the ceiling and floor temperatures are dependent on 
the monomer concentration in feed. 

This concept of ceiling/floor temperature formulated for 
homopolymerization can be applied to copolymerization as 
well. Similarly as for homopolymerization, the ceiling tem
perature can be found in these copolymerization systems in 
which, while increasing the temperature, we get positive ΔxyG 
and consequently the depolymerization of a copolymer (pro
vided the active species of the copolymerization are alive). On 
the other hand, when spontaneous depolymerization occurs 
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with the decreasing temperature, the equation describes the 
floor temperature and the subscript f should be used instead 
of c. The ceiling temperature is observed for exoenthalpic 
(ΔxyH < 0) and exoentropic (ΔxyS < 0) copolymerizations 
(most of RO homo- and copolymerizations), while the floor 
temperature is observed for endoenthalpic (ΔxyH > 0) and 
endoentropic (ΔxyS > 0) systems (e.g., polymerizations and 
copolymerization of sulfur and selenium). When ΔxyH 
and ΔxyS differ in their signs, no equilibrium is possible: for 
any temperature, ΔxyG is either negative (exoenthalpic and 
endoentropic systems) and copolymers alone are thermodyna
mically stable or positive (endoenthalpic and exoentropic 
systems) and comonomers alone are thermodynamically 
stable. 

This analysis is, however, a simplified one. Simplification 
stems from the fact that the average thermodynamic functions 
(ΔxyG, ΔxyH, ΔxyS) for copolymerization depend on the composi
tion of the system. Consequently, for any copolymerization feed 
composition (including the content of solvent determining, 

and numbers of moles of components, other than x, in the 
copolymerization system):

μA ¼ μα μB ¼ μβ ½23� 
where α and β refer to the corresponding copolymer units. 

Taking into account the Gibbs energy of mixing and the 
entropy of the copolymer units distribution, he obtained the 
equations that enable us to predict for any initial conditions 
the composition of the copolymerization system at equili
brium (for the sake of simplicity, he assumed, while deriving 
the equations, that molar volumes of solvent, comonomers, 
and copolymer units are equal): 

  �
Γ 

exp − 

�
¼ ½expðZAÞ− 1�½expðZBÞ− 1� ½24� 

RT 

ΦB0 − ΦB 1 − expð− Z
 AÞ 25  

ΦA0 − ΦA 
¼

1 − expð− ZBÞ ½ �

ΦA0 þ ΦB0 ¼ ΦA þ ΦB þ ΦP ¼ 1 − ΦS ½26� 
where 

Γ ¼ ΔG∘
αB þ ΔG∘ ∘ ∘ 

β −A  ΔGα −A  ΔGβB ½27� 

ZA ¼ ΔG∘ 
α −A  lnΦA − 1 þ χAPðΦA − ΦPÞ þ ðχBP − χABÞΦB 

þ ðχSP − χASÞΦS ½28� 

Z  
 ¼ ΔG∘

B β − − − −B  lnΦB  1 þ χBPðΦB  ΦPÞ þ ðχAP  χABÞΦA 

þ ðχSP − χBSÞΦS ½29�
and ΦX (X = A, B, P, S) are volume fractions of comonomers, 
copolymer, and solvent, respectively and χXY (X, Y =A,  B,  P,  S)  
denote the Flory–Huggins interaction parameters for the indi
cated copolymerization system components (in the above 
equations, χXY = χYX because of the assumed equal molar 
volumes of all components). 

The microstructure of the equilibrium copolymer can be 
predicted on the basis of the randomness parameter ψ, which 
is defined as the sum of the conditional probabilities of finding 
copolymer units followed by different units (ψ = Pαβ + Pβα): 

½1 − expð− ZAÞ� ½1 − exp  
 ¼ ¼ 

ð− Z
ψ BÞ�

xβ xα 
½30� 

Pαβ ¼ ψ xβ Pβα ¼ ψ xα ½31� 
Pαα ¼ 1 − Pαβ Pββ ¼ 1 − Pβα ½32� 

where xα is the molar fraction of copolymer unit A, equal to 
(ΦA0 − ΦA)/(ΦA0 − ΦA + ΦB0 − ΦB) because of the assumed 
equality of molar volumes of copolymerization system com
ponents; analogously, xβ =1−xα. 

Mita’s treatment is useful in predicting the composition and 
microstructure of a copolymer as well as the equilibrium con
centrations of comonomers on the basis of known 
thermodynamic functions characterizing the copolymerization 
system. When, however, these functions are not known, their 
determination from the analysis of the copolymerization 
experimental data is possible only by numerical fitting of the 
computed quantities to the experimentally determined ones 
(ΦA, ΦB, xα, xβ, Pαα, Pββ, Pαβ, Pβα). 

However, the assumption introduced by Mita that the inter
action parameters for all components of the copolymerization 
system are equal can be questioned. The present author20 pro
vided analogous analysis of the copolymerization equilibrium 
from the point of view of intercomponent interactions 

besides the comonomer concentrations ratio, the comonomer 

mentioned in Section 4.05.3, the equilibrium concentrations of 

concentrations), we can compute, using, for instance, the rela
tionships describing equilibrium in copolymerization 

comonomers. Consequently, we can determine whether a high
molar-mass copolymer is formed and what is its composition 
(which is usually different from that of the feed). When the 
thermodynamic parameters of all homo- and cross-propagations 
are known, which enables us to calculate the equilibrium con
stants for any temperature, we can repeat such computations for 
various temperatures and the copolymerization system compo
sitions, thus finding the ceiling or floor temperatures. These 
temperatures correspond to conditions when negligibly low 
amount of a high-molar-mass copolymer is formed. 

A simple mathematical analysis of relationships describing 
the copolymerization system allows us to predict (although not 
found yet experimentally) that there are possible copolymer
ization systems having for some compositions ceiling and for 
other floor temperatures. 

For the sake of visualizing the dependence of the ceiling 
temperature on the composition of the copolymerization sys
tem, the author performed, especially for this chapter, some 
simulations and the computed ceiling temperatures for the 
copolymerization of 1,3-dioxolane (DXL) with 1,3-dioxane 
are presented in Figure 3 (see Section 4.05.6.1.2). 

4.05.4.1 Thermodynamics of Copolymerization in Systems 
with Intercomponent Interactions 

Harvey and Leonard18 were the first who analyzed the thermo
dynamics of copolymerization from the viewpoint of the 
Flory–Huggins theory of intercomponent interactions in poly
mer solutions. Unfortunately, in deriving their equations, 
Harvey and Leonard assumed the same composition of copo
lymer chain ends as that of the whole copolymer. Mita19 

provided an analogous solution without this assumption. 
He formulated the overall equilibrium as the equality of 
chemical potentials of comonomers and copolymer units 
(μ ¼ ð∂G=∂NxÞT;p;Niði≠xÞ, where x, i are comonomer (A, B, …)x 

or comonomer unit, Ni is the number of moles of the system 
component ‘i’, G is the Gibbs energy of the system; the partial 
derivative is determined for constant temperature, pressure, 
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distinguishing interactions between comonomers (χab), giving 
a relatively simple solution for bulk copolymerization (without 
solvent) and equal molar volumes of comonomers and copo
lymer units (the interaction parameters involving copolymer 
units were assumed to be equal, and denoted as χ). This solu
tion is a set of six equations with six unknowns (volume 
fractions of comonomers and dyads): 

  

G∘ 
AA ¼ RT
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�
½35� 

Φa0 ¼ Φa þ ΦAA þ ΦAB Φb0 ¼ Φb þ ΦBB þ ΦBA ΦAB ¼ ΦBA 

½36� 
where DP is the average degree of the polymerization of a 
copolymer. Equations [36] are the mass–balance equations, 
with Φa0, Φb0, Φa, Φb, ΦAA, ΦBB, ΦAB, and ΦBA being the volume 
fractions of comonomers, initial and at equilibrium, and of 
copolymer dyads, respectively. The volume fractions of dyads 
are defined as 

VXnΦ XY
XY ¼ 37  

Vana þ Vbnb þ VAnA  
½ �þ VBnB 

where V and n with the corresponding subscripts denote the 
molar volumes of comonomers and copolymer units and the 
numbers of moles of comonomers, copolymer units, and 
dyads, respectively. 

The above-mentioned equations make it possible to predict 
the equilibrium conditions for any initial conditions, provided 
the standard free energies of comonomer additions are known. It 
is worth adding here that these thermodynamic functions are in 
fact ΔssG parameters referring to comonomers and a copolymer 
dissolved in the reaction mixture (however, some authors treat 
homogeneous bulk copolymerization as the lc process: liquid 
comonomers converted to an amorphous copolymer). 

Choosing, however, as standard states for copolymer units 
the infinite dilution solutions in the corresponding comono
mers, we can get an alternative set of equations for bulk 
copolymerization equilibria: 

Φ
K AA ¼ AA ¼ K

Φ Φ AAexp½Φbχab þ 2ð1 − Φa − Φb χ
A

Þ � ½38� 
 a 

Φ
K BB ¼ BB ¼ KBBexp½Φaχab þ 2ð1 − Φa − ΦbÞχΦBΦb 

� ½39� 

ΦABΦK BA
ABK BA ¼ 

ΦAΦBΦaΦb 
¼ KABKBA exp½ðΦa þ ΦbÞχab þ 4ð1 − Φa − ΦbÞχ� ½40� 

where KAA and so on are the equilibrium constants. The ones 
with overbars are the apparent equilibrium constants, which 
are dependent on the system compositions, while the others 
can be treated as the absolute equilibrium constants, the ther
modynamic functions depending only on the nature of 
comonomers and the temperature: 

ΔG� 
XYKXY ¼ exp − ½41� 

RT 

where ΔG* XY is the ΔssG-type standard molar Gibbs energy for 
the addition of the corresponding comonomer Y, leading to the 
dyad XY with comonomer Y as the solvent. It is worth noting 
that apparent equilibrium constants become equal to the abso
lute equilibrium constants when both χ and χab are equal to 
zero. For such cases, eqns [38]–[40] become equivalent to the 
analogous equations derived for systems without intercompo
nent interactions (eqns [2]–[4]; however, note the difference in 
measurement units). 

Equations [38]–[40] together with the mass–balance equa
tions allow not only prediction of the equilibrium comonomer 
concentrations and the composition and microstructure of a 
copolymer but also relatively easy determination of the inter
action parameters χ and χab as well as the absolute equilibrium 
constants when they are not known. 

Combining eqns [38]–[40], we can get relationships that 
allow the determination of χab (and the ratio of the absolute 
equilibrium constants for homoaddition) from a simple linear 
regression of experimentally measured quantities (linear func
tion of Φb − Φa): 

ΦAA ΦBΦb KAAln ¼ ln þ ðΦb − ΦaÞχab ½42� 
ΦA ΦaΦBB KBB 

Next, if χab is known, the other interaction parameter (χ) and 
the absolute equilibrium constant of homoaddition can also be 
determined via linear regression (rearrangement of eqn [38]): 

ln 
ΦAA 

− Φbχab ¼ lnKAA þ 2ð1 − Φa − ΦbÞχ ½43� 
ΦAΦa 

Analogously, KBB and KABKBA can be determined. 
It is worth observing that the ratio of the products of 

volumes of hetero- and homodyads is equal to the simple 
functions of the absolute equilibrium constants, resembling 
(and in fact equal here, as equal molar volumes were assumed) 
the corresponding relationship derived for systems without 
intercomponent interactions (see the comment below eqn [7]): 

ΦABΦBA K ABK BA KABKBA¼ ¼ ½44� 
ΦAAΦBB K AA K BB KAA KBB 

Simulations presented in the original paper of Szymanski20 

have shown that although both interaction parameters χab and 
χ are positive, they decrease the equilibrium comonomer con
centrations, the latter being more important in influencing the 
copolymerization equilibrium. Besides, when comonomers do 
not homopolymerize (KAA, KBB < 1; equilibrium constants 
defined by volume fractions), the copolymer in the system 
without intercomponent interactions (χab, χ = 0) can be formed 
only for KABKBA > 1 (heterodyads prevail, a certain tendency 
of an alternating copolymer). When KABKBA >> KAAKBB, the 
alternating copolymer is formed in equilibrium. When, 
however, both interaction parameters are positive, two 
non-homopolymerization comonomers – both having 
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absolute homopropagation equilibrium constants less 
than 1 – can be polymerized even when the absolute 
cross-propagation equilibrium constants are also less than 1 
(cf. Figure 8 in the cited Reference 20, showing simulation for 
the system with KAA = 0.98, KBB = 0.9, (KABKBA)

0.5 = 0.94, and 
χab = χ = 0.5, resulting in the formation of a random copoly
mer). Without specific interactions, two such 
non-homopolymerizing comonomers can give a copolymer 
only when KABKBA > KAAKBB, which results in the alternating 
tendency of dyad distribution. 

4.05.5 Determination of the Equilibrium Constants on 
the Basis of the Analysis of the Copolymerization 
Equilibrium 

The relationships between the comonomer and copolymer 
sequence equilibrium concentrations and the equilibrium con
stants, presented in the previous sections, allow prediction of 
the equilibrium conditions for any initial conditions, provided 
the equilibrium constants are known. Therefore, determination 
of these constants is crucial. 

Rearranging eqns [10]–[13], we can get the following rela
tionships,10 making it possible to determine the equilibrium 
constants for the dyad model of copolymerization, on the basis 
of experimentally measurable quantities such as the equili
brium concentrations of comonomers and proportions of 
various sequences: 

ðXXÞ
KXX ¼ ½45� ðXÞx 

ðXYÞðYXÞ 
KXYKYX ¼ ½46� ðXÞðYÞxy 

Y� ðXYÞ 
KXY ¼ ½47� 

X� ðYÞy 
where X and Y (X ≠ Y) denote copolymer units (A, B, …), 
parentheses indicate the equilibrium concentrations of the cor
responding units or dyads, and asterisks indicate the 
equilibrium concentrations of active species of the given kind. 
The lowercase x and y denote the equilibrium concentrations of 
comonomers. 

Combining eqns [45] and [46], we can get the relationship 
that allows determination of the ratio of products of cross- and 
homopropagation equilibrium constants from experimentally 
determined contribution of various dyads (previously derived 
by O’Driscoll7–9 for systems of infinitely large Xn): 

KXYKYX ðXYÞðYXÞ ¼ ½48� 
KXXKYY ðXXÞðYYÞ 

It is more difficult to determine the equilibrium constants 
for the triad model of copolymerization. Only the equilibrium 
constants of triad homopropagation and some functions of the 
cross-propagation equilibrium constants can be determined 
directly on the basis of the experimentally found equilibrium 
concentrations of comonomers and proportions of copolymer 
sequences (notation similar to that in eqns [45]–[47])21: 

ðXXXÞ 
KXXX ¼ ½49� ðXXÞx 

KXXYKYXX ðXXYÞðYXXÞ 
KX ¼ ¼ ½50� 

KYXY ðXXÞðYXYÞx 
ðXYXÞðYXYÞ 

KXYXKYXY ¼ ½51� ðXYÞðYXÞxy 
Determination of other than KXXX individual equilibrium 

constants is possible when proportions of all types of active 
species at equilibrium conditions are known: 

ðXYZÞ YXY ðXYZÞYZ� 

KXYZ ¼ ¼ ½52� ðXYÞz YYZ ðYZÞzXY� 

where YXY and so on are the ratios of concentrations of copo
lymer dyads and active species of the given kind, that is, the 
parameters analogous to YX obtained from eqns [10]–[13] for 
the dyad model of systems. 

4.05.6 Selected Examples of the Equilibrium 
Copolymerization 

4.05.6.1 Copolymerization of Cyclic Acetals 

Cyclic acetals readily polymerize and copolymerize, provided 
enthalpic (mainly ring strain) or entropic factors make the 
Gibbs energy negative. From the technological point of view, 
the most important is the homo- and copolymerization of 
1,3,5-trioxane (TXN). Unfortunately, little reliable data exist on 
the equilibrium conditions for the homogeneous copolymeriza
tion of TXN, mainly because products usually readily precipitate 
(at a higher content of TXN in feed) and the real homogeneous 
equilibrium is often not reached. One can, however, assume, on 
the basis of the estimated enthalpies of the homopolymerization 
of TXN in nitrobenzene (–0.3 � 0.3 kcal mol−1 at 150–180 °C 
and –1.4 � 0.1 kcal mol−1 at 25–180 °C),22,23 that the Gibbs 
energy for homogeneous homoaddition of TXN is close to zero 
or even positive at higher temperatures and that the driving force 
for copolymerization is precipitation of the polymer from the 
solution and/or polymerization in solid state. Only very short 
active chains can exist in the solution in equilibrium with the 
dissolved monomer. Therefore, the copolymerization of TXN 
with other comonomers can often be treated as the equilibrium 
copolymerization understood as a copolymerization process 
carried out when some propagations are in equilibrium. The 
cationic copolymerization of TXN with 1,3-dioxepane (DXP) 
was investigated by Sharavanan et al.,24 who observed the 
dependence of the precipitation time on the ratio of comonomer 
concentrations and no precipitation when the content of DXP 
was above 20%. Unfortunately, hardly any data on homoge
neous systems were given. Copolymerization was carried out at 
80 °C, that is, above the ceiling temperature of DXP, making it 
possible that the homopropagation of DXP (and maybe of TXN 
as well because of its low concentration) be considered to be at 
equilibrium (shifted to the monomer side). Consequently, the 
driving force for copolymerization in the homogeneous systems 
is the randomization of a copolymer (formation of hetero
dyads), either directly through cross-propagations or through 
the segmental exchange reactions. 

There are also little data on the thermodynamics of the 
copolymerization of other acetals. In fact, the only reliable 
data on the equilibrium in homogeneous copolymerization 
systems of cyclic acetals are those reported by the present 
author and described in the following sections. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.05.6.1.1 Equilibrium copolymerization of 1,3-dioxolane 
with 1,3-dioxepane 
Equations [45]–[47] allow determination of the equilibrium 
constants on the basis of the experimentally found equilibrium 
concentrations of comonomers and ratios of contributions of 
copolymer sequences and concentrations of active species. The 
author of the paper on copolymerization of DXL with DXP21 

performed these determinations by using 1H NMR (and 31P 
NMR for the ion-trap determination of active species) analysis 
of the equilibrium in the copolymerization of DXL with DXP in 
dichloromethane solution. Examples of the NMR spectra are 
shown in Figures 1 and 2. 

The determined equilibrium constants are listed in 
Table 1. 

The thermodynamic parameters determined for homopro
pagations are similar to the corresponding parameters 
determined in homopolymerizations.25–27 On the other 

hand, the sum of the thermodynamic parameters for hetero
addition is approximately equal to the sum of the 
corresponding parameters for homoadditions. This is equiva
lent to the approximately equal products of the equilibrium 
constants of homo- and cross-propagations, which results in 
the formation of a random copolymer. The individual equili
brium constants for cross-propagations were determined for 
active species only at one temperature, but the similarity of 
their values to the corresponding equilibrium constants for 
homopropagations of the same active species seems to indi
cate that the nature of active species is more important in 
comonomer additions than is the nature of comonomers. 

4.05.6.1.2 Equilibrium copolymerization of 1,3-dioxolane 
with 1,3-dioxane 
The equilibrium of the copolymerization of DXL with 
1,3-dioxane (non-homopolymerizing comonomer) is 

Figure 1 1H NMR spectrum of the equilibrium copolymerization of DXL (A) and DXP (B). Initial copolymerization conditions: [A]0 = 3.15 mol l−1, 
[B] = 1.09 mol l−10 , [(C6H + −3 −1 

5)3C SbF6−]0 = 5�  10 mol l in CH2Cl2 at 0 °C. Assignment of signals: 1, 2, 3: OCH2O in dyads AA, AB (and BA), and BB, 
respectively; 4, 5, 6: OCH2CH2O in triads AAA, AAB (and BAA), and BAB, respectively; 7: OCH2CH2CH2CH2O; 8: OCH2CH2CH2CH2O. Reproduced with 
permission from Szymanski, R. Makromol. Chem. 1991, 192, 2943–2959,21 Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
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Figure 2 31P {1H} NMR spectrum of the equilibrium cationic copolymerization system of DXL (A) with DXP (B) reacted with an excess of tributylpho
sphine. Initial conditions: [A] = 2.88 mol l−1 −

0 , [B]0 = 1.36 mol l 1, [(C6H5)3C+SbF6−]0 = 2.2 � 10−2 mol l−1 in CH2Cl2 at 0 °C. Assignment of signals: 1: P 
(n-C4H9)C4H9)3; 2: OCH +

2CH2OCH2P (n-C4H9)3; 3: O(CH2)4OCH2P+(n-C4H9) +
3; 4: H P (n-C4H9)3; 5: O=P(n-C4H9)3; 6: HOP+(n-C4H9)3. Reproduced with 

permission from Szymanski, R.   1991, , 2943 2959,21 Makromol. Chem. 192 – Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 1 The determined equilibrium constants of the copolymerization of DXL (A) and DXP (B) 
in dichloromethane solution and the corresponding thermodynamic parameters 

Temperature KAA KBB KAB KBA 

(K) (mol −1 l) (mol −1 l) (mol −1 l) (mol −1 l) 

273 1.43 2.41  1.38a; 2.23b 2.50a;  1.52b

295 0.78 1.64  1.87c; 1.57b  0.81b

313 0.60 1.23  1.13c; 1.20b  0.61b

ΔHXY (AA, BB, AB, BA) –15.6 � 1.7 –11.9 � 1.5  –14.5 � 1.2c –16.4  � 1.5b

(kJ mol−1)  –11.0 � 1.3b

ΔSXY (AA, BB, AB, BA) –54.5 � 7.3 –36.3 � 5.6  –46.6 � 3.6c –56.8  � 5.7b

(J mol−1 K−1)  –33.5 � 3.7b

aDetermined for active centers.
 
bDetermined for methoxy end groups (copolymerization in the presence of dimethoxymethane).
 
c(KABKBA)0.5, (ΔHAB + ΔHBA)/2, and (ΔSAB + ΔSBA)/2 determined for active centers.
 
Based on the data from Szymanski, R. Makromol. Chem. 1991, 192, 2943.21
 

described in the same paper21 that previously discussed the 
copolymerization of DXL with DXP. The observed dependence 
of the equilibrium concentrations of comonomers and of var
ious dyads on the initial conditions could not be explained 
assuming the dyad model of copolymerization. The author 
explained the experimental results assuming the triad model 
of copolymerization. As an alternative, the analysis of the 
system from the point of view of the Flory–Huggins interaction 
parameters was also performed. Consequently, as for the 
system with DXP, some equilibrium constants and thermody
namic parameters could be determined. The quantities 
estimated assuming the triad model of copolymerization are 
listed in Table 2.21 

The known thermodynamic parameters of copolymerization 
can be used to calculate the ceiling temperatures for the given 
system. The author made such calculations by using the apparent 
equilibrium constants for the dyad model reported in the original 
paper of Szymanski.21 Assuming the linear dependence of the 
apparent thermodynamic parameters on the feed content of 
1,3-dioxane, it was possible to calculate the apparent thermody
namic parameters for any temperature and any feed 
composition. As for the ceiling temperature, the content of a 
copolymer is negligible and consequently the feed concentrations 
are the equilibrium concentrations. It was sufficient to solve the 
set of four equations, with four unknowns – T, KAA, KBB, and  
KABKBA – to find the ceiling temperature (Tc = T) for any feed on 
the basis of the above-mentioned estimated linear correlations: 

−
KAA ¼ exp 

�
 ΔHAA þ TΔSAA 53  

RT 

�
½ �

  �
− ΔH¼ exp BB ΔS

K
þ T BB

BB 

�
½54� 

RT 
  

K

�
− 

ABKBA exp 
ðΔHAB þ ΔHBA Þ þ TðΔSAB þ ΔSBA Þ

�
 ¼ ½55

RT
� 

 

ð1 − KAA aÞð1 − KBBbÞ ¼ 1 
ab

½56
BA

� 
KABK  

The last equation can be derived from eqns [45] and 
[46], remembering that for infinitely long copolymer chains the 
concentrations of units are equal to the sum of the corresponding 
homo- and heterodyads ((X) = (XX) + (XY) and  (XY) = (YX)). 

Then, when the dependence of the ceiling temperature is 
computed for any feed the composition of the equilibrium 
copolymer (mole fraction of 1,3-dioxane units, fr(B)) can be 
calculated on the basis of the computed equilibrium constants 
of homopropagation (the equation easily derivable from rela
tionships [45] and [46] assuming the infinite Xn): 

ð1 − K
fr AA aÞðBÞ ¼  57  ð1 − KAA aÞ þ ð1 − KBBb  

½ �Þ
The computed dependence of the ceiling temperature on 

the feed and copolymer composition for the bulk copolymer
ization of DXL with 1,3-dioxane is presented in Figure 3. 

Table 2 The equilibrium constants and the corresponding thermodynamic parameters governing the bulk 
copolymerization of DXL (A) with 1,3-dioxane (B) 

a aTemperature KAAA KA KBBB KB (KABAKBAB)
1/2 

(K) (mol −1 l) (mol −1 l) (mol −1 l) (mol −1 l) (mol −1 l) 

273 1.203 1.642 0.0559 0.0417 0.226 
294 0.653 0.969 0.0473 0.0430 0.152 
313 0.391 0.715 0.0472 0.0441 0.120 
ΔHZ 

b –20 � 2 –14.9 � 0.8 –3 � 1 1 � 0.1 –11 � 1 
(kJ mol−1) 
ΔSZ 

b –71 � 10 –50 � 5 –36 � 3 –22.8 � 0.3 –54 � 4 
(J mol−1 K−1) 

aKX =KXXYKYXX /KYXY (X ≠ Y).
 
bZ denotes a type of thermodynamic parameter (AAA, A, …) that correspond to the listed equilibrium constants.
 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 3 Dependence of the ceiling temperature on the feed and copoly
mer composition for the bulk copolymerization of DXL with 1,3-dioxane. 
Computations were performed by neglecting dependences of the comono
mer densities on the temperature and melting point of 1,3-dioxane (11.8 °C). 

The plot shows a strong nonlinear dependence of the ceiling 
temperature on the feed composition and the discrepancy 
between the feed and copolymer compositions for ceiling tem
perature conditions. As expected, a copolymer is richer in DXL 
than feed for any ceiling temperature and, on the other hand, the 
ceiling temperature for any feed composition is higher than for 
a copolymer of the same composition. The highest difference 
between the compositions of the feed and the copolymer is 
observed for the ceiling temperature close to the average value 
for both comonomers and corresponding to the approximately 
equal contents of both comonomers in the feed. One would 
have to compute such dependences for various copolymeriza
tion systems in order to check whether these observations are 
general or only specific for the discussed system. 

4.05.6.1.3 Equilibrium in 1,3,5-trioxepane polymerization 
regarded as an example of the equilibrium copolymerization 
1,3,5-Trioxepane (TXP) is a seven-membered cyclic monomer 
formed from a DXL ring expanded by the insertion of a for
maldehyde unit (F). Thus, it is a cyclic monomer containing 
two adjacent oxymethylene groups and four acetal bonds. 
Acetal bonds are very labile in cationic polymerization condi
tions, which results in the formation of a copolymer composed 
of statistically distributed DXL and F units (Scheme 4).28 

During the polymerization of TXP formation of cyclic com
pounds, including DXL, oligomers of DXL and TXN, and other 
cyclic compounds containing all possible numbers of DXL and 
F units and characterized by all possible distributions of them 

Scheme 4 Polymerization of TXP regarded as copolymerization of DX
with formaldehyde. 

L 

is observed. Besides, free formaldehyde is formed. Addition of 
these compounds to active species and the segmental exchange 
reaction operating in the system that cause all possible distri
butions of DXL and F units can also be found in a linear 
polymer. 

The presence of two adjacent oxyethylene units (fragment of 
DXL unit) was not observed, probably because the nucleophilic 
attack of acetal oxygen atoms (weak base) on the ether carbon 
atom (OCH2CH2 group) of oxonium cations (active species of 
copolymerization or of segmental exchange) is much slower 
than on the acetal carbon atom (OCH2O). Therefore, the equi
librium of the polymerization of TXN can also be regarded as 
the equilibrium of the copolymerization of DXL with F. 
Consequently, the method of analysis of a copolymer micro
structure, making it possible to determine the thermodynamic 
parameters of homo- and heteroadditions, can be applied. 

It was Szwarc and Perrin,29 who first made this observation 
and calculated the correct equilibrium constants of homoaddi
tion of TXN on the basis of the experimental data of Schulz 
et al.28 and determined the thermodynamic parameters of its 
polymerization. The corresponding equation, the version mod
ified by Szymanski,30 that enables us to compute the 
equilibrium constant of homoaddition of TXN is shown in 
Chapter 4.30. 

The thermodynamic parameters for the polymerization 
of TXN (to uniform polymer) as computed by Szwarc and 
Perrin29 were ΔHTT = –6.9 kJ mol−1 and ΔSTT = –31.5 J mol−1K−1 

(which corresponds to the equilibrium concentration equal to 
2.11 mol l−1 at 0 °C and 3.66 mol l−1 at 60 °C, while the 
observed concentrations by Schulz et al.28 were much lower, 
equal to 0.23 and 1.36 mol l−1, respectively,  because o f the  
copolymerization nature of the process). 

4.05.6.2 Copolymerization of Sulfur with Norbornene 
Trisulfide 

Penczek and Duda studied the copolymerization of sulfur with 
organic sulfides (cf. Reference 31 and references listed therein). 
These copolymerizations, when performed below the floor 
temperature of sulfur, can be regarded as the equilibrium 
copolymerization because homodepropagation of sulfur coun
terbalance the homopropagations, and the equilibrium is 
established determining the average length of blocks of sulfur 
atoms of the sulfur-terminated anionic active species of copo
lymerization. However, when alkylene monosulfides are 
copolymerized with sulfur, cyclic trisulfide is formed as the 
by-product and then it functions as a comonomer of copoly
merization. Besides, homopolymerization of monosulfides is 
practically irreversible. Therefore, a simpler equilibrium copo
lymerization system is that when trisulfide is used instead of 
monosulfide in copolymerization with elemental sulfur. 

Penczek and Duda investigated the copolymerization of 
norbornene trisulfide (NS3) with sulfur (S8) and managed to 
determine the equilibrium concentrations of both comono
mers at 25 °C in the bulk. The results are listed in Table 3.31 

Unfortunately, the authors did not discuss their results from 
the point of view of the copolymerization equilibrium. 
However, it is a bit striking that the equilibrium concentration 
of NS3 is almost independent of the feed composition. This 
may indicate that either specific intercomponent interactions 
influence the values of the apparent equilibrium constants or 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 3 Dependence of the equilibrium concentrations of norbornene 
trisulfide (NS3) and sulfur (S8) and of the average length of sulfur copolymer 
segm

8½
8½S8�0 

0 

ents Xn on the feed co

S8�0 8[S8]0 
þ ½NS3� −1(mol l ) 

0 

mposition 

[NS3]0 
−1(mol l ) 

7.0 

8[S8]eq 
−1(mol l ) 

0 

[NS3]eq 
−1(mol l ) 

3.70 

Xn 

3.0 
0.50 6.3 6.3 1.7 3.17 4.5 
0.67 11.5 5.7 3.6 3.30 6.2 
0.75 15.8 5.3 6.8 3.15 7.2 
0.80 19.6 4.8 11.4 3.20 8.0 
0.83 22.4 4.5 15.5 3.20 8.4 

the triad (or of higher order) model of copolymerization has to 
be taken into account, and consequently, while increasing the 
content of sulfur in the system the fraction of NS3 dyads does 
not change significantly (in other words, the proportion of 
short S3 segments almost does not change). 

4.05.6.3 Equilibrium Copolymerization of γ-Butyrolactone 
with ε-Caprolactone 

Five-membered cyclic ester γ-butyrolactone (BL) does not 
polymerize under normal conditions. It stems from low 
ring strain. Linear oligomers can, however, be obtained,32 

which indicates that the formal (apparent) homopolymer
ization equilibrium concentration of this monomer 
(equal to the reciprocal of the equilibrium constant of 
homopropagation) is not too high. Duda and Penczek32 

managed to copolymerize BL with ε-caprolactone (CL) and 
analyze the resulting copolymer. Unfortunately, because of 
the inability to determine quantitatively the contributions 
of various triads, the authors did not analyze their result 
from the point of view of the equilibrium copolymeriza
tion. Nevertheless, assuming the random microstructure of 
the copolymer for which the content of dyads can be com
puted on the basis of the Bernoulli statistics ([–(BL) –2 ]/ 
[–BL–] = fr(BL), where fr(BL) is the molar fraction of BL 
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units in the copolymer), the formal (apparent) equilibrium 
concentration of BL can be estimated to be for bulk conditions 
at 20 °C, equal to about 26 mol l−1 ([BL]eq(homo) = 
[BL]eq(co)/fr(BL)). This value is close to the apparent monomer 
equilibrium concentration in the homopolymerization of 
1,3-dioxane, discussed previously, and confirms relatively easy 
copolymerization of BL with CL and other lactones. 

4.05.6.4 Equilibrium Copolymerization of Tetrahydropyran 
with Oxetane 

Recently, Bouchékif et al.33 published a paper claiming that 
they observed pseudoperiodic ‘living’ and/or controlled nature 
of cationic copolymerization of oxetane (OXT) with tetrahy
dropyran (THP). Their kinetic interpretation of the results of 
the copolymerization is, however, not correct. The authors 
considered the formation of a copolymer as a pseudoperiodic 
living and/or controlled cationic RO copolymerization of OXT 
with THP, as described by Scheme 5. 

The kinetic analysis presented in this chapter is incorrect, 
assuming that the THP exchange reaction (rate constant ks in 
Scheme 5) is crucial, which, according to the authors, determines 
the kinetics of copolymerization. This incorrect assumption (the 
THP exchange reaction does not influence copolymerization) 
resulted in an erroneous interpretation of results. The 

Scheme 5 Copolymerization of OXT with THP as a living process with 1-alkyl-tetrahydropyranium cations regarded as dormant species. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 6 Equilibrium of homoaddition of THP in copolymerization of 
OXT with THP. 

copolymerization system under consideration can, however, be 
regarded as the equilibrium copolymerization, understood as a 
process in which the homoaddition of THP 
(non-homopolymerizing comonomer) is at equilibrium shifted 
strongly to the monomer side. The homopropagation of THP is 
counterbalanced by depropagation, which results in very short 
THP copolymer segments, the average length being close to unity 
(Scheme 6). 

The authors claimed that only monads are incorporated in a 
copolymer, simplifying the system description or overlooking 
formations of dyads (and because of the statistical nature of 
propagations, also longer sequences, existing in much lower 

quantities). The 13C NMR spectrum of the carbon atoms of the 
HP copolymer units, adjacent to the oxygen atoms, clearly 
dicates the presence of about 17% of the THP dyads (about 
ne sixth of THP carbon atoms in the corresponding magnetic 
nvironment) in the total content of the THP segments 
Figure 4). 

This information is sufficient to estimate the equilibrium 
onstant of the homopropagation of THP and the formal equi
brium concentration of THP for homopolymerization (the 
ciprocal equilibrium constant) (cf. eqn [45]): 

 − BB −  1 
K − 3 
BB  

½ �¼ ≈ ¼ 8:3 � 10 mol − 1 l ½ − B − �½THP�e co  6 ð Þ � 20

½THP� ¼ K − 1  ≈ − 1 
eðhomoÞ BB 120 mol l 

The estimated equilibrium constant of the homopolymer
ation of THP is much lower than the estimated equilibrium 
onstant for another six-membered cyclic monomer 
,3-dioxane (4.73 � 10−2 mol−1 l at 294 K); the copolymeriza
on of 1,3-dioxane with DXL was discussed in Section 
.05.6.1.1. Consequently, the formal equilibrium concentra
on in the homopolymerization of THP (120 mol l−1) is  
uch higher than for 1,3-dioxane (21.1 mol l−1). This can be 
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Figure 4 13C {1H} NMR spectrum of the copolymerization of THP with OXT, showing expanded fragments of copolymer signals. Note the presence of 
signals of O(CH2)4CH2OX dyads at about 71 ppm and X = OXT (larger peak) and THP (smaller peak). Experimental conditions: [OXT]0 = 0.25 mol l−1, 
[THP]0 = 20 mol l−1, room temperature, OXT conversion = 4%, THP content in copolymer = 29.2%, Mn(SEC) = 7300, Ðn = 1.6. Reproduced with permission 
from the supporting information of Bouchékif, H.; Philbin, M. I.; Colclough, E.; Amass, A. J. Macromolecules 2010, 43, 845.33 

(c) 2013 Elsevier Inc. All Rights Reserved.



Equilibrium Copolymerization in Ring-Opening Polymerization 65 

explained by the nonexistence of THP monomer interactions 
that are important in 1,3-dioxane, mainly between oxygen 
atoms; this increases for 1,3-dioxane the Gibbs energy of the 
formation of a cyclic compound in comparison to linear one 
(polymer segment). 

4.05.6.5 Equilibrium Copolymerization of Tetrahydrofuran 
Above Its Ceiling Temperature with Oxetanes 

Kubisa and Penczek34 reported the copolymerization of tetra
hydrofuran (THF) above its ceiling temperature (bulk systems 
at 100 °C, while the ceiling temperature is about 80 °C; 
Al(i-Bu)3 used as the catalyst) with a few 3,3-bis-substituted 
oxetanes. Applying some simplifications, the authors derived 
equations that enable them to determine the reactivity ratios 
and the apparent equilibrium constant of the homopropaga
tion of THF in the studied systems. The maximum content 
of THF in a copolymer was found to be about 50% for 
copolymers with 3,3-dimethyloxetane and with 3,3-bis(fluor
omethyl)oxetane but about 66% for bis(chloromethyl)oxetane 
(BCMO). This may suggest that the penultimate unit effect can 
be important for the bulkiest comonomer, causing depropaga
tion of the THF–THF dyad-terminated active species to be 
slower than the homopolymerization of THF, and conse
quently the corresponding propagation equilibrium constant 
is larger. In fact, the apparent equilibrium constant of homo-
propagation of THF was found to be KAA = 0.8 mol−1 l by using 
the aforementioned equations, which would correspond to the 
equilibrium concentration of THF being equal to 1.25 mol l−1 if 
the dyad model of copolymerization was true for this system. 
The determined reactivity ratios for this system were 
rBCMO = 0.35 and rTHF = 9, which corresponds to the product 
of these values equal to about 3, indicating a certain tendency 
to block formation. The THF–BCMO system was also studied 
by Yamashita et al.,3 who had similar observations but studied 
the system at several temperatures and also observed the 
dependence of the reactivity ratios and composition of a copo
lymer on the catalyst used. It may indicate the importance of 
the nature of active species on their relative reactivities toward 
different comonomers. For the THF–BCMO system catalyzed 
with Et3O

+BF4−, the determined reactivity ratios were 
rBCMO = 0.3 and rTHF = 1.2, indicating the tendency to form 
alternating copolymers contrary to the previously mentioned 
tendency to block formation. 

4.05.7 Conclusions and Outlook 

Reversibility of propagation is often observed in RO polymer
ization systems, including copolymerization. Although 
attaining equilibrium is rather infrequently the aim of copoly
merization, it can be used as a tool not only for obtaining 
copolymers of thermodynamically defined properties but also 
for other purposes. The term ‘equilibrium copolymerization’ 
means not only the equilibrium in copolymerization but 
also copolymerization in which one or more of homo- or 

cross-propagations are counterbalanced by depropagations. 
Consequently, although the equilibrium is often not reached, 
equilibrium copolymerization frequently allows us to obtain 
products containing substantial content of units coming from 
non-homopolymerizing comonomers. When the real equili
brium is reached, the analysis of copolymer composition 
and microstructure, combined with determination of the 
equilibrium concentrations of comonomers, gives access to 
the equilibrium constants of homopropagation. In this 
way, equilibrium constants of homoadditions of non
homopolymerizing monomers can be determined as well, 
and consequently the thermodynamic parameters of the poly
merization of such monomers are often not accessible by other 
methods. When the equilibrium concentrations of active 
species can be measured, the equilibrium constants and 
the corresponding thermodynamic parameters of 
cross-propagations can be additionally determined. 
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4.06.1 Introduction 

Polymer chemistry has been dominated, in the twentieth cen
tury, on the one hand, by radical processes, and, on the other 
hand, by metal-based catalysis. Besides polymers obtained by 
radical polymerization, which account for about 50% of poly
meric materials produced industrially, most of the other 
synthetic polymers require metallic species to catalyze, activate, 
or initiate elementary reactions that bring about their synth
esis.1,2 In most cases, the metallic catalyst (typically, 
organometallic complexes based on transition metals or 
metal-based ionic species) represents minute amounts and 
remains in the final polymer. 

A representative example of a metal-based catalysis is the 
Ziegler–Natta process, which has been gradually improved to 
such an extent that the monomer-to-catalyst ratio is typically in 
the range 106 

–108.3 As a matter of fact, removal of the metallic 
catalyst is not needed and commodity polymers obtained in 
this way (polyolefins) are directly processed without any pur
ification step. In contrast, the synthesis of specialty polymers 
used in niche applications requires larger amounts of metallic 
catalysts (the monomer-to-catalyst ratios being 103 

–104). To 
prevent hazards due to the presence of toxic metallic species 
that can freely migrate out of the polymeric material when in 
service, a purification process is sometimes required which 

adds to the cost of the polymer produced. In sensitive domains 
such as biomedical, packaging, and microelectronics, 
metal-based catalysts are prohibited. 

Organic and enzymatic catalyses appear today as reliable 
alternatives to metal-mediated catalysis for polymer synth
esis.4–7 Organocatalysis, in its general sense, is a part of the 
general concept of catalysis and is categorized as green chem
istry. Organocatalysis has been known for a while, since Justus 
Liebig8 reported as early as 1859 the synthesis of oxamide 
employing acetaldehyde as organic catalyst. A few decades 
later, Emil Fischer9–11 developed the glycosidation processes 
using acids as catalysts. Some significant examples of organo
catalytic approaches were reported in the 1970s.12–14 However, 
not less than a century had passed before organocatalysis could 
be finally recognized as the third pillar of catalysis,5 besides 
metallic catalysis and enzymatic catalysis. The twentieth cen
tury has indeed witnessed the dramatic development of 
transition metal-based catalysts; meanwhile, concepts of orga
nocatalysis have been clearly neglected. While in the last 
decade, tremendous efforts have been made in molecular 
chemistry to develop powerful organocatalysts for a variety of 
transformations, most of the work has been focused on enan
tioselective processes, using chiral organocatalysts and taking 
inspiration from the modus operandi of enzymes to catalyze 
reactions in a biomimetic fashion. In this regard, 
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organocatalysts can be viewed as ‘minimal enzymes’ possessing 
advantages of enzymes such as selectivity and mild reaction 
conditions, without the drawbacks of biocatalysts such as 
the complexity of their structure/conformation, their lack of 
availability, and their lack of robustness due to possible deac
tivation/denaturation.15 In molecular chemistry, most of the 
organocatalyzed enantioselective transformations can be clas
sified as follows: 

1. asymmetric C–C bond and C–X (X = O, N, H, etc.) forming 

reactions (e.g., Michael additions, Mannich reactions, aldol 
additions, vinylogous aldol additions, allylation reactions, 

α-alkylation of amino acids, α-halogenation or α-amination 

of carbonyl compounds, protonation, etc.); 
2.	 enantioselective oxidation–reduction processes (epoxida

tions, sulfoxidations of thioethers, enantioselective reduction 

processes, and α-hydroxylation of carbonyl compounds). 

Several reviews have already reported on the general topic of 
organocatalysis in molecular chemistry.16–20 It is not yet 
viewed as a mature field and it is far from being applied in 
the chemical industry. A representative example is the synthesis 
of the Wieland–Miescher ketone developed in 1970 on an 
industrial scale, via an enantioselective organocatalytic aldol 
process.21

In the last decade, organocatalysis has also been applied to a 
few polymerization reactions, in an attempt to replace classical 
catalysts and to enhance the rate of polymerization through 
activation of monomers and/or polymer chain ends.5,6 

Use of organocatalysts as promoters of polymerization reac
tions has actually been known for a while. For instance, the 
polyurethane synthesis by step-growth polymerization of mul
tihydroxy compounds with multiisocyanates can be catalyzed 
with tertiary amines such as 1,5-diazabicyclo[5.4.0]undec
5-ene (DBU) or triethylamine. The group transfer polymeriza
tion (GTP) of methacrylic monomers can be also categorized, 
to some extent, as organocatalyzed polymerization when a 
metal-free nucleophilic catalyst (Lewis base) is employed.22 

One can also mention pioneering works by the group of 
Penczek23 in the late 1980s regarding the cationic ROP of cyclic 
ethers by acids such as BF3 or HPF6, which have provided the 
first metal-free approach for precision polymer synthesis. 

However, the (re)emergence of the field of organocatalyzed 
polymerization dates back to 2001 with the first reports by 
Hedrick (IBM), Waymouth (Stanford), and co-workers who 
employed dialkylaminopyridines for the ring-opening poly
merization (ROP) of lactones and lactide.24,25 

This chapter covers past and recent achievements related to 
ROP reactions employing organic catalysts. This field – 
including chain and step-growth polymerizations – was 
reviewed in 2007 and at the beginning of 2010 by Kamber 
et al.5 and Kiesewetter et al.6 Roughly a hundred papers have 
been published in peer-reviewed journals in the past 20 years. 
The introduction of the chapter will present general consid
eration on the m eaning  of  ‘organocatalyzed polymerization’, 
all of the employed catalysts (classified according to the nat
ure of the active center of the catalyst, i.e., its functional 
group), monomers which have been polymerized, and gen
eral polymerization mechanisms encountered. The discussion 
will then put a special emphasis on the scope and limitations 
of each family of catalysts as well as on related mechanisms 

(monomer activation and/or chain end activation), though 
the latter aspect has not been systematically discussed in the 
original reports. 

4.06.2 Metal-Free Initiated versus Metal-Free 
Organocatalyzed Polymerizations 

Beyond radical processes, the use of organic promoters for the 
purpose of metal-free polymerization reactions is well 
documented.6 A distinction should be made, however, between 
metal-free polymerizations triggered by organic reagents actu
ally playing the role of initiators and truly organocatalyzed 
polymerizations, where an organic promoter is used in the 
presence of a chain length regulator as the other component. 
For instance, the ROP of N-carboxyanhydrides (NCAs) can be 
readily initiated with amines, as reported in the early 1970s.26 

The ROP of β-lactones can be triggered with amines, phos
phines, or tetraalkyl ammonium caboxylates, as organic 
initiators.27,28 The same is true for the ROP of epoxides in the 
presence of organic amino-containing initiators.27 The cationic 
ROP of 2-alkyl oxazolines generally employs organic benzyl 
halides or alkyl tosylates.29 Initiation of the zwitterionic 
chain-growth polymerization of cyanoacrylates can be achieved 
with phosphines,30 and so on. In all cases, however, the organic 
initiator is part of the polymer being formed (Scheme 1). In 
contrast, an organic catalyst is supposed to be regenerated on 
the completion of the polymerization process and, ideally, it is 
employed in substoichiometric amounts relatively to the initia
tor. Only studies fulfilling at least the first criterion will be 
discussed in the following section. 

4.06.3 Organocatalytic Platforms, Monomer 
Candidates, and Related Mechanisms 

4.06.3.1 The Different Organic Catalysts 

Organic catalysts can be classified according to the nature of the 
reactive center (its functional group) involved in the activation 
of monomers and/or chain end (Figure 1). Only organocatalysts 
employed in polymerization reactions will be considered in this 
chapter. These include Bronsted acids, from weak carboxylic 
derivatives (e.g., CF3COOH, lactic acid, and alanine) to stronger 
acids (e.g., CF3SO3H and  CH3SO3H) and superstrong acids (e.g., 
(CF3SO2)2NH and (C4F9SO2)2NH), Bronsted bases (e.g., phos
phazenes such as t-BuP4, pyridine derivatives, and carbenes), 
and Lewis bases (mostly phosphines, 4-(dimethylamino) 
pyridine (DMAP), guanidines, and carbenes). Combination of 
two amphiphilic catalysts, within the same molecule or not, 
leads to bifunctional systems, but the strength of each antago
nistic reactive center has to be moderate enough so as to not 
quench the system (e.g., a strong Bronsted acid combined with a 
strong Bronsted base will react together preventing any mono
mer activation). Most of the systems reported involved a basic
nucleophilic-type function, associated with a weak 
acid-electrophile. Note that thiourea (TU) derivatives can be 
considered as weak electrophiles due to their H-bonding donor 
ability.31 Such organic catalytic systems lead to cooperative acti
vation of the monomer and initiator (see Section 4.06.3.3.4). In 
this respect, bifunctional organocatalysts find analogies with 
multicentered enzymatic catalysis, which allows synergistic 
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Scheme 1 Examples of metal-free initiated polymerizations. 

interactions with the different reaction partners with high selec
tivities. A typical example of a dual activation by hydrogen 
bonding is provided by the bicyclic guanidine 1,5,7-triazabicy
clo[4.4.0]dec-5-ene (TBD) (Section 4.06.5) or  by  combination  
of a TU moiety with an amino group (Section 4.06.6) in  a  
mono- or a bicomponent catalytic system. 

Many of the aforementioned organic catalysts provide high 
rates and selectivities, tolerance to functional groups, easy 
handling, and environmental friendliness and sometimes 
offer opportunities for new synthetic strategies.5,6 

4.06.3.1.1 4-(Dialkylamino)pyridines 
4-(Dialkylamino)pyridines (Figure 1) behave either as weak 
bases or as nucleophiles via the sp2-hybridized nitrogen atom. 
DMAP and 4-pyrrolidinopyridine (PPY), which are commer
cially available, are prototypes of such 4-aminopyridine 
derivatives. In molecular chemistry, these compounds have 
proven efficient in acylation transesterification reactions.32,33 

Section 4.06.4 will discuss their use for the organocatalyzed 
ROP of carbonyl-containing heterocycles. 

4.06.3.1.2 Guanidines and amidines 
The guanidine moiety is present in many natural products where 
its catalytic activity has been established.34 Representative exam
ples of these organocatalysts are shown in Figure 1. They include 
7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), DBU, 
and the aforementioned TBD. In terms of basicity, TBD is 
more basic than MTBD and DBU: pKa(MTBDH+) = 25.5, 
pKa(DBUH+) = 24.3, and pKa(TBDH+) = 26.0, as determined in 
acetonitrile and where pKa is given with regard to the cationized 
conjugated acid of each base. For the sake of comparison, the 
pKa value of (–)-sparteine, a base often employed in combina
tion with TU in organocatalysis, is equal to 17.3. TBD is 
commercially available. The synthesis of specific acyclic guani
dines can be performed by reaction of carbodiimides with 
secondary amines.35 

Literature in molecular chemistry has shown that TBD can 
be employed as a strong base for a variety of reactions, includ
ing Michael additions,36 Wittig reactions,37 enantioselective 

Strecker synthesis of R-aminonitriles and R-amino acids,38 or 
transesterification reactions.39 Section 4.06.5 will highlight the 
higher catalytic efficacy of TBD over MTB and DBU for various 
organocatalyzed polymerizations. 

2-Amino-oxazoline and 2-aminothiazoline (Figure 1) are 
organocatalysts whose structure exhibits similarities with 
that of TBD.40 Indeed, both 2-aminothiazoline and 
2-amino-oxazolines have a three-centered –N=C–NH– moiety, 
like TBD. These catalysts were shown to provide a dual activa
tion in the organocatalyzed ROP of lactide. 

4.06.3.1.3 TU-amino derivatives 
Ureas and TUs are hydrogen-donating compounds that can 
easily activate carbonyl-, sulfoxide-, or nitro-containing sub
strates19,35 and can be viewed as weak electrophile.31 In 
molecular synthesis, a variety of chiral urea- and TU-based 
catalysts have been employed for stereoselective C–C bond 
forming reactions, including the Strecker, Mannich, Pictet– 
Spengler reactions, and aza-Henry and Michael reactions.41–53 

As mentioned above, bifunctional TU-amino derivatives allow 
for an activation of carbonyl substrate in a dual manner, when 
the TU moiety is combined with an amino-functionality in a 

system.45,46,54,55mono- or a bicomponent catalytic The 
strength of hydrogen bonding can be finely tuned through a 
proper selection of substituents both on the TU and on the 
amine. 

4.06.3.1.4 Phosphorus-based catalysts: Phosphines and 
phosphazenes 
Tertiary phosphines are known to behave as Lewis bases in 
acylation reactions that proceed through a nucleophilic activa
tion mechanism (see Section 4.06.7 for possible mechanisms 
operating in organocatalyzed polymerization).56,57 Their use as 
nucleophilic catalysts in enantioselective processes, which 
include the addition of alcohols to ketenes, the rearrangement 
of O-acylated azlactones, and the kinetic resolution of alcohols, 
is also well documented.58–63 

Surprisingly, and to the best of our knowledge, while phos
phines have been used to directly initiate several metal-free 
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(noncatalyzed) polymerizations (see Section 4.06.2), there is 
only one report about their use as true organic catalysts (and 
not as initiators).64 In these circumstances trialkyl- and triaryl
phosphines such as PBu3, PPh3, PPheMe2, and PPh2Me have 
been employed (Section 4.06.7). 

Phosphazenes such as (tert-butylimino)-tris(dimethyla
mino)phosphorane (t-BuP1), {[(tert-butylimino)bis 
(dimethylamino)phosphoranyl]imino}tris(dimethylamino) 
phosphorane (t-BuP2), (tert-butylimino)tris{[tris(dimethyla
mino)phosphoranylidene]amino}phosphorane (t-BuP4), and 
2-(tert-butylimino)-2-(diethylamino)-1,3-dimethylperhydro
1,3,2-diazaphosphorinane (BEMP) were developed by 
Schwesinger and Schlemper.65 They are generally considered 
as strong, nonnucleophilic, neutral Bronsted bases, high pKa 

value characterizing their conjugated acid (pKa = 27.6, 30.2, 
and 27.6 for the conjugate acid of t-BuP1, t-BuP4, and BEMP, 
respectively, as measured in acetonitrile and dimethyl sulf
oxide).66 Generally speaking, phosphazenes are thus more 
basic by approximately 2–3 pKa units than guanidines such 
as DBU and MTBD (pKa around 24.3–25.5 for the corre
sponding acids). For this reason, phosphazenes have 
exclusively served as strongly basic deprotonating agents of 
acidic OH-, SH-, or CH-containing initiators in metal-free 
polymerizations (see Section 4.06.7). 

4.06.3.1.5 N-heterocyclic carbenes 
N-heterocyclic carbenes (NHCs) are a specific subgroup of car-
benes, which are neutral divalent species of carbon, possessing 
six peripheral electrons in their valence shell. Four of them are 
involved in two σ-bonds while the two nonbonding electrons 
remain at the central carbon. When the carbene center is not 
properly substituted, these species are highly reactive with life
time typically under 1 s (0.1–1ns).67 The first isolated stable 
carbene was a non-NHC acyclic (phosphinosilyl)carbene, 
synthesized by Igau et al. in 1988.68 A few years later, Arduengo 
et al.69 succeeded in isolating the first NHC, 1,3
diadamantylimidazol-2-ylidene. Variation of R1–R4 substituents 
of NHCs offers opportunities to tune both the electronic and 
steric properties, hence modulating their reactivity/nucleophili
city. Since these pioneering works on stable carbenes, these 
species have received considerable attention in molecular synth
esis70–72 and, more recently, in macromolecular chemistry as 
well.5,6 Thanks to their peculiar electronic properties, stable 
singlet carbenes, and in particular NHCs, have become not 
only versatile ligands for transition metals73–77 but also power
ful organocatalysts for a variety of organic transformations. 
Many of these NHC-catalyzed reactions are based on the activa
tion of the carbonyl group (e.g., benzoin condensation, Stetter 
reaction, and transesterification),70,72 though other electrophilic 
groups such as trimethylsilyl can be activated (e.g.,cyanosilyla
tion or (trifluoromethyl)silylation reactions).78 

NHCs are generally obtained by deprotonation of their 
conjugate acids, namely imidazoli(ni)um salts, with a strong 
base. Excellent reviews can be found on the synthesis of car-
benes, their electronic properties, their reactivity, and means to 
manipulate these catalysts.70,75,79,80 

The pKa values of some carbenes were determined both 
experimentally and theoretically and they range between 15 
and 30 (pKa values of corresponding azolium salts in water at 
25 °C: NHC2 � 25, NHC5 and NHC6 � 21, see Figure 1).81 

4.06.3.1.6 Bronsted acids 
Besides strong Bronsted acids, such as trifluoromethanesulfo
nic acid (CF3SO3H also denoted TfOH), recent years have 
witnessed the development of so-called superstrong Bronsted 
acids as powerful catalysts in organic synthesis. Of particular 
interest are sulfonimide-type acids, whose prototype bis(tri
fluoromethanesulfonyl)imide (CF3SO2)2NH (Tf2NH) 
allowed significant achievements in molecular chemistry for a 
variety of C–C bond forming reactions.82–84 Penczek pioneered 
the use of Bronsted acids to trigger the ROP of cyclic ethers in 
the late 1980s (see Section 4.06.9). Among acid-containing 
catalysts, strong and superstrong acids such as methanesulfonic 
acid (CH3SO3H), CF3SO3H, or (CF3SO2)2NH have been the 
most studied. Nevertheless, not only weak acids such as car
boxylic acids (e.g., CF3CO2H) but also naturally occurring 
α-hydroxyacids and α-amino acids can serve as organocatalysts 
of polymerization (Figure 1). 

4.06.3.2 Monomer Candidates 

Figure 2 shows the different families of monomers that were 
subjected to an organocatalyzed polymerization pathway, with 
their name and abbreviation as will be used hereafter. In their vast 
majority, monomers amenable to organocatalyzed polymeriza
tions are heterocyclics, which are the main focus of this chapter. 
In particular, carbonyl-containing heterocyclics were subjected to 
ROP by almost all categories of the aforementioned organic 
catalysts. Carbonyl heterocycles thus include lactide (both in its 
racemic and enantiopure versions, rac-LA and DD- or  LL-LA, respec
tively), lactones, cyclic carbonates, NCAs, and 1,3-dioxolane
2,4-diones, referred to as O-carboxyanhydrides (OCAs). In the 
two latter cases, the driving force of the polymerization is the 
evolution of a CO2 molecule in each propagation step. For 
instance, the ROP of L-Lac-OCA proved a competitive synthetic 
route to poly(LA) (=PLA) compared with the ROP of LA.85 Due to 
space limitation, the synthesis of specific monomers that were 
thus polymerized by an organocatalyzed pathway cannot be 
detailed. Related information can be found in the original reports. 

Many of these heterocycles are commercially available. They 
arise from petroleum as source, except LA. Methyl-substituted 
seven-membered ring carbonates (7CCs), namely 4-methyl
and 5-methyl-1,3-dioxepan-2-one (R-Me7CC and β-Me7CC), 
have been synthesized by cyclization of the corresponding 
α,ω-diols drawn from green renewable acids.86 

Specific monomers incorporating functional groups in a 
protected form, for example, protected functional cyclic carbo
nates or L-Glu-OCA or (3S)-3-{2-[(benzyloxy)carbonyl]ethyl}
1,4-dioxane-2,5-dione (BED), were purposely designed, 
sometimes via multistep synthetic methods.87–89 Introduction 
of pendant functional groups in the resulting polymers was 
aimed at bestowing better degradation properties and greater 
hydrophilicity of these materials. 

Less polar cyclic monomers, such as ethylene oxide (EO), 
propylene oxide (PO), cyclosiloxanes and cyclocarbosiloxanes, 
have also been reported to undergo a metal-free ROP, in parti
cular using NHCs as organocatalysts. 

Besides, a few examples of polymers grown (or depolymerized) 
by GTP of (meth)acrylics and step-growth (de)polymerizations, 
employing NHCs (and more recently TBD), were also described. 
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Figure 2 Monomers polymerized via an organocatalytic pathway. 

4.06.3.3 General Polymerization Mechanisms 

Since organic catalysts may operate differently as compared 
with metal-based ones, they may offer a diversity of mechan
istic pathways to control the polymerization. In the particular 
case of the ROP of heterocycles, four distinct mechanisms can 
be singled out, depending upon the nature of the active center 
of the organocatalyst (acid vs. base and/or electrophilic vs. 
nucleophilic) used.6 In the presence of a purposely added 
‘chain regulator’, that is, an initiator controlling the resulting 
polymer chain length (typically an alcohol in the following 
examples), the organocatalyst can activate either the latter 
initiator and then the polymer chain ends after repetitive pro
pagation steps or the monomer substrate or both via a 
cooperative dual activation. 

Polymerization proceeding by activation of the monomer is 
referred to as the ‘activated monomer mechanism’ (AMM) – 
both nucleophilic and electrophilic – whereas polymerization 
by activation of the initiator/polymer chain ends is referred to 
as the ‘active chain end mechanism’ (ACEM). Note that, in the 
context of true organocatalysis, only basic catalysts are able to 

promote ACEM. Although out of the main focus of this chapter, 
the so-called dissociative versus associative polymerization 
mechanism operating in the GTP of (meth)acrylic monomers 
mediated by organic catalysts (e.g., ammonium fluoride, strong 
acids, or NHCs) is another example of initiator/polymer chain 
end activation. In some cases, it is unclear whether polymeriza
tion occurs solely by monomer activation, initiator activation, 
or both. Sometimes, one mechanism is exclusive (as in the case 
of bulky nonnucleophilic phosphazenes, which operate as 
strong bases to activate the initiator), but in general, different 
mechanisms may be operative concomitantly. 

4.06.3.3.1 Nucleophilic AMM 
AMM has been suggested in the early 1970s for several polymer
izations involving organometallic species. A typical example is 
the ROP of ε-caprolactam by lithium amides, as illustrated in 
Scheme 2.90 With the recently developed nucleophilic organic 
catalysts, the nucleophilic AMM proceeds by a direct attack of 
the cyclic monomer by the catalyst Nu (Scheme 3). This ring 
opening generates a zwitterionic intermediate, typically an 
alkoxide featuring a bulky and soft countercation, for example, 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 2 ROP of ε-caprolactam by lithium amides (nucleophilic activated monomer).90 

Scheme 3 AMM via nucleophilic monomer activation. 

pyridinium and imidazolinium when DMAP or a NHC is used. 
Protonation of this zwitterionic ‘activated monomer’ by the 
alcohol initiator (ROH), and subsequent displacement of the 
bound catalyst by the alkoxide arising from the initiator (RO−), 
generates a ring-opened alcohol monoadduct, with concomitant 
release of the organic catalyst. The next propagation step pro
ceeds in the same way, that is, by activation of the monomer, 
except that this is the alcohol monoadduct which reacts with the 
activated monomer. This nucleophilic AMM mechanism has 
been proposed for miscellaneous nucleophilic organocatalysts, 
including DMAP, PPY, trialkyl- and triarylphosphines, and 
NHCs (Scheme 3). 

4.06.3.3.2 Electrophilic AMM 
As already mentioned, the AMM induced by Lewis or Bronsted 
acids has been established, in particular by the group of 
Penczek et al.,91,92 for the ROP of cyclic ethers. In this case, 
the electrophilic (acidic) catalyst activates the cyclic monomer 
through protonation of the heteroatom (e.g., the oxygen of 
the carbonyl group for cyclic esters or the oxygen atom of 
cyclic ethers, Scheme 4). The resulting activated monomer 
undergoes ring opening by nucleophilic attack of the oxygen 
of the alcohol initiator (or polymer chain end), leading to the 
formation of the monoadduct alcohol, while the acidic cata
lyst is regenerated. Strong and weak acids have been reported 
to induce such an electrophilic AMM in the case of the ROP of 
epoxides, LA, lactones, or cyclic carbonates (Scheme 4, 
see also Section 4.06.9). 

4.06.3.3.3 Active chain end mechanism 
ACEM occurs in the anionic or ionic coordinated ROP of many 
heterocycles mediated by organometallic species. Propagation 
occurs by the direct attack of the active chain end (an alkoxide, 
a carboxylate, a silanolate, and a thiolate, depending on the 
cyclic monomer involved) on the cyclic monomer. With 
metal-free organic catalysts, a similar mechanism can operate 
but under milder conditions, where the basic catalyst typically 
activates the initiator (or the polymer chain end), most often by 
hydrogen bonding thereby increasing its nucleophilicity, which 
favors the attack on the cyclic monomer (Scheme 5). Note that 
depending on the pKa difference between the initiating alcohol 
and the Bronsted base, the RO–H proton can be completely 
transferred to the basic site, thus generating an alkoxide. In fact, 
the extent of proton transfer will greatly vary with the nature of 
the alcohol and the basicity of the catalyst. 

4.06.3.3.4 Dual activation of monomer and initiator/chain 
end 
Cooperative dual activation of both the monomer and the 
initiator/polymer chain ends can be operative with specific 
catalysts (e.g., TU-amino derivatives, TBD, or even DMAP) as 
a means to trigger the ROP of cyclic esters. Here also, analogies 
can be found with some metal-based catalysts which have been 
suggested to behave by such a dual activation (Scheme 6).27 

Using true organic catalysts for ROP implies that an electro
philic moiety (typically proton) activates the heteroatom of the 

Scheme 4 AMM via acid (A) monomer activation. 
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Scheme 5 Basic active initiator/chain end mechanism (ACEM). 

Scheme 6 Acid-basic bifunctional activation. 

cyclic monomer, while a base interacts with the proton of the 
alcohol initiator, increasing its nucleophilicity.	 

4.06.4 Polymerizations Catalyzed by 4-(Dialkylamino) 
pyridines 

An overview of the main monomers polymerized from these 
organocatalysts and related formed polymers is shown in 
Figure 3. Table 1 summarizes the different works employing 
DMAP or PPY for the ROP of a few heterocycles, including 
trimethylene carbonate (TMC), LA, ε-CL, and OCAs, in the 
presence of hydroxy- or amino-containing initiators. 

Kricheldorf et al.97 have reported that pyridines can be 
directly used as organic nucleophilic initiators for the 
metal-free – but noncatalyzed – zwitterionic ring-opening 
polymerization (ZROP) of pivalolactone (Scheme 7). Linear 
zwitterionic aliphatic polyesters, with a pyridinium and a car
boxylate group, in α- and ω-position respectively, are formed in 
this way. 

In polymer synthesis, DMAP is among the first employed 
organocatalyst. In 2001, Nederberg et al.24 indeed reported the 
‘first organocatalytic living polymerization’ of LA mediated 
either by DMAP or PPY, in the presence of ethanol, isopropa-
nol, or benzyl alcohol as initiator (Table 1, entry 1). PLAs with 
a predictable degree of polymerization (from 5 to 120) and a 
dispersity below 1.2 could be achieved under relatively mild 

Figure 3 Overview of main polymers obtained from 4-(dialkylamino)pyridines as catalysts. 
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Table 1 Representative examples of ROP catalyzed by 4-(dialkylamino)pyridines 

T Conv Mn 

Entry Catalyst Monomer Bulk/solvent Initiator [C]/[I]0 t ( °C) (%) (g mol−1) D Reference 

1 DMAP, Lactide Dichloromethane EtOH, BnOH, 0.1–4  20–96 h 35 17– 720–11 000 < 1.16 24 
PPY i-PrOH 100 

Bulk BnOH 2–4 6–20 min 135– 70– 4 200–17 000 
185 100 

2 DMAP Lactide Bulk Ru-complex 3.5–7 10 min 135 < 50 6 600–57 000 < 1.26 95 
OH-pendant (stars) 
groups 

3 DMAP ε-CL Water Chitosan 2 24 h 120 17– NM NM 94 
NH2-pendant 64 
groups 

4 DMAP L-lac-OCA Dichloromethane neo-pentanol/2° 1  <  5–1140 25 > 96 1 200–63 000 < 1.22 85 
alcohols min 

5 DMAP L-glu- Dichloromethane n-pentanol/ 1  <  5–90 25 > 96 3 000–18 000 < 1.25 88 
OCA neo-pentanol min 

6 DMAP BED Dichloromethane n-pentanol 1–5 7–24 h 30 > 98 3 000–19 000 < 1.27 89 
7 DMAP TMC Bulk BnOH 0.05–0.2 5– 150 min 60–150 50–98 

5 000–42 000 1.18–1.62 93 
8 DMAP β-Me7CC Bulk BnOH 1 1 h 110 87 8 500 1.21 86 
9 DMAP/DMAP.HX Lactide Dichloromethane 1° and 2° 1–5  24–48 h 25 or 30– 900–13 000 < 1.17 96 

(1/5–5/1) alcohols 40 100 

NM, not mentioned. 
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Scheme 7 Metal-free initiated ZROP of pivalolactone.97 

conditions (bulk at 135 °C or in CH2Cl2 at 35 °C), though 
0.1–4 equiv. of amine relative to the initiating alcohol was 
employed. It was also possible to immobilize DMAP onto 
cross-linked polystyrene particles and thus perform the ROP 
of LA from such polymer-supported organocatalysts, allowing 
its easy recovery by simple filtration. 

A significant advantage of DMAP is its high selectivity of 
propagation in the ring opening of cyclic esters and resistance 
to adverse intra and/or intermolecular transesterifications 
(chain reshuffling). 

DMAP was also found compatible with a metal-centered 
tris-hydroxylated initiator, namely [Ru(bpyPLA2)3](PF6)2, so as  

to produce three-arm PLA stars with luminescent tris(2,2′
bipyridine)ruthenium centers (Table 1, entry 2).95 

In 2006, Feng and Dong94 applied the DMAP-induced ROP 
to prepare a series of biodegradable graft copolymers consisting 
of a naturally occurring chitosan backbone and poly(ε-capro
lactone) (PCL) grafts (entry 3). They employed 2 equiv. of 
DMAP relative to the amino groups carried by chitosan and 
water as swelling agent. The grafting density could be finely 
tuned through the [ε-CL]/[chitosan] molar feed ratio. It was 
shown that initiation took place from the primary 
amino-functions of chitosan rather than from the hydroxyl 
groups, in agreement with the higher nucleophilicity of 

(c) 2013 Elsevier Inc. All Rights Reserved.
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amino versus alcohol functions. However, the extent of amino 
groups participating in the initiation was found to decrease, as 
the [ε-CL]/[chitosan] ratio increased, which was ascribed to the 
progressive heterogeneity of the aqueous reaction mixture. 

Relatively slow reaction times characterize the 
DMAP-catalyzed ROP of cyclic esters, in spite of a catalyst 
concentration in the order of that of initiator (Table 1). LA 
could be polymerized by both DMAP and PPY as organic 
catalysts, either in solution or in the melt.24,25 

In contrast, the lactide equivalent O-carboxyanhydride 
(L-Lac-OCA) was polymerized much more rapidly than LA, in 
the presence of DMAP and an equivalent of either primary or 
secondary alcohols as initiators (Table 1, entry 4) typically 
within a few minutes at room temperature (vs. a few days at 
35 °C for LA) for the [L-Lac-OCA]/[n-pentanol]/[DMAP] ratio 
equal to 20/1/1.85 

The attack of DMAP at the more electrophilic carbonyl 
group of the monomer was postulated, followed by an 
exchange of proton with the hydroxyl-containing initiator or 
polymer chain end and decarboxylation (Scheme 8), the poly
merization thus occurring through an AMM. The same group 
also reported the DMAP-mediated ROP of OCA derived from 
glutamic acid (L-Glu-OCA, Figure 2).88 This functional mono
mer was found to exhibit a much higher reactivity compared 
with its 1,4-dioxane-2,5-dione homolog. Here also, 1 equiv. of 
DMAP relative to the initiator was employed (entry 5). 
Metal-free aliphatic (co)polyesters featuring pendant protected 
carboxylic acid groups in the form of benzyl esters could thus 
be obtained. Such polymers were prepared with degree of 
polymerization (DP) up to 100 in dichloromethane at room 
temperature, using n- or 2,2-bis(hydroxymethyl)propane
1,3-diol (neo-pentanol) as initiator, with a good polymer 
chain end fidelity. Complete deprotection of the pendant 
COOH groups could be readily achieved by hydrogenolysis. 
Synthesis of both random and block copolymerization of 
L-Glu-OCA and L-Lac-OCA was also investigated. Block copo
lymers were synthesized by the DMAP-catalyzed sequential 
ROP of both monomers, whereas access to various statistical 
copolymers was possible by varying the L-Glu-OCA to 

L-Lac-OCA ratios from 1:10 to 1:1. The random character of 
these copolymers was supported by analysis using 13C NMR 
spectroscopy. A comparative study finally showed that the 
functionalized monomer, L-Glu-OCA, was slightly more reac
tive than L-Lac-OCA. 

DMAP-induced ROP of (3S)-3-{2-[(benzyloxy)carbonyl] 
ethyl}-1,4-dioxane-2,5-dione (BED, Figure 2) was also recently 
investigated by du Boullay et al.89 Well-defined polymers of 
molar masses up to 36 000 g mol−1 were obtained at 30 °C in 
dichloromethane ([BED]0 = 1 mol l−1) and n-pentanol as initia
tor (entry 6). Complete conversion was achieved in a few 
hours. Under these conditions, BED showed a slightly higher 
reactivity compared with LA. Deprotection of the pendant car
boxylic groups was achieved by hydrogenolysis (Scheme 9). 
However, a bicomponent catalytic system based on TU and 
(–)-sparteine was found significantly more active than DMAP 
(see Section 4.06.6). 

Two recent studies by Brignou et al.86 and Helou et al.93 

showed that substoichiometric amounts of DMAP relative to 
the alcoholic initiator could be employed to polymerize 
six-membered cyclic carbonates (entry 7). Polymerizations were 
performed in bulk (solvent-free conditions) in a range of tem
peratures between 60 and 150 °C. The ROP of the 
seven-membered cyclic carbonates (entry 8) was conducted with 
equimolar amounts of DMAP relative to the OH-containing 
initiator which also required higher temperature (110 °C) com
pared with organometallic complexes used as catalysts. 

An AMM was originally put forward to account for the ROP 
of LA, via a direct nucleophilic attack of DMAP onto the carbo
nyl function of the cyclic ester (see Scheme 1).24,85 However, 
on the basis of computational investigations of model reac
tions in the case of DMAP-catalyzed ROP of LA and Lac-OCA, 
Bonduelle et al.98 suggested that an ACEM, where DMAP acti
vates the alcohol through hydrogen bonding, was energetically 
more favorable (Scheme 10). The ACEM provided, indeed, the 
lower energy profile compared with the AMM involving 
N-acylpyridinium intermediates.98 The authors demonstrated 
the key role of multiple hydrogen bonding, as well as the 
possibility of DMAP to act not only as a base but also as a 

Scheme 8 Polymerization of L-Lac-OCA initiated by ROH and catalyzed by DMAP (AMM).85 

Scheme 9 Deprotection of PBED pendant carboxylic groups by hydrogenolysis.89 
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Scheme 10 Mechanism proposed for DMAP-catalyzed ROP of LA and L-lac-OCA on the basis of computational studies by Bonduelle et al.98 

bifunctional catalyst, through its basic nitrogen center and an 
acid ortho-hydrogen atom. 

In 2010, Kadota et al.96 employed DMAP coexisting with 
equimolar amounts of its conjugate acid, that is, in its pro
tonated form (DMAP/HX), to trigger the organocatalyzed 
ROP of LA in the presence of various alcohols as initiators. 
Such a combination provided cooperative activation by 
H-bondings of both the PLA chain end and the monomer 
(Scheme 11). Such bicomponent catalytic systems should 
thus be also categorized as dual catalysts (see Section 
4.06.3.3.4). These organocatalytic systems, where the coun
teranion X− could be varied, were found significantly more 
active than DMAP alone, with a rate enhancement in the 
order X = CF3SO3 >CH3SO3 > Cl. Control of molar masses up 
to 13000 gmol−1 and PLA with relatively narrow dispersities 
were obtained at room temperature after 24–48 h (entry 9). 

4.06.5 Polymerizations Catalyzed by Amidines 

Representative examples of amidines are shown in Figure 1; 
see also Table 2 and Figure 4 for a summary of potentials 
offered by these organocatalysts. First attempts to polymerize 
ε-CL, LA, and glycolide using hexaalkylguanidinium salts 
(HAGs) as direct initiators – not catalysts – were reported by 
Li et al.102 These metal-free polymerizations were performed in 
bulk at 120 °C. However, a relatively poor control over molar 
masses and dispersities was obtained (Table 2, entry 1). 

Both MTBD and DBU efficiently catalyze the ROP of LA, 
leading to well-defined PLAs with a DP up to 500, a dispersity 
lower than 1.1 in less than 1 h, and a turnover frequency (TOF) 
�0.05 s−1 (entry 2).103 However, broadening of molar mass 
distribution due to transesterification was observed at high con
versions. Attempts to catalyze the ROP of other heterocyclic 

Scheme 11 Cooperative activation by H-bondings proposed for the ROP of LA catalyzed by DMAP+DMAP/HX.96 
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Figure 4 Overview of polymers obtained from amidines as catalysts. 

substrates including ethylene oxide (EO), β-butyrolactone (βb-
BL), δ-valerolactone (δ-VL), or ε-caprolactone (ε-CL) or carbosi
loxanes by MTBD and/or DBU met with very limited 
success.100,103 Improvements were observed when employing 
these organocatalysts in combination with TU (see next section). 

In contrast, TBD proved highly active in the ROP of LA, δ-VL, 
ε-CL, methylcarboxytrimethylene carbonate (MTC), TMC, and 
even noncarbonyl monomers such as carbosiloxanes with excep
tionally high rates, rivaling the carbene organocatalysts (Section 
4.06.8) in TOF.99,104,107 TBD exhibited a much higher reactivity 
toward the ROP of LA and TMC than its substituted analog, MTBD 
(TOF = 81 vs. 0.002 s−1 and TOF = 0.1 s−1 vs. 0.1 h−1 for the ROP of 
LA and TMC, respectively). For instance, polymerization of LA in 
CH2Cl2 using 0.1% catalyst relative to monomer and 1% of 
4-pyrenebutanol (PBuOH) gave a well-defined PLA in seconds 
at room temperature (entries 2 and 3, Table 2). At the completion 
of these polymerizations, however, TBD also catalyzed transester
ification reactions of the resulting aliphatic polyester, as indicated 
by the broadening of the molar mass distribution. As a matter of 
fact, poor reliability of the presence of end groups was noted. Yet, 
TBD could be quenched, before it catalyzed transesterification of 
PLA chains, simply by adding benzoic acid. 

Note that ROP of β-BL cannot be performed at room tempera
ture by TBD due to the formation of a stable hydrogen-bonded 

12).106intermediate with the catalyst (Scheme In contrast, 
TBD-catalyzed ROP of δ-VL was carried out in benzene 
solution and was found more slowly than that of LA, 
leading to poly(δ-valerolactone) (PVL) with a molar mass 
of 14 500 gmol−1 and a dispersity of 1.09. A significant 
increase in dispersity was noted for PCL prepared by ROP 
of ε-CL catalyzed by TBD.103 

Use of monohydroxy-functionalized polymers as macroini
tiators (e.g., poly(ethylene oxide), PEO; poly(styrene), PS; and 
poly(N,N-dimethylacrylamide), PDMA) allowed the synthesis 
of block copolymers with PLA, P(δ-VL), and P(ε-CL) as second 
block. Interestingly, sequential ROP of cyclic esters of different 
reactivity employing TBD could be achieved at room tempera
ture. Aliphatic block copolyesters could thus be obtained, by 
polymerizing first the slower propagating monomer to high 
conversion and subsequently adding the second monomer.103 

No transetherification was noted at full conversion in the 
case of the TBD-catalyzed ROP of carbosiloxanes (entry 6), in 
contrast to the situation prevailing for NHCs (see Section 
4.06.8).100 Bulk polymerization at 65 °C or solution polymer
ization (2.0 M in CH2Cl2) at room temperature of TMC was 
also efficiently accomplished in the presence of MTBD, TBD, 
and DBU organocatalysts, providing good control over molar 
mass and dispersity (entries 4 and 5, Table 2).99 

Polycarbonates with Mn up to 40 000 gmol−1 and dispersity 
below 1.08 were obtained in this way. Random copoly 
(ester-co-carbonate)s were also prepared by copolymerizing 
TMC and δ-VL in bulk. Synthesis of block copolymers featuring 
biodegradable PTMC blocks could also be achieved by com
bining distinct polymerization techniques, for example, 
nitroxide-mediated polymerization (NMP) or reversible addi
tion fragmentation chain transfer (RAFT) polymerization with 
TBD-catalyzed ROP of TMC. 

Whereas DBU and MTBD seem to only activate the alcohol 
initiator by ACEM (Scheme 13),99,103 the unique activity of 
TBD catalyst was explained by its bifunctionality during ROP of 
LA, involving a H-bonding mechanism (Scheme 14). This was 
supported by computational studies which provided the lower 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 2 Representative examples of the ROP catalyzed by amidines 

T Conv Mn 

Entry Catalyst Monomer Bulk/solvent Initiator [C]/[I]0 t ( °C) (%) (g mol−1) D References 

1 Lactide, Bulk HAGsa 72–336 h 120 > 90 2 000–21 000 1.6–2.2 102 
ε-CL, 
glycolide 

2 TBD, MTBD, Lactide Dichloromethane PBuOH 0.1–5 20 s to 1 h RT 92–99 18 000–85 000 1.05–1.19 103 
DBU 

3 TBD Lactide Dichloromethane, PBuOH 0.1–0.6 20 s to 8 h RT 52–99 4 000–62 000 1.05–1.19 103, 104 
chloroform 

ε-CL, δ-VL Benzene 
4 TBD, MTBD, TMC Dichloromethane BnOH 0.01 15–480 min RT > 99 4 000–38 000 1.04–1.32 99 

DBU 
5 DBU Bulk 30 min 65 3 000 1.09–1.15 
6 TBD TMOSC Toluene PBuOH 0.7–1 30 min to RT > 76 7 000–23 000 < 1.05 100 

26 h 
D3 1 NM NM NM < 1.2 

7 AG1, AG2, Lactide Dichloromethane PBuOH 1 20–40 min RT 50–99 17 600–37 000 1.04–1.49 107 
AG3 

8 TBD Lactide Dichloromethane PCN OH �0.07 80 min 0 305 000 2.34 105 
pendant (grafted) 
groups 

9 TBD TMC Bulk BnOH 0.005–0.2 5 min to 60–150 82–99 5 000–45 000 1.52–1.85 93 
15 h 

Dichloromethane 1 6 h RT 99 43 000 1.31 
10 TBD β-Me7CC Bulk BnOH 1 60 min 110 100 10 000 1.4 86 

Toluene 75 min 7 000 1.23 
11 Amino- Lactide Dichloromethane neo-pentanol 0.7–7 8–48 h 22–60 11–98 1 000–20 000 1.04–1.33 40 

oxazolines 

a Terminated with H2O. 

energy profile in the case of such a dual activation, relatively to 
a nucleophilic AMM involving an acyl–TBD intermedi
ate.106,108 TBD would thus simultaneously activate both the 
alcohol and the carbonyl group of the cyclic ester by 
H-bonding. In molecular chemistry, bicyclic guanidine cata
lysts were also found to provide such hydrogen bonding for 
the enantioselective Strecker reaction of R-aminonitriles and 
R-amino acids.35 

The acyclic guanidines synthesized by reaction of carbodii-
Scheme 12 Stable intermediate between TBD and β-BL.106 mides with secondary amines were also shown to catalyze the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 13 Proposed mechanism (ACEM) for the ROP of cyclic esters catalyzed by MTBD or DBU.99,103 

Scheme 14 Proposed mechanism (bifunctional activation) for the ROP of cyclic esters catalyzed by TBD (computational study).106,108 

ROP of LA (Table 2, entry 7), though providing lower rates of 
reactions as compared with TBD under the same conditions.107 

Polymerizations were performed in CH2Cl2 (2 M) with equimo
lar amounts of catalyst relative to initiator (4-pyrenebutanol), 
corresponding to 1 mol.% relative to monomer. PLAs were 
obtained in approximately 40 min in nearly quantitative yield 
and high end-group fidelity was demonstrated. The molar 
masses were varied from 17 600 to 37 000 g mol−1 with a dis
persity lower than 1.1. Though less basic than TBD, these 
guanidines were also found to be hydrogen donors and, simi
larly to TBD, could catalyze the reaction by activation of the 
alcohol initiator through hydrogen bonding. 

TBD-catalyzed ROP of LA was recently applied by Theryo 
et al. to the synthesis of graft copolymers consisting of a rubbery 
backbone (Tg ≈ –80 °C) and PLA grafts.105 A statistical copoly
mer was first synthesized by ring-opening metathesis 
copolymerization (ROMP) of 1,5-cyclooctadiene and 5
norbornene-2-methanol in the presence of the 
second-generation Grubbs’ catalyst. The PLA grafts were then 
grown from the statistically distributed pendant primary hydro
xyl groups by TBD-catalyzed ROP of LA, following a grafting 
from approach (entry 8). A chain transfer agent, namely (Z)-1,4
diacetoxybut-2-ene, was used to control the chain length of the 
ROMP-derived rubbery copolymer. Despite a large composi
tional asymmetry, these graft copolymers exhibited a 
microphase-separated morphology and an improved tensile 
ductility compared with neat PLA homopolymer. 

Works by Brignou et al.86 and Helou et al.93 showed that 
very low amounts (as low as 10 ppm) of TBD could efficiently 
catalyze the ROP of six- and seven-membered cyclic carbonates 
(TMC, 3,3-dimethoxytrimethylene carbonate (DMTMC), 
3-benzyloxytrimethylene carbonate (BTMC), or methyl
tetramethylene carbonate (Me7CC) in Figure 2) in bulk, in 

the presence of benzyl alcohol, though relatively high tempera
tures (60–150 °C) were required to counterbalance the low 
catalyst loading (entries 9 and 10, Table 2). At 110 °C, for 
instance, 500 equiv. of monomer was converted within 5 min 
(vs. 30 min at 60 °C). Interestingly, 10 000 equiv. of the 
technical-grade unpurified TMC monomer could be almost 
quantitatively polymerized in the presence of 200 equiv. of 
alcohol, in contrast to organometallic catalytic systems. The 
highest activity was obtained for TBD-catalyzed ROP of puri
fied TMC at 150 °C: TOF = 49 200–55 800 h−1. The molar mass 
distribution of polycarbonates prepared in bulk was slightly 
larger than that observed for solution polymerization, owing to 
the higher probability of side reactions such as transesterifica
tion and/or transcarbonation reactions. 

As mentioned above, 2-amino-oxazoline and 
2-aminothiazoline show structural analogies with TBD (see 
Figure 1). The ROP of LA at room temperature in CH2Cl2 

mediated by these organocatalysts (7 mol.% loading relative 
to monomer), in the presence of neo-pentanol (2,2
dimethylpropan-1-ol) as initiator, was found to be well con
trolled (entry 11), as described by Becker et al.40 The more 
active catalysts were the more electron-rich derivatives, in par
ticular that featuring a 2-cyclohexylamino substitution on the 
thiazoline ring. The polymerization kinetics was found to be 
first order with respect to monomer, initiator, and catalyst. 
Significant interactions between the three components were 
also noted, suggesting that these catalysts, like TBD, provide a 
dual activation of both the monomer substrate and initiator by 
hydrogen bonding (Scheme 15). Upon increasing the reaction 
time, however, transesterification side reactions were observed. 

As reported by Fukushima et al.,101 TBD was used as catalyst 
to depolymerize polyethylene terephthalate (PET) leading to 
bis(2-hydroxyethyl)terephthalate (BHET) (Scheme 16). The 
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Scheme 15 Dual activation proposed for the ROP of LA catalyzed by aminothiazolines.40 

Scheme 16 Depolymerization of PET catalyzed by TBD.101 

high efficiency of this catalyst was highlighted since 0.5 mol.% 
is sufficient to achieve complete glycolysis at 190 °C. These 
results are comparable with the one obtained for commonly 
used metal catalysts. With a large excess of ethylene glycol to 
decrease the content of final BHET dimers, TBD (10 mol.%) 
allowed complete depolymerization of PET within 150 min 
even after nine consecutive catalyst cycles. 

4.06.6 Polymerizations Catalyzed by TUs 
and TU-Amino Derivatives 

As mentioned above, TU derivatives easily activate 
carbonyl-containing substrates by hydrogen bonding. Such 
organocatalysts have thus logically served to trigger the ROP 
of various cyclic esters, as illustrated in Figure 5 (see also 
Table 3 for the most representative results). For instance, 
mono- and bicomponent TU-amino catalysts (Figure 1) 
allowed good control of the ROP of LA in solution in CH2Cl2 

(1 M) at 25 °C in the presence of 4-pyrenebutanol as initiator 
(entries 1 and 2 in Table 3).103,111 In the former case, a PLA 
with Mn = 23 000 g mol−1 and a dispersion of 1.05 was 
obtained for 97% monomer conversion, which required, how
ever, long reaction times (48 h). These organocatalysts 
exhibited a high selectivity toward polymerization of LA rela
tive to transesterification of in-chain esters, as indicated by the 
invariance of molar mass distribution even after prolonged 
reaction times (several days). Analysis by 13C NMR of PLAs 
thus obtained showed that racemization did not occur. 

Use of a monohydroxy PDMA macroinitiator to initiate the 
TU-amino-catalyzed ROP of LA allowed the authors to 
prepare PDMA-b-PLA diblock copolymers (Scheme 17). 
Double-headed initiators were also used for the purpose of 
block copolymer synthesis, by combining controlled radical 
polymerization (RAFT or NMP) and organocatalysis by TUs.112 

Catalytic systems based on the combination of MTBD or 
DBU with TU3 were found to control the ROP of δ-VL, yielding 
PVL with DP up to 200 and TOF around 5 h−1 (entry 3). When 

applied to the ROP of ε-CL, however, several days were 
required to reach 80% conversion.103 

The high selectivity of TU organocatalysts toward ring open
ing of cyclic esters relative to side transesterification reactions 
can be explained by the higher H-binding capacity of TU with 
the more basic cyclic esters (Scheme 18). The strength of the 
hydrogen bonding can be manipulated through the proper 
design of the catalyst, which allows a shortening of the reaction 
times and a better control of the polymerization.112 For 
instance, TUs bearing the most electron-withdrawing substitu
ents (arising from the starting isothiocyanate) exhibited the 
highest activity, due to its enhanced acidity toward activation 
of the lactide. A proper selection of the amine Bronsted base is 
also crucial, however, for an efficient polymerization. Thus, 
pyridine and N,N-dimethylaniline were ineffective, likely 
because of their too weak basic character, to activate the alcohol 
initiator. In contrast, combination of TU with DMAP or (cyclo
hexyl)dimethyl amine, triethylamine, 1,4-diazabicyclo[2.2.2] 
octane (DABCO), and N,N,N′,N′-tetramethylethylenediamine 
(TMEDA) in a bicomponent catalytic system led to complete 
conversion of LA. The chiral (–)-sparteine was found to be the 
most effective amine, 95% conversion being achieved in only 
2 h, with an excellent control over molar mass and dispersity of 
the resulting PLAs. This base also allowed some stereocontrol 
of the ROP of rac-LA. Characterization by NMR indicated that 
isotactic enrichment in such organocatalyzed ROP occurred by 
a chain end control. 

The mechanism of TU-amino-mediated ROP thus occurs by 
a dual activation via a hydrogen bonding between the TU 
group and the carbonyl group of the monomer and, in the 
meantime, activation of the initiating/propagating alcohol by 
the basic amino-functionality group of the catalytic system 
(Scheme 19). Hence, the presence at the same time of both 
the TU and the amino-functions is necessary for an efficient 
catalysis of polymerization, as demonstrated in control experi
ments. The implication of hydrogen bonding in the activation 
process was supported by studying the polymerization in var
ious solvents. While nonhydrogen bonding solvents, such as 
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Figure 5 Overview of polymers obtained from TU-amino derivatives as catalysts. 

CHCl3, CH2Cl2, and toluene led to well-defined PLAs, no 
polymerization was observed in tetrahydrofuran (THF) and 
dimethylformamide (DMF), owing to a competitive hydrogen 
bonding of these solvents by the TU moiety.112 

Middleton et al.113 recently employed astaxanthin as bifunc
tional hydroxy-containing initiator for the ROP mediated by 
the monocomponent bifunctional TU/tertiary amine catalyst 
(Table 3, entry 4). Astaxanthin is a conjugated pink-colored 
carotenoid that is present in plants, phytoplankton, or algae. It 
can serve as an antioxidant. It aids in light absorption during 
photosynthesis. For these reasons, carotenoids in general pos
sess antiinflammatory properties that can be exploited in the 
treatment of cardiovascular diseases. PLAs with a central astax
anthin moiety were synthesized with molar masses up to 
30 000 g mol−1. In this case, prolonged time periods of poly
merization of LA (up to 36 days) revealed the occurrence of 
transesterification, compared with polymerizations utilizing 4
pyren-1-ylbutan-1-ol as initiator. 

Combining TU with MTBD and DBU favored an efficient 
polymerization of various heterocycles, including δ-VL, ε-CL, 
TMC, and MTC, whereas, as highlighted in previous sections, 
MTBD alone or TU combined with other amines can only 
activate the ROP of LA.87,99,103 For instance, the DBU/TU com
bination used for the ROP of the cyclic carbonates MTC bearing 
an -OR functional group (MTC-OR) gave a higher TOF (19 h−1) 
than for TMC.109 This catalytic system also allowed random 
copolymerizations of these MTC-OR cyclic carbonates with 
TMC. The MTC-OR monomers were more rapidly incorporated 
in the copolymer than TMC, suggesting the formation of gra
dient copolymers, in accordance with their higher reactivities in 

5–7).99,109homopolymerization (entries Block copolymer 
synthesis by sequential ROP of six-membered cyclic carbonates 
was also possible. The functionalized cyclic carbonates were 
polymerized using the organocatalyst combination TU/DBU.87 

Miscellaneous polycarbonates with predictable molar masses 
and dispersities close to unity could thus be obtained. 

In order to introduce pendant functionalities in aliphatic 
polyesters, Pounder and Dove114 took advantage of the selec
tivity of the TU/DBU catalytic system for the ROP of 
six-membered cyclic carbonates, namely (3S)-3-{[(benzyloxy) 
carbonyl]methyl}-1,4-dioxane-2,5-dione (BMD) and (3S,6S)
3,6-bis{[di(benzyloxy)carbonyl]methyl}-1,4-dioxane-2,5-dione 
(malide) both derived from malic acid (Figure 2). The resulting 
polymers thus consisted of glycolic acid and benzyl 
L-(alkylamino)malate units. The TU/(–)-sparteine-mediated 
ROP of BMD, in the presence of benzylamine or primary or 
secondary alcohol initiators, led to structurally well-defined 
polyesters (entry 8). OH-containing initiators included mono
hydroxy poly(ethylene oxide) (PEO) and L-PLA used for the 
preparation of block copolymers. In contrast, the ROP of malide 
with the same catalytic system was ineffective. The poly(glycolic 
acid-co-malic acid)s (PGMAs) generated by deprotection of the 
benzyl groups of poly(BMD)s by hydrogenation were found to 
undergo autocatalytic degradation in dilute H2O, with complete 
degradation within 6 days. 

In addition to DMAP (see Section 4.06.4), du Boullay 
et al.89 employed the bicomponent TUCy/(–)-sparteine orga
nocatalyst to trigger the ROP of (3S)-3-{2-[(benzyloxy) 
carbonyl]ethyl}-1,4-dioxane-2,5-dione (BED, Figure 2) in  
CH2Cl2 solution at 30 °C (Table 3, entry 9). Neither interfer
ence of the pendant functional group nor transesterification 
reactions in the polymerization were noted. Ring opening of 
BED was shown to occur indifferently on either of the endo
cyclic ester groups. As a matter of fact, the resulting poly(BED)s 
exhibited a random distribution of glycolic and 
O-{2-[(benzyloxy)carbonyl]ethyl}glycolic units. Deprotection 
by hydrogenolysis led to well-defined poly(R-hydroxyacids). 

Fukushima et al.110 applied TU-mediated organocatalyzed 
polymerization to macromolecular engineering. For instance, 
they reported the synthesis of ‘comb-shaped block copolymers’ 
made of PEO as the hydrophilic component and a statistical 
copolycarbonate as hydrophobic backbone carrying 
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Table 3 Representative examples of the ROP catalyzed by TU-amino derivatives 
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T Conv 
Entry Catalyst Monomer Bulk/solvent Initiator [C]/[I]0 t (°C) (%) Mn (g mol−1) D Reference 

1 TU1 Lactide Dichloromethane PBuOH 0.05 24–105 h 25 > 97 5 200–42 000 < 1.08 111 
2 TU2/NCyMe2 Lactide Dichloromethane, PBuOH 10 72 h 25 98 �18 000 < 1.09 112 

(1/1), TU3/ chloroform 
NCyMe2 

(1/1) 
TU1 Chloroform ROH, RNH2, 2.8–10 20–72 h 25 80–99 8 000–24 000 < 1.12 

RSH 
3 TU3/DBU (1/1), ε-CL, δ-VL Benzene PBuOH 2.5–10 3–120 h RT 78–95 4 100–16 200 < 1.06 103 

TU3/MTBD 
(1/1) 

4 TU1 Lactide Dichloromethane astaxanthin 0.1 NM 25 > 95 2 200–36 000 1.02–1.33 113 
5 TU3/sparteine TMC Dichloromethane BnOH 2.5 720 min 25 88–> 99  �4 000 < 1.09 99 

(1/1), TU1 to 
6 days 

6 TU3/DBU (1/1) MTC-XR Dichloromethane Bn-MPA, 2.2–5 2 h to 5/6 RT 60–86 4 400–17 000 1.24–1.42 87 
PBuOH days 

7 TU3/DBU (1/1) TMC Dichloromethane PBuOH 2.5 3 h 20 90 8 600 1.03 109 
MTC-OR 30 min 93 11 600 1.12 

8 TU3/sparteine BMD Chloroform BnNH2, I and II 0.25–0.35 5–50 min 25 > 96 3 500–13 300 < 1.19 114 
(5/1 or 7/1) alcohols 

9 TU3/sparteine BED Dichloromethane n-Pentanol 1 or 2 20– 30 > 98 8 000–36 000 < 1.22 89 
(1/1), TU1 60 min 

10 TU3/DBU (1/1) MTC-OEt + Dichloromethane PEO5000-OH 1.25 1 h 25 90 �7 000 < 1.13 110 
MTC-O 
(CH2)2 

OTHPa 

11 TU3/sparteine (1/1) Lactide Dichloromethane Difunctionalized 0.87 Overnight 25 NM �2 000–�7 000 < 1.16 115 
PEOb 

12 TU3/DBU (1/1) δ-VL Toluene N3(CH2)6OH 1.5–5 2–5 h 25 > 99 2 600–9 900 < 1.11 118 
13 Amides1/sparteine Lactide Dichloromethane 4-Phenylbenzyl 1 2–24 h 20 22–100 3 400 1.08 116 

(1/1) alcohol 
14 (Thio)amides2/ Lactide Dichloromethane 4-Phenylbenzyl 1 2–72 h 20 20–100 600–15 000 < 1.12 117 

sparteine or / alcohol 
NCyMe2 (1/1) 

a Both incorporated at the beginning of the polymerization.
 
b Leading to branched polymer.
 
NM, not mentioned.
 

stereoregular L-PLA or D-PLA grafts (Scheme 20).110 The latter 
backbone was prepared by copolymerizing two different cyclic 
carbonates, as discussed above, including a latent (tetrahydro
pyranyl)oxy-initiating group. After formation of the 
amphiphilic backbone, followed by deprotection under acidic 
conditions and ROP of LA in the presence of TU organocatalyst, 

relatively well-defined copolymers were obtained, with up to 
eight PLA grafts. Mixtures of the enantiomerically pure copoly
mers of L-LA and D-LA showed that stereocomplexation 
occurred, as evidenced by a significant increase in the melting 
point. The stereocomplexes were found to form micelle-like 
structures at very low concentrations. 

(c) 2013 Elsevier Inc. All Rights Reserved.



O 

On 
m ON N 

m 
NO O O O

m
OH (NMP) OH OTU/amine O H 

O 2n 

O 

N N O n N N 
OS S Nm OH OH O OS S S S O Hm m (RAFT) N TU/amine O 2n 

CF3 

O 

C TU1 

O
N NF3C RO C O H+ ROH 
H H N 

+ 

S 

O 
TU1 

R 

O 

C 
O 

H 

O 

84 Organocatalyzed Ring-Opening Polymerizations 

Scheme 17 Block copolymer synthesis: first block PS (by NMP) or PDMA (by RAFT), second block: PLA (by organocatalyzed ROP).112 

Scheme 18 Binding constants of TU3 with some cyclic esters.103 

The same group reported a synthetic strategy utilizing a 
carboxylic acid-containing cyclic carbonate derived from 
2,2′-bis(hydroxymethyl)propanoic acid and the TU-mediated 
organocatalysis to prepare ABC-type miktoarm copolymers.115 

The functional carbonate was first coupled onto a monohy
droxy PEO. Subsequent ring opening of the cyclic carbonate 
using a functional amine (RNH2) generated a carbamate group 
carrying a functional moiety in the R group, namely an alkox
yamine or a protected hydroxyl group aimed at triggering NMP 
or ROP, respectively, together with a primary hydroxyl group 
(Scheme 21). The two additional polymer arms of the 
ABC-type miktoarm stars were then grown by tandem polymer
ization. The amphiphilic miktoarm star copolymers featuring 
poly(D- and L-LA) were found to form stereocomplexes in the 
bulk. Micelle-like structures with narrow size distribution were 
observed in aqueous solution from the stereocomplex mixture 
of Y-shaped miktoarm stars, PEO-poly(D-LA)-poly(D-LA) and 
PEO-poly(L-LA)-poly(L-LA), or the stereoblock miktoarm 

PEO-poly(D-LA)-poly(L-LA). The critical micelle concentrations 
of these micelles were significantly lower than the values gen
erally obtained from traditional stereoregular linear or 
branched (Y-shaped) amphiphiles. Such polymer micelles 
exhibited a high loading capacity of the anticancer drug pacli
taxel, leading to a near-zero ordered release of the drug, 
without a significant initial burst. 

In 2009, Misaka et al.118 reported the synthesis of macro
cyclic PVLs (Scheme 22) by  ring closure  of  an  α-azido, 
ω-alkynyl-PVL by the Huisgen 1,3 dipolar cycloaddition 
(referred to as  ‘click chemistry’). The heterodifunctionalized 
PVL precursors (Mn from 2600 to 9900 g mol−1) were  first  
obtained by ROP of δ-VL in toluene at 25 °C, using the 
bicomponent TU/DBU catalytic system in the presence of 
6-azidohexan-1-ol (Table 3, entry  12), followed by post
functionalization of the thus formed ω-end of α-N3,ω-OH 
PVL with hex-5-ynoyl chloride. The ‘click cyclization’ was 
achieved in 60–80% yield in DMF, under highly diluted 
conditions, in the presence of the Cu(I)Br/2,2′-bipyridine 
catalytic system. 

(Thio)amidoindoles and (thio)amidobenzimidazoles 
show structural similarities with TU-amino derivatives 
(Figure 1). These bifunctional organocatalysts were employed 
by Koeller et al.116 to polymerize LA. These authors first showed 
that amidoindole combined with (–)-sparteine could effi
ciently catalyze the ROP of LA (entry 13), yielding PLAs of 
controlled dispersity and molar mass.116 It was first shown 
that both NH groups of the amide and the indole moieties 
provided activation of the LA substrate by hydrogen bonding, 
as supported by the X-ray structure of the hydrogen-bonded 1:1 
complex between the catalyst and LA. Complete conversion 

Scheme 19 Proposed mechanism (dual activation) for the ROP of cyclic esters catalyzed by the TU/tertiary amine system.103,112 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 22 Synthesis of macrocyclic PVLs via organocatalyzed ROP and click chemistry.  118

was achieved within 2 h at 20 °C in 0.7 M CH2Cl2 solution. In a 
subsequent contribution, the same group investigated more 
systematically the catalytic activity of amides and related thioa-
mides carrying either an indole or a benzimidazole moiety, 
toward the ROP of LA when used in the presence of a tertiary 

amine as cocatalyst (entry 14).117 These molecules tended to 
form dimeric species by self-assembling, making the NH group 
less available for monomer activation. Therefore, the proper 
selection of the two partners in such bicomponent catalytic 
systems proved crucial for the outcome and the control of the 

(c) 2013 Elsevier Inc. All Rights Reserved.



  

  

O X X NH H O or
Ar2 N N O Ar1 N N Ar O2 N NX 

O H H Oor X N H HAr1 RO OHN ROH O O OH N 
OOH X = O : amides 

+ Amide/NRX = S : thioamides 3
or thioamide/NR3O O OR H+ NR3 NRO 3 O 

86 Organocatalyzed Ring-Opening Polymerizations 

Scheme 23 Proposed mechanism for ROP of LA catalyzed by amides and thioamides.117 

polymerization. For instance, catalytic activity could 
be enhanced by introducing electron-withdrawing groups in 
the aromatic ring and using an amide rather than a thioamide 
moiety. In the latter case, indeed, the catalytic activity of (thio) 
amides was inhibited owing to the development of hydrogen 
bondings between the two partner catalyst (Scheme 23). 

4.06.7 Polymerizations using Phosphorus-Based 
Catalysts: Phosphines and Phosphazenes 

As already mentioned, although the use of commercially avail
able phosphines as acylation nucleophiles is well documented, 
their potential for organocatalyzed polymerizations has been 
certainly underexploited so far. There is only one report in 
2002, by Myers et al.64 where phosphines, such as PBu3, 
PPhMe2, PPh2Me, and PPh3, were employed as true catalysts 
for the ROP of LA in the presence of an alcohol initiator.64 The 
catalytic efficacy was found to depend on the substitution 
pattern of the phosphine: for instance, trialkylphosphines 
proved more active (being more basic and more nucleophilic) 
than the triaryl phosphines. Polymerizations could be carried 
in bulk at 135 °C, yielding well-defined PLAs with a TOF of 
0.01 s−1 (Table 4, entry 1). 

In the context of ROP of heterocycles, phosphazenes were 
reported to operate mainly as deprotonating agents of alco
hols or thiols, or even of CH-acid compounds serving as 
initiators. The main polymers obtained in this way are 
shown in Figure 6, and the main results are summarized in 
Table 4. Upon protonation, the resulting phosphazenium 
cation is soft and bulky enough to induce controlled/living 
polymerization of several monomers, including EO, cyclosi
loxanes, ε-CL, δ-VL, LA, and cyclic carbonates. In addition, 
when associated with enolate precursors, the ‘controlled/liv
ing’ metal-free anionic polymerization of (meth)acrylates was 
also reported.128,129 

Using phosphazenes in the context of polymerization was 
pioneered by the group of Molenberg and Möller119 who first 
demonstrated their utility for the metal-free anionic ROP of 
octamethylcyclotetrasiloxane in bulk or in toluene, in the 
presence of methanol as initiator (Table 4, entry 2 ).  The
base t-BuP4 allowed shortening reaction times and gave rise 
to homogeneous reaction mixtures, compared with 
metal-based alkoxide initiators. However, quite a broad 
molar mass distribution was observed. The same group 

+ 

 

reported the metal-free anionic ROP of EO with [t-BuP4H]

as countercation, performed at 80 °C in a glass autoclave or at 
room  temperature in solution in THF  or  in  toluene.120 

Methanol or octan-1-ol served as initiators, leading to 
well-defined PEOs with Mn values ranging from 4400 to 
6600 g mol−1 and a dispersity < 1.13 (Table 4, entry 3). In 
addition, pentaerythritol and poly[ethylene-co-(vinyl alco
hol)] as tetrafunctional initiator and multifunctional 
polymer, respectively, were successfully employed to access 
tetra-arm star PEOs and poly{[ethylene-co-(vinyl 
alcohol)]-graft-PEO} graft copolymers. The soft cation 
[t-BuP4H]+ associated was found to improve the solubility of 
the multifunctional alkoxide-type initiators, in comparison to 
metal-based alkali alkoxides. Initiation of ROP of EO from 
pentaerythritol occurred from a heterogeneous dispersion in 
THF, owing to the poor solubility of the initiator. After 30% 
monomer conversion, however, a homogeneous solution was 
obtained, and the resulting star polymer proved relatively well 
defined. As for the poly[ethylene-co-(vinyl alcohol)] precursor 
used for synthesis of the graft copolymers, it also gave a 
heterogeneous reaction mixture at room temperature, but 
homogeneous conditions were achieved in xylene at 80 °C. 
Complete solubilization at room temperature occurred in the 
former case after 25% conversion (2–3 h).  

The contribution by Schlaad et al.121 in 2001 described the 
synthesis of heterobifunctional PEOs using a similar strategy. 
In this case, either (R)-(α-methylbenzyl) cyanide or p-cresol 
was employed as CH- and OH-initiating precursors to be 
deprotonated by equimolar amounts of t-BuP4 (Scheme 24). 
Anionic ROP of EO was conducted in THF at 45 °C for 20 h, 
leading to well-defined PEOs (Mn < 3000 g mol−1; D < 1.1). 
Postfunctionalization of α-PEO chain ends of each of the PEO 
products allowed the authors to access α-amino-ω-hydroxy and 
α-bromo-ω-hydroxy-PEOs. 

Rexin and Mülhaupt122 investigated the effect of the bulky 
tetrakis[cyclohexyl(methyl)amino]-phosphonium (P1

+), where 
the positive charge is delocalized over five atoms in the phos
phazenium countercations, during the ROP of PO. The 
challenge with this monomer is to avoid side reactions, in 
particular, the transfer reaction to monomer, restricting the 
molar mass and forming allyl end groups. P1

+ was thus com
pared with cations K+, P2

+, Bu4P
+, and t-BuP4H

+ (Scheme 25). 
Furthermore, the polymerization with Bu4P

+ whose positive 
charge is not delocalized was investigated. A series of alkoxides 
derived from dipropylene glycol (DPG) serving as initiators 
with different organic countercations (P1

+, P2
+, Bu4P

+, 
t-BuP4H

+) were first prepared by reacting phosphonium or 
phosphazenium methoxide with DPG. An extent of 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 4 Representative examples of the ROP catalyzed by phosphorus-based catalysts 

Bulk/ T Conv Mn 

Entry Catalyst Monomer solvent Initiator [C]/[I]0 t ( °C) (%) (g mol−1) D References 

1 Phosphines Lactide Bulk BnOH 1 10 min–50 h 135 or 40–92 3 000–13 000 1.11–1.4 64 
180 

2 t-BuP4 D4 Toluene MeOH 1 RT 43–80 117 000–440 000 1.7–1.9 119 
or bulk 

3 t-BuP4 EO THF or MeOH, octanol, 1 48 h RT 75–> 90 4 400–6 600 < 1.13 120 
toluene pentaerythritol 

4 t-BuP4 EO THF α-Methylbenzylcyanide, 1 20 h 45 > 90 2 500 < 1.1 121 
p-cresol 

5  Bu4P+ BF− 
4, PO Bulk DPG 1a 1.4–108 h 95–110 24–79 1 700–3 500 < 1.15 122 

P1+BF− 
4, 

P2+BF− 
4, 

t-BuP4 

6 BEMP, Lactide Toluene PBuOH, BnOH 0.5–2  23–70 h 25 48–97 3 600–18 000 1.05–1.23 123 
t-BuP1 ε-CL, Bulk 45–240 h 25 or 14–93 

δ-VL 80 
7 t-BuP2 Lactide Toluene PBuOH, PS-OH 1 0.17–220 –75 to 84–> 99 13 000–27 000 1.06–1.23 124 

min 20 
8 t-BuP1, dMMLABz THF Cinnamic acid, 1 6–768 h 25 81–> 99 4 800–1 500 000 1.13–1.55 125 

t-BuP2, PEO-COOH 
t-BuP4 

9 BEMP TMC, Bulk BnOH, propane- 0.005–0.2 5 min–26 h 60–150 81–100 850–46 000 1.26–1.66 93 
BTMC, 1,4-diol, 
DMTMC glycerol 

10 BEMP β-Me7CC Bulk BnOH 1 60 min 110 100 7 800 1.20 86 
11 t-BuP4 DPCDC THF RSH, ROH, 1  15–156 h 60 or > 97 3 000–42 000 < 1.1 126, 127 

RR′NH, R2CH2 
b 100 

a 5% of I is actually deprotonated. 
b Terminated with alkyl halides. 

deprotonation of only 5% was chosen, owing to the fast 
exchange occurring between propagating (secondary) alkox
ides of poly(propylene oxide) (PPO) and dormant 
hydroxylated PPO chains. ROP of PO was performed at 
100 °C at atmospheric pressure (Table 4, entry 5). It was 
found that propagation rates increased in the following order: 
Bu4P

+ <K+ < P1
+ <P2

+ < t-BuP4H
+. The DP of the resulting poly 

(PPO)s was in the range of 20–64 and dispersities were 
between 1.03 and 1.09. Unsaturations at polymer chain ends 
were observed, however, in a range 13–60 mmol kg−1, with 
larger contents by increasing polymerization rates. 

Phosphazenes such as t-BuP1 and BEMP were also success
fully employed as basic catalysts for the ROP of lactones and LA 
in the presence of alcohol initiators, BEMP being the most 
effective.123 The BEMP-mediated ROP of L-LA was studied in 
dry toluene at room temperature, in the presence of 4-pyren-1

ylbutan-1-ol as initiator (entry 6). The higher activity of BEMP 
came at the expense of the control of the polymerization, since 
transesterification of the polymer backbone was noted at high 
conversion. As for ε-CL, it was polymerized very slowly 
since only 14% of monomer conversion was obtained after 
10 days. 

An ACEM involving the sole activation of the alcohol by 
hydrogen bonding (and subsequently the activation of the 
hydroxyl polymer chain end) and favoring a nucleophilic 
attack on the monomer substrate by the active initiator was 
proposed (Scheme 26).123 The resulting aliphatic polyesters 
exhibited high reliability of the presence of end groups, narrow 
dispersities, and a linear relationship between conversion and 
molar mass. 

The same group reported that the ROP of rac-LA catalyzed 
by the dimeric phosphazene t-BuP2 exhibited a high 
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Figure 6 Overview of polymers obtained from phosphazene-based catalysts. 

Scheme 24 Metal-free anionic polymerization of EO initiated by t-BuP4/-CH or -OH compounds.119 

Scheme 25 Metal-free ROP of PO using P + 122 
1 as countercation.

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 26 Putative mechanism (ACEM) for the ROP of cyclic esters with BEMP.123 

stereoselectivity at low temperature.124 Catalysis of polymeri-
zation by t-BuP2 was first studied in toluene at room 
temperature with enantiomerically pure L-LA, in the presence 
of 4-pyren-1-ylbutan-1-ol as initiator. Complete monomer 
conversion was achieved within 10 s using a monomer-to-
initiator-to-catalyst molar ratio of 100:1:1 (entry 7). The ROP 
of rac-LA was accomplished at room temperature under dilute 
conditions (0.08 M) or at lower temperature, which yielded 
99% conversion after 3 h. A rac-PLA was also prepared at – 
75 °C for comparison purpose and was found to be a crystal-
line polymer with a melting peak at 201 °C, which was much 
higher than that of L-PLA (163 °C). No transesterification was 
observed at such a low temperature. Analysis by NMR of the 
microstructure of the different PLAs formed, combined with 
DSC data, established the formation of a stereocomplex mor-
phology of the rac-PLA at –75 °C, with long isotactic poly(S) 

segments and poly(R) segments. Cocrystallization of L-PLA and 
D-PLA blocks could explain the high melting peak of the 
thus-formed rac-PLA. In contrast, the rac-PLA obtained at 
room temperature was an amorphous polymer. The stereose
lectivity of the t-BuP2-catalyzed polymerization was explained 
by a chain end control mechanism whereby the terminal alk
oxide of the last inserted monomer in the growing chain 
selectively attacked the monomer of the same configuration, 
leading to isotactic enchainment (Scheme 27). The bulky 
t-BuP2 catalyst presumably influences the steric hindrance 
around the catalytic site, enhancing the stereoselectivity, in par-
ticular at low temperature. 

(RS)-4-[(benzyloxy)carbonyl]-3,3-dimethyloxetan-2-one 
(dMMLABz, Figure 2) was subjected to ROP in THF at room 
temperature catalyzed by t-BuP1, t-BuP2, and t-BuP4, as  
reported by De Winter et al.125 Such a substituted 

Scheme 27 Stereoselectivity of PLA during the ROP of rac-LA with t-BuP2.124 

(c) 2013 Elsevier Inc. All Rights Reserved.
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four-membered β-lactone was also polymerized using these 
phosphazenes in the presence of ω-COOH-containing precur
sors, namely cinnamic acid or a purposely designed 
ω-carboxylic acid PEO used as a macroinitiator. Good control 
over the molar masses, dispersities, and reliability of the 
end-group presence in the resulting polyesters was achieved 
with all catalysts, the catalytic activity increasing in the order 
t-BuP1 < t-BuP2 < t-BuP4. In the latter case, the poly(dMMLABz) 
of molar mass as high as 1.5 � 106 g mol−1 could be prepared 
(Table 4, entry 8). As indicated by the molecular characteristics 
of the obtained polyesters, the mechanism of this polymeriza
tion involved deprotonation of the COOH-functionality and 
ring opening of the β-lactone via an O-alkyl scission forming 
phosphazenium carboxylate active species. 

In two recent reports, the group of Carpentier and 
Guillaume showed that six- and seven-membered cyclic carbo
nates such as TMC, DMTMC, BTMC,93 as well as R-Me7CC and 
β-Me7CC86 could undergo a ‘controlled/living’ ROP under 
relatively mild conditions (bulk, 60–150 °C), in the presence 
of BEMP as organocatalyst and a mono- or a multifunctional 
hydroxylated initiator (entries 9 and 10, Table 4). For instance, 
100 000 equiv. of TMC was fully converted using only 10 ppm 
of BEMP, providing PTMCs of high molar mass. Very high 
activities (e.g., 55 800 h−1 in the case of the ROP of TMC) 
thus characterize these polymerizations. Well-defined 
α-hydroxy-ω-alkoxy, α,ω-dihydroxytelechelic linear, or 
three-arm star polycarbonates of controlled molar masses 
were obtained in this way, using benzyl alcohol, propane-
1,3-diol, or glycerol as initiator, respectively. PTMCs with a 
molar mass as high as 45 800 g mol−1 could be obtained from 
a technical-grade, unpurified TMC, with a BEMP loading as low 
as 10 ppm (i.e., 2 mg of BEMP used to polymerize, quantita
tively, 74.4 g of TMC). In comparison with other 
organocatalysts employed by the authors, BEMP could be 
ranked as follows regarding the ROP of TMC in bulk within 
30 min at 60 °C: TOF: TBD (990 h−1)>  BEMP  (800  h−1)>  DMAP  
(500 h−1) and within 5 min at 110 °C: TOF: TBD 
(5940 h−1) >  DMAP  (5220  h−1) >  BEMP  (4800  h−1). Both BTMC 
and DMTMC  were  also  subjected to ROP  initiated with a [BEMP]  

0/[alcohol]0 ratio of 1:5 at 60 or 90 °C. For instance, 500 equiv. 
of monomer was readily converted into the polycarbonates 
within 240 min. 

In 2009, Illy et al.126 reported that t-BuP4 could successfully 
deprotonate mono- or difunctional thiol precursors such as 
benzenethiol and bis(2-sulfanylethyl)ether for the subsequent 
ROP of dipropyl cyclopropane-1,1-dicarboxylate, via malonate 
carbanions featuring phosphazenium as active species. 
Stoichiometric amounts of t-BuP4 were employed (Table 4, 
entry 11), affording polymers with a narrow dispersity 
(< 1.08) under milder conditions (THF at 60 °C), in compar
ison with conventional processes utilizing alkali metal 
benzenethiolates as initiators. Upon quenching the living poly
meric malonates with allyl bromide, the authors could 
introduce functional allylic groups in ω-position of the poly
mer formed. The scope of this metal-free polymerization of 
cyclopropane-1,1-dicarboxylates was further extended to a 
range of OH-, SH-, NH-, and CH-containing initiating precur
sors, including aromatic and aliphatic thiols, a phenol, a 
carbazole, and a malonate precursor.127 Polymerizations 
could be performed in a nonpolar solvent such as toluene as 

a substitute to THF, which allowed the authors to control the 
polymerization at 100 °C. 

4.06.8 Polymerizations Catalyzed by NHCs 

Among organocatalysts, carbenes were the most investigated in 
the last decade for the purpose of polymerization (Figure 7). As 
already mentioned, both the electronic and steric properties of 
carbenes, hence their reactivity/nucleophilicity, can be finely 
tuned through variation of their substituents R1–R4 pattern. In 
particular, NHCs have served to catalyze different polymeriza
tion reactions, including step-growth and chain-growth 
polymerizations. Interestingly, not only carbonyl-containing 
monomer substrates but also epoxides as well as 
silicon-containing initiators or monomers could be activated. 

It is worth mentioning that the first attempt to synthesize 
polymers via a NHC organocatalysis was reported by Jones et al. 
in the late 1990s.158,159 These authors applied the principle of 
the so-called Stetter reaction to diformylarenes and bis-Mannich 
bases used as bifunctional monomers (Scheme 28) in  the  
presence of a thiazolylidene catalyst. Polymeric 1,4-diketones 
were synthesized in this way. Subsequent ring closure of these 
polymer precursors by the Paal–Knorr reactions led to conju
gated alternating copolymers bearing pyrroles, furan, or 
thiophene moieties. 

In the course of their investigations into NHC-catalyzed 
transesterification reactions occurring in the corresponding 
ROP, Nyce et al.137 reported the synthesis of PET. This could 
be achieved using a two-step procedure with NHCs as single 
catalytic components for the preparation of BHET, followed 
by its self-condensation (Scheme 29). The reaction proved 
reversible in the presence of methanol. Interestingly, the 
same NHCs were also effective for chemical degradation of 
PET under mild conditions (typically at 80 °C or even less), 
representing the first example of a depolymerization reaction 
utilizing organocatalysis.136,138 The same group described the 
synthesis of PCL and poly(glycolide) by self-condensations of 
ethyl 6-hydroxyhexanoate and ethyl glycolate.136 The reac
tions were performed in bulk at 60 °C under vacuum for 
24 h, leading to aliphatic polyesters with molar masses Mn 

ranging from 8000 to 20 000 g mol−1. In addition, a copoly
mer was also obtained from the condensation of the two 
monomer types. 

By taking inspiration of the mechanism of benzoin conden
sation, which consists in reacting two aldehyde functions 
through a resonance-stabilized enaminol-type intermediate 
called the Breslow intermediate, Pinaud et al.134 employed a 
commercially available bis-aldehyde, namely terephthalde
hyde. The latter monomer was polymerized by a 
NHC-catalyzed step-growth polymerization (Scheme 30), 
leading to the formation of poly(1,4-phenylene-1-oxo-2
hydroxyethylene)s referred to as polybenzoins under rela
tively mild conditions (THF or dimethylsulfoxide (DMSO) 
at 40 °C). Out of the four organocatalysts employed in this 
study, 1,3,4-triphenyl-1,2,4-triazol-5-ylidene was the most 
active. Formation of cyclic polymers during the polymeriza
tion was also noticed, and the cyclic content was found to 
vary depending on the reaction media used and the mono
mer conversion reached. 

(c) 2013 Elsevier Inc. All Rights Reserved.



O O 

n H n S
R1-NH2 / H+ 

O O Z
H Z =  N-R1

N
 

O O
 R 

N 

or + or H3PO4 / P2O5 2nor 2n O orZ = O  
n Nn 

H H Lawesson's reagent N O O ZN 2n N Z = S  2n 
O O O
 

Mannich base
 

Organocatalyzed Ring-Opening Polymerizations 91 

Figure 7 Overview of polymers obtained from NHCs. 

Scheme 28 Synthesis of polymeric 1,4-diketones by thiazolylidene-catalyzed step-growth polymerization and subsequent ring closure.128,129 

Another example of a NHC-catalyzed step-growth polymer
ization was reported by Marrot et al.135, concerning the 
polycondensation of α,ω-dihydroxy disilanol oligomers, form
ing polydimethylsiloxane (PDMS). What was unexpected here 
was the dehydration of the disilanol precursors by NHCs, in 
spite of their moisture sensitivity. This was explained by the fact 
that the as-formed H2O was not miscible with PDMS. HO 
[(SiMe2)O]10-H was heated at 80 °C for 16 h, in the presence 
of 2500 ppm of NHCs, causing an increase in viscosity of the 
reaction mixture and a modification of the signals in the 1H 
NMR spectrum of the recovered PDMS. 

Besides their use to trigger step-growth polymerization reac
tions, NHCs were mainly used as organic catalysts in 
chain-growth ROP of cyclic esters to produce linear as well as 
cyclic aliphatic polyesters, as summarized in Table 5.5,6 

The first report dates back to 2002 and exploited the ability 
of NHC6 (IMes) to catalyze transesterification reactions. PLA, 
PCL, poly(β-butyrolactone) (PBL), and PVL with controlled 
molar masses, high chain end fidelity, and a dispersity close 
to unity were synthesized by the ROP of corresponding cyclic 
esters in THF solution (1–2 M) at 25 °C, in the presence of 
benzyl alcohol or 4-(pyren-1-yl)butan-1-ol playing the role of 
initiator (chain regulator controlling the molar mass of the 
polyesters) (Table 5, entry 1).140 A chain extension experiment 
employing a PLA precursor yielded a PLA of molar mass of 
39 500 g mol−1 and a dispersity of 1.17. A well-defined star 
PCL was even synthesized from six-arm poly(propylene glycol), 
PPG (Mn = 3000 g mol−1), as macromolecular hexafunctional 
initiator. Compared with DMAP, the ROP of LA catalyzed by 
IMes proved much faster (TOF � 18 s−1). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 29 Synthesis of PET by step-growth polymerization and depolymerization of PET via transesterification with a NHC.136–138 

Scheme 30 NHC-catalyzed benzoin condensation in step-growth polymerization.136 

Since this first report, several other NHCs, in their naked or 
under their masked form, were tested for the ROP of cyclic 
esters. In most cases, OH-containing precursors were employed 
as initiators which control the chain length of the final 
polymer.5,6 

In a more systematic study, Nyce et al.141 reported that 
NHCs derived from imidazolium- and thiazolium ionic liquid 
salts (precatalysts) could be generated in situ using a strong 
Bronsted base. This allowed screening different precatalysts 
and thus correlating the catalytic activity of NHCs toward the 
polymerization rate and the quality of control of these poly
merizations with their structure. LA, β-PL, δ-VL, and ε-CL were 
investigated (Table 5, entry 2). For instance, imidazole-based 
NHC catalysts (e.g., NHC6) exhibited a higher reactivity than 
thiazole-based catalysts. Imidazol-2-ylidene and imidazolin
2-ylidene catalysts showed similar catalytic activity. IMes was 
found the most active for the ROP of LA. This particular NHC 
proved quite active even with low catalyst loading (0.5 mol.%), 
and molar masses could be targeted by varying the monomer to 

initiator ratio (DP = [M]/[I]) without changes in dispersity 
(D <1.2).  

In the same report, the authors developed an attractive 
interfacial polymerization process where the ionic liquid pre-
catalyst served as reservoir forming a two-phase reaction 
mixture with THF solution containing both the monomer 
and the initiator. Subsequent in situ activation of the ionic 
liquid allowed generating the NHC that was able to migrate 
to the THF phase so as to trigger repetitive ROPs. Treatment 
under acid conditions on the completion of the reaction 
allowed regeneration and ready recovery of the ionic liquid 
precatalyst. The use of cross-linked polymer-supported preca
talysts was also developed to trigger the ROP of cyclic esters. 
The versatility of this approach was demonstrated through the 
synthesis of well-defined homopolyesters, macromonomers, as 
well as block and graft copolymers. 

As described in the literature on molecular chemistry,160 

alternatives to in situ generation of NHCs imply the thermolysis 
of NHC monoadducts, serving as masked NHCs. Upon 

(c) 2013 Elsevier Inc. All Rights Reserved.



 

 

  

  

   

  

  

   

 

  

  

  

  

  

    

    

    

    

Table  5 Representative examples of the ROP catalyzed by NHCs 

N NR R 

NHC1 R = iPr 
NHC2 R = tBu 
NHC3 R = Cy 
NHC4 R = Ad 
NHC5 R = 2,6-iPr2 C6H3 
NHC6 R = 2,4,6-Me3C6H2 
NHC7 R = Me 
NHC8 R1 = Me ; R2 = Et 

N NR R 

N 
N NPh Ph 

Ph 

NHC9 R = iPr 
NHC10 R = Me 

N NR R 

NHC11 R=2,4,6-Me3 C6H2 
NHC12 R = Ph 

NHC13 

N NR R 

PhPh 

NHC14 R = 2,4,6-Me3 C6H2 
NHC15 R = CH(Me)Ph S N R 

R1R2 

NHC16 R = R1 = Me ; R2 = C2H4OCOMe 
NHC17 R = R2 = Me ; R1 = H 
NHC18 R = R1 = Me ; R2 = H 
NHC19 R = CH2C6H5N3; R1 = Me ; R2 = C2H4OH 

N -Heterocyclic carbenes 

Imidazole-type 

Imidazoline-type 

Triazole-type 

Thiazole-type 

T Conv  

Entry  Catalyst (NHC)  Monomer Bulk/solvent  Initiator [C]/[I]0 t ( °C) (%) Mn (g mol−1) D References 

1 6  Lactide,  ε-CL, β-BL THF  BnOH, PBuOH  0.0083–1.5 2  h 25 60–99 1 600–17 000 1.05–1.33 140 

2 10, 7a, 12a ε-CL, δ-VL,  β-BL THF  BnOH 0.5–1.8 0.5–6 h 25 > 98 2 900–28 000 1.04–1.55 141 

5a, 6a, 7a, 8a ,  Lactide  BnOH 0.25–1.5 0.25–1 h 25 60–99 17 700–28 000 1.15–1.52 

PS-8a, 11a, 12a 

16a, 17a,  PS-18a, 19a Lactide  BnOH, PBuOH  < 0.005  48–72  h 25–38 80–85 6 900–14 400 1.07–1.35 

3 11  adductsb Lactide  THF  R(OH)x x  10 min RT 84–99 12 000–25 500 1.16–1.34 146 

4  13c Lactide  Toluene  MeOH/PBuOH/PEO-OH/bis-MPA=R  x  19–113 h 90 35–97 2 600–19 000  1.06–1.36 147 

(OH)x 

5  13c,d  β-BL THF  PBuOH  NM  3–24 h 50 81–95 4 400–15 500 1.09–1.19 142 

Toluene  90 

6  13c,d  dMMLABz+β-BLe Toluene/t-BuOH  mixture Ethylene glycol  2 2 days 80 < 95 �10  000 < 1.27 143 

fdMMLABz  = 0.1– 

0.58 

7  13c Lactide  Benzene R(OH)x or R(NH2)y x  or 2y 18–71 h 90 70–100 8 000–18 000 1.07–1.24 148 

8 11,  12 adductsf Lactide  THF, toluene,  or BnOH 1.5  3–24 h 65–144 30–83 3 200–10 000 1.10–1.52 149 

o-xylene  

9  2,  5,  6  D,L-Lactide Dichloromethane  BnOH 0.5–2  20–30 min –20 to 25 71–98 7 000–17 000 1.23–1.39 150 

10 14, 15 rac- or  Dichloromethane  PBuOH  1 1–240  min –70 to 25 > 88 �14  000 1.18–1.48 151 

meso-Lactideg 

11 9,  10 ε-CL THF  BnOH 0.5–1 2 min–5 h RT 18–77 1 000–14 500 1.11–1.3 144 

12 5,  9 TMC Benzene BnOH 0.05  0.1–30  min  25 > 99 4 500 1.04–> 2  99 

13 Lactide  THF  NHC6h 10–900 s  25  32–92 7 000–26 000 1.15–1.35 152, 153 

14 (R)β-BLh  THF, benzene NHC11 4 h RT 24 4 900 1.42 145 

(Continued) 
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Table 5 (Continued)  

T Conv  
Entry  Catalyst  (NHC)  Monomer  Bulk/solvent Initiator [C]/[I]0 t  ( °C) (%)  Mn (g mol−1) D References 

β-BLh  10 min  5 800 1.16 

15 NBu-NCA  THF NHC5i  16 h 50 79–100 3 000–27 000  < 1.12 154 

16 2,  3 D4 Bulk BnOH/MeOH/t-BuOH  0.014–1  16  h  80  �85  20 000–220 000 �1.6  139 

17 6,  9 TMOSC  Benzene PBuOH 1 1–30  min RT 80–99 10 000–13 000 1.14–1.19 100 

9  D3 Toluene  NM  1 NM  NM NM  NM  > 1.4 

18 EO DMSO NHC1j  3 days 50 100 2 400–13 000  < 1.14 155 

19 1,  2 EO DMSO Chain  regulator NuE 0.1  4 days 50 > 90 2 000–12  000  < 1.15 156 

20 1 PO Bulk Chain  regulator NuE 0.1  3 days 50 30–40  1 800–7 300 < 1.18 157 

aIn situ  generated with t-BuOK (triethylamine  for thiazole-based carbenes).
 

bAdducts  with R(OH)x (R(OH)x  is  further used as the  initiator) (equilibrium between  NHC  and  adduct  at RT).
 

c  Forms adducts with alcohols  and amines (stable  at RT).
 

dt-BuOH used to decrease the NHC activity  (by adduct  formation). 
 

edMMLABz  + β-BL both  incorporated at the beginning of the  polymerization.
 

fAdducts  with CHCl3  or  C6HxF(6–x) (x  >  1)  (stable at  RT).
 

grac-Lactide leading predominantly  to  isotactic polymers  (RRR or  SSS);  meso-L-lactide  leading  predominantly  to heterotactic  polymers  (RRSSRRSS).
 

h  Terminated  with  CS2, leading to cyclics. 
 

i Terminated  with  Dithranol, leading to cyclics. 
 

j Terminated  with  NuE,  leading to α,ω  difunctionalized PEO.
 

NM, not mentioned. 
 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 31 Reaction of alcohol with free NHCs.131,146 

heating, such precursors undergo an α-elimination reaction, 
affording NHCs without the need for a strong base. This 
method was used by Enders et al.161 to obtain the first commer
cially available NHC in the late 1990s. 

For instance, upon heating the NHC13-alcohol monoad
duct at 80 °C under vacuum (0.1 mbar) methanol is released, 
forming the corresponding 1,2,4-triazol-5-ylidene. This strat
egy can also be applied to produce imidazolin-2-ylidenes.70,146 

Other adducts, obtained from a 1:1 reaction between imidazo
lin-2-ylidene and alcohols, can also be cleaved to release the 
free NHC, as illustrated in Scheme 31.146,162 However, mask
ing NHCs with alcohols cannot be applied to generate 
imidazol-2-ylidenes (unsaturated NHCs). 

The above methods were exploited by the group of Hedrick 
and Waymouth in the generation of NHCs for the organocata
lyzed ROP of various esters.141–143,146–149 For instance, they 
reported the synthesis of a series of primary and secondary 
alcohol adducts of imidazolin-2-ylidenes, as single-component 
latent catalyst/initiators for the ROP of LA, giving PLA of con
trolled molar masses, in THF solution at room temperature 
within 10 min (Table 5, entry 3).146 These adducts were stable 
as solids at room temperature, but they readily released alcohol 
and a free saturated NHC in solution. Di- and trifunctional 
adducts were also prepared to access, respectively, two-arm 
linear and three-arm star (Scheme 32) based on PLA. 

Similarly, and on the basis of observations made by 
Enders et al.,161 the group of Dubois designed alkoxytriazo
lines derived from the commercially available 1,3,4
triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene carbene, as 
latent unimolecular catalyst/initiator systems.142,147 When 

used at room temperature to carry out the ROP of LA, 
such triazole carbenes exhibited a low reactivity, owing to 
the reversible formation of alcohol adducts. 
Polymerizations of either LA or β-BL were thus performed 
at 90 °C in the presence of a variety of initiating alcohols in 
1 M toluene solution, which gave nearly quantitative mono
mer conversion in �50 h and PLAs of controlled molar 
masses and low dispersities (entries 3 and 4). An interesting 
feature of polymerization utilizing these alkoxytriazolines 
was that the hydroxy-terminated PLA and the free triazole 
carbene reacted together in a reversible manner, forming a 
dormant polymer adduct. Such a reversible termination 
process helped in minimizing the concentration of propa
gating alkoxides, thus preventing the occurrence of side 
transesterification reactions between polymer chains. In 
this way, activation/deactivation cycles of polymer chain 
ends were possible simply by heating/cooling the reaction 
mixture on demand. This high level of control also facili
tated chain extension experiments: after full conversion of a 
first load  of monomer, the  NHC-catalyzed  ROP  of a  second  
monomer readily occurred, even after precipitation. 

This strategy was next applied to macromolecular engineer
ing, through the design of block copolymers and ‘hybrid 
dendrimer/star’ copolymer made of a dendritic core sur
rounded by 24 PLA branches. For block copolymer synthesis, 
adducts of hydroxy-functionalized oligomers or bifunctional 
‘double-headed’ initiators were employed, by combining dis
parate polymerization techniques (typically NMP or RAFT with 
the NHC-catalyzed ROP). A multifunctional hydroxylated 
three-generation dendrimer derived from 2,2′-bis(hydroxy
methyl)propanoic acid served as thermolabile 
multifunctional macroinitiator to access the hybrid dendri
mer/star copolymer. 

In another contribution, the same group reported the synth
esis of amphiphilic ABA-type triblock copolymers based on 
PLA and poly(dimethyl malic acid) (poly(dMMLA)), via the 
triazole carbene organocatalysis.143 A statistical poly 
(dMMLABz-co-β-BL) was first prepared by carrying out the 
NHC-catalyzed ring-opening copolymerization of dMMLABz 
and β-BL in a toluene/t-BuOH solvent mixture at 80 °C, in 
the presence of ethylene glycol as initiator (Table 5, entry 3). 
Under such conditions, the dMMLABz monomer was preferen
tially incorporated in the resulting aliphatic polyester chains, 
both monomers being polymerized via a selective O-acyl ring 
opening. This precursor was further employed as a difunctio
nalized macroinitiator for the ROP of LA at 90 °C. After a 
deprotection step by catalytic hydrogenation of the pendant 
benzylic ester groups of poly(dMMLABz), the expected 
PLA-b-poly(dMMLA-co-β-BL)-b-PLA triblock copolymer was 
obtained (Scheme 33). Investigations into the self-assembling 

Scheme 32 ROP of LA employing a tri-NHC-alcohol adduct and leading to three-arm star PLAs.146 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 33 Synthesis of PLA-b-poly(dMMLA-co-β-BL)-b-PLA triblock copolymer via the triazole carbene organocatalysis.143 

properties in aqueous solutions of these amphiphilic com site in the ROP of LA in the presence of the triazole c
pounds revealed the formation of ‘flower-like’ micelles at 
4 °C. Increasing the temperature to 25 °C induced the micro-
gelation of the above micelles, which upon further increase in 
temperature to 40 °C led to a disruption of the microgel. This 
demonstrated the temperature-dependent reversible sol–gel 
transition of these self-assembled triblock copolymers. 

In addition to alcohols, the same triazole carbene was 
employed in the presence of primary amino-containing precur
sors serving as initiators.148 In this case, however, the primary 
amino-function was shown to act as a bifunctional initiating 

arbene 
(Table 5, entry 7). By making use of multifunctional (macro) 
initiators based on PEO and featuring multiple primary 
amino-functionalities, ‘H-shaped’ and ‘super-H-shaped’ archi
tectures based on PEO/PLA could be synthesized. Initiation 
from each primary amine indeed created imide-type functions 
corresponding to branching points (two chains per initiating 
amine). 

In other words, polymerization occurred from all four 
N–H-bonds of the PEO macroinitiator (Scheme 34). A model 
primary amine initiator, namely 1-aminomethylpyrene, was 

Scheme 34 Synthesis of H-shaped PEO/PLA-based block copolymers by NHC-catalyzed ROP of LA.148 

(c) 2013 Elsevier Inc. All Rights Reserved.
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first employed for the ROP of LA using triazole carbene as 
catalyst in benzene. Initiation of LA at both N–H groups of 
the initiator (i.e., both the amine and resulting amide function
ality) was established. For instance, ROP of LA from a 1:1 
mixture of PEO-(OH)2 and PEO-(NH2)2 at 90 °C catalyzed 
by the triazole NHC led to a mixture of diblock copolymers 
of Mn = 20 000 and 9000 g mol−1, corresponding to the forma
tion of a mixture of the H-shaped architecture derived from 
PEO-(NH2)2 and having twice the molar mass of the linear 
block copolymer grown from PEO-(OH)2. The ability for an 
amido-group to initiate the ROP of LA was then verified using 
ε-caprolactam as initiator. Using a telechelic tetrakis
amino-functionalized PEO precursor allowed the authors to 
synthesize the ‘super-H-shaped’ copolymers. 

Nyce et al.149 also developed the synthesis of NHC adducts 
featuring substituents with a good leaving group ability in C-1 
position, by condensation of diamines with fluorinated ben
zaldehydes. In the solid state, these adducts were found to 
cleave at temperatures between 80 °C and 165 °C, depending 
on the fluorinated substituent and the carbene used, as inves
tigated by thermal analysis and spectroscopic techniques. In 
contrast to adducts derived from chloroform, the adducts from 
pentafluorobenzene were stable at room temperature. Such 
adducts were successfully employed as organic precatalysts for 
the ROP of LA (Scheme 35) carried out in THF, toluene, or 
o-xylene solution (Table 5, entry 8), though elevated tempera
tures were required to release the carbene catalyst (between 
60 °C and 144 °C, as a function of the structure of the 
precatalyst). 

In 2004, Jensen et al.150 discovered that the free achiral NHC, 
1,3-dimesitylimidazol-2-ylidene, triggered the stereoselective 
polymerization of rac-LA (Table 5, entry 9). While the bimetallic 
Zn-based complex formed by addition of benzyl alcohol to the 
complex (1,3-dimesitylimidazol-2-ylidene)ZnEt2 produced het
erotactic PLA, the metal-free catalyzed ROP of rac-LA mediated 
by the same NHC led to isotactic enriched PLA under similar 
conditions (CH2Cl2, 25 °C). Actually, other NHCs, namely 1,3
di-tert-butylimidazol-2-ylidene and 1,3-bis(2,6-diisopropylphe
nyl)imidazol-2-ylidene, also formed isotactic enriched PLA, 
showing semicrystalline properties. No clear explanation, how
ever, was provided by the authors to differentiate the behavior of 
the free NHCs and the metal-based complex. 

Dove et al.151 reported that sterically hindered unsatu
rated free NHCs catalyzed the polymerization of rac-LA, 
leading to highly isotactic PLA or meso-LA to give heterotactic 
PLA at low temperature (from –70 °C to –15 °C). Both the 
chiral and achiral versions of these NHCs were purposely 
designed. It was first noted that these catalysts exhibit a very 
high activity (95 min−1) at room temperature, providing PLA 
of controlled molar mass and low dispersity (entry 10). 
Highly isotactic PLA, with blocks of (R,R)-LA and (S,S)-LA 
in the PLA chain, as suggested by NMR characterization of 
these materials, was next generated at low temperature, with 
an increase in the probability of isotactic enrichment (Pi), 
from 0.59 at room temperature to 0.90 at –70 °C. The high 
level of stereoselectivity with this NHC was ascribed to the 
steric hindrance brought by the phenyl groups at the back of 
this catalyst. The ROP of rac-LA using the chiral NHC also 
formed highly isotactic PLAs at low temperature. It was, how
ever, suggested that the stereocontrol was mainly dominated by 
the steric congestion of the active site (Scheme 36) rather than 
by the chirality of the catalyst. The polymerization of meso-LA 
mediated by a chiral NHC yielded a heterotactic PLA. All 
these observations (highly isotactic polymer formed from 
rac-LA and heterotactic polymer with meso-LA) were in 
agreement with a chain end  control mechanism for both 
achiral and chiral NHCs, despite the presence of chiral 
groups close to the active site. In the case of rac-LA, both 
D- and  L-LA should be subjected to a stereoselective attack by 
the terminal alkoxide of the last inserted monomer unit, 
leading to isotactic enrichment. In the case of 
heterotactic-enriched PLA obtained from meso-LA, the oxy
gen adjacent to the last chiral center of the PLA chain end 
(either R or S) might attack the activated monomer with the 
same stereogenic configuration adjacent to it. 

While NHCs are highly active in the ROP of LA, they are 
much less efficient in the ROP of ε-CL.140,141 However, the 
more electron-rich and sterically unhindered carbenes 1,3
diisopropyl-4,5-dimethylimidazol-2-ylidene (NHC9) and 
1,3,4,5-tetramethylimidazol-2-ylidene (NHC10) proved to 
be active organocatalysts for the synthesis of well-defined 
PCL, again corroborating that the catalytic activity is sensitive 
to the steric and electronic nature of the carbene (entries 1, 2, 
and 11 in Table 5).144 The ROP of ε-CL was performed at 
room temperature in THF solution (0.5–2.0 M), in the presence 

Scheme 35 Synthesis of PLA catalyzed by fluorinated or chlorinated NHC adducts.149 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 36 Stereoselectivity of PLA during the ROP of 151rac-LA or meso-LA (controlled chain end mechanism).  

of BnOH and 4-pyren-1-ylbutan-1-ol as a monofunctional 
initiator, or using multihydroxylated initiators such as ethylene 
glycol, 1,1,1-tris(hydroxymethyl)propane, and pentaerythritol. 
Heterodifunctionalized PCL and three- and tetra-arm poly 
(ε-CL) stars were thus generated. Low NHC/ε-CL ratios were 
required to obtain PCL of low molar masses, so as to avoid side 
transesterification reactions and formation of cyclic oligomers. 

The NHC-catalyzed ROP of TMC was also shown to be a 
controlled process (Table 5, entry 12).99 NHC catalysis 
(5 mol.%) allowed fast conversion (> 99% after 30 min), yield
ing polymers with dispersity as low as for the best of the other 
organocatalysts used. However, the use of a more reactive NHC 
did not allow a good control. 

The two mechanisms already discussed above for other 
organocatalysts were eventually proposed to account for the 
‘controlled/living’ character of NHC-catalyzed ROPs of cyclic 
esters, in general. In the AMM, the carbonyl group of the cyclic 
ester substrate is first subjected to a nucleophilic attack by the 
carbene catalyst (Path A, Scheme 37). The activate initiator/ 
chain end mechanism (ACEM) involves interaction of the O–H 
group of the alcohol initiator with the NHC lone pair (Path B, 
Scheme 37) and the nucleophilic attack of the monomer by the 
oxygen of this alcohol. 

Evidence for both mechanisms was discussed, according to 
the nature of the NHC catalyst. First, Connor et al.140 argued 
that NHCs were unable to deprotonate alcohols and initiate an 
anionic polymerization from the corresponding iminium alk
oxide. However, theoretical calculations predicted that the 

ACEM involving H-bond had a lower barrier than the 
AMM.163 Interactions involved in alcohol complexes of IMes 
(NHC6) were studied by NMR spectroscopy and by X-ray crys
tallography. Such adducts were greatly sensitive to the solvent 
and to the structure/nature of the alcohol:164 the more steri
cally hindered the alcohol, the weaker the interaction with the 
carbene. A more acid alcohol thus led to greater involvement 
of imidazolium alkoxides in equilibrium with other 
hydrogen-bonded complexes. 

Evidence of a direct attack of the nucleophilic NHC IMes to 
the cyclic ester was given by polymerizing LA in total absence of 
an alcohol initiator.152,153 In this case, cyclic PLAs could be 
obtained by a kinetically controlled zwitterionic ROP mechan
ism (referred to as the ZROP mechanism). In this case, 
deactivation of polymeric zwitterionic species occurred intra
molecularly (Scheme 38), even at relatively high monomer 
concentrations (0.6–1.0 M in THF). Under such conditions, 
molar masses were directly controlled by the initial ratio of 
the monomer to the NHC (Table 5, entry 13). In other words, 
NHC played in this case the role of initiator, though it was 
released after intramolecular cyclization (macrolactonization 
reaction). These polymerization reactions proved to be very 
fast (kp = 48.7 l mol−1 s−1), yielding high molar mass cyclic 
PLAs (Mn = 5000 and 30 000 g mol−1) with narrow dispersities 
(D < 1.32) in only a few seconds (5–900 s). Polymerization 
reactions were quenched by adding carbon disulfide trapping 
the NHC by forming an irreversible zwitterionic NHC–CS2 

adduct. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 37 Initiation of the ROP of LA and subsequent propagation to form PLA. 

Scheme 38 ZROP of LA catalyzed by IMes and synthesis of cyclic PLAs.152,153 

The cyclic architecture was supported by a combination of 
techniques, including NMR, MALDI-TOF MS, and viscometry 
of the cyclic polymers in comparison with the linear homologs 
of the same molar mass (prepared in the presence of alcohol 
initiators). In addition, thermogravimetric analysis (TGA) sug
gested that cyclic PLAs were more thermally stable than the 
respective linear polymers. When IMes-mediated ROP was 
applied to optically pure L-LA, a crystalline isotactic cyclic PLA 
was formed, indicating that the polymerization occurred with
out epimerization of the chiral center. 

Investigations into the kinetics of these ZROPs mediated by 
NHC6 (IMes) allowed the authors to account for these experi
mental observations.153 If the rate of cyclization is of the same 
order than the rate of propagation, cyclization would be the 
result of an intramolecular chain transfer, releasing NHC that 
would create new chains. In the latter case, the molar masses 

should not evolve linearly but should remain constant with 
monomer conversion, while the dispersity should be equal to 
2.0. Since this was not observed experimentally, it was pro
posed that the IMes-mediated ZROP involved a slow initiation 
step (which was second order in monomer concentration, 
ki = 0.274 l² mol−2 s−1), a propagation step (first order in mono
mer concentration) that was found much faster than 
initiation, cyclization (k = 0.0575 s−1c ), and depropagation 
(k = 0.208 s−1d ). As a matter of fact, few chains could be reini
tiated by the carbenes released upon cyclization. The very fact 
that the dispersity increased at high conversions was explained 
by the occurrence of either competitive transesterification reac
tions of the propagating zwitterions or transesterification 
reactions of the cyclic polymers by the zwitterions or the 
carbene molecules. These kinetic data were supported by 
numerical and stochastic simulations. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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In complement to the previous studies on IMes-mediated 
cyclization of PLA, the reaction of the saturated homologue of 
IMes, that is, 1,3-dimesitylimidazolin-2-ylidene (NHC11), 
with four-membered lactones (β-butyrolactone and 
β-propiolactone) was investigated (Table 5, entry 14).145 

Equimolar amounts of that carbene generated zwitterionic 
species by nucleophilic attack of the carbene on the lactone, 
which was followed by ring closure. This led to the formation 
of a neutral and stable imidazolidine spirocycle which was 
isolated and characterized by crystallography. Interestingly, 
this spirocyclic intermediate could serve as a latent initiator 
that did undergo propagation steps in the presence of excess 
β-BL monomer. In other words, the controlled ROP of both 
β-PL and β-BL operated by reversible opening and closure of 
labile spirocyclic imidazolidine intermediates, affording 
well-defined aliphatic poly(β-BL) and poly(β-PL), as illustrated 
in Scheme 39. The use of CS2 allowed quenching of these 
polymerizations and release of the cyclic polyesters. 

If other organocatalysts were capable of catalyzing mostly 
the polymerization of carbonyl-containing monomers (see pre
vious sections), NHCs were found advantageous to polymerize 
a variety of monomers, including not only heterocycles such as 
lactones, lactide, cyclic carbonates, cyclic siloxanes, epoxides, 
NCAs but also bis-aldehydes and both acrylates and 
methacrylates. 

For instance, Guo et al.154 reported the synthesis of poly 
(α-peptoid)s that are structural mimics of poly(α-peptide)s, via 
the direct NHC-initiated ROP of N-substituted NCAs 
(NR-NCA) (Table 5, entry 15). In contrast to poly(α-peptide)s 
whose well-defined secondary structures are stabilized through 
hydrogen bonding interactions, poly(α-peptoid)s are free of 
such interactions. As with regular NCA monomers, NR-NCA 
can be polymerized through a nucleophilic chain-growth path
way that entails regioselective insertion of a nucleophilic 
initiator (e.g., primary amine) into the anhydride carbonyl 
group, followed by elimination of CO2 reforming an amino 
propagating chain end. These NR-NCA monomers could be 
polymerized in the presence of various amounts of NHC used 
as a direct initiator, thus controlling the polymer chain length 
(ZROP mechanism). It is interesting to note that the activated 

functional group (i.e., anhydride) of the NR-NCA monomer is 
different from that of the polymer backbone (i.e., amide). As 
NHCs have not been reported to trigger transamidation reac
tions, it is likely that inter- and intrachain transfer (side) 
reactions, if existing, are de facto reduced. This situation differs 
from that of aliphatic polyesters discussed above, which can be 
subjected to NHC-catalyzed transesterifications. 

Analysis by mass spectroscopy revealed that the carbene 
moiety was retained as spirocycle adduct when precipitated in 
hexane. Thus, after complete conversion of the initial mono
mer, chain extension could be performed upon addition of a 
second batch of NR-NCA monomer, confirming the living nat
ure of the polymerization. Analysis by MALDI-TOF MS showed 
that the resulting polymers mainly consisted of cyclic poly 
(α-peptoid)s formed by ZROP, followed by intramolecular 
cyclization and release of the NHC moiety (Scheme 40). The 
cyclic architecture was confirmed by viscometric measure
ments. Interestingly, control over polymer molar mass and 
dispersity could be maintained even at relatively high concen
trations of monomer, in contrast to common synthetic 
strategies for cyclic polymers that generally require dilute con
ditions. Cyclic diblock copoly(α-peptoid)s could even be 
obtained by sequential ZROP of NMe-NCA and NBu-NCA 
monomers. 

NHCs were also employed to catalyze the ROP of cyclosiloxanes 
(hexamethylcyclotrisiloxane and octamethyltetracyclosiloxane 
referred to as D3 and D4, respectively) and carbosiloxanes in 
the presence of initiating alcohols. For instance, Rodriguez 
et al.139 reported the ROP of D4 in THF solution at 25 °C, 
using NHC2 or NHC3 as catalyst, in the presence of methanol, 
tert-butyl alcohol, or benzyl alcohol as initiator. PDMS of 
relatively broad molar mass distribution (dispersity 1.58– 
1.70) was obtained (Table 5, entry 16), likely due to undesir
able intra- (back-biting) and intermolecular transfer reactions. 
The authors also observed faster polymerization as the amount 
of NHC catalyst increased. This was attributed to the affinity of 
carbenes to the silicon atom and the propensity of Si to hyper
valency,78 favoring ring opening of D4. Thus, either the AMM 
or the ACEM is plausible in these polymerizations, detailed 
mechanistic investigations being necessary. 

Scheme 39 Formation of a spirocycle from β-butyrolactone (R′= CH 145 
3) and the saturated NHC 1,3-dimesitylimidazolin-2-ylidene (R = mesityl; NHC11).

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 40 NHC-catalyzed ROP of carboxylic anhydrides.154 

The ROP of 2,2,5,5-tetramethyl-1-oxa-2,5-disilacyclopentane 
(TMOSC, Figure 2) catalyzed by the strongly basic NHC9 in the 
presence of the initiating alcohol was found to be very fast (99% 
conversion in 1 min, k =1.65 s −1), forming poly(carbosiloxane) 
having a molar mass 10 200 g mol−1 and a dispersity equal to 
1.19 (Table 5, entry 17).100 The polymerization was slower 
with the NHC IMes (80% after 30 min, k =0.044  s−1). An initia
tor (of the alcohol-type)/chain end (of the silanol-type) 
activation mechanism was proposed. However, activation of 
the silicon atoms of the monomer could be also envisaged in 
this case. 

Raynaud et al.155 reported that NHCs could directly open EO, 
a less polar monomer substrate than any of the aforementioned 
heterocycles. NHCs could serve not only as direct initiators (via a 
ZROP mechanism) but also as organocatalysts when used in 
conjunction with chain regulators of the NuE type, where Nu 
and E are the nucleophilic and electrophilic moieties, respec
tively (e.g., Nu = PhCH2O, HC≡CCH2O, and N3 and E = H and 
SiMe3). In both cases, linear α,ω-heterodifunctionalized PEOs 
could be synthesized (entries 18 and 19). For instance, 1,3
diisopropylimidazol-2-ylidene (NHC1) directly initiated the 
metal-free ROP of EO at 50 °C in DMSO, in the absence of any 
other reagents. In other words, the latter polymerization pro
ceeded via ZROP. Without any other reagent added in the 
beginning, the PEO chain length was strictly controlled by the 
EO to the NHC molar ratio (typically, [EO]/[NHC] = 100/1). No 
competitive intra- or intermolecular transfer reactions are 
expected during anionic ROP of EO, the possible side reactions 
being transfer reactions to protic impurities or cyclization of 
the growing zwitterionic PEO chains. The resulting polymer, 
namely 1,3-diisopropylimidazol-2-ylidinium alkoxide, was 
quenched on the completion of ZROP by the NuE functionaliz
ing terminator, leading exclusively to linear α-Nu,ω-OH 
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(or α-Nu,ω-OSiMe3)-difunctionalized PEOs, unlike the zwitter
ionic polymerization of LA described above. The quantitative 
introduction of the Nu moiety in α-position and of OH (or 
OSiMe3) in ω -position of PEO chains occurred through the 
nucleophilic substitution of the imidazolium moiety by Nuδ– 

and the concomitant reaction of the ω-growing alkoxide of PEO 
chain with Hδ+ (or Me3Si

δ+), as illustrated in Scheme 41. In  
particular, difunctionalized α,ω-dihydroxy-telechelic, α-benzyl, 
ω-hydroxy, and α-azido, ω-hydroxy-PEOs were synthesized by 
NHC-initiated ZROP, using H2O, PhCH2OH, and N3SiMe3 as 
terminating agents. A well-defined PEO-b-PCL diblock copolymer 
could also be directly synthesized by sequential ZROP in DMSO, 
using the same NHC as organic initiator, without isolation of the 
zwitterionic PEO block intermediate. 

Instead of using NHCs as direct initiators, the same group 
also reported the ROP of EO with NHCs as real organocatalysts 
(instead of initiators), in conjunction with not only alcohol but 
also trimethylsilylated initiators (the same NuE-type com
pounds mentioned above) introduced at the beginning.156 

Typical amounts of NHC catalyst equal to 10 mol.% relative 
to NuE were employed in this case, leading to PEOs with molar 
masses in the range 1800 10 500 g mol−1 

– and dispersities 
lower than 1.15. 

Similarly to ROP of cyclic esters, two distinct mechanisms of 
initiation and chain growth were proposed (Scheme 42). NHCs 
might be nucleophilic and silicophilic enough to activate the 
electrophilic part (E = H or SiMe3) of NuE chain regulators. Thus, 
both trimethylsilylated and hydroxylated chain regulators can be 
activated by NHCs, followed by monomer insertion (ACEM, 
path B). However, a nucleophilic attack by the NHC catalyst 
on the monomer is also plausible (AMM, path A). Protonation 
(or silylation) of the zwitterionic intermediate species by an 
alcohol (or a silyl ether), followed by addition of the resulting 

Scheme 41 Functionalizing terminators in the ZROP of EO.155 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 42 AMM (path A) and ACEM (path B) in ROP of EO (R 155,156
′ = H) and PO (R′ = CH3) catalyzed by NHCs.  

alkoxide on the activated azolium, generates a new alcohol (or 
silyl ether) with an incorporated monomer unit. In the mean
time, the NHC catalyst is released and can activate another EO 
molecule. The monoadduct, Nu-CH2CH2O-E, can serve for sub
sequent chain propagation. At this stage of their investigations, 
the authors acknowledged that it was unclear whether the NHC 
directly attacks the monomer, forming a zwitterionic intermedi
ate, or activates the E moiety of the chain regulator, then the 
ω-OE moiety of the PEO chain. The fact that Tris(dimethyla
mino)sulfonium difluorotrimethylsilicate (TASF2SiMe3) did  not  
yield any polymer in the presence of an O-TMS reagent might 
favor the AMM, as it was expected that this catalyst could gen
erate benzylic alkoxide to initiate the ROP of EO by activation of 
the initiator. However, no polymer was formed under these 
conditions. Likewise, when used with EO in the absence of any 
other reagent, no PEO was obtained, TASF2SiMe3 being a too 
weak nucleophile to directly attack EO. 

In a subsequent contribution, the same group applied the 
two methods discussed above, that is, with NHCs employed 
either as direct initiator in ZROP or as true organocatalyst in the 
presence of the aforementioned NuE-type reagents to the ROP 
of Both methods allowed the authors to derivePO.157 

α,ω-difunctionalized PPOs using NHC1 under metal-free and 
solvent-free conditions, whereas PPO is generally obtained by 
anionic ROP in low polar media from alkali metal-based initia
tors.27 When NHC was used as a direct organic initiator, the 
polymerization was simply quenched by H2O, leading to dihy
droxytelechelic PPOs with molar masses up to 4500 g mol−1 

(Table 5, entry 20). Targeting PPO of higher molar masses, 
however, showed the presence of a small extent of allyl-ended 
PPO chains, as observed by 1H NMR, which was characteristic 
of the occurrence of the chain transfer to monomer of active 
PPO chains. With NHC as catalyst and the hydroxylated or 

trimethylsilylated reagents as initiators, the ROP of PO at 
50 °C permitted the synthesis of PPOs of molar masses up to 
8000 g mol−1 with a dispersity lower than 1.18. Both routes 
implied PO polymerization in bulk and incomplete monomer 
conversion (≤ 40% in all experiments), allowing an easy 
removal – and possible recycling – of the residual low-boiling 
monomer by simple evaporation. 

Although focusing mainly on organocatalyzed ROP, this 
chapter underscores that organocatalysis has much broader 
scope and has been used in other chain polymerizations. For 
instance, Scholten et al.130 on the one hand and Raynaud 
et al.,131 on the other hand, reported that the GTP of (meth) 
acrylic monomers can advantageously be catalyzed by NHCs. 
GTP was proposed in the mid-1980s as a convenient method to 
control the polymerization of (meth)acrylic monomers at 
ambient temperature and above.165 It is based on the repetition 
of Mukaiyama–Michael reactions166 involving the addition of 
silyl ketene acetal (SKA) onto an incoming (meth)acrylic 
monomer. GTP is generally catalyzed by a metal-free nucleo
phile (Lewis base) or a metal-based Lewis acid, for methacrylic 
or acrylic monomers, respectively.167 The absence of a unique 
catalytic system that could be generalized for both families of 
monomers did not permit, however, the synthesis of block 
copolymers featuring both monomer units by sequential 
GTP.168 However, new developments in GTP via an organoca
talysis pathway have been recently disclosed. 

Webster168 originally suggested the name ‘group transfer 
polymerization’ to account for the fact that the trimethylsilyl 
group remained at the end of the ‘chain it created with through
out polymerization’. In other words, an associative (concerted) 
mechanism of GTP involving the transfer of the trialkylsilyl 
group from the polymer chain end to the inserted monomer 
was originally put forward. However, this pathway was further 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 43 Associative and dissociative mechanisms for NHC-mediated GTP.130,132 

questioned. In particular, Quirk proposed that GTP occurred by 
a dissociative mechanism through minute amounts of propa
gating enolates.169 These anionic species would be the real 
active centers and be temporarily trapped by the SKAs, forming 
dormant trimethylsilyl bis-enolates (Scheme 43). In fact, the 
mechanism of GTP seems to strongly depend on the overall 
polymerization conditions and, in particular, on the nature 
of the catalyst.170 NHCs were themselves reported to induce 
either the dissociative or the associative mechanism, depending 
upon the one used (Scheme 43). 

While Scholten et al.130 postulated a dissociative mechanism 
forming enolate-type species using NHC9 as catalyst, Raynaud 
et al.132 provided a series of experimental evidences suggesting 
that GTP occurred by an associative (concerted) mechanism, 
when catalyzed by NHC1 or NHC2 (Scheme 43). This differ
ence was explained by the varying nucleophilicity/silicophilicity 
of the different NHCs used. NHC9 is indeed slightly more 
nucleophilic than NHC1 and NHC2. Though the two mechan
isms lead to the same polymer, the polymerization kinetics and 
the properties of the final polymers associated with each of them 
are yet different.167,170 These NHC-catalyzed GTPs were further 
applied to the synthesis of all-acrylic block copolymers.133 

The NHC-catalyzed GTP of (meth)acrylic monomers was 
typically performed at room temperature, using 1-methoxy-2
methyl-1-[(trimethylsilyl)oxy]prop-1-ene (MTS) as initiator, in 
polar (THF) or nonpolar (toluene) medium. In this way, poly-
methacrylates and polyacrylates with molar masses in the range 
10 000–300 000 g mol−1, corresponding to the initial [mono-
mer]/[MTS] ratio and with dispersities lower than 1.2, were 
obtained in quantitative yields. Several features were observed 
with NHC1 and NHC2 as GTP catalysts, supporting the exis
tence of the associative mechanism involving the formation of 
hypervalent siliconate intermediates: 

•	 Though the first-order kinetic plot ln[M]0/[M] versus time 

deviated from linearity at high monomer conversions, no 

inhibition period was noted at low monomer conversion. 

Moreover, the polymerization rate dramatically increased as 

the concentration of initiator increased, with first-order 

kinetic dependence of the initiator. 
•	 When mixed in 1:1 molar ratio, MTS and NHC1 did not 

reveal the formation of enolate-type species by 29Si or 13C 

NMR spectroscopy. 
•	 The production of well-defined poly(methyl methacrylate)s 

(PMMAs) using the 1:1 adducts of NHC1 and MTS as initiat

ing system. 
•	 The controlled polymerization of butyl and tert-butyl acry

lates in the presence of NHC1 or NHC2, suggesting that 

back-biting and internal isomerization could be minimized, 

presumably because no enolates were generated. 
•	 The preparation of block copolymers based on acrylate-type 

and methacrylate-type monomer units, irrespective of the 

order of addition of the two monomers, which would not 

be possible from pure enolates formed by a dissociative 

mechanism. 

It is very likely, however, that the more slightly nucleophilic 
NHC9 used by Scholten et al.130 brought about the GTP of 
(meth)acrylics via a dissociative pathway. 

In a subsequent contribution, Raynaud et al.133 exploited 
the potential of NHC1 and NHC2 to catalyze the MTS-initiated 
GTP of a variety of monomers in THF or toluene at room 
temperature. Monomers include not only acrylics (i.e., butyl 
acrylate, tert-butyl acrylate, and 2-(dimethylamino)ethyl 
acrylate) and methacrylics (methyl methacrylate (MMA) and 
2-(dimethylamino)ethyl methacrylate), but also an 

(c) 2013 Elsevier Inc. All Rights Reserved.
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acrylamide-type monomer, namely, N,N-dimethylacrylamide. 
The NHC-catalyzed MTS-initiated GTP of methacrylonitrile 
using DMF as solvent was also reported for the first time. Like 
in the case of MMA, the GTP of tert-butyl acrylate showed a 
first-order kinetics and a direct dependence of the rate of poly
merization on the concentration in MTS, again suggesting the 
occurrence of the associative mechanism. 

4.06.9 Polymerization Catalyzed by Weak, Strong, 
and ‘Super Strong’ Bronsted Acids 

Cationic ROP of cyclic ethers occurring in the ACEM consists, 
first, in the protonation of the monomer oxygen generating a 
secondary oxonium ion, followed by ring opening of the latter 
species by the oxygen atom of another cyclic ether molecule 
(Figure 8). The resulting tertiary oxonium ion propagates the 

polymerization by successive ring opening by the incoming 
monomer (Scheme 44). 

Chain transfer to polymer, either by intramolecular 
(back-biting) or intermolecular reaction, characterizes many 
cationic ROPs.27,91,92 This is due to the nucleophilicity of het
eroatoms along the polymer backbone which compete with 
that of the monomer (Scheme 45). For instance, 1,4-dioxane 
is predominantly formed as the cyclic dimer in the cationic 
ROP of EO. Cyclic trimers or tetramers are also generated by 
cationic ROP of PO or epichlorohydrin. Under optimal condi
tions, the cationic ROP of THF can proceed, however, in a 

195,196
‘controlled/living’ manner, because the rates of 
back-biting and intermolecular transfer are slow relative to 
the rate of propagation. 

In the late 1980s, Penczek et al.27,91,92 unveiled AMM and 
applied it to the cationic ROP of oxiranes. These early works 
utilizing acid catalysts such as BF3 or HPF6 paved the way for 
precision polymer synthesis of a metal-free approach. This 

Figure 8 Overview of polymers obtained from acids as catalysts. 

Scheme 44 Cationic ROP of THF initiated by acids. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 45 Intramolecular side reactions in cationic ROPs of cyclic ethers. 

could be achieved using a protic reagent (typically ROH) and a 
catalytic amount of strong acid, while maintaining a low 
instantaneous concentration of monomer (by its continuous 
slow addition). The amount of cyclic oligomers can indeed be 
reduced thanks to the presence of the alcohol, playing the role 
of a chain transfer agent/initiator, which controls the polymer 

length.27,91,92chain The AMM involves, in this case, 
oxonium-type active centers that are located on the monomer, 
whereas the polymer chain exists in a (neutral) dormant form 
with a terminal OH-functionality (see Scheme 4). Under such 
conditions, back-biting is minimized, allowing for the synth
esis of well-defined polyethers, including telechelics and 
macromonomers derived from ethylene and POs, epichlorohy
drin and glycidol, and cyclic acetals. However, a relatively 
limited molar mass could be achieved by this synthetic strategy. 

To favor AMM over ACEM, a slow monomer addition pro
cess is beneficial as the instantaneous concentration of 
monomer is kept low. In the ideal case where the ACEM is 
totally suppressed, the molar mass of the final polymer is 
controlled by the initial [ROH]/[monomer] ratio and a linear 
relationship is observed between Mn and [ROH]/[monomer]. 
However, exclusive AMM is rarely observed. 

In recent years, a few groups revisited such Bronsted 
acid-mediated ROP which was applied to heterocycles other 
than cyclic ethers. In particular, organic acid catalysts were 
employed, mainly to polymerize cyclic esters. A better insight 
into the influence of the catalyst on the kinetics of the reaction 
was gained through a combination of experimental and theore
tical studies. It turns out that the catalyst efficiency does not 
simply correlate with its acidity, suggesting a more complicated 
situation. Nevertheless, and for the sake of clarity, Bronsted 
organocatalysts will be divided into three subgroups in the 
following sections according to their acidity, that is, according 
to the nature of the acid group: sulfonic (RSO3H), sulfonimide 
(RSO2)2NH, and carboxylic acids (RCOOH). Although HCl is 
not an organic catalyst, this metal-free polymerization system 
nonetheless shares common features with Bronsted organocata
lysts, and so it may be included in this section for comparison. 

4.06.9.1 Sulfonic Acid-Mediated ROP 

In the past 10 years, efforts were devoted to the controlled 
polymerization of not only lactones such as δ-VL, ε-CL, and 
LA but also cyclic carbonates, using strong sulfonic acid cata
lysts, in the presence of an alcohol initiator. 

Both methanesulfonic acid (MSA) and HOTf permitted a 
‘controlled/living’ ROP of ε-CL, at 30 °C, in the presence of 
primary or secondary alcohol as initiators (entries 1 and 2, 
Table 6).171,172 Polymerizations proceeded within hours for a 
typical [ROH]/[cat] ratio comprised between 0.5 and 1. The 
activity of MSA was similar to that of TfOH, despite a difference 
in pKa of more than 10 units (MSA: H0 = –1; TfOH: H0 = –14; 

H0: Hammett acidity). For comparison, HCl proved far less 
active than the two sulfonic acids, in spite of its intermediate 
acidity (H0 = –8). A faster reaction was observed in toluene than 
in chlorinated solvents, which was thought to result from a 
slightly tighter interaction between the acid catalyst and the 
monomer in a less polar solvent. With both acids, the experi
mental Mn values varied linearly with the monomer-
to-initiator ratio and agreed well with those calculated from 
the monomer feed. Molar masses up to 11 000 g mol−1, narrow 
distribution (1.07 < Mw/Mn < 1.21), and reliability of the 
end-group presence were reported. The controlled character of 
the MSA- and TfOH-catalyzed polymerizations was further 
supported by chain extension experiments; expected Mn and 
narrow dispersity Mw/Mn were obtained. Interestingly, increas
ing the concentration of MSA induced faster polymerization, 
while a higher concentration of TfOH slowed down the reac
tion. It was proposed that the difference in behavior between 
the two acids could result from the competition between the 
activation of the monomer and the deactivation of the initiat
ing/propagating alcohol (Scheme 46). 

The stronger TfOH acid would deactivate the alcohol, while 
MSA would lead to more efficient monomer activation. ROP of 
ε-CL, catalyzed by sulfonic acid, was investigated by density 
functional theory (DFT), using a model reaction involving the 
nucleophilic addition of MeOH to ε-CL, followed by ring open
ing.197 For both elementary steps, the sulfonic acid was actually 
predicted to behave as a bifunctional catalyst, operating as a 
proton shuttle via its acid hydrogen atom and basic oxygen 
atoms. The computed activation barriers were consistent with 
the relatively fast polymerizations observed experimentally at 
room temperature. 

Other sulfonic acids such as p-toluenesulfonic acid (PTSA), 
1,1,2,2,3,3,4,4,4-nonafluoro-1-butanesulfonic acid (NfOH), 
and 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-1-octa
nesulfonic acid (PfOH), whose Hammett acidity ranged from 
–2.3 to –12.3, also proved efficient catalysts for the ROP of 
ε-CL. Although the control and livingness of the polymeriza
tion were not investigated, low catalyst loading (0.1 mol.% 
relative to the initiator) led to complete monomer conversion 
within 3–5 h at 50 °C in toluene (Table 6, entry 3).174 

Controlled polymerization of LA catalyzed by TfOH, in the 
presence of an alcohol initiator (ROH), was also described by 
Bourissou et al.194 and Baśko and Kubisa.171 The solvent for 
polymerization was somewhat restricted to dichloromethane, 
toluene being a poor solvent of PLA and THF being polymer
ized by TfOH.194 In dichloromethane, polymerization 
proceeded at 25–35 °C within hours for a typical [ROH]/[cat] 
between 0.5 and 1, with various initiators, including H2O, 
i-PrOH, PrOH, and pentan-1-ol (entries 7 and 8). Other cata
lysts such as CF3COOH and HCl in the presence of i-PrOH 
were found completely ineffective for LA polymerization, 
under identical conditions. LA was thus found much less 

(c) 2013 Elsevier Inc. All Rights Reserved.



Table 6 Representative examples of the ROP catalyzed by weak,  strong, and ‘super  strong’  Bronsted  acids  

T  Conv Mn 

Entry Catalyst Monomer Bulk/solvent Initiator [C]/[I]0 t (  °C) (%) (g mol−1) Ip References 

1 TfOH, MSA  ε-CL Dichloromethane, Prim.  and sec.  1–3  12–140 min 30 > 98 1 200–10  000 1.07–1.21 172 

toluene  alcohols  

2 TfOH ε-CL Dichloromethane i-PrOH,  ethylene  0.4  35 > 95 3 500  (1H NMR)  1.05 171, 173 

glycol  

3  PTSA, TfOH,  NfOH, PfOH ε-CL Toluene  EtOH  0.001 3–18  h 25–50 90–> 99 4 800–6 900 1.16–1.45 174 

(SEC,  PS, CHCl3)/ 

2 400–3 200 

(1H NMR)  

4 HCl/Et2O ε-CL Dichloromethane BuOH  1–10  24 h 25 > 94 2 600–14 000  < 1.17 175 

5  HCl/Et2O δ-VL  Dichloromethane BuOH  1.5  0.5  h –40 77–86 2 400–3 700 < 1.27 175 

or 

25 

6  HCl/Et2O δ-VL  Dichloromethane Prim.  alcohols  3 1.5–14.5 h 0 65–98 5 000–50 000  1.02–1.15 176 

7  TfOH Lactide Dichloromethane H2O/i-PrOH/pentan-1-ol  1 150– 25 > 96 1 700–16 000 < 1.48  194 

1680 min 

8 TfOH  Lactide Dichloromethane i-PrOH,  ethylene  glycol 0.4 35 > 95 1 800–1  900 (1H NMR) 1.38 171,  173 

9 HCl/Et2O 7CC Dichloromethane BuOH,  H2O  1.5 4–24 h 25 95–99 1 900–12 400 1.12–1.23 175,  178, 

179 

10 MSA  5,5-Dimethyl-1,3 Toluene  BuOH  0.5 3–10  h 50 > 96 2 300–9 300 1.13–1.24 180 

dioxane-2-one 

11 TfOH, MSA  TMC Toluene  H2O/pentan-1-ol 1–6  0.75–3.5 h 30/80  > 96  1 100–8  600 1.08–5.31 181 

12 Tf2NH δ-VL  Dichloromethane Ph(CH2)3OH 0.1 2–48 h 27 77–85 4 200–12 700 < 1.16 177 

13 Tf2NH, Nf2NH ε-CL Toluene,  EtOH 0.001 1.5–30  h 25–50 > 99  1.10–1.48 174 

chloroform  
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5 000–13 500 (SEC, PS,  

CHCl3)/2 000–6 400 

(1H NMR)  

14 Amino  acids,  α-hydroxy  acids, ε-CL Bulk BnOH 10/3 2–7  h 120 < 5–> 95 450–2 700 < 1.3 184 

carboxylic acids  

15 ε-CL Bulk Amino  acidsa 0.5–3.3% 24–48 h 160 > 96 3 600–26 800 1.5–1.86 191 

to  M 

16 L-lactic ε-CL Bulk R(OH)6 0.1  1 h 120 100 12 400 1.48 185 

acid  

17 L-lactic acid ε-CL Bulk Saccharides  1–4  1.5–21 h 120 100 1 600–6 500 < 1.5 186  

18 HCl.Et2O, CF3COOH, CCl3COOH, ε-CL THF, dichloromethane, bulk 1,1,1-Tris (hydroxymethyl) 6–20 6–75 20–90 

maleic acid,  fumaric  acid propane, 

pentaerythritol 

35–95 4 800–15 800 1.06–1.98 187 

19 Oxalic,  succinic, fumaric acids ε-CL Bulk threo-9,10-Dihydroxyoctadecanoic 1–10 24 h 70– 28–97 7 500–15 200 1.11–1.48 188 

acid  150 

20 DL-lactic  acid  ε-CL Bulk Macroalcohol  (Mn = 2 770) 0.1–1 1.5–24 h 140 44–79 2 900–13 030 M 

n 

of the 

diblock copolymer 

1.54–2.74 189 

21 Tartaric acid δ-VL  Bulk  BnOH  10/3 7 h 120 > 95 Mw = 2 608 Da 184 

22 Fumaric acid  δ-VL  Bulk Dipentaerythritol 6–10  18 h 100 96 6 150–99 100 1.07–1.36 190 

23 TFA 6CC, 7CC Dichloromethane,  H2O,  prim. alcohols  0.5 24–30 h 0 or 77–98 2 500–6 800 1.16–1.24 178, 182 

toluene 50 

24 Fumaric acid BTMC Bulk Macrodiols 0.02 wt.% 24 h 150 41–91 yield of A-B-A 8 200–27 200 M 

n 

of the A-B-A 1.54–1.86 183 

triblock copolymer triblock  copolymer 

aInitiation  by –NH2  group. 
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Scheme 46 Competitive monomer activation and alcohol 
deactivation.171,172 

reactive than ε-CL or δ-VL, in sharp contrast to the situation 
prevailing with Bronsted bases (see previous sections); both 
ε-CL and δ-VL could indeed be polymerized with HCl at 
room temperature.175,176 PLAs with molar masses ranging 
from 1500 to 20 000 g mol−1 and relatively low dispersity 
(1.13 < D < 1.50) were obtained. The controlled character of 
these polymerizations was demonstrated by the linear evolu
tion of experimental Mn values with the monomer conversion. 
This was supported by a second feed experiment, a quantitative 
reinitiation of chain ends being observed. Both 1H NMR and 
mass spectra analyses evidenced quantitative initiation of the 
polymerization by the alcohol, without a trace of adverse 
transesterification reactions up to 93–96% conversion. 
However, prolonged reaction times caused the formation of 
odd and even numbers of lactate units, as seen by MALDI-TOF 
MS, owing to the occurrence of transesterification.171 

Investigations into the kinetics of polymerization revealed a 
first-order kinetics dependence on LA concentration, with a kobs 
of 6.8 � 10−3 min−1 at room temperature, which was compar
able with the activity of DMAP, although a temperature of 
35 °C and longer reaction times were required.24 

From a mechanistic viewpoint, protonation of LA and its 
subsequent ring opening by the alcohol initiator or the growing 
polymer chain were shown to occur selectively. The chain growth 
involved an acyl cleavage of LA rather than alkyl cleavage, as 
could be deduced from the presence of isopropyl ester chain 
ends in the NMR spectra of the resulting PLAs (Scheme 47). 

No configuration change on the chiral carbon atom was 
observed during the L-LA polymerization in dichloromethane 
at room temperature, a perfectly isotactic PLA being obtained. 

Baśko and Kubisa171,173 studied the copolymerization of 
ε-CL and L-LA catalyzed by TfOH in dichloromethane at 
35 °C, in the presence of an alcohol initiator such as PrOH or 
ethylene glycol. L-LA was preferentially incorporated into the 

copolymer, despite its slower rate of homopolymerization 
(relative to that of ε-CL), a situation reminiscent of that 
observed for the homo- and copolymerization of LA and ε-CL 
by anionic or coordination mechanism.198,199 This apparent 
discrepancy was explained by the twice higher probability of 
protonation of LA which contains two ester groups compared 
with ε-CL. Analysis by 13C NMR of the copolymer microstruc
ture was found to depend on the alcohol initiator (PrOH vs. 
ethylene glycol), on the LA to ε-CL ratio and the conversion. 
Thus the microstructure of the copolymer might be governed 
either by the relative reactivity of the comonomers171 or by 
transesterification, regardless of the kinetics of comonomer 
incorporation.173 

Shibasaki et al.179 reported, in 1999, the use of HCl/H2O as  
initiating system for the cationic ROP of 1,3-dioxepan-2-one 
(7CC) following an AMM (Table 6, entry 9). Polycarbonates 
with Mn ranging from 3000 to 12 400 g mol−1 and low disper
sity (1.15–1.23) could be quantitatively obtained by ROP of 
7CC in dichloromethane at room temperature. Mn values 
could be controlled by the initial amount of water; they were 
found to increase linearly with monomer conversion, regard
less of the initial [M]/[I] ratio. According to NMR spectroscopy, 
no decarboxylation was noted under these conditions, a side 
reaction commonly observed during cationic ROP of cyclic 
carbonates.200 

At the same time, Nakano180 reported the organocatalytic 
ROP of a six-membered cyclic carbonate, namely 5,5-dimethyl
1,3-dioxan-2-one, catalyzed by MSA in the presence of BuOH 
as initiator (entry 10). Polymerization proceeded homoge
neously at 50 °C in toluene within 3–10 h, yielding 
polycarbonates with Mn ranging from 2300 to 9300 g mol−1 

and a relatively narrow dispersity (1.13–1.24). However, GPC 
profiles proved unimodal only for [M]/[I] < 20 but bimodality 
was observed for the ratios higher than 30. Although some 
polymer chains were effectively initiated by BuOH, according 
to 1H NMR spectroscopy, side reactions such as back-biting 
occurred to a significant extent. 

In 2010, Delcroix et al.181 revisited the ROP of cyclic carbo
nates catalyzed by sulfonic acids and investigated the scope and 
limitations of such an organocatalysis (Table 6, entry 11). Both 
MSA and TfOH were employed and compared, for the ROP of 
TMC, with water or pentan-1-ol as protic initiators. In contrast 
to TfOH, MSA yielded a PTMC free of ether linkage, even under 
forcing conditions. Increasing the catalyst concentration 
induced a faster polymerization in the case of MSA, while the 

Scheme 47 ROP of LA in the presence of sulfonic acid. 
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kinetics slowed down with TfOH, in line with the observations 
made for the ROP of ε-CL. In the case of the MSA-catalyzed 
pentan-1-ol-initiated ROP of TMC, the molar mass of PTMC 
was only controlled for [M]/[I] < 20. For higher ratios, lower Mn 

experimental values were obtained, owing to the occurrence of 
competitive AMM and ACEM. Importantly, no cyclic structures 
could be identified, suggesting the absence of back-biting reac
tions. It is noteworthy that such a competition between the 
AMM and the ACEM is unprecedented for the polymerization 
of carbonyl-containing monomers by strong Bronsted acids, 
but is similar to that observed during the ROP of cyclic 
ethers.27,91,92 By analogy with the aforementioned works by 
Penczek with oxiranes, ACEM could be minimized, by decreas
ing the instantaneous concentration of TMC, using multifeed 
experiments or a continuous slow monomer addition. 
Controlled Mn values up to 4000 g mol−1 were obtained with 
the multifeed approach, while Mn values up to 9000 g mol−1 

were reached with the continuous addition of the monomer. In 
the latter case, SEC analysis revealed a unimodal but slightly 
asymmetric distribution of molar masses, due to a small con
tamination of polycarbonate chains grown by the ACEM, 
besides the main population of chains derived from AMM. 
Under these optimized conditions, the molar mass of PTMC 
increased linearly with monomer conversion. 

4.06.9.2 Sulfonimide-Based Catalysts for ROP 

Introduction of these organocatalysts in polymer chemistry was 
reported by Kakuchi et al.192 in 2009 who reported the GTP of 
(meth)acrylic monomers (see below). Bis(perfluoroalkanesul
fonyl)imides such as Tf2NH and Nf2NH were also found 
particularly active in the Bronsted acid-catalyzed ROP of δ-VL 
and ε-CL.174,177 

PVL with molar mass up to 9400 g mol−1 (reaction time: 
9 h) and low dispersity (Mw/Mn = 1.09) could be obtained in 
dichloromethane at 27 °C, with a catalyst loading of 0.1 mol.% 

(relative to the initiator) and 3-phenylpropan-1-ol as initiator 
(Table 6, entry 12).177 The controlled nature of the polymer
ization was demonstrated: the Mw/Mn remained low (1.09– 
1.16), molar masses increased linearly with increasing the 
initial [M]/[I] ratios, and a chain extension experiment was 
successfully performed. In addition, PVL featuring functiona
lized chain ends could be prepared using a heterodifunctional 
alcohol initiator, incorporating an azido, pentafluorophenyl, 
or maleimido group. 

In 2011, Oshimura et al.174 reported that Tf2NH and Nf2NH 
efficiently catalyzed the ROP of ε-CL (entry 13). PCL with Mn 

ranging from 2000 to 6400 g mol−1 and relatively narrow dis
persities (1.10–1.48) was synthesized in toluene, using a low 
catalyst loading (0.1 mol.% relative to the initiator). 
Quantitative monomer conversion could be obtained in 
8–10 h at 25 °C, while the reaction time could be shortened 
to 2.5–3 h by increasing the temperature to 50 °C. When THF 
was used as solvent, its incorporation into PCL was observed, 
by analogy with the ability of TfOH to initiate THF polymer
ization. Although a postpolymerization experiment was 
performed, no evidence of the controlled/living character of 
the polymerization was provided. Interestingly, Nf2NH could 
be recycled for a subsequent polymerization by simple extrac
tion of the reaction mixture with water. Several reaction 
parameters such as rate constants, activation energies, enthalpy 
of activation, entropy, and Gibbs energy for the ROP of ε-CL 
were determined, but no clear relationship between the catalyst 
acidity and rate of polymerization, on the one hand, and the 
solvent polarity and rate of polymerization, on the other hand, 
was established. 

The group of Kakuchi applied the organocatalysis based on 
Tf2NH to the GTP of (meth)acrylate derivatives such as 
MMA192 and N,N′-dimethylmethacrylamide (DMA)193 

(Scheme 48; see also Section 4.06.8 for a general discussion 
about GTP and recent developments employing NHCs as 
catalysts). 

Scheme 48 GTP of (meth)acrylics using HNTf (MTS: R 192,193
2 1= CH3, R2= OCH3; (Z)-DATP: R1= H,  R2= NMe2).
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In contrast to traditional metal-based Lewis acid-mediated 
GTP,170 only 5 mol.% of HNTf2 (relative to the initiator) was 
required for quantitative monomer conversion to be reached. 
PMMA with Mn up to 17 000 gmol−1 and low dispersity (Mw/ 
Mn = 1.04–1.08) could be obtained in dichloromethane solu
tion with MTS as initiator, in 24 h at 27 °C. Polymers with Mn 

values ranging from 6000 to 54 000 g mol−1 in dichloro
methane solution and dispersity from 1.06 to 1.20 were 
synthesized by GTP of DMA in toluene solution, at 0 °C, within 
3–9 h. In the latter case, (Z)-1-(dimethylamino)-1
trimethylsiloxy-1-propene, (Z)-DATP, was found more appro
priate as initiator than MTS (Scheme 48). The controlled 
character of the GTP of both MMA and DMA was evidenced 
through (1) the increase in molar mass with increasing the 
[MMA]/[MTS] ratio, (2) the increase in molar mass with 
increasing monomer conversion, (3) the reliability of the pre
sence of end groups, and (4) postpolymerization experiments. 
From a mechanistic viewpoint, the polymerization presumably 
proceeded in a similar way as the Mukaiyama aldol molecular 
reaction catalyzed by strong Bronsted acids, as described by the 
groups of Yamamoto and List82–84,201 First, HNTf2 reacts with 
the initiator to generate the actual catalytically active species 
Me3SiNTf2 (step a, Scheme 48). Coordination of Me3SiNTf2 to 
MMA increases the electrophilicity of the monomer (step b), 
which can thus undergo nucleophilic addition of the propagat
ing SKA chain end (step c). This results in the formation of 
PMMA containing (n + 1) units while the catalyst is regener
ated. Note that this Tf2NH-mediated reaction is also 
characterized by a ‘self-repair’ mechanism (step d), which 
further consumes MTS to regenerate Me3SiNTf2 due to the 
presence of a very low amount of impurities (BH). This 
mechanism was consistent with the slightly higher molar 
mass observed for PMMA synthesized by the Tf2NH-catalyzed 
GTP of MMA. These results contrasted with those reported for 
the CF3SO3SiR3-catalyzed GTP, which was found to lose living-
ness (Mw/Mn = 2.35) and to yield incomplete monomer 
conversion.202 

Interestingly, the Tf2NH-catalyzed GTP produced a predo
minantly syndiotactic PMMA at room temperature (mm/mr/ 
rr = 1/27/72). Lowering the temperature to –55 °C allowed 
the author to reach 90% syndiotacticity (mm/mr/rr = 0/10/90), 
which compared with t-BuLi/AlR3, one of the most established 
transition metal-based synthetic pathways to syndiotactic 
PMMA. In the case of PDMA, the dyad tacticity (m/r) was 
influenced by both the solvent polarity and the temperature 
of polymerization: the (m/r) values determined vary from 35/ 
65 in dichloromethane to 44/56 in toluene at 0 °C and from 
27/73 in dichloromethane to 38/62 in toluene at –78 °C. 

4.06.9.3 Carboxylic Acid-Mediated Polymerizations 

Various carboxylic acids, including not only trifluoroacetic acid 
(TFA) but also naturally occurring α-hydroxyacids and α-amino 
acids, have attracted great interest in polymer chemistry over 
the last 10 years. This is due to their broad availability from 
renewable resources as well as their air and moisture stability.15 

Unlike enzymes, these small molecules display a higher ther
mal stability and better solubility in organic solvents. 
Compared with stronger acids, the carboxylic acid derivatives 
with pKa around 3–5 usually lead to few side reactions, while 
providing high chemoselectivity.15 Moreover, these catalysts 

allow the polymerization to be performed under solvent-free 
conditions, which is of prime relevance in the context of green 
chemistry. Most lactones have been polymerized so far, includ
ing ε-CL, δ-VL, and LA. The polymerization of cyclic carbonates 
was also briefly investigated. 

Naturally occurring α-hydroxyacids such as lactic acid, citric 
acid, mandelic acid, tartaric acid, and other α-amino acids 
proved efficient for the ROP of ε-CL. Complex polymer archi
tecture such as dendrimer-like PCLs could be obtained via such 
an organocatalyzed pathway. The selective modification of 
saccharides and even cellulose fibers was also described. In 
most cases, the ROP of ε-CL catalyzed by carboxylic acids was 
performed in bulk at 120 °C. α-Hydroxyacids such as lactic, 
tartaric, and citric acids proved more efficient than nonhy
droxylated carboxylic acids (hexanoic and propionic acids), 
which was thought to result from the higher acidity of the 
former catalysts (pKa = 3.8 vs. 4.5). Casas et al.184 showed that 
high monomer conversion (80–90%) was obtained in 4 h with 
tartaric acid as catalyst ([I]/[cat] = 3) and benzyl alcohol as 
initiator (Table 6, entry 14). PCLs with molar masses up to 
2700 g mol−1 and dispersity around 1.3 could be synthesized. 
In contrast, with aliphatic carboxylic acids such as propionic 
and hexanoic acids, low monomer conversions (10%) were 
observed and only oligomers (Mn = 450 g mol−1) were formed. 
In the absence of an external alcohol initiator, α-hydroxyacids 
were also found to initiate the polymerization. This situation is 
reminiscent of the amino acid-mediated ROP of ε-CL described 
by Liu et al., which afforded PCL terminated with an amino 
acid (entry 15).191 

L-Alanine, L-proline, L-phenylalanine, and 
L-leucine could serve as both catalysts and initiators for the bulk 
ROP of ε-CL at 160 °C, quantitative monomer conversion 
being reached in 24–48 h. PCL of relatively well-controlled 
molar mass, ranging from 3700 to 26 800 g mol−1, but of rather 
high dispersity (1.50–1.89), could be obtained by varying the 
initial [ε-CL]/[amino acid] feed ratio. 

In contrast to strong Bronsted acids, the softer carboxylic 
acids were expected to display a high functional group toler
ance which could provide the opportunity to readily access 
polymers incorporating multifunctional groups. A difunctional 
initiator featuring two types of OH groups (phenol and alka
nol) was shown to exclusively initiate via its alkanol group the 
tartaric acid-catalyzed ROP of ε-CL.185 Increasing the [I]/[cat] 
ratio from 0.7 to 3.5 led to a slight decrease in the PCL molar 
mass from 10 300 to 8900 g mol−1, suggesting initiation by 
tartaric acid itself. PCLs with a dendrimer-like architecture 
were also prepared using, in this case, a 
hexahydroxy-functional initiator in the presence of lactic acid 
([I]/[cat] = 0.125) as catalyst (entry 16).185 The polymerization 
was carried out at 120 °C for 1 h under solvent-free conditions, 
affording dendrimer-like structures with molar mass 
Mw = 12 550 g mol−1 and a dispersity of 1.4. According to 1H 
NMR spectroscopy, however, the dendritic structures were 
found to be contaminated with linear PCL chains that were 
directly initiated by tartaric acid. Interestingly, the lactic acid 
catalyst could be recycled twice, without affecting the yield 
of the dendrimer-like PCLs. Upon subsequent recycling, how
ever, the molar mass decreased from 12 550 to 10 800 g mol−1, 
while the dispersity broadened significantly (from 1.4 to 2.1 in 
the first and third run, respectively). Although it was claimed 
that the high chemoselectivity of this system prevented the aryl 
ester functions of the initiator from being transesterified by 
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growing chain end of PCL, the transesterification involving PCL 
alkyl ester groups likely occurred. 

Persson et al.186 showed that various sugars such as 
methyl-β-D-glucopyranoside, sucrose, and raffinose could initi
ate the ROP of ε-CL in bulk at 120 °C, in the presence of L-lactic 
acid catalyst ([I]/[cat] = 1–4) (Table 6, entry 17). Depending on 
the initiator used, PCLs with molar mass ranging from 1600 to 
6500 g mol−1 and relatively narrow dispersity (1.3–1.5) were 
obtained in high yields (up to 95% based on consumed ε-CL). 
It was found that these sugar-initiated PCLs were contaminated 
with some lactic acid-initiated PCL, in line with previous obser
vations made with other initiators (vide supra). Interestingly, 
the first direct catalytic ROP from cellulose fibers was described 
with the mild, tartaric acid-catalyzed bulk polymerization of 
ε-CL at 120 °C, initiated by cotton and paper cellulose. Such an 
organocatalytic pathway to polyester–polysaccharide compo
sites might be suitable biomaterials for various applications.203 

Three- and four-arm star PCL polymers have been prepared 
by Sanda et al.187 by ROP of ε-CL with a triol (1,1,1-tris(hydro
xymethyl)propane) and a tetrol (pentaerythritol) initiator 
respectively, in the presence of various acid catalysts such as 
HCl.Et2O, TFA, CCl3COOH, maleic, and fumaric acids (entry 
18). With carboxylic acids, the polymerization was carried out 
in bulk at 70–90 °C for 6–24 h; star PCL (61–95% yield) of 
molar mass ranging from 4400 to 15 800 g mol−1 could be 
obtained (Mw/Mn = 1.07–1.98).187 

The synthesis of lipid-functionalized PCL was recently 
described by Oledzska et al.188 by ROP of ε-CL in bulk at 
70–150 °C, initiated with threo-9,10-dihydroxyoctadecanoic 
acid and catalyzed by oxalic, succinic, or fumaric acids (entry 
19). Functionalized PCL of molar mass ranging from 7500 to 
15 200 (Mn/Mw = 1.11–1.48) was obtained in 28–95% yield. 

Block copolymers based on pseudo-poly(amino acid) and 
PCL have been prepared by Lee et al.189 by ROP of ε-CL in bulk, 
using an OH-terminated pseudo-poly(L-proline) derivative as 
initiator and DL-lactic acid as catalyst (Table 6, entry 20). 
Within 1.5–24 h, block copolymers of 2900–13 030 g mol−1 

could be obtained at 140 °C, with a low catalyst loading 
([C]/[M] = 0.1–1). The ability of these amphiphilic copolymers 
to form micelles in aqueous media was also studied. 

The feasibility of a carboxylic acid-mediated ROP of δ-VL 
was first reported by the group of Córdova in 2004 (Table 6, 

22).184,190entries 21 and PVLs with molar mass of 
2600 g mol−1 were obtained in 7 h (conversion > 95%) by 
ROP of δ-VL in bulk at 120 °C, using tartaric acid ([I]/ 
[cat] = 0.33) as catalyst and benzylalcohol as initiator. Further 
development of this methodology by Zeng et al.190 allowed the 
polymerization to be controlled, giving an access to complex 
polymer structures, such as six-arm star PVL and some 
star-block copolymer derivatives. The polymerization of δ-VL 
in bulk at 60–70 °C, in the presence of fumaric acid as catalyst 
and dipentaerythritol as hexafunctional initiator, yielded 
hexa-arm star PVL exhibiting higher molar masses than 
expected, owing to the poor initiator efficiency (less than 
0.3). Raising the temperature to 100 °C allowed the authors 
to increase the initiator efficiency to 0.9 and to synthesize PVLs 
with molar mass ranging from 6150 to 99 100 g mol−1 and a 
dispersity of 1.07–1.36, using a relatively high catalyst loading 
([I]/[cat] = 0.1). The molar masses calculated from the 1H NMR 
spectra were in good agreement with the theoretical values. 

The group of Endo175,182 investigated the organocatalytic 
ROP of six- and seven-membered cyclic carbonates (6CC and 
7CC, respectively) in the presence of a protic initiator (entry 
23). In particular, among a variety of organic acids screened, 
only TFA proved efficient in the ROP of both carbonates. High 
monomer conversion (77–98%) was reached for the polymeriza
tions of 6CC and 7CC in dichloromethane at 0 °C and in toluene 
at 50 °C, respectively, using a low catalyst loading ([I]/[cat] = 2) 
and a primary alcohol (BnOH or BuOH) as initiator. 
Polycarbonates with molar masses ranging from 2500 to 
6800 g mol−1 and relatively narrow dispersities 
(Mw/Mn =1.16–1.24) could be synthesized in 24–30h. It was 
shown that molar masses of poly(6CC) and poly(7CC) increased 
with conversion, indicating a controlled character of the polymer
ization. This situation contrasted with the HCl-catalyzed ROP of 
7CC, where the molar mass of the resulting polymers increased 
linearly with increasing the initial [M]/[I] feed ratio, a good 
agreement between calculated and theoretical molar masses 
being observed.175 These differences might arise from 
the inability of HCl to mediate ROP of cyclic carbonates in the 
absence of a protic initiator, while TFA was shown to induce an 
ACEM when used as direct initiator, in spite of higher acidity of 
HCl. Importantly, no decarboxylation occurred in these two 
systems, in contrast to what was observed under typical cationic 
polymerization conditions.200 In dichloromethane, the rate of 
polymerization of 7CC is ca. 30 times higher than that observed 
for the polymerization of 6CC, which is thought to result from 
the higher ring strain of 7CC. Interaction of TFA with both 6CC 
and 7CC in CDCl3 could be  established by  1H and  13C NMR  
spectroscopy, following a polymerization by AMM, as proposed 
by the authors. 

A further development of the carboxylic acid-mediated ROP 
of cyclic carbonates was reported in 2009 by Zhang et al.183 for 
the synthesis of triblock polycarbonates (Table 6, entry 24). 
The authors showed that the polymerization of 2-(benzyloxy) 
propane-1,3-diyl carbonate could be conducted at 150 °C 
under solvent-free conditions, with 2.0 wt.% of the fumaric 
acid catalyst, using a dihydroxylated macroinitiator. Under 
these conditions, A-B-A triblock copolymers of predictable 
molar mass could be synthesized with moderate to excellent 
yields (41–91%), by varying the initial feed ratio of comono
mers. The molar mass of the A blocks could be varied from 
2650 to 9450 g mol−1, while only a slight increase in the dis
persity of the triblock copolymer, compared with that of the 
macroinitiator for B-block, was observed. 

4.06.10 Conclusion 

Tremendous research efforts are currently being made in 
organic synthesis, focusing on the development of more sus
tainable processes, taking into account mild conditions, energy 
savings, high selectivities, reduced by-products, and wastes. In 
this regard, both enzymatic catalysis and organocatalysis offer 
new opportunities for activating various substrates and acces
sing functional building blocks. General concepts of 
organocatalysis have been applied to polymer synthesis, allow
ing significant breakthroughs such as enhancement of 
polymerization rates and high selectivity of propagation rela
tive to adverse chain breaking by termination or transfer 
reactions. Organocatalysis has also allowed the preparation of 
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polymeric structures that would be hard to access by a 
metal-mediated polymerization. Moreover, this metal-free 
approach has led to the production of biocompatible polymers 
without metal residues, which could be used in biomedical 
applications. It might be anticipated that organocatalysis 
could be applied in the near future to the synthesis of polymer 
for optoelectronic applications, where metallic impurities are 
also problematic. 

The field of organocatalyzed polymerization, however, is 
still in its infancy. Since organic catalysts may operate differ
ently as compared with metal-based ones, they offer a diversity 
of mechanistic pathways to control the polymerization. In 
some cases, it has not been clearly established whether the 
organic catalysts activate the monomer or the initiator/polymer 
chain ends or operate by cooperative dual activation. It turns 
out that the polymerization mechanism dramatically depends 
on the catalyst structure/reactivity. In this context, DFT calcula
tions appear as a complementary tool to better understand the 
polymerization mechanism. 

Thus, challenges still remain in macromolecular synthesis 
by an organocatalyzed pathway. For instance, only a few 
monomer candidates have actually been investigated so far, 
carbonyl-containing monomers such as cyclic esters and cyclic 
carbonates being the most studied in the context of ROP. This 
can be explained by the relatively high reactivity of polar car
bonyl group. Also polymer molar masses of polymers are 
somehow limited in most of the examples reported. On the 
other hand, asymmetric polymerizations using chiral catalysts 
have to be investigated in much more detail, since they are far 
from competing with organometallic catalysts.204 
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4.07.1 Introduction ring substituents, as well as by the initiator nature, the solvent, 

Among cyclic ethers, three-membered ring epoxides – with the 
exception of some four-membered ring oxetanes – are the only 
ones that can be polymerized by an anionic or a related 
nucleophilic polymerization mechanism. Larger cyclic ethers 
polymerize exclusively by a cationic or electrophilic ring-opening 
mechanism. mechanisms involved in the presence of different initiators 
The conventional anionic ring-opening polymerization of 
epoxides can be described by the set of reactions shown in 
Scheme 1 for a monosubstituted epoxide. 

Initiation is a bimolecular nucleophilic substitution that leads 
to the formation of an alkoxide species more or less ionized accord
ing to the nature of the associated counterion Mt provided by the  
initiating species AMt. The alkoxide must have a high enough 
nucleophilicity to attack a new epoxide molecule and propagate. 
Initiation and propagation of the ring-opening polymerization by 
nucleophilic species involving a preliminary complexation of the 
monomer can be considered as related processes. 

The polymerizability of epoxides is determined by the nega
tive change of Gibbs energy in the polymerization reaction, ΔGp. 

ΔGp ¼ ΔHp − T ΔSp < 0 
˙ 

with ΔHp and ΔSp the enthalpy and entropy changes in the 
polymerization, respectively, and T the absolute temperature 
(in kelvin). For the small epoxide ring, the polymerizability is 
mainly under the control of the enthalpy term and the impor
tant ring strain. Repulsion between substituents is also an 
effective parameter. 

Epoxide reactivity and polymerization kinetics are also 
influenced by electronic and steric factors associated with the 

and reaction conditions, which determine the characteristics of 
the active species of polymerization. The ability of epoxide 
monomers to be activated by complexation with an electro
phile may also strongly facilitate nucleophilic ring opening. 

In this chapter, the anionic and related nucleophilic poly
merizations of epoxides are reviewed. The elementary 

and catalysts and the main synthetic strategies developed for 
the preparation of epoxide homopolymers and copolymers are 
described. In the second section, the anionic polymerization of 
epoxides involving alkali metal derivatives is described. The use 
of organic derivatives as counterions or catalysts is presented in 
the third section. The fourth section is devoted to epoxide-
coordinated polymerization. Finally, in the last section, 
monomer-activated epoxide polymerization is described. The 
cationic polymerization of epoxides is described in another 
chapter. 

4.07.2 Anionic Epoxide Polymerization Initiated 
by Alkali Metal Derivatives 

Alkali metal derivatives, including hydrides, alkyls and aryls, 
hydroxides, alkoxides, and amides, have been used as initiators 
for the anionic polymerization of epoxides. Sodium, potas
sium, and to a lesser extent cesium are the most often used 
alkali metals.1 Lithium derivatives are generally avoided since 
after the insertion of the first epoxide unit, they yield alkoxide 
species that are unable to properly propagate the polymeriza
tion, due to strong association. Anionic polymerization of 
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Scheme 1 Ring-opening polymerization of epoxides involving nucleophilic species AM. 

epoxides can be conducted in aprotic solvents such as dioxane, 
tetrahydrofuran (THF), hexamethylphosphoramide (HMPA), 
and dimethyl sulfoxide (DMSO), or in the bulk monomer. 

Alkali metal dispersions can also be used to initiate the 
polymerization of epoxides via electron transfer, but these 
systems show very poor efficiency. For an almost similar rea
son, initiation by alkali metal hydrides, which proceeds mostly 
at the surface of metal hydride particles, is slow and not con
trolled.2,3 Addition of complexing agents such as crown ethers 
to alkali metal hydrides in THF was found to strongly accelerate 
epoxide polymerization.4,5 However, the initiation mechanism 
seems unclear; instead of the expected hydrogen as the initiator 
fragment, most of the polyethers possess a hydroxyl head 
group. This suggests the reaction of residual water with the 
alkali metal hydride to form a metal hydroxide, which is the 
true initiating species.5,6 

Detailed studies on the mechanisms of initiation and pro
pagation of epoxide polymerization have been conducted 
using well-defined and stable initiators. Ethylene oxide (EO) 
was generally chosen as the reference monomer, owing to the 
living character of its polymerization,7,8 whereas the anionic 
polymerization of most other epoxides, including propylene 
oxide (POx),9 is subject to side reactions. 

4.07.2.1 Ethylene Oxide 

Anion radicals such as sodium naphthalene can react with 
monomers in two ways, via electron transfer to monomer or 
by direct addition of the monomer to the anion radical. The 
second addition mechanism applies to EO.10 Indeed the reac
tion of EO with naphthalene results in the formation of a 

bifunctional initiator through addition of two monomer 
molecules on a same naphthalene molecule (Scheme 2). 

The kinetics and mechanisms of initiation of EO polymer
ization by alkali metal salts of carbanions (polystyryl (PS−), 
cumyl, and fluorenyl (F−)11,12) and of nitranions (carbazyl 
(N−) and dibenzocarbazyl (DBN−) derivatives13) (Scheme 3) 
have been investigated in detail in ethereal solvents. 

The intrinsic reactivity of ion pairs and free ions in EO 
addition was determined. In the case of weakly delocalized 
anions, illustrated by PS− and N−, free ions are more reactive 
than ion pairs. In contrast, for more delocalized anions 
(F−, DBN−), the reactivity order was opposite. For instance, 
the rate of cleavage of EO by alkali salts of 9-methylfluoren
9-yl12 decreases from tight ion pairs to solvated ion pairs and 
free ions. It was suggested that electrophilic activation of the 
epoxide by the metallic counterion (step 1 of Scheme 4) makes 
an important positive contribution to the ring-opening reac
tion (step 2) which overcomes the energy required for ion-pair 
dissociation. For more localized N− or PS− anions, the interac
tion of the anion with the cation is stronger and the energy 
required for separating the charges lowers the reactivity of ion 
pairs compared to free ions. 

Initiation of the EO polymerization by alkali metal alkox
ides has also been investigated in detail since the structure of 
these derivatives is close to that of alkoxide propagating spe
cies. In aprotic solvents of low-to-medium polarity, such as 
ethers, alkali metal alkoxides show a strong tendency to aggre
gate and yield complex reaction kinetics. This is particularly 
significant for small metals such as lithium or sodium. If the 
reactions follow a monomer order of 1, the order in alkoxide 
propagating species varies according to the counterion and 

Scheme 2 Initiation of EO polymerization by naphthalene alkali metal salts (for a detailed mechanism, see Reference 10). 

Scheme 3 Stable alkali metal salts used as initiator for EO polymerization. 
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Scheme 4 Mechanism of initiation of EO polymerization by alkali salts of 9-Methylfluoren-9-yl. 

Scheme 5 Aggregates, ion pairs, and free ions in EO polymerization and their ability to contribute to propagation. 

the solvent. This can be related to the presence of various 
amounts of aggregates, ion pairs, and free ions of different 
intrinsic reactivity. The main types of poly(EO) ends and their 
corresponding propagation rate constants are indicated in 
Scheme 5. EO polymerization within alkoxide aggregates is 
extremely slow and negligible in most cases. 

The kinetics of EO propagation reactions have been inves
tigated in media of various polarities. In HMPA (ε = 30, 20 °C) 
using the sodium, potassium,7 and cesium14 salts of the mono
methylether of diethylene glycol as initiators, the reaction rates 
were found to be first order in monomer, zeroth order with 
respect to sodium alkoxide, and between zero and unity with 
respect to potassium alkoxide. This is explained by association 
of alkoxide chain ends as shown by viscometric measurements 
performed on living and dead polymerization mixtures. With 
cesium as counterion, aggregates are absent and the propaga
tion rate constant, kp, is a linear function of 1/[propagating 
species]1/2, indicating that propagation proceeds by ion pairs 
and free ions.14 Although the latter are present in very low 
proportion (see KD value in Table 1), they are of much higher 
reactivity.15 At 40 °C, kp 

− is approximately 100 times higher 
than kp 

� of Cs ion pairs. 
Several papers report studies on the anionic polymerization 

of EO in DMSO. The use of potassium tert-butoxide (t-BuOK) 
as initiator was reported to yield living poly(EO)s with molar 
masses controlled by the ratio [monomer]/[initiator]14,16,17 

although dimsyl ion resulting from transfer to the solvent 

(Scheme 6) has been considered by some authors as the prin
cipal polymerization initiator.18,19 

In the case of K and Cs salts, EO polymerization in 
DMSO proceeds almost exclusively by free ions17 in agreement 
with a higher dissociation constant in this solvent 
(Kd = 9.4 � 10−2 mol l−1 at 50 °C for Cs counterion), in line 
with the high permittivity of DMSO (dielectric constant; 
ε = 48, 20 °C). With Na counterion, both ion pairs and free 
ions contribute to the propagation.17 The estimated kp 

� and 
kp 

− values are given in Table 1. It is worth noting the much 
higher propagation rate constants are observed in HMPA (at 
40 °C) compared to DMSO (at 50 °C); if we neglect the differ
ence in reaction temperatures, which would increase the gap, 
the ratio of about 1800 is observed between kp 

− in the two 
solvents. This large difference may be accounted for by an 
important stabilization of the free anion via hydrogen interac
tion with DMSO. 

The kinetics of polymerization of EO have also been inves
tigated in pure ethereal solvents.20,22,24 In THF (ε = 7.6, 25 °C) 
in the presence of sodium, potassium, and cesium naphthalene 
as initiators, a living polymerization takes place,20,22 the rate of 
propagation increasing with the size of the counterion.1 

The kinetics are however complicated by strong association of 
alkoxide end groups manifesting itself by the low fractional 
kinetic order of the reactants, that is, 0.25 for Na alkoxide and 
0.33 for K and Cs salts.20 Dissociation constants are very low 
(see Table 1). 

Table 1 Dissociation constant and ion-pair and free ion propagation rate constants for EO 
polymerization in different solvents 

Solvent 
T 
( °C) Counterion 

KD 

(mol l−1) 
kp 

� 

(l mol−1 s −1) 
kp 

− 

(l mol−1 s −1) Reference 

THF 20 K 1.8 � 10−10 0.05 - 20 
20 K + 222 3.0 � 10−7 0.03 1.7 21 
20 Cs 2.7 � 10−10 0.12 1.7 22 

HMPA 
20 
40 

Cs + Sphere 
Cs 

1.0 � 10−6 

5.0 � 10−5 
0.09 
0.2 

1.7 
22 

23 
14 

DMSO 50 Na 6.1 � 10−4 0.63 � 10−2 1.2 � 10−2 17 
50 K 4.7 � 10−2 17 
50 Cs 9.4 � 10−2 17 
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Scheme 6 Formation of dimsyl ion through transfer to DMSO. 

Scheme 7 Solvation of the alkoxide propagating species by the poly-
ether growing chain. 

The presence of an acceleration period at the beginning of 
the polymerization in ether solvents was interpreted as 
the increasing solvation by the polyether growing chain of 
alkoxide aggregates, until the chain reaches up to 4–6 EO  
units (Scheme 7).22 

Addition of complexing agents of alkali metal cations, such 
as crown ethers or cryptands,13,21,23 was shown to drastically 
increase the EO propagation rate in ether solvents. They both 
reduce the aggregation of alkoxide polymer ends and increase 
the proportion of free ions. For example, at 20 °C in THF, the 
dissociation constant of poly(EO)−K+ (Table 1) is 1700 times 
higher when K+ is complexed by cryptand 222 (see Scheme 8). 
In this system, the reactivity of free ions is about 60 times 
higher than that of cryptated ion pairs. Surprisingly, the reac
tivity of cryptated ion pairs was found to be very close to or 
even lower than that of the corresponding noncomplexed ion 
pairs, though the charges are more separated.21 A similar ten
dency was reported for cryptated Cs.23 This has been explained 
by partial insertion of the oxygen anion in the cavity of the 
complexing agent.1,25 

Early studies of EO polymerization in ether solvents dealt 
with initiating systems involving alkoxides, RO−Mt+, asso
ciated with their parent alcohol ROH to improve their 
solubility and limit the aggregation phenomenon.15 Indeed, 
these systems are composed of two types of chains: growing 
chains with an alkoxide end and dormant chains possessing 
a -CH2CH2OH terminus. Since alcohols act as efficient chain 
transfer agents, true living poly(EO) is not formed in these 
conditions. However, the reversibility of the transfer process 
resulting from rapid exchanges between the two chain ends 
ensured the growth of both chains allowing control of the 
molar mass of poly(EO) (Mn = [EO]/([RO−Mt+] + [ROH])). 
The propagation and reversible transfer reactions are illu
strated in Scheme 9. 

Scheme 9 Exchange reactions between active and dormant species in 
ROMt/ROH polymerization systems. 

The presence of alcohol in the medium leads to a reduction 
of the apparent polymerization rate; the greater the proportion 
of alcohol introduced into the reaction medium, the lower the 
EO polymerization rate.26,27 It was proposed that the 
hydroxy-terminated chains contribute to decrease the polymer
ization rate by hydrogen-bonding interactions with alkoxide 
ends. The combination of alkoxide with the parent hydroxy 
compound has been used to initiate EO polymerization in 
various media (THF, DMSO). This was used for the preparation 
of multibranched poly(EO). Typically, a polyhydroxy com
pound to be used as multifunctional initiator is partially 
deprotonated by the addition of 0.2–0.8 molar equivalent of 
an alkali metal derivative.28,29 This limits aggregation of alk
oxide species and preserves solubility, thus allowing a better 
control of the initiation and propagation of EO polymeriza
tion, but to the detriment of reaction kinetics. 

Poly(EO), also often referred to as poly(ethylene glycol) 
(PEG), is a reference biocompatible polymer used in the bio
medical field30 as a result of its unique properties, namely, its 
chemical stability, solubility in both organic and aqueous 
media, nontoxicity, low immunogenicity, and low antigeni
city.31 PEG derivatives have been widely used as conjugates 
(PEGylation reaction) to increase the circulation half-life of 
biologically active molecules (e.g., enzymes, peptides, pro
teins), to improve the solubility of various anticancer agents 
(e.g., taxol or camptothecin), to impart enhanced permeability 
and retention, and to increase passive targeting of anticancer 
drugs.32–35 PEG is also used as an efficient spacer in delivery 
systems such as PEG-grafted liposomes and nanoparticles. 
Several PEG-conjugated proteins are already available as clin
ical therapeutics.36 Applications of PEO often require 
α,ω-heterodifunctional PEO-based oligomers possessing 

Scheme 8 Crown ether 18C6 (1) and cryptands 222 (2), and sphere (3) used to complex alkali metal cations in EO polymerization. 
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tailored reactive end functions to react with a variety of 
ligands.28,36–39 Their preparation can be achieved readily 
owing to the living character of anionic EO polymerization. 

In addition to these biomedical applications, PEG also 
serves as an inert support in liquid-phase organic synthesis40 

or as a polyelectrolyte in the presence of salts.41–45 

4.07.2.2 Monosubstituted Epoxides 

For monosubstituted epoxides such as POx, the monomer ring 
opening can proceed in two ways: attack on the methylene 
(1) or methine (2) carbons, leading respectively to the break 
of the CH2–O or R–CH–O bond (Scheme 10). Indeed, in 
contrast to cationic polymerization, the nucleophilic attack of 
the alkoxide proceeds selectively on the methylene carbon (1). 
The secondary alkoxide generated by ring opening attacks a 
new monomer following the same mechanism. As a result of 
the high selectivity in the ring opening, polyethers with only 
head-to-tail enchainment are obtained. 

The ring-opening mechanism is of the SN2 type with inver
sion of the configuration at the methylene carbon atom of the 
epoxide ring where it is cleaved. This was shown using deuter
ated POx (Scheme 11). 

Since racemic (RS)-POx monomer mixtures are most gen
erally utilized, the resulting polymers are atactic and 
amorphous. Proportions of isotactic, heterotactic, and syndio
tactic triads can be determined through resolution of the 

13Cstereosensitive asymmetric carbon signal by NMR.46 

However, anionic polymerization of (R)- or (S)-epoxides yields 
the corresponding isotactic polyethers. This is the case for 
polymerization of the (–)-(S)-POx by potassium hydroxide, 
which yields a crystalline poly(POx).47 

In the presence of K+ as counterion (t-BuOK as initiator, 
40 °C) and on the basis of overall polymerization rates, the 

Scheme 10 Mechanism of initiation and propagation of anionic poly
merization of POx. 

Scheme 11 SN2 ring-opening mechanism with inversion of the config
uration at the cleaved methylene carbon atom of the epoxide ring. 

reactivity of racemic POx in HMPA is about one-fourth that 
of EO.48 

In contrast to the living character of the polymerization of 
EO, the anionic polymerization of substituted epoxides like 
POx16,49 initiated by alkali metal derivatives is subject to trans
fer reactions to the monomer. Indeed, the highly basic alkoxide 
propagating species can pull out a proton of the monomer 
substituent, leading to chain termination and the formation 
of a new growing chain bearing a terminal double bond, as 
indicated in Scheme 12 in the case of POx. 

Bulk polymerization of POx at 90–150 °C yields poly(POx) 
with molar masses limited to about 6000 g mol−1, which corre
sponds to the ratio of the apparent rate constant and the rate 
constant of chain transfer to monomer (kp/ktrM) of 100.

49 

In HMPA at 40 °C, this ratio is equal to 75. Indeed, several 
factors influence the extent of this chain transfer reaction:50 

temperature, initiator, and nature of the counterion. Chain 
transfer to monomer decreases in the order Na+ >K+ >Cs+, in  
agreement with interactions between the metal cation and the 
oxygen of the monomer. 

The reactivity of other monosubstituted epoxides depends 
on both electronic and steric factors associated with the sub
stituent attached to the epoxide ring.6 For instance, the 
reactivity of 2,2-dimethyloxirane (DMO) is 10 times lower 
than that of POx, whereas glycidyl ethers such as tert-butyl 
glycidyl ether (t-BuGE) are more readily polymerized than 
POx48 (see also Table 2). The complexation of the counterion 
by crown ethers significantly increases the reactivity. This 
can be explained both by a reduction of aggregates and by a 
larger charge separation of ion pairs accompanied by an 
increase in ion dissociation constant. 

In relation to the different acidic character of the hydrogens 
on the α-carbon of the monomer, the nature of the epoxide 
substituent plays an important role in the chain transfer pro

3,27,51cess. For instance, the anionic polymerization of 
long-chain alkylene oxides employing potassium and cesium 
alkoxides as initiators is much less subject to chain transfer 
processes than that of POx. This is shown by the higher poly 
(2-butyloxirane) molar masses obtained at temperatures ran
ging between 20 and 80 °C (see Table 3).52 

Owing to the increase in reactivity in the presence of crown 
ethers, the polymerization temperature of 2-butyloxirane (BO) 
and of higher 2-alkyloxiranes could be reduced below 0 °C. 
This allowed the elimination of side reactions almost comple
tely (Table 4). However, very long reaction times were required 
(4–8 days). The best results were obtained with potassium 
alkoxides and 18-crown-6 in toluene at –10 to –23 °C 
(Table 4). Poly(2-ethyloxirane), poly(2-butyloxirane), and 
poly(2-hexyloxirane) homopolymers with molar masses of 
up to 50 000–100 000 g mol−1, close to theoretical values, and 
Mw/Mn < 1.1 were synthesized in this way. 

Scheme 12 Chain transfer to monomer during POx polymerization. 
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Table 2 Influence of addition of crown ether 18C6 on polymerization time and rate constant of POx, phenyl glycidyl ether (PGE), and 
t-butylglycidyl ether (t-BuGE) 

Monomer Initiator r a Solvent 
T 
( °C) 

Polymerization time 
(h) 

Conv. 
(%) kp(18C6) /kp Reference 

POx 

PGE 
t-BuGE 
t-BuGE 

MeOCH2CH(CH3) 
OK 

t-BuOK 
t-BuOK 
t-BuOK 

1.5 

1 
1 
2 

Bulk 

THF 
THF 
THF 

60 

25 
25 
25 

92 

7 
6 
6 

95 

81 
95 
95 

13 

14 
7 

13 

51 

27 
3 
3 

a r = [complexing agent]/[initiator]. 

Table 3 Polymerization conditions and characteristics of poly(2-butyloxirane) synthesized in the 
presence of K or Cs tert-butoxide in toluene without or with crown ether 18C652 

Counterion 

Polymerization 
temperature 
( °C) 

Reaction 
time 
(h) 

Conv. 
(%) �Mn theor:a �Mn exp.b �Mw / �M

c 
n 

K 
Cs 
Cs 
K/18C6 
Cs/18C6 

80 
80 
60 
20 
20 

40 
18 
38 
19 
68 

96 
97 
94 
92 
81 

14 700 
14 800 
13 800 
47 000 
39 600 

11 200 
11 700 
14 400 
43 600 
28 000 

1.15 
1.11 
1.06 
1.11 
1.13 

a Calculated from the amount of initiator and polymerized monomer.
 
b From SEC with triple detection.
 
c From SEC, PS calibration. Molar ratio 18C6/metal = 3.
 
Reprinted with permission from Allgaier, J.; Willbold, S.; Taihyun, C. Macromolecules 2007, 40, 518–525.52 Copyright 2011
 
American Chemical Society.
 

Table 4 Optimized conditions for the polymerization of BO, 2-hexyl oxirane (HO), and 2-octyl oxirane (OO) 
in the presence of t-BuOK with crown ether 18C6 and characteristics of the polymers52 

Monomer 

Polymerization 
temperature 
( °C) 

Reaction 
time 
(h) 

Conv. 
(%) �Mn theor:a �Mn exp.b �Mw / �Mn 

c 

BO 
HO 
HO 
OO 
OO 

20 
20 
−23 
−23 
−14 

19 
92 
187 
189 
187 

92 
99 
84 
73 
98 

47 000 
67 800 
56 500 
61 600 
51 300 

43 600 
52 500 
52 700 
50 000 
48 900 

1.11 
1.18 
1.09 
1.09 
1.05 

a Calculated from the amount of initiator and polymerized monomer.
 
b From SEC (size exclusion chromatography) with triple detection.
 
c From SEC, PS calibration. Molar ratio 18C6/K = 3. Solvent used is toluene.
 
Reprinted with permission from Allgaier, J.; Willbold, S.; Taihyun, C. Macromolecules 2007, 40, 518–525.52 Copyright 2011
 
American Chemical Society.
 

Another mechanism of chain transfer to the monomer has 
been highlighted by Stolarzewicz27 in the case of phenyl glyci
dyl ethers (PGEs). As shown in Scheme 13, it involves 
abstraction of a proton from the methine carbon of the ring 
and the formation of new carbonylated initiating species. The 
author argues that this reaction could also occur during the 
polymerization of propylene and styrene oxides. 

The world market for poly(alkylene oxide)s, which is mainly 
based on poly(POx), is estimated to be over 4 million tons since 
2007.53 Poly(POx) is mainly produced as a telechelic oligomer 
for polyurethane industry and as a di- and triblock copolymer 

Scheme 13 Second type of chain transfer to the monomer in glycidyl 
ether polymerizations.27 
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with EO for surfactant applications. Poly(alkylene oxide)s are 
usually produced worldwide, according to the same anionic 
process using sodium, potassium, or cesium hydroxide in the 
presence of glycerol or other triol or tetrol in a discontinuous 
batch process. The use of multihydroxy compounds as initiators 
allows compensation of the loss of OH functionality of the chain 
due to chain transfer to monomer. Commonly, a small amount 
of EO is added at the end of the reaction to convert the second
ary hydroxyl end group to primary hydroxyl end group, which 
has a higher reactivity in urethane formation.54 Cesium hydro
xide, which allows faster polymerization and reduces the 
amount of mono-ol resulting from transfer by half, is also 
used. Recently, a competitive process based on multimetal cya
nide (MMC) catalyst,55 which yields poly(POx) with almost no 
chain unsaturation, has also been used industrially. 

4.07.3 Initiation by Organic Bases as Initiators 

Complexation of alkali metal counterions was shown to signifi
cantly increase the reactivity of propagating species in anionic 
polymerization. Besides the use of crown ethers or cryptands, the 
use of large organic molecules as metal-complexing agents or 
directly as organic counterions has been studied. 

4.07.3.1 Organic Bases as Counterions 

The use of tetraalkyl ammonium as counterions was explored 
but remains limited due to the low thermal stability of the 
compound. As an example, didodecyldimethylammonium 
hydroxide was employed by Maitre et al.56 to polymerize 

PGE. The polymerization was performed in bulk at 60 °C and 
complete conversions were obtained for short polymerization 
times, but molar masses of poly(PGE) did not exceed 
3000 g mol−1. Transposition of this system to miniemulsion 
leads to several oligomeric populations, with the highest poly
merization degree of 8.56 

Phosphonium salts and phosphazene bases developed by 
Schwesinger and Schlemper57 and Schwesinger et al.58 

(Scheme 14) are of broader interest for epoxide polymeriza
tion. These soft and highly delocalized organic compounds 
reduce aggregation phenomena and favor ionic dissociation 
by increasing the interdistance between charges in ion pairs. 

Phosphonium and phosphazene bases have been success
fully used as counterions for polymerizing siloxanes,59 

lactones, and (meth)acrylates.60–62 Their use in the synthesis 
of poly(EO)63,64 and poly(POx)s53,65,66 and in the preparation 
of linear and branched copolymers with polyether blocks has 
been reported. 

The polyaminophosphazene base t-BuP4 was used in com
bination with alkyllithium as initiator for the anionic 
polymerization of EO67 (Scheme 15(a)). The space inside the 
molecule is sufficient to host the compact lithium cation and 
the base works as a cryptand for Li+ ions with the polar amino 
and imino groups located inside the globular molecule and the 
outer shell formed by alkyl substituents. The equilibrium 
between complexed lithium alkoxide ion pairs and reactive 
free anions is thus shifted allowing polymerization. 

One major interest in these organic bases is the activation of 
living polymer chains with lithium counterions toward epoxide 
polymerization. This is of particular interest for the synthesis of 
poly(EO)-containing block copolymers by sequential anionic 

Scheme 14 Phosphonium and phosphazene cations used as counterions for the anionic polymerization of oxiranes. 

Scheme 15 Initiation of EO polymerization involving activation of lithium alkoxide (a) and alcohol (b) by phosphazene t-BuP4. 
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polymerization. Using t-BuP4 as an additive to living polymers 
prepared using organolithium initiators has the advantage that 
the block poly(EO) can be prepared without an exchange of the 
cation. This strategy was successfully applied to the synthesis of 
polystyrene-block-poly(EO), although the presence of an induc
tion period resulting from the slow disaggregation of the lithium 
alkoxide ends complicates the EO polymerization.68 

Additionally, Esswein et al.63 have directly used the strong 
poly(aminophosphazene) base t-BuP4 in the presence of mono-
and plurifunctional alcohols without any metallic cation to 
generate the alkoxide of the protonated base and initiate the 
anionic polymerization of EO (Scheme 15(b)). Using methanol 
as initial alcohol, poly(EO) oligomers, with Mn up to 
6000 g mol−1 and low polydispersity (Mw/Mn ≈ 1.1), were 
obtained in THF or toluene after 48 h reaction at 80 °C. Graft 
copolymers of poly[ethylene-graft-(vinyl alcohol)] (PEVA) with 
poly(EO) were synthesized in high yields in this way.64 

Anionic ring-opening polymerization of POx initiated by 
partially deprotonated dipropyleneglycol (DPG) in the pre
sence of the phosphonium cation tetrakis[cyclohexyl(methyl) 
amino]phosphonium as counterion (P1

+; Scheme 14) has been 
reported by Rexin and Mülhaupt.65,66 An alcohol/phospho
nium alkoxide mixture (95/5) was utilized to control 
reactivity, making use of a fast proton exchange reaction 
between dormant hydroxy compounds and active phospho
nium alkoxide ends (Scheme 16). 

The reaction was performed at 100 °C in pure POx under 
reflux. Polymerization rates and hydroxyl functionalities of 
poly(POx)s prepared in the presence of K+ and other phospho
nium and phosphazene base counterions were compared 
(Table 5).66 Polymerization rates of POx vary in the following 
order: PBu4

+ <K+ < P1
+ < t-Bu4PH

+ <P2
+. These differences were 

explained by a more or less pronounced delocalization of the 
charge inside the counterion. Indeed, for a similar steric 

Scheme 16 Equilibrium between active and dormant species. 

Table 5 Influence of various nonmetallic counterions on 
the rate of polymerization (Rp) of POx initiated by dipropylene 
glycol deprotonated at 5% and on the formation of terminal 
unsaturation; Bulk, 100 °C66 

Vp C=C 
Counterion (h−1) (mmol kg−1) 

PBu4+ 0.3 27 
K+ 0.6 13 
P1+ 1.8 38 
t-BuP4H+ 40.2 60 
P2+ 42.8 55 

Rexin, O.; Mülhaupt, R. J. Polym. Sci., Part A: Polym. Chem. 2002, 
40, 864–873.66 

Scheme 17 Tris(phosphazenyl) phosphine oxide(PZO) used in presence 
of glycerol for POx polymerization. 

hindrance, P1
+ involves a 6 times faster polymerization than 

PBu4
+, whose charge is not delocalized. Similarly, phospha

zenes, whose delocalization is more pronounced than the 
delocalization of P1

+, lead to a better separation of the charge 
and consequently to a faster polymerization. 

Polyether polyols were produced also at varied tempera
tures in the presence of DPG and bulky iminophosphonium 
counterions R4P1

+, whose substituents, R, were varied as pro
pyl, octyl, and cyclohexyl (denoted as P1

+ in Scheme 14).66 

All polyols show unimodal and narrow molar mass distribu
tions with values for Mw/Mn of about 1.20 without any 
subdistribution. The varied substituents, propyl, octyl, and 
cyclohexyl, have no influence on the propagation rate or on 
the total degree of unsaturation. The equilibrium between active 
alkoxide and dormant species, depicted in Scheme 16, permits  
the control of molar masses and the maintenance of a low poly 
(POx) dispersity. Indeed, in spite of faster polymerization, a 
better control of POx polymerization is not achieved compared 
to K+; the increase of polymerization rate is accompanied by an 
increase in the proportion of carbon–carbon double bonds, and 
only poly(POx) oligomers can be synthesized. 

In a recent paper, Nobori et al.53 claimed an increase of the 
POx polymerization rate (450 times) and a reduction of the 
transfer to monomer corresponding to the reduction of 
mono-ols by a factor of 5 and the formation of poly(POx) up 
to 20 000 gmol−1 using glycerol in the presence of t-BuP4 or tris 
(phosphazenyl) phosphine oxide (PZO) (Scheme 17). 

4.07.3.2 Organic Bases as Nucleophilic Initiators 

Tertiary amines like benzyldimethylamine, pyridine, and imida
zole have been widely used as a base to initiate the anionic 
polymerization of PGE and its derivatives as well as for the 
synthesis of epoxy resins of diglycidyl ether of bisphenol A 
(DGEBA). Even if initiation occurs with amine alone, the intro
duction of an alcohol is a common procedure to suppress the 
observed induction period and increase the polymerization 
rate.69 Two initiation mechanisms have been proposed70,71 

(Scheme 18): (1) direct nucleophilic attack of the amine onto 
the cyclic monomer to yield the zwitterion (a); and (2) forma
tion of alkoxide (b) via proton transfer in the presence of 
alcohol. Fast exchange between dormant alcohol and active 
alkoxide allows chain growth from both initial amine (a) and 
alcohol (b).72 Poly(PGE) oligomers whose degree of polymer
ization does not exceed 5 are obtained. The presence of terminal 
double bonds indicates significant transfer to the monomer via 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 18 Initiation steps in the PGE polymerization initiated by tertiary amines in the presence of an alcohol. 

Scheme 19 Formation of allylic alcohol from PGE in the presence of 
tertiary amine. 

hydride abstraction. This may involve alkoxide chain ends or 
direct proton abstraction by the amine initiator (Scheme 19).70 

4-(Dimethylamino)pyridine can initiate readily the anionic 
polymerization of PGE.71 This is explained by its conjugated 
structure in which the tertiary amine has a positive charge 
while the pyridine nitrogen brings a negative charge which can 
attack the epoxide monomer (Scheme 20). PGE conversions are 
complete in 1 h at 80 °C or in 10 min at 110 °C. However, only 
low-molar-mass poly(PGE) polymers (< 1000 g mol−1) were  
obtained due to an intramolecular transfer reaction involving 
attack of the pyridine ring by the terminal alkoxide (Scheme 20). 

Recently, N-heterocyclic carbenes (NHCs), such as 1,3
diisopropylimidazol-2-ide (1), were found to initiate the 
ring-opening polymerization of EO at 50 °C in DMSO.73 In the 
presence of 1, poly(EO)s of narrow dispersity and molar masses 
perfectly matching the [monomer]/[1] ratio are obtained, attest
ing to the controlled/living character of such carbene-initiated EO 
polymerizations. However, long reaction times are needed. It is 
argued that NHC adds to EO via nucleophilic attack onto one 
methylene group of EO to form a zwitterionic species, namely 
1,3-diisopropylimidazolidin-2-ylium alkoxide, which further 
propagates by a zwitterionic ring-opening polymerization 
(ZROP) mechanism (Scheme 21). In this process, the attached 
imidazolidinylium moiety at the chain head also plays the role of 
the counter cation. 

End-functionalized poly(EO) chains were generated by add
ing at the end of the polymerization a functional terminating 
agent Nu-E, in which Nu and E represent a nucleophilic and 
electrophilic moiety respectively (Scheme 21). Nu was found 
to substitute the imidazolium head group (see above), whereas 
E terminates the chain. α,ω-Dihydroxy, α-benzyl-ω-hydroxy, 
and α-azido-ω-hydroxy difunctionalized poly(EO)s were 
obtained in this way. 

Controlled EO polymerization was found to proceed also 
with catalytic amounts of the NHC in the presence of Nu-E as 
polymerization additives in DMSO at 50 °C, typically in molar 
proportions [NHC]/[Nu-E]/[EO] = 0.1/1/100.74 In this case, the 
poly(EO) molar masses match the [EO]/[Nu-E] ratio. 
Characterization of poly(EO)s confirmed the quantitative 
introduction of the nucleophilic moiety (Nu) and of its elec
trophilic component (E = H or SiMe3) in the α- and 
ω-positions, attesting that Nu-E controls the poly(EO) molar 
masses and functionality. 

Two possible mechanisms are considered (Scheme 22): 
(a) nucleophilic attack of the NHC catalyst onto EO and the 
formation of a zwitterionic intermediate; or (b) activation of 
the E moiety by the NHC followed by EO polymerization 
initiated by the Nu moiety. In the second case, the NHC 
behaves similarly to phosphazene bases. Reversible exchanges 
with Nu-E molecules involving the formation of active and 
dormant chains then yield α-Nu-ω-E poly(EO)s. 

Access to α,ω-difunctionalized poly(POx) (PPO) oligomers 
based on a metal-free and solvent-free polymerization using an 
NHC serving as either direct initiator or organocatalyst has also 
been recently described by the same group.75 Dihydroxytelechelic 
poly(POx) oligomers were synthesized by quenching the 
NHC-initiated ring-opening polymerization of POx with water, 

Scheme 20 Polymerization of PGE initiated by 4-(dimethylamino)pyridine. 
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Scheme 21 Proposed mechanism of ZROP of EO initiated by 1,3
diisopropyl-2,3-dihydroimidazol-2-ide. 

whereas α-benzyl-ω-hydroxy and α-propargyl-ω-hydroxy difunc
tionalized PPOs were prepared via an NHC-catalyzed 
ring-opening polymerization, using PhCH2OH, 
PhCH2OSiMe3, and  HC≡CCH2OH as functionalizing 
agents. Characterizations of all α,ω-difunctionalized poly 
(POx)s attest to the quantitative introduction of functional 
groups at both α- and  ω-positions and the formation of 
narrow-molar-mass oligomers. 

4.07.4 Coordination Anionic Polymerization 

Coordination organometallic polymerization catalysis can be 
considered as borderline to anionic polymerization processes 
since epoxide ring opening involves a nucleophilic-like 
mechanism, which is assisted by monomer coordination on a 

metal atom of the catalytic system. In this preliminary coordi
nation step ascribed to the Lewis acidity of the metal, the 
epoxide ring is activated for a nucleophilic attack, while the 
catalyst metal–X bond is weakened, increasing the nucleophilic 
character of the X moiety. 

These systems can yield high-molar-mass polyethers, which 
could not be obtained using conventional anionic polymeriza
tion except for poly(EO). The possibility to synthesize 
stereoregular and/or optically active polyethers with crystalline 
properties is also an important particularity of these coordina
tion processes. 

4.07.4.1 Monometallic Coordinating Catalytic Systems 

The first coordination epoxide polymerization catalytic system 
was reported by Pruitt and Baggett76 in 1955. It was based on 
iron trichloride. Since that time, metal-based catalysts have 
been widely exploited for epoxide polymerization. The most 
studied systems are those based on zinc or aluminum deriva
tives. A first group consists of diethylzinc or trialkylaluminum 
associated to a ‘cocatalyst’, which is generally water or an 
organic compound (alcohol, amine, and other compounds) 
that reacts with the alkyl metal to form in situ new metal 
derivatives as the true catalytic system exploited (see Table 6). 
For a detailed review on the coordination polymerization of 
epoxides, see Kuran.77 

Trialkylaluminum and dialkylzinc when used alone yield 
very low epoxide conversions with long polymerization 
times.90 Addition of water91,92 results in the formation of active 
metal oxides containing Mt–O–Mt bonds. Indeed these catalysts 
yield a mixture of several polymer populations that are produced 
according to different mechanisms.93 For example, POx poly
merization in the presence of AlEt3/H2O yields three polymer 
fractions: (1) the first fraction constituted by isotactic high-

Scheme 22 Proposed mechanism for epoxide polymerization in the presence of NHC and additives constituted of nucleophilic and electrophilic parts. 
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Table 6 Main catalytic systems used for the coordination polymerization of epoxides78 

Monomer Catalysts Reference 

Methyloxirane FeCl3/POx, ZnEt2/H2O, AlEt3/H2O/pyridine, and others 47,76,79–81 
Phenyloxirane ZnEt2(H2O) 82,83 
(Haloalkyl)oxiranes (e.g., ECH) FeCl3/POx, AlEt3/H2O(/pyridine) 84 
Oxiranes substituted with acetal groups ZnEt2/MeOH, ZnEt2/cyclohexanol 78 
Oxiranes substituted with ester groups AlEt3/H2O/acetylacetone 85 
Oxiranes substituted with organosilane or organosiloxane ZnEt2/H2O 86 
Oxiranes substituted with nitrile Al(i-Bu)3/H2O/acetylacetone 87 
2,3-Dimethyloxirane Al(i-Bu)3/H2O, ZnEt2/H2O 78 
bis(Chloromethyl)oxirane Al(i-Bu)3/H2O 88 
1,2-Epoxycyclohexane ZnEt2, (EtZnOMe)4, Al(i-Bu)3/H2O, AlEt3/H2O/acetylacetone, 89 

and others 
Others (ethyl, tert-butyl, neopentyl, allyl amines, sulfones, ether, ZnEt2/H2O 78 
amides) 

molar-mass chains arising from a living-like coordination poly
merization mechanism;92 (2) the second fraction corresponding 
to low-molar-mass amorphous chains; and (3) the last fraction 
composed mainly of tetramers. The last two populations are 
attributed to a cationic polymerization process associated with 
the presence of highly acidic metal sites as indicated by the 
presence of irregular head-to-head and tail-to-tail enchainments 
and the presence of oligocyclic structures. 

Isotacticity of poly(POx) chains corresponding to the 
crystalline fraction is explained by steric constraints and orien
tation of the complexed monomer, which induces 
stereoselectivity in the nucleophilic attack by the chain end. It 
was demonstrated that monomer insertion proceeds by attack 
at the carbon atom of the epoxide ring where it is cleaved with 
inversion of the carbon configuration. This necessitates an 
attack of the complexed monomer by the nucleophile from 
the back, which requires the participation of two adjacent 
aluminum atoms and chain transfer from one aluminum 
atom to the other one at each monomer addition. The coordi
nation polymerization mechanism proposed by Vandenberg94 

for the trialkylaluminum/water system is shown in Scheme 23. 

The complexation results in partial electron transfer from 
the epoxide to the metal, rendering the methylene carbon atom 
of the ring more prone to nucleophilic attack. Coordination 
also induces a concerted electron transfer between the two 
adjacent aluminum atoms, which weakens the polymer– 
aluminum bond, increasing reactivity of the corresponding 
alkoxide moieties toward the electrophilic carbon of the neigh
boring epoxide. 

The cationic polymerization mechanism that takes 
place aside from the coordinative process is illustrated in 
Scheme 24 in the case of the ZnEt2/H2O catalytic system;84 

coordination of an epoxide molecule to a highly acidic metal 
atom leads to the formation of ‘oxonium’-like species making 
the two-ring carbon atoms strongly electrophilic, thus allowing 
nonregiospecific ring opening by attack of another epoxide 
molecule. 

Additives such as pyridine, tertiary amines, or acetylacetone 
have been used to modulate the metal acidity and improve the 
selectivity toward high-molar-mass polymers. As an example, 
the addition of acetylacetone as chelating agent to AlR3/H2O or  
ZnR2/H2O systems permits, by limiting the cationic process, to 

Scheme 23 Mechanism proposed for epoxide activation and polymerization by AlR3/H2O.94 
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Scheme 24 Mechanism proposed for cationic polymerization of epoxide by the ZnR2/H2O system. Electron transfer to the epoxide rendering the 
two-ring carbon atoms highly electrophilic is illustrated by δ+ charges. 

Scheme 25 Structure of [Zn(OMe)2·(EtZnOMe)6]. 

94 increase the proportion of crystalline polymer. Also by 
decreasing the amount of the most acid sites, addition of 
pyridine or tertiary amines leads to the same effect.81,95 As a 
consequence, the crystalline polymer fraction is higher but the 
overall polymerization rate is decreased. 

Tsuruta et al. have investigated diethylzinc/alcohol systems 
for the polymerization of epoxides. Several well-defined active 
complexes such as [Zn(OMe)2·(EtZnOMe)6]

96–98 (Scheme 25) 
and [Zn(OCH(Me)CH2OMe)2·(EtZn(OCH(Me)CH2OMe))2] 
have been identified as initiating species99 for the coordinated 
POx polymerization. 

Initiation takes place at the central zinc–internal methano
late bond,100,101 represented in red in Scheme 25. Indeed the 
diethylzinc/alcohol systems may lead to the formation of two 
polymer fractions: one essentially isotactic with high molar 
masses and a second one atactic with lower molar masses. 
Both contain 95% of head-to-tail enchainments, which sug
gests that the amorphous fraction is not formed by cationic 
polymerization. The high molar masses, typically 105 g mol−1, 
result from a slow initiation and only 10−4 

–10−3 mol of poly
mer is obtained per 1 mol of initiator. On the basis of a 

continuous increase in molar mass with conversion, the poly
merization of POx was qualified as living-like by Ishimori 
et al.97 and Tsuruta.100 

In contrast to the above-reported coordinated polymer
ization mechanisms, it was proposed that oxirane molecules 
coordinate to the same zinc atom prior to undergoing a 
nucleophilic attack on their less substituted carbon 
(Scheme 26).102,103 

4.07.4.1.1 Stereoselective and stereoelective coordination 
polymerizations: tacticity control 
Complexes such as [Zn(OMe)2·(EtZnOMe)6], shown in 
Scheme 25, possess a centrosymmetric structure consisting of 
two enantiomorphic cubes whose common vertex is a zinc 
atom.102 According to Tsuruta,104 these cubes constitute enantio
selective d and l sites, which in the presence of racemic monomer 
mixtures, such as POx, favor the incorporation of either the (R) or  
the (S) enantiomer and yield isotactic and crystalline chains 
constituted of either (R) or (S) monomer units. For instance, 
when the nucleophilic attack is achieved by a methanolate of 
the d cube, the insertion of l enantiomers will be favored. 
Similarly when methanolate of l cubes are involved the formation 
of d enantiomers is privileged.104 Since in this complex the two 
enantioselective sites are in equal proportion, the two enantio
meric forms of the monomer will be incorporated selectively into 
distinct isotactic chains. This corresponds to a stereoselective 
polymerization. This interpretation was confirmed later by 
Furukawa et al.80 and Kuran and Listos,103 who used a chiral  
amino acid and a chiral alcohol, respectively, for the alcoholysis 
of diethylzinc. In this case, the enantioselective sites are not 
equivalent and one of the two enantiomers of the monomer is 
preferentially polymerized. This yields an optically active polymer 
while the residual monomer is enriched in the opposite enantio
mer, corresponding to the stereoelective polymerization. 

Scheme 26 Mechanism proposed for POx polymerization initiated by the ZnEt2–MeOH system. Other interactions between Zn and oxygen atoms, not 
directly involved in POx insertion, are omitted. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.07.4.2 Porphyrin Salts 

Epoxide polymerization catalysts of quite different characteris
tics are those constituted by the metalloporphyrins of aluminum 
and zinc, such as (5,10,15,20-tetraphenylporphinato)aluminum 
chloride ((TPP)AlCl), (5,10,15,20-tetraphenylporphinato) 
aluminum methoxide ((TPP)AlOMe) (see Scheme 27), and 
(5,10,15,20-tetraphenyl-21-methylporphinato)zinc methoxide 
((MTPP)ZnOMe).105–109 

The covalent nature of the aluminum–X bond s uggests t hat  
polymerization occurs following a coordination process. This 
hypothesis is reinforced by the exclusive presence of regular 
head-to-tail enchainments109 and tacticity which is dependent 
on porphyrin structure.110 Indeed the substituents in ortho posi
tions of peripheral phenyl groups affect the reactivity of the Al–X 
bond; polar groups lead to a very high initiation activity, 
whereas nonpolar substituents result in an opposite effect. 

When compared to the abovementioned highly associated 
multinuclear coordination catalysts of very low initiation 
efficiency, metalloporphyrins with mononuclear Mt–X species
have been reported to be excellent catalysts for the living poly
merization of epoxides.105,111,112 The molar mass distribution of 
the polyethers obtained is narrow, and their molar mass can be 
controlled by changing the epoxide-to-catalyst mole ratio. As 
illustrated in Figure 1, poly(POx) chains with molar masses up 
to 70 000 g mol−1, in good agreement with theoretical ones, have 
been synthesized, with a unimodal distribution and dispersity 
lower than or equal to 1.5.109 Absence of chain transfer reactions 
allowed the synthesis of a series of block copolymers, including 
POx-b-EO, BO-b-POx, POx-b-ECH (ECH, epichlorohydrin), 
lactone-b-POx, and lactone-b-EO.113,114 

Aluminum porphyrins are also effective polymerization 
catalysts for lactones114,115 and acrylates.116 Porphyrins based 
on manganese or zinc, for example, present similar 
characteristics.117 

Although EO polymerization can be achieved quite rapidly 
(reaction half-time is about 30 min at room temperature for 
[EO]/[(TPP)AlCl] = 400 in dichloromethane), other epoxides 
show a lower reactivity. In similar conditions, it requires several 
hours for POx and 1,2-epoxybutane (BOx),105 whereas for 
styrene oxide or 1,2-epoxy-2-methylpropane conversions do 
not exceed 15% after 8 days of reaction (Table 7).109 

 Table 7 Polymerization of epoxides in the presence of (TPP)AlCl, 
in CH2Cl2, at room temperature 

Monomer 

�Mn theor: 
(g mol−1) 

Time 
(days) 

Conv. 
(%) 

EO 8 800 6 100 
1,2-Epoxybutane 14 400 6 100 

 ECHa 37 000 3 80 
Cyclohexene oxide 19 600 6 85 
Epoxypentene 16 800 6 70 
Styrene oxide 24 000 8 13 
1,2-Epoxy-2-methylpropane 14 400 8 15 

a Bulk polymerization. 

 

Figure 1 Evolution of experimental molar masses as a function of 
theoretical ones in the bulk polymerization of POx (□) and of EO (▲) 
initiated by (TPP)AlCl109 at 20 °C in CH2Cl2.105 

In contrast to conventional anionic polymerizations, in 
which epoxide insertion involves an inversion of the configura
tion at the carbon atom of the epoxide ring where cleaved, 
some porphyrin systems were shown to operate by a nondisso
ciative reaction mechanism, with retention of configuration at 
the carbon atom of the epoxide ring where cleaved (Scheme 28). 

Scheme 27 (Tetraphenylporphinato)aluminum (TPP)AlX and N-methyltetraphenylporphinatozinc (N-(MTPP)ZnX) derivatives. 
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Scheme 28 Inversion and retention of configuration during monomer insertion into mononuclear active species operating via a dissociative and a 
nondissociative mechanism. 

Scheme 29 Proposed mechanism for insertion of (Z)-2,3-epoxybutane with retention of configuration into N-(MTPP)ZnOR. 

Indeed systems that proceed in this way are mostly zinc deriva
tives in which the monomer and the growing polymer end are 
located on the same side of the porphyrin plane (Scheme 29). It 
was also suggested that retention of configuration may result 
from a double-inversion mechanism.118 

Indeed the polymerization of 2,3-epoxybutane with alumi
num porphyrin revealed a coordinative process with inversion 
of configuration,119 which counters the above nondissociative 
reaction. Aida and Inoue proposed a mechanism involving two 
porphyrin molecules, one activating the monomer via 
coordination on the opposite face of the X group while the 
other proceeds as nucleophilic attack of the activated monomer 
(see Scheme 30).107 Initiation results from the insertion of the 
monomer into the Al–X bond leading to an aluminum alkox
ide which becomes the propagating species. Consequently, the 
synthesized polyether chains possess an X and a hydroxyl 
group at their extremities.112 

Aluminum porphyrins were shown to be active toward 
epoxides in the presence of protic compounds, like alcohol, 
carboxylic acid, or hydrochloric acid, which act as reversible 
chain transfer agents. The polymerization pathway is described 
in Scheme 31. When an active chain reacts with a protic species, 
either a chain transfer agent or a dormant chain, a new initiat
ing species and a new dormant chain are created. In turn, each 

‘transferred’ species can initiate a new chain or undergo a new 
chain transfer reaction, whereas no termination occurs. The rate 
constants of chain transfer reactions were found to be about 
8–10 times larger than the propagation rate constants, thus 
leading to relatively low polydispersity of the polyethers108 and 
a number of polyether chains corresponding to the total amount 
of initiator and transfer agent. Inoue named this polymerization 
reaction as ‘immortal’. Chain ends are constituted by the nucleo
philic fragment X coming from the porphyrin initiator and a 
hydroxyl group after hydrolysis of the Al–O bond.106 

Addition of protic agents allows control of the polymer 
molar masses and chain end functionality but at the same 
time drastically slows down the polymerization rate. As can 
be seen in Table 8, increasing the number of methanol equiva
lents with respect to the initiator from 10 to 50 necessitates an 
extremely long reaction time to achieve monomer conversion. 

An increase in the reactivity of metalloporphyrin systems via 
monomer activation involving a Lewis acid additive will be 
discussed in the following section. 

Other systems have been examined as porphyrin substi
tutes, such as chiral Schiff bases120 or calixarene complexes121 

(Scheme 32). In all cases, no significant improvement was 
made in comparison to porphyrins, and molar masses of the 
polyethers obtained remained quite low (< 5000 g mol−1). 

Scheme 30 Bimolecular process proposed for coordination polymerization of epoxide by (TPP)AlX (X = Cl). 
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Scheme 31 Reaction pathway of immortal epoxide polymerization. 

Table 8 Bulk polymerization of epoxides with (TPP)AlCl/MeOH at room temperature106,108 

[MeOH]/ Time Conv. �Mn theor: �Mn exp: 
Epoxide [TPPAlCl] (h) (%) (g mol−1) (g mol−1) �D 

EO 9 48 100 980 700 1.05 
POx 9 0.5 70 810 780 1.10 

9 48 100 1160 1300 1.08 
49 600 75 890 900 1.09 

Epoxybutane 9 96 100 1600 1200 1.10 
Glycidyl methyl ethera 9 168 60 1100 610 1.07 
ECH 9 4 90 1660 1050 1.08 

a 70 °C. 
D¯, dispersity. 

Scheme 32 Organoaluminum compounds used as substitute of aluminum porphyrins: Schiff base (a) and calixarene aluminum complexes (b). 
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Table 9 Polymerization of epoxides, initiated by (i-PrO)3Al and (i-PrO)3Al/ZnCl2 (1:1) in bulk, at 
80 °C 

Time Conv. �Mv 

Monomer Catalyst (days) (%) (g mol−1) Reference 

POx (i-PrO)3Al 2 13 41 000 124 
POx (i-PrO)3Al/ZnCl2 (1:1) 1 98 739 000 124 
EO (i-PrO)3Al 6 15 21 300 125 
EO (i-PrO)3Al/ZnCl2 (1:0.55) 6 85 322 000 125 

4.07.4.3 Bi- and Plurimetallic Coordination Catalytic 
Systems 

To improve the characteristics of coordination polymerization 
catalysts, the combinations of different metal derivatives have 
been investigated. The association of zinc chloride to alumi
num alcoholates improves the reactivity significantly and 
results in higher conversions (see Table 9). However, two 
polymer fractions are still obtained: an isotactic and 
crystalline polymer of high molar mass and an amorphous 
and atactic polymer (mole fraction of isotactic dyads is less 
than 0.6). In contrast to AlR3/H2O or ZnR2/H2O, the latter 
consists of regular head-to-head and tail-to-tail 
enchainments.122,123 

Several μ-oxo-bimetallic complexes with Mt1–O–Mt2 bonds 
were prepared by condensing a metal (Mt1) alkoxide and a 
metal (Mt2) ester derivative

126,127 (Scheme 33), and investi
gated as coordination catalysts. 

These systems, soluble in hydrocarbons, exhibit character
istics that depend on metals Mt1 and Mt2, on the R group, and 
on the association degree n. The combination of Al and Zn as 
Mt1 and Mt2 leads to the best results.126 Comparative polymer
ization experiments show that EO and POx are the most 
reactive monomers.128 Other oxiranes investigated have an 
intermediate reactivity, with ECH being less reactive. 

In most cases, three polymer populations are obtained:129 a 
highly isotactic and crystalline fraction, ranging from 25% to 
95%, whose molar masses reach 106 g mol−1; a second one 
amorphous with high molar masses; and a third one 

Scheme 33 General formula for μ-oxido-dinuclear complexes. p

constituted of oligomers. According to Kohler et al.,128 oligo
mers are not formed by a cationic process since THF, which 
polymerizes only by a cationic mechanism, does not react with 
these complexes. The catalyst composition and the reaction 
conditions strongly influence the relative proportion of these 
different populations. Oligomer formation is favored by the 
presence of protic additives, owing to reversible exchanges 
between growing chains and protic compound.130 

A mechanism close to the one proposed by Vandenberg was 
proposed by Teyssié and co-workers126–128 for the polymeriza
tion of epoxide in the presence of dinuclear μ-oxoalkoxides 
(Scheme 34). Polymerization proceeds by the insertion of the 
monomer into a metal–oxygen bond with inversion of config
uration. The growing chain is between the two metals. 

4.07.4.4 Double Metal Cyanide Complexes 

Originally discovered by General Tire Inc.131 in the 1960s, 
double metal cyanide (DMC) complexes are important cataly
tic systems for the polymerization of epoxides and in particular 
for the synthesis of POx oligomers. DMC (Scheme 35) catalysts 
are obtained by the reaction of potassium hexacyanocobaltate 
(III) (K3[Co(CN)6]2) and zinc chloride (ZnCl2) in the presence 
of an alcohol, tert-BuOH, as complexing reagent. This is worthy 
of mention in this review even though some authors have 
proposed that the polymerization of epoxides may proceed 
by a cationic coordination mechanism.132 Compared to con
ventional anionic catalysts, DMC catalysts give high-quality 
poly(POx) products that have low levels of unsaturation, nar
row molar mass distribution, and low viscosity. 13C NMR 
analysis showed that the polyols have head-to-tail regiose
quence and a random distribution of the configurational 
sequences with an amount of [rr] triads larger than that of 
olyol obtained with conventional KOH catalyst. The presence 

Scheme 34 Mechanism of POx polymerization initiated by μ-oxido-dinuclear complexes. 
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Scheme 35 Structure proposed for DMC catalysts.132 

of some regioirregular sequences supports some cationic char
acter of the active sites.132 

While DMC catalysts offer significant advantages compared 
to KOH, first-generation catalysts required long activation 
times, increasing polymerization cycles, which has undercut 
the economic advantages of these systems. DMC catalysts 
should be activated over 2 h before the epoxide is continuously 
added to the reactor at high temperature (> 100 °C). Usually, a 
polyol initiator (or starter) and a DMC catalyst are combined 
and heated under vacuum prior to the addition of a small 
proportion of monomer.133 In addition, heating the catalyst 
for a prolonged period at a temperature above 100 °C reduces 
its activity or deactivates it completely.134 

DMC preparation and composition were revisited in the 
middle of the 1980s, with significant improvements made by 
some companies, including ARCO, Shell, and Asahi Glass, 
making DMC catalysts much more attractive for commercial 
manufacture of polyether polyols,135–138 which are useful in a 
wide range of polyurethane applications. 

Highly active catalysts with reduced induction periods are 
obtained by adding a polyether, poly(butane-1,4-diol), as a 
co-complexing agent134 or using CaCl2-modified Zn–Co(III) 
DMC.139 The resulting poly(POx) shows a very low unsatura
tion level (0.003–0.006 mequiv. g−1) and a narrow molar mass 
distribution (D¯ = 1.02–1.04). 

4.07.5 Polymerization Involving Monomer Activation 
by a Lewis Acid Additive 

Anionic and anionic coordination polymerizations of epoxides 
are often slow processes that require long reaction times to 
achieve high monomer conversions. Moreover, as reported in 
previous sections, a majority of these polymerizations suffer 
from side reactions, illustrated by the chain transfer reaction to 
monomer in alkali metal anionic polymerization and by a very 
low initiation efficiency and the formation of several polyether 
populations in coordination polymerizations. 

Anionic and related nucleophilic epoxide polymerizations 
involving an activated monomer have appeared to be of great 
interest in this context since they allow the nucleophilic 
ring-opening reaction to be speeded up drastically and the living 
character of the polymerization to be improved. Activation of 
epoxides toward nucleophilic attacks can be achieved by intro
ducing in the reaction media an appropriate Lewis acid that will 
complex with the oxygen of the monomer, rendering it more 
prone to react with initiating and propagating nucleophilic spe
cies. Strategies developed so far are based on the association of 

aluminum porphyrin to highly encumbered aluminum phen
oxides or on the use of alkali metal or tetraalkylammonium 
derivatives as initiators in the presence of trialkylaluminum. 

4.07.5.1 Aluminum Porphyrins Associated with Lewis Acids 

Inoue and co-workers were the first to report the use of bulky 
Lewis acid as additives to aluminum porphyrin initiators to 
enhance the polymerization rate. This was shown in particular 

esters107,140,141 POx.107,141,142for methacrylic and For 
instance, in the presence of methylaluminum bis(2,4,6-trialk
ylphenolate) (MAlBP) as Lewis acid (Scheme 36), POx 
polymerization initiated by (TPP)AlCl (Scheme 30) is drasti
cally accelerated. This is explained by coordination of the 
epoxide to the acid aluminum center of MAlBP. Electron trans
fer from the oxygen to the metal makes the ring carbon atoms 
electron-deficient, favoring an attack by even weak nucleophilic 
species142 (Scheme 37, path 1). 

The competitive complexation that could occur between the 
epoxide and the acidic aluminum center of MAlBP is mini
mized by the steric hindrance around the aluminum atom 
(Scheme 37, path 2). 

Owing to the monomer activation, polymerization under
goes a drastic acceleration while keeping a good control of molar 
masses and distributions. For instance, the polymerization rate 
of POx is multiplied by a factor of 460 after the addition of 
0.25% methylaluminum bis(2,4,6-tri-tert-butylphenolate).142 

The living/controlled and high-speed nature of the 
ring-opening polymerization of POx with aluminum por
phyrin/a bulky organoaluminum compound was further 
demonstrated by the successful synthesis of block copolymers 
from POx and BOx.142 

As reported earlier for porphyrin salts, protic reversible 
chain transfer agents, generally alcohols, can be used in asso
ciation with aluminum porphyrin/bulky organoaluminum 
compound systems, reducing significantly the amount of alu
minum in the polymer. Coordination of the Lewis acid to the 
alcohol increases alcohol acidity and accelerates exchange 

Scheme 36 Bulky Lewis acid (MAlBP) used with aluminum porphyrin 
initiators for the monomer-activated polymerization of epoxides. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 37 Epoxide polymerization with porphyrin/bulky Lewis acid (MAlBP) systems involving monomer activation. 

Scheme 38 Coordination of Lewis acid and alcohol. 

reactions143 (Scheme 38), thus allowing a good control of 
polymer molar masses and keeping the ‘immortal’ characteris
tics of the polymerization in high-speed conditions.144 

4.07.5.2 Other Aluminum Derivatives 

Based on the same monomer activation strategy, aluminum 
phthalocyanine and Schiff bases142 have been used in associa
tion with MAlBP to initiate POx polymerization. Although the 
rate and control of polymerization are lower than those 
observed with aluminum porphyrins, the acceleration in the 
presence of MAlBP derivatives is extremely marked for all initi
ating systems. 

Mixtures of trialkylaluminum and highly hindered di- or 
tetraphenol compounds have also been investigated recently as 
catalytic systems for the polymerization of EO and POx.145 

Ligands bearing four phenol groups form particularly active 
catalysts when combined with an excess of triisobutylaluminum 
(2 equiv.) and triethylamine (1 equiv.) as initiator. Productivities 
of >100 gmmol−1 Al have been achieved in both EO and POx 
polymerizations. Chain transfer to alcohol (propan-2-ol or 
benzyl alcohol) has been demonstrated for porphyrin systems. 
A dinuclear insertion process was proposed. However, molar 
masses of the poly(POx) produced are not controlled and, more
over, the highly regioirregular structure observed with some of 
these catalytic systems suggests that the mechanism involved 
differs from the ones so far described.145 

4.07.5.3 Alkali Metal Derivatives and Quaternary Onium 
Salts 

Braune and Okuda146 have shown that in the presence of some 
bulky diphenoxyaluminum compounds it is possible to 

replace aluminum porphyrins by cesium alkoxides or tetrabu
tylammonium salts as initiators for POx polymerization. The 
ring-opening polymerization proceeds under the synergic inter
action of a phenolate–aluminum–oxirane complex forming an 
activated monomer with the corresponding ‘ate’ complex, 
which serves as initiator (Scheme 39). Ring opening takes 
place by transfer of an alkoxy group from the ‘ate’ complex 
regenerating an aluminate. The synthesis of poly(POx) with a 
molar mass up to 4000 g mol−1 was reported. 

Using relatively similar systems based on quaternary ammo
nium and quaternary phosphonium halides in conjunction with 
sterically hindered methyl(diphenoxy)aluminum, anionic 
coordination polymerization of the less reactive four-membered 
ring oxetane was shown to occur,147 giving low-dispersity poly
oxetanes with Mn up to 17000 gmol−1, owing to strong 
monomer activation by complexation with the aluminum 
derivatives. 

Simpler initiating systems based on the association of con
ventional anionic initiators, typically sodium or potassium 
alkoxides (ROMt), with trialkylaluminum (R3Al) behave very 
similarly to porphyrin salts associated to bulky Lewis acid 
systems. For instance, sodium isopropoxide in combination 
with triisobutylaluminum in hydrocarbon solvents yields 
rapid POx polymerization at room temperature or below.148 

The chain transfer reactions are also strongly reduced in these 
conditions, thus allowing the synthesis of regioregular atactic 
poly(POx), with relatively high molar masses (up to 
50 000 g mol−1). 

The exclusive presence of head-to-tail enchainments in the 
polymer is indicative of an anionic coordination type 
mechanism. Increasing trialkylaluminum concentration, at 
constant monomer and alkali metal alkoxide concentrations, 
was shown to lead to a drastic increase in the polymerization 
rate (Figure 2), whereas the number of poly(POx) chains 
remained unchanged. In these systems, the trialkylaluminum 
derivative is involved in the formation of two distinct com
plexes (Scheme 40): one 1:1 ‘ate’ complex with the alkali 
metal alkoxide; which serves as initiator; and the other one, 
at [AlR3]/[ROMt] ratio (r) higher than unity, with the POx 
monomer. Polymerization proceeds only at r higher than 
unity, indicating that only complexed POx molecules are 
susceptible to ring opening in these conditions, owing to 
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Scheme 39 Activated anionic polymerization of POx involving cesium or ammonium salts and diphenoxyaluminum compounds. 
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Figure 2 Conversion vs. time curves of POx polymerizations initiated by 
i-PrONa in the presence of increasing amounts of i-Bu3Al in cyclohexane at 
0 °C. [POx]/[i-PrONa] = 189. Reprinted with permission from Billouard, C.; 
Carlotti, S.; Desbois, P.; Deffieux, A. Macromolecules 2004, 37, 
4038–4043.148 Copyright 2011 American Chemical Society. 

significant electron withdrawing, which renders the ring car
bon atoms much more electrophilic. Moreover, since the 
withdrawing effect is less pronounced on the POx methyl 
group, the complexation also results, advantageously, in a 
higher selectivity toward the ring-opening reaction, to the 
detriment of the proton abstraction process responsible for 

chain transfer to monomer. The polymerization mechanism is 
shown in Scheme 40. 

Initiation was shown to proceed mainly by attack of the 
alkoxide moieties of the aluminate complex, thus yielding 
poly-(POx) with an alkoxide head group and, after hydrolysis, 
a hydroxy chain end. The presence of small fractions of poly
(POx) with hydrogen or alkyl head groups indicates the minor 
contribution of other initiation mechanisms involving ligand 
reorganization in the initial complex (see Scheme 41), as well 
as some, but limited, chain transfer to monomer. 

The possibility of using a similar strategy to initiate EO poly
merization in the presence of alkyllithium associated to 
triisobutylaluminum was recently demonstrated with the synth
esis of poly(EO) with molar masses up to 10 000 g mol−1, at l ow  
temperature and in nonpolar media.149 The presence of AlR3 in 
excess with respect to the lithium initiator permits disaggrega 
tion of lithium alkoxide species by forming lithium aluminate 
complexes able to ring-open the AlR3-complexed EO molecules. 
However, ligand exchanges in the lithium aluminate complex 
lead to slow deactivation of the propagating species during the 
polymerization, which limits the access to high-molar-mass 
poly-(EO) (Scheme 42). 

The replacement in the above systems of the alkali metal 
initiators by onium salts, typically tetraalkylammonium or 
tetraalkylphosphonium halides, drastically improves the synth
esis of polyethers. For instance, poly(POx)s of controlled molar 
masses, up to 150 000 g mol−1,150 are obtained in very short 
reaction times using tetrabutylammonium chloride and bro
mide as initiating species in the presence of a slight excess of 
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Scheme 40 Mechanism proposed for the POx polymerization involving alkali metal alkoxide in the presence of i-Bu3Al. 

Scheme 41 Secondary initiation processes involving ligand exchanges in aluminate complexes. 

Scheme 42 Proposed ligand exchanges in lithium aluminate complexes leading to slow deactivation during the EO polymerization. 

i-Bu3Al (i-Bu3Al/NR4X ~ 1.2). The polymerization rate was 
shown to increase with the size of the counter cation (Figure 3). 

These initiating systems have been applied to the polymer
ization of a wide range of epoxides and to the design of 
telechelic polyethers. Compared to conventional alkali metal 
initiators, the tetraoctylammonium bromide/i-Bu3Al initiating 
system strongly enhances the rate of EO polymerization keep
ing the living character of the reaction.151 At the ratio [i-Bu3Al]/ 
[NOct4Br] = 1.5, the synthesis of poly(EO) of molar mass (MM) 
20 000 g mol−1 with bromide and hydroxyl end groups is com
pleted in 2 h at room temperature in dichloromethane. 
Monomer-activated anionic polymerization of ECH under 
similar conditions has also been described.152 In contrast to 
conventional anionic polymerization, the aluminate species 
that ensures propagation in the AlR3/onium systems selectively 
reacts with the activated ECH ring, leaving the chloromethyl 
function untouched.152 The synthesis of poly(glycidyl methyl 
ether),153 linear poly(2-ethoxyethyl glycidyl ether), and poly
(t-BuGE)154 with narrow chain dispersity and controlled molar 
masses has also been reported. The amount of Lewis acid 

required to trigger the reaction and achieve quantitative mono
mer conversions was shown to increase with the number of 
oxygen atoms in the monomer. 

This approach allowed the direct synthesis from the corre
sponding ammonium salts of a broad series of 
heterofunctional polyethers bearing for instance a chloride, 
bromide, or azide head group38 (Scheme 43) and a hydroxy-
terminated chain. Poly(EO)- and poly(POx)-protected polygly
cidol and poly(ECH) have been prepared in this way with a 
high functionalization efficiency. 

The living/controlled character of the monomer-activated 
anionic polymerization involving onium salt/triisobutylalumi
num systems has been applied to the synthesis of a series of 
random and block copolymers. EO/POx random copolymers 
with a gradient structure, molar masses up to 70 000 g mol−1, 
and narrow dispersity have been synthesized by Rejsek et al.151 

Poly(POx-co-ECH) and amphiphilic poly(alkylene oxide-co
glycidol) were also prepared via the synthesis of poly 
(POx-co-EEGE) and poly(BOx-co-t-BuGE) copolymers, after 
deprotection of hydroxyl groups.154 Interestingly, despite the 
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Figure 3 Conversion vs. time curves of POx polymerization initiated by i-PrONa (+), NBu4Cl (●), NOct4Br (■), and PBu4Cl (▲) in the presence of i-Bu3Al 
at 0 °C in cyclohexane. Reprinted with permission from Labbé, A.; Carlotti, S.; Billouard, C.; et al. Macromolecules 2007, 40, 7842–7847.150 Copyright 
2011 American Chemical Society. 

Scheme 43 Synthesis of α-azido-ω-hydroxy polyethers using the tetrabutylammonium azide/i-Bu3Al initiating system. 

determining role of the monomer complexation in this poly-
merization process, the copolymerization ratios remain close to 
those reported for conventional anionic copolymerization. 

Different diblock and triblock copolymers of various composi-
tions and lengths have also been prepared by sequential monomer 
addition, as illustrated by the Size Exclusion Chromatography 
(SEC) trace reported in the synthesis of poly(EO-b-POx-b-PEO) 
triblock copolymers with NOct4Br/i-Bu re 4). 1 

3Al (Figu  15

Poly(POx-b-ECH) block copolymers with MM ranging from 
about 6000 up to 30 000 g mol−1 and with various poly(POx) 
and poly(ECH) block lengths152 were also prepared by sequen-
tial addition of the two monomers. The reinitiation efficiency 
starting from either poly(POx) or poly(ECH) as first block was 
shown to be quantitative. 

Finally, block copolymerization of EO initiated by 
living polymer chains with lithium counterion was also 
recently described.149 Although it is known that EO poly-
merization could not proceed properly when lithium 
alkoxide species are involved,155,156 in  the presence of  
AlR3 it was shown that living polystyryllithium (PSLi) 
and polyisoprenyllithium (PILi) chains can play the role 
of a macroinitiator for EO polymerization, thus yielding in 
hydrocarbon solvent in short reaction times poly-(S-b-EO) 
and poly(I-b-EO) with poly(EO) block molar masses up to 
10 000 g mol−1. 

In conclusion, epoxide derivatives constitute an impor
tant group of monomers that can be readily prepared by 
epoxidation of olefins. Their polymerization allows the 
synthesis of a broad series of polyethers, ranging from 
hydrophilic to highly hydrophobic, with biocompatible 
characteristics. Owing to the recent progress in their 
ring-opening polymerization, in particular via the use of 
an appropriate combination of weakly nucleophilic initia
tors and catalysts or activators, functional oligomers and 
block copolymers of a much broader series of epoxides 
can now be prepared, opening new application opportu
nities in several important areas. 

Figure 4 SEC traces corresponding to different stages of the synthesis 
of a poly(EO-b-POx-b-PEO) triblock copolymer with NOct4Br/i-Bu3Al sys
tem: (a) poly(EO) first block; (b) poly(EO-b-POx) diblock; and (c) poly 
(EO-b-POx-b-EO) triblock. Reprinted with permission from Rejsek, V.; 
Sauvanier, D.; Billouard, C.; et al. Macromolecules 2007, 40, 
6510–6514.151 Copyright 2011 American Chemical Society. 
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4.07.6 Summary 

Epoxide derivatives constitute an important group of mono
mers that can be readily prepared by epoxidation of natural and 
synthetic alkenes. Their polymerization by anionic and by 
related nucleophilic ring-opening reactions is described and 
discussed in this chapter. The mechanisms of initiation, propa
gation, and transfer reactions in the presence of ionic initiators, 
typically alkali metal derivatives, and their impact on the poly-
ether characteristics are first examined. Following this, the 
recent use of organic derivatives as counterion or catalyst is 
presented. The last sections of the chapter are devoted to epox
ide polymerizations involving a preliminary coordination/ 
activation of the monomer before insertion. The recent pro
gress achieved in the polymerization control of a broad series 
of epoxide monomers, including functional ones, via the 
monomer-activated polymerization is highlighted in particular 
since it opens interesting opportunities in the preparation and 
design of new polyether materials. 
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4.08.1 General Considerations thermodynamics of polymerization is given in Chapter 4.02; in  

Cyclic ethers constitute an important class of heterocyclic 
monomers that polymerize by ionic mechanisms. Studies of 
the mechanism, kinetics, and thermodynamics of cyclic ether 
polymerization were essential in establishing basic principles 
of ionic ring-opening polymerization (ROP). There are several 
book chapters and reviews summarizing this field and 
although some of them date back to early 1980s, the main 
conclusions are still valid and provide a basis for more recent 
developments.1–12 In the polymerization of heterocyclic monomers, the driv-

Cyclic ethers are the class of heterocyclic monomers that 
provide suitable models for mechanistic studies. 
Polymerization of several monomers of this class leads to 
polymeric materials that are produced on an industrial scale. 
The most prominent examples are polymers of ethylene oxide 
(EO), propylene oxide (PO), epichlorohydrin (ECH), or tetra
hydrofuran (THF). Cationic ring-opening polymerization 
(CROP) of cyclic ethers is thus interesting from both an aca
demic and industrial point of view. 

In this chapter, the basic features of CROP of cyclic ethers 
will be briefly outlined on the basis of published earlier chap
ters and reviews, mainly the first edition of Comprehensive 
Polymer Science,6 and then more recent developments will be 
discussed based on the original literature. 

4.08.1.1 Thermodynamic Polymerizability of Cyclic Ethers 

Polymerizability in a thermodynamic sense is related to the 
Gibbs energy change (ΔG) associated with a conversion of 
monomer into polymer unit. More detailed analysis of the 

this section (4.08.1.1), the simplified description is provided to 
show the relationship between equilibrium monomer concen
tration ([M]e), enthalpy of polymerization (ΔH) (closely related 
to the ring strain), and temperature. Gibbs energy of polymer
ization is a function of enthalpy (ΔH) and entropy (ΔS) of  
polymerization. 

ΔGp ¼ ΔHp− TΔSp ½1� 

ing force of polymerization is provided by the release of the 
strain of the ring upon its opening.13 

In the process of polymerization, many monomer mole
cules are incorporated into a polymer chain thus translational 
entropy decreases. This may be partly counterbalanced by the 
increase in rotational and vibrational entropy resulting from 
converting a rigid monomer molecule into a more flexible 
chain unit. Thus, the entropy of polymerization of heterocyclic 
monomers is typically lower than entropy of polymerization of 
vinyl monomers. Although entropy of polymerization depends 
on the ring size, −ΔS values for polymerization of cyclic ethers 
are typically not higher than 80 J (�20 cal)/ °C � mol.13 Thus, 
at ambient temperatures (�300 K), the term –TΔS usually does 
not exceed the value 25 kJ mol−1 (�6 kcal mol−1). This sets a 
borderline between polymerization that is practically irreversi
ble and polymerization that proceeds reversibly because in 
order to make polymerization possible from the thermody
namic point of view (ΔG < 0), enthalpy (ΔH) must outweigh 
the entropy term (TΔS). Thus, the thermodynamic polymeriz
ability is governed by the enthalpy of polymerization closely 
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Table 1 Ring strains of cycloalkanes14 

Number of atoms in the ring Bond angle distortion 
Strain energy 
(kJ mol− 1) 

3 
4 
5 
6 
7 
8 

24°44′ 
9°44′ 
0°44′ 
–5°16′ 
–9°33′ 
–12°46′ 

115 (27.6 kcal mol− 1) 
110 (26.2 kcal mol− 1) 
26 (6.3 kcal mol− 1) 
1 (0.2 kcal mol− 1) 
27 (6.4 kcal mol− 1) 
42 (9.9 kcal mol− 1) 

related to the ring strain of the monomer. Polymerization of 
highly strained three- and four-membered cyclic ethers is prac
tically irreversible while polymerization of five-membered THF 
is a typical example of reversible polymerization in which a 
significant amount of monomer remains in equilibrium with 
polymer. 

Enthalpy of polymerization is related mainly (but not exclu
sively) to the ring strain. As the bond lengths and the bond 
angles for C–O and C–C bonds are similar, the ring strains of 
cycloalkanes provide a good approximation for ring strains of 
cyclic ethers. Ring strains of cycloalkanes are listed in Table 1. 

For nonsubstituted cyclic ethers, the following values of ring 
strain are given in the literature (Table 2).15 The geometry of 
cyclic ethers is governed mainly by the number of atoms in the 
ring. Ring strain is caused mainly by the difference between the 
angles resulting from orbital overlap and the angles imposed by 
the ring size. The additional strain may arise from the interac
tions of the nonbonded atoms located in close proximity. 

Molecules of cyclic ethers, with the exception of EO, are not 
planar although the deviation from planarity in the four- and 
five-membered rings is small. The free electron pairs on the 
oxygen atoms behave sterically like medium-sized substituents. 

As already mentioned, polymerization of highly strained 
three- and four-membered cyclic ethers is practically irreversi
ble, while polymerization of five-membered THF is a typical 
example of reversible polymerization. 

Reversibility of propagation in simplified form may be 
represented by eqn [2]: 

⋯ − M� 
n þM  ⇆⋯ − M� 

nþ1 ½2� 
Equilibrium constant for reversible propagation is equal to: 

K ¼½⋯ − M� 
n 1�=½⋯ − M� 

n�½M�e and assuming that þ
½⋯ − M� 

nþ1� ¼½⋯ − M� 
n� ½3� 

K = 1/[M]e, where [M]e denotes concentration of monomer at 
equilibrium. 

There is the following relationship between Gibbs energy of 
polymerization and equilibrium constant K: 

ΔGo ¼ RT ln K	 ½4� 
Thus, 

RT � ln 1=½M� ¼ ΔH −e  TΔS and

ln 1=½M� ¼ ΔH=RT −e  ΔS=R ½5�
A more detailed description of thermodynamics of poly

merization is given in Chapter 4.02; in this section, the 
simplified analysis is provided to show the relationship 
between equilibrium monomer concentration ([M]e), enthalpy 

Table 2 Ring strains of cyclic ethers15 

Ring strain 
Cyclic ether (kJ mol− 1) 

Oxirane (three membered) 114 
Oxetane (four membered) 107 
Tetrahydrofuran (oxolane) (five membered) 23 
Tetrahydropyran (oxane) (six membered) 5 
Oxocane (eight membered) 42 

of polymerization (ΔH) (closely related to the ring strain), 
andtemperature. 

In simple terms 

1. the lower is the enthalpy of polymerization (ring strain) the 

higher is the equilibrium monomer concentration; 
2. the	 higher the temperature the higher the equilibrium 

monomer concentration; and 

3. for each initial concentration of monomer ([M]0), there is a 

temperature at which [M]e becomes equal to [M]0 meaning 

that for a given [M]0 at this and higher temperatures poly
merization is not possible. This temperature is denoted as a 

ceiling temperature for polymerization (Tc). Ceiling tempera

ture is typically given in the literature either for standard 

conditions (i.e., for [M]0 =1m ol l−1) or for bulk polymeriza

tion. For practical purposes, the value of Tc for bulk 

polymerization is of interest because above this temperature 

the monomer will not polymerize under any conditions. 

There are the following practical consequences that are impor
tant for understanding of behavior of cyclic ethers in ROP. 

Gibbs energy of polymerization is strongly negative for the 
polymerization of strained three- and four-membered cyclic 
ethers; therefore, polymerization is practically irreversible, 
which means that there are no thermodynamic barriers for 
reaching quantitative conversions even at low [M]0 and higher 
temperatures. It should be remembered, however, that kinetic 
factors may prevent quantitative conversion if a termination 
reaction occurs. 

In contrast, polymerization of weakly strained cyclic ethers 
containing five or more atoms in the ring is highly reversible, 
which means that there are thermodynamic limits on the ulti
mate conversion. The highest conversion that may be achieved 
is equal to: 

Ultimate conversion ¼ ð½M� −0  ½M�eÞ=½M�0 � 100% ½6�

(c) 2013 Elsevier Inc. All Rights Reserved.



Thus, to reach the highest monomer conversion in reversible 
polymerization, polymerization should be conducted at high 
[M]0 and low temperature (to reduce [M]e value). This latter 
requirement is in conflict with kinetic requirements. In the sys
tem with reversible propagation, polymerization is faster at 
higher temperatures but because of higher [M]e, the highest 
attainable conversion is lower. Thus, it should be remembered 
that the term ‘polymerizability’ does not have an unequivocal 
meaning and one should clearly distinguish between kinetic and 
thermodynamic polymerizability. The former is governed by 
rate constants of elementary reactions while the latter by 
the equilibrium constant of propagation. Thus, typically, 
with increasing temperature kinetic polymerizability will be 
enhanced (higher rate of propagation) but thermodynamic 
polymerizability will be lowered (equilibrium position will be 
less favorable for the formation of polymer). 

It should be pointed out that the presented picture applies 
to homopolymerization. Monomers that do not undergo 
homopolymerization at particular conditions may still be 
able to undergo copolymerization. It should also be remem
bered that thermodynamic parameters of polymerization are 
valid for the transformation of monomer into relatively high
molecular-weight polymer. Therefore, even at the conditions 
when monomer does not polymerize due to the thermody
namic restrictions, some low-molecular-weight oligomers 
may still be formed. 

4.08.1.2 Nucleophilicity and Basicity of Cyclic Ethers 

Propagation in the cationic polymerization of cyclic ethers 
proceeds as a nucleophilic attack of an oxygen atom on the 
carbon atom in α-position in an oxonium ion (Scheme 1). 

If the oxygen atom (-O-) is a part of monomer molecule, 
this scheme represents chain propagation. If, however, it is a 
part of polymer unit, such a reaction is a chain transfer to 
polymer. Chain transfer to polymer (either intermolecular or 
intramolecular) is a typical feature in CROP of cyclic ethers. Its 
significance in particular cases will be discussed in subsequent 
sections (Section 4.08.1.5 and 4.08.2.1). 

As the reaction shown in the scheme above is a nucleophilic 
substitution reaction, nucleophilicity of oxygen atoms in 
monomers and polymer units is an important factor governing 
the competition between chain propagation and chain transfer 
to polymer. 

Nucleophilicity is often expressed in terms of basicity. 
Nucleophilicity and basicity reflect the same property, namely 
the ability to share the lone electron pair with an electron 
acceptor. Nucleophilicity is determined at kinetically con
trolled conditions whereas basicity is determined at the 
conditions controlled thermodynamically (from the studies 
of equilibria). 

Linear and cyclic ethers belong to the group of weak organic 
bases.16,17 

Scheme 1 
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Scheme 2 

Basicity of cyclic ethers decreases in the order as shown in 
Scheme 2. 

Knowledge of the order of basicities of cyclic and linear 
ethers is important for understanding certain phenomena in 
cyclic ether polymerization. As indicated earlier, chain transfer 
to polymer is a general feature of the cationic polymerization 
of cyclic ethers because the nucleophilic site of the monomer 
molecule (oxygen atom) is transferred to the polymer unit. To 
what extent chain transfer to polymer competes with propa
gation depends on the relative nucleophilicity of monomer 
and polymer unit. Thus, for five-membered THF, the polymer 
unit is a weaker base than the monomer. This makes the 
polymer less reactive than the monomer in nucleophilic sub
stitution type reactions. Consequently, for this monomer, 
chain transfer to polymer is slow as compared to propagation. 
In contrast, in the polymerization of three-membered EO, the 
polymer unit is more basic than monomer. Therefore, reac
tions involving the polymer chain are important in this 
system. Practical consequences will be discussed in the sub
sequent sections devoted to polymerization of different 
classes of cyclic ethers. 

4.08.1.3 Mechanism of Cationic Polymerization 
of Cyclic Ethers 

Cyclic ethers polymerize by ionic mechanism. Three-
membered cyclic ethers (oxiranes) polymerize by both catio
nic and anionic mechanisms. Four-membered and higher 
cyclic ethers polymerize by cationic mechanism only 
(although examples of anionic polymerization are occasion
ally mentioned in the literature). Thus, cationic mechanism 
is a general mechanism of cyclic ether polymerization. 

The growing species on which propagation occurs are typi
cally tertiary oxonium ions (although the mechanism involving 
secondary oxonium ions, the activated monomer (AM) 
mechanism may also operate as it will be discussed in the 
following sections). Those tertiary oxonium ions are located 
at the growing chain end; thus, the typical mechanism of cyclic 
ethers polymerization is called the active chain end (ACE) 
mechanism. 

Propagation by the ACE mechanism is represented in 
Scheme 3. 

Propagation proceeds by nucleophilic attack of an oxygen 
atom in a monomer molecule on a carbon atom in α-position 
to an oxygen atom bearing formally the positive charge in a 
tertiary oxonium ion located at the chain end. Even such a 
simplified scheme indicates the possibility of a side reaction 
that is a typical feature of cationic polymerization of cyclic 
ethers. A nucleophilic center (oxygen atom) is present not 
only in monomers but also in polymer chains. Therefore, the 
attack of an oxygen atom from the chain on a carbon atom in a 
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Scheme 3 

Scheme 4 

growing center may occur and compete with propagation, as 
shown in Scheme 4. 

It should be stressed that the fact that the monomer mole
cule is strained while the polymer chain is essentially strainless 
is not relevant from the point of view of competition between 
both the processes. In both the cases, it is the ring in the 
growing center that is opened while the attacking molecule 
remains intact. Thus, the competition is governed mainly by 
nucleophilicity of an oxygen atom in cyclic and linear struc
tures (with a possible contribution of steric effects). Therefore, 
chain transfer to polymer is a typical feature in CROP of cyclic 
ethers. Intermolecular reaction leads to segmental exchange 
(so-called scrambling), while intramolecular reaction leads to 
cyclization as shown in Scheme 5. 

Scheme 5 

As a result of intramolecular chain transfer to polymer, a 
certain number of cyclic oligomers may be formed in addition 
to linear polymers. This is a serious limitation for synthetic 
applications of CROP of cyclic ethers because a fraction of the 
polymer may have a distinctly different molecular weight (thus 
broadening molecular weight distribution) and will not con
tain end-groups (which is especially disadvantageous for the 
synthesis of reactive, telechelic polymers). In some systems (as 
in the cationic polymerization of THF), chain transfer to poly
mer is slow as compared to propagation and polymerization 
may be terminated before cyclic oligomers start to form. In 
other systems, however, especially in the cationic polymeriza
tion of oxiranes, cyclization in polymerization proceeding by 
the ACE mechanism cannot be avoided. As will be discussed, 
cyclization may be eliminated if polymerization is conducted 
at conditions where the AM mechanism of propagation 
dominates. 

Intermolecular chain transfer to polymer is less harmful 
because the number of macromolecules does not change and 
the number-average degree of polymerization (DP) is not 
affected. Segmental exchange leads, however, to a broadening 
of molecular weight distribution. Another effect may be dis
proportionation of polymer end-groups as shown in Scheme 6. 

Chain transfer to polymer is the major side reaction in 
CROP of cyclic ethers. If it could be avoided, the system 
would approach conditions required for living polymerization. 
According to the recent IUPAC definition, living polymeriza
tion is: “A chain polymerization from which irreversible chain 
transfer and irreversible chain termination (deactivation) are 
absent.”18 

Tertiary oxonium ions that are active species in CROP of 
cyclic ethers are inherently stable (trialkyloxonium salts with 
stable counterions are commercially available and may be 
stored without special precautions for prolonged periods of 
time). Thus, if basic impurities are avoided in CROP of cyclic 
ethers, there is essentially no irreversible termination. Those 
polymerization are, however, not classified as living because 
reversibility of propagation and reversible chain transfer to 
polymer cause deviations from the ideal situation observed 
for, for example, anionic vinyl polymerization in which 
DPn = [M]0/[I]0, molecular weight distribution is close to 
Poisson distribution and the nature of end-groups may be 
strictly controlled. As will be discussed in subsequent sections, 
conditions of living polymerization may be more closely 
approached if polymerization proceeds by the AM 
mechanism. 

4.08.1.4 Elementary Reactions in Cationic Polymerization 
of Cyclic Ethers 

4.08.1.4.1 Initiation 
There are three possible routes of initiation of cyclic ether 
polymerization, by: 
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Scheme 6 

1. direct addition of initiator to monomer molecule; 
2. abstraction of hydride ion (H−) from monomer molecule; 

and 

3. formation of zwitterions between monomer and initiator. 

Most commonly initiation proceeds as direct addition of 
initiator to monomer molecule (route 1). Cationic polymer
ization of cyclic ethers may be initiated by both Bronsted 
and Lewis acids. Most commonly used initiators include 
strong protic acids such as trifluoromethanesulfonic (triflic) 
acid (also its anhydride or esters), fluorosulfonic acid, 
perchloric acid, or heteropolyacids, oxonium salts such as 
triethyloxonium (e.g., Et3O

+A−), carbenium (e.g., Ph3C
+A−), 

or carboxonium (e.g., C6H5CO
+A−) salts  where  A− should 

be stable, weakly nucleophilic counterion (e.g., BF4 
−, PF6 

− , 
and SbF6 

−) or Lewis acids (most commonly used is 
BF3·Et2O). Several other initiation systems have been used 
(e.g., rare earth triflates) but the advantages over typically 
used simple and easily available initiators have not always 
been shown. 

The mechanism of initiation is relatively simple in the case 
of initiation by protic acids. There is a fast protonation of 
monomer molecule with formation of secondary oxonium 
ion followed by reaction of this ion with another monomer 
molecule forming tertiary oxonium ion. This step may be 
slower than subsequent propagation steps because reactivity 
of secondary oxonium ions is generally lower than that of 
tertiary oxonium ions (Scheme 7). 

Oxonium, carbenium, or oxocarbenium salts generate ter
tiary oxonium ions in single step, as shown in Scheme 8 for 
initiation with triethyloxonium salt. 

Some carbenium salts that form sterically hindered addition 
product, that is, triphenylmethylium (trityl) salts may initiate 
through hydride ion abstraction as shown in Scheme 9 
(route b).19,20 Oxocarbenium ions thus formed serve as actual 

Scheme 7 

Scheme 9 

Scheme 10 

initiator (although proton expulsion and formation of double 
bonds is also possible). 

Less obvious is the mechanism of initiation in the case of 
Lewis acid initiators. First of all, the behavior of different Lewis 
acids in similar systems may be different. Thus, complexes of 
BF3 with ethers are stable while BCl3 may react with ethers21 

and complexes of PF5 with ethers may undergo disproportio
nation (Scheme 10).22 

There is no evidence supporting the view that the most 
commonly used Lewis acid, that is, BF3 (typically as a complex 
with Et2O) may generate ionic species directly. Thus, it is gen
erally accepted that the presence of coinitiator is necessary and 
(unless coinitiator is purposely added) this role is most often 
played by adventitious water. In a related system, that is, in the 
cationic polymerization of cyclic acetals, it was conclusively 
proved that if water is rigorously excluded, BF3 does not initiate 
polymerization.23 In less thoroughly dried systems, addition of 
a proton trap effectively prevented initiation by BF3.

24 

It has been claimed, however, that some of the cyclic ethers, 
particularly the strained ones, may directly produce a zwitter
ion with a tertiary oxonium ion at one of its ends, when 
initiated with BF3, as shown in Scheme 11.25 

It has also been claimed that PF5 may directly initiate poly
merization of THF and, on the basis of 1H and 31P NMR 

Scheme 8 
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Scheme 11 

spectra, formation of transient zwitterions has been postu
lated.26 On the other hand, BF3 forms a complex with THF 
which does not initiate the polymerization of THF in the 
absence of coinitiator.27 

4.08.1.4.2 Propagation 
As already discussed, propagation in cationic polymerization of 
cyclic ethers by the ACE mechanism proceeds on tertiary oxo
nium ion active species. Ionic species in general may exist in the 
form of ion-pairs (contact or solvent separated) and free ions. 
The fraction of each form is governed by a corresponding 
equilibrium constant that depends on the polarity of the med
ium. The knowledge of the fraction of different ionic forms, 
which is essential for the proper analysis of kinetics of anionic 
vinyl polymerization in which different forms show different 
reactivity, is less crucial in analyzing the kinetics of cationic 
polymerization of cyclic ethers because available data point out 
to equal reactivity of ion-pairs and free ions in propagation. 

This has been shown for cationic polymerization of 
five-membered THF28,29 and seven-membered oxepane.30 The 
difference between situations encountered in anionic vinyl 
polymerization and cationic polymerization of cyclic ethers 
stems from the solvating ability of the latter class of monomers. 
Cyclic ethers solvate cationic centers and solvation of free oxo
nium cation is much stronger than solvation of ion-pairs, 
which provides a counterbalance for the inherent differences 
in reactivity of different ionic species. 

Analysis of polymerization kinetics and the determination 
of the true values of propagation rate constants require the 
knowledge of the concentration of growing species. If it can 
be proved that initiation is fast and quantitative (e.g., by show
ing that DPn = ([M]0 – [M]t)/[I]0), the concentration of active 
species may be simply taken as equal to the starting concentra
tion of the initiator. The concentration of active species can also 
be measured. It should be noted that propagation rate con
stants in the cationic polymerization of cyclic ethers are 
relatively low (in the range 10−4 to 1 mol−1 l s−1); thus, to 
achieve reasonable rates of polymerization, the concentration 
of active species is typically much higher (at the level 
10−4 

–10−2 mol l−1) than that in the cationic vinyl 
polymerization. 

In the cationic polymerization of THF, the concentration of 
active species was measured by capping the growing chain with 
sodium phenoxide and the determination of phenoxy groups 
in polymers by UV spectroscopy.31 More general methods have 
been developed in the Lodz group.32,33 Active species of catio
nic polymerization of cyclic ethers (and other heterocyclic 
monomers) were trapped by reaction with tertiary phosphine. 
It was shown that oxonium ions are fast and irreversibly con
verted to corresponding phosphonium ions that could be 
quantitatively analyzed by 31P NMR using a known excess of 
phosphine as an internal standard without the need for poly
mer isolation. The principle of the method, which allows 
determination not only of concentration but also of the struc
ture of active species, is outlined in Scheme 12. 

Scheme 12 

For several monomers, propagation rate constants have been 
determined (the extensive list can be found in Reference 3). For 
polymerization of THF, the values between 3 � 10−3 and 
1 � 10−2 mol−1 l s−1 are given by different authors for different 
conditions for polymerization of oxepanes values between 
10−4 and 10−5 mol−1 l s−1 and for polymerization of oxetanes 
values between 10−1 and 1 mol−1 l s−1 (at 0 °C in different 
solvents at different monomer and initiator concentrations). 

4.08.1.4.3 Termination 
Due to the lower reactivity of oxonium ions and the basic 
character of monomers, chain transfer (other than chain trans
fer to polymer) and/or termination is less critical in CROP of 
cyclic ethers than in vinyl polymerization (either cationic or 
anionic). The best documented system not involving any ter
mination is polymerization of five-membered THF in the 
presence of stable counterions (SbF6 

− , AsF6 
− , and PF6 

−) or  
noncomplex anions like CF3SO3 

− for which recombination 
occurs but is fully reversible. For these systems, the DP is 
equal to the calculated value up to the high DPn values.

29,34 

DPn ¼ ð½THF�0− ½THF� Þ=½I� ½7�e 0 

The H+ transfer, that is a typical route of transfer in cationic 
vinyl polymerization, is not important in the polymerizations 
proceeding with the participation of tertiary oxonium ions as 
active species. This type of transfer may, however, occur in 
special cases where the presence of carbenium ions cannot be 
excluded. Such situations may appear in the cationic polymer
ization of suitably substituted oxiranes when the presence of 
low concentration of carbenium ions in equilibrium with oxo
nium ions has been postulated (Scheme 13). 

Unsaturated end-groups were indeed observed in cationic 
copolymerization of nitroglycidyl ether or ECH with THF.35 

4.08.1.5 Macrocyclization in the CROP of Cyclic Ethers 

In CROP, electrophilic active centers can react with heteroa
toms in their own chains. This reaction, called ‘backbiting’, 
leads to the formation of cyclic oligomers. Formation of cyclic 
oligomers is a reversible process; monomers and macrocycles 
react with active centers in a similar way. 

Competition between backbiting and propagation 
depends on the relative nucleophilicity of oxygen atoms in 
monomer and polymer units. In the polymerization of EO, 
the basicity of the polymer unit is higher than that of the 
monomer (cf. Section 4.08.1.2); thus, macrocyclization pro
ceeds concurrently with propagation, and formation of cyclic 
oligomers cannot be avoided in the polymerization 

Scheme 13 
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proceeding by the ACE mechanism. On the other hand, in the 
cationic polymerization of THF, the basicity of oxygen in 
polymer units is considerably lower than that of oxygen in 
monomer molecules. Therefore, cyclization by backbiting is 
relatively slow as compared to propagation. Thus, in cationic 
polymerization of THF, there is a kind of window when high 
conversion is already attained but the concentration of macro
cyclics is still negligible. If polymerization is terminated at this 
stage, a linear polymer free of cyclic fractions may be 
obtained. If, however, the system is kept nonterminated for 
a prolonged period of time, a build-up of cyclic fractions is 
gradually observed until a final equilibrium distribution of 
cyclic and linear polymer is attained.36 Thus, this system 
provides a good example of the distinction between the 
kinetic and thermodynamic distribution of cyclic and linear 
fraction in CROP. Unfortunately, cationic polymerization of 
THF is rather an exception. In the polymerization of oxiranes 
or oxetanes, the kinetic factor does not disfavor backbiting 
and cyclic oligomers are formed parallel to the formation of 
linear polymer. 

What factor governs the distribution of cyclic and linear 
fractions? Distribution of unstrained cyclic oligomers in equili
brium is described by the dependence 

½Mn� ¼ A � n−5=2 ½8� 
(where n is a polymerization degree and A is preexponencial 
factor) derived theoretically by Jacobson and Stockmayer (JS 
theory) for polymers with unperturbed chain conformation.37 

The JS theory describes an idealized situation because it 
assumes that all macrocycles are strainless and that polymer 
chain conformation is described by Gaussian statistics. For 
some systems in CROP, distribution of cyclic oligomers close 
to that predicted by the JS theory was indeed observed. This is 
the case of cationic polymerization of cyclic siloxanes38 and 
cyclic acetals39 because in those systems, due to the flexibility 
of polymer chains, deviations from the assumptions of the JS 
theory are relatively small. 

In most systems, however, more complicated situations are 
encountered. Due to different strains of rings in cyclic oligo
mers, their distribution is different from that predicted by the JS 
theory and those oligomers that may assume conformation 
minimizing the strain are preferentially formed. This is the 
case of cationic polymerization of oxiranes. In the 

polymerization of oxirane (EO), predominantly six-membered 
cyclic dimer (1,4-dioxane) is formed.40,41 Polymerization of 
substituted oxiranes yields products containing not only the 
cyclic dimers but also higher cyclic oligomers. This was 
observed for polymerization of methyloxirane (propylene 
oxide),42,43 (chloromethyl)oxirane (ECH),42,44 2,2
dimethyloxirane (isobutylene oxide),45 or phenyloxirane (styr
ene oxide)46 where mainly cyclic trimers or tetramers were 
observed. 

4.08.2 CROP of Oxiranes 

4.08.2.1 Mechanism of Polymerization 

The mechanism of cationic polymerization of three-membered 
cyclic ethers (oxiranes) was studied mostly in the 1960s and 
1970s and the major findings have been summarized in several 
monographs and reviews published since then.1–12 Thus, in this 
chapter, the basic features of CROP of oxiranes will be outlined 
only briefly and then the recent developments, mainly related to 
various synthetic applications, will be presented. 

Three-membered rings are highly strained; ring strain arises 
because it is not possible for the atom orbitals to overlap at 
their optimum angles in rings composed of only three atoms. 
Thus, ring strain for EO is equal to 26.8 kcal mol−1.47–49 Due to 
relatively large ring strain, the enthalpy factor significantly out
weighs the entropy factor in the equation ΔG = ΔH – TΔS and 
polymerization of oxiranes is practically irreversible. 

CROP of oxiranes may be initiated by typical cationic initia
tors including strong protic acids (e.g., HOSO2CF3), Lewis acids 
(e.g., BF3 and its complexes), or oxonium salts (e.g., R3O

+, A−). 
Of practical importance is photoinitiated cationic polymer

ization of oxiranes, this subject will be discussed in more detail 
later on in this section. 

Secondary or tertiary oxonium ions formed upon initiation 
react with another monomer molecule generating tertiary oxo
nium ions as growing species as shown schematically for 
polymerization of EO initiated by HOSO2CF3 (Scheme 14). 

Propagation proceeds by nucleophilic attack of an oxygen 
atom in a monomer molecule on a carbon atom in α-position 
to an oxygen atom bearing formally the positive charge in 
tertiary oxonium ion located at the chain end. Such a mechan
ism is known thus as ACE mechanism. 

Scheme 14 
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Scheme 15 

Scheme 16 

The oxiranium cation has not been observed directly. It has 
been shown, however, on the basis of 1H and 13C NMR spectra 
that the strained oxonium ion is partly converted into a less 
strained oxonium ion involving a six-membered ring and to a 
strainless branched oxonium ion (Scheme 15).50 

In CROP of cyclic ethers, a nucleophilic center (oxygen 
atom) is also present in a polymer chain. Therefore, the attack 
of this oxygen on the carbon atom in the growing center may 
occur and compete with propagation, as shown in Scheme 16. 

As discussed in the previous section, the competition 
between propagation and chain transfer to polymer is governed 
mainly by the nucleophilicity of oxygen atoms in cyclic and 
linear structures (with a possible contribution of steric effects). 
Thus, chain transfer to polymer is important in the case of 
CROP of cyclic ethers. The intermolecular reaction leads to 
segmental exchange (‘scrambling’) while the intramolecular 
reaction leads to cyclization. The intramolecular reaction is 
especially pronounced in CROP of three-membered cyclic 
ethers because the basicity of the polymer unit is higher than 
that of the cyclic oxirane monomers (cf. Section 4.08.1.2). 
Cyclization of oxirane may occur at the stage when the product 
is a strainless cyclic dimer (1,4-dioxane). Cationic polymeriza
tion of unsubstituted oxirane (EO) leads to a mixture of rather 
low-molecular-weight linear polymer and cyclic oligomers 
(predominantly cyclic dimer, i.e., 1,4-dioxane).40,41 Similar 
behavior was observed for monosubstituted oxiranes such as 
PO42 or ECH,44 although in those cases cyclic trimers or tetra
mers were the main components of cyclic fraction. Therefore, 
CROP of oxiranes proceeding by the ACE mechanism is of little 
synthetic value for the synthesis of high-molecular-weight 
polymers, although the tendency to cyclization has been inge
niously applied in the synthesis of crown ethers. CROP of EO 
in the presence of suitable cations, due to the template effect, 
leads to crown ethers of a given ring size in good yields. Thus, 
in the presence of large Rb+ and Cs+ cations, the cyclic fraction 
contains almost exclusively 18-crown-6 (cyclic hexamer), while 

in the presence of small lithium cation a mixture containing 
30% of cyclic tetramer and 70% of cyclic pentamer is formed.51 

Cyclization by backbiting cannot be avoided if active spe
cies of propagation are tertiary oxonium ions located at the 
chain end. Several years ago, we proposed that if acid-catalyzed 
polymerization of oxiranes is conducted in the presence of 
hydroxyl-group-containing compounds, the other mechanism 
competes with the ACE mechanism. This mechanism is based 
on the established mechanism of acid-catalyzed hydrolysis of 
oxiranes.52 In analogy to the hydrolysis mechanism, if an excess 
of oxirane (e.g., EO) is present, successive reactions of proto
nated monomer molecules with hydroxyl groups lead to 
extension of the chain as shown in Scheme 17.53 

According to this mechanism, charged species are proto
nated (activated) monomer molecules, thus the term 
‘activated monomer mechanism’ has been applied in analogy 
to the term introduced by Szwarc and Bamford for anionic 
polymerization of N-carboxyanhydrides (NCA).54 It should 
be noted that in polymerization proceeding by the AM 
mechanism, hydroxyl-group-containing compounds act as 
initiators, being incorporated into polymer chains as 
end-groups, while strong protic acids are catalysts. It should 
also be stressed that introduction of hydroxyl-group-containing 
compounds does not simply shift the mechanism of polymer
ization from ACE mechanism to AM mechanism. In the 
absence of intentionally added hydroxyl-group-containing 
compounds, the only propagation reaction possible is reaction 
of protonated monomer with another monomer molecule 
leading to the formation of tertiary oxonium ion on which 
further propagation proceeds by ACE mechanism (in fact, 
some hydroxyl end-groups are formed as a result of initiation, 
but their concentration is low as compared to concentration of 
monomer). 

When a hydroxyl-group-containing compound is intro
duced into the system, protonated monomer may react either 
with monomer or with hydroxyl group as shown in Scheme 18 
for polymerization of EO. 

Competition between ACE and AM mechanisms in CROP 
of oxiranes was discussed in a series of original papers55,56 and 
reviews;9,53,57 therefore, in this chapter, only a general picture 
will be presented. 

The contribution of two competing reaction pathways 
depends on the ratio of corresponding rate coefficients and 
the ratio of concentrations. Rate coefficients depend on nucleo
philicity of both competing nucleophiles, that is, hydroxyl 
groups and cyclic ether. Although the pKB values reported in 
the literature differ depending on the measurement method, it 
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Scheme 17 

Scheme 18 

may be estimated that basicities of hydroxyl groups and cyclic 
ethers are not much different. Indeed for CROP of ECH, the 
ratio of kAM/kACE was found to be close to 5.58 Because in 
AM polymerization, hydroxyl-group-containing compound 
(R–OH) is an initiator, the DP (if side reactions were excluded) 
should be equal to DPn = [M]0/[I]0 (where M denotes cyclic 
ether and I denotes R–OH). At the conditions when [M] ≫ [I] 
required for the formation of polymer, the AM-type of propa
gation may play only a minor role considering that kAM is not 
very much higher than kACE. 

Suitable conditions for AM-type polymerization may be 
created, however, by applying the overall ratio of [M]/[I] high 
enough to allow the formation of polymer chain with desired 
length, but at the same time keeping instantaneous concentration 
of monomer low to ensure low instantaneous ratio of [M]/[I]. 
Thus, polymerization should be conducted by slow feeding of 
monomer to reaction mixture, that is, at monomer-starved 
conditions. 

What are the advantages of conducting CROP of oxi
ranes by AM mechanism? First of all, because there is no 
charged species at the growing chain ends, chain transfer to 
polymer is eliminated and linear polymers free of cyclic 
fraction may be formed. This was shown conclusively for 
polymerization of EO, PO, and ECH. In Table 3, the depen
dence of content of cyclic dimer on [EO]/[HO−] ratio is 
shown.59 The same effect was observed for polymerization 
of PO (Table 4).60 

Secondly, hydroxyl-group-containing compounds, acting as 
initiator, are incorporated into chain ends. As shown in 
Scheme 19, depending on the nature of initiator, different 
types of functional polymers can be obtained. 

Table 3 Yield of 1,4-dioxane formed in 
the oligomerization of ethylene oxide (EO) in 
the presence of CH3OH 

Yield of 1,4-dioxane 
[EO]/[CH3OH] (%) 

2.0 1.1 
4.2 13.4 
6.0 39.5 
7.8 43.0 
17.0 66.5 
120 � 100 

[EO]0 = 1.1 mol l−1, BF3·Et2O = 0.03 mol l−1, CH2Cl2, 
25 °C, complete conversion of EO. From Penczek, S.; 
Kubisa, P.; Szymański, R. Makromol. Chem., 
Macromol. Symp. 1986, 3, 203.59 

Telechelic oligodiols and macromonomers with Mn close to 
calculated values, narrow-molecular-weight distribution, and 
required functionality were prepared by AM CROP of PO and 
ECH.59–62 

Block or star copolymers can be obtained by AM polymer
ization if polymers containing hydroxyl groups are used as 
macroinitiators. Application of poly(ethylene glycol) as initia
tor in cationic AM polymerization of glycidyl methacrylate 
(GM) led to block copolymers containing hydrophilic poly 
(oxyethylene) block and poly(GM) block in which methacrylic 
double bonds were fully preserved. The resulting amphiphilic 
block copolymers formed core-shell micelles in water that 
could be stabilized by cross-linking involving double bonds 
of poly(GM) block.63 

Cationic AM polymerization of EO initiated by a multihy
droxy core obtained by cationic polymerization of 3-ethyl
3-(hydroxymethyl)oxetane (as described in Section 4.08.3.3) in  
the presence of acid catalyst allowed preparation of star 
polymers.64 

Although polymerization of oxiranes by the AM mechanism 
offers several advantages, there are also some limitations. 
Instantaneous [M]/[HO] ratio should be kept low thus mono
mer should be fed slowly into reaction mixture. The reaction is, 
therefore, slow and to achieve higher molecular weights, long 
reaction times are required. Moreover, the proton from a cata
lyst is exchanged quickly between all basic sites and only its 
fraction participates in the activation of the monomer. At the 
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Table 4 Influence of instantaneous monomer concentration (PO) on the amount of cyclic tetramer formed. 

[PO]total [HO−]0 [PO]inst PO conversion Tetramer 
Conditions (mol l−1) (mol l−1) (mol l−1) (%) (wt.%) 

PO introduced in the beginning 2.0 4 � 10−1 2.0 → 0 100 4.0
 
Faster feeding 2.0 4 � 10−1 0.3–0.7 82 2.35
 
Slower feeding 2.0 4 � 10−1 0.05–0.14 100 0.95
 

[HBF4·Et2O] = 2.5–5 � 10−3 mol l, CH2Cl2, 25 °C. From Wojtania, M.; Kubisa, P.; Penczek, S. Makromol. Chem., Macromol. 
Symp. 1986, 6, 201.60 

Scheme 19 

early stages, proton is involved in protonation of HO groups 
and oxygen atoms in monomer molecule, while in the later 
stages an increasing fraction of protons is involved in protona
tion of oxygen atoms in the polymer chain thus the fraction of 
protons activating monomer decreases in the course of poly
merization. For these reasons, AM CROP of oxiranes is a 
suitable method of synthesis of medium-molecular-weight tel
echelic polymers (Mn up to � 5000) rather than high
molecular-weight polymers. 

If both functions, that is, oxirane group and hydroxyl 
group, are present in the same molecule than propagation 
by AM mechanism leads to branched structures.65 The sim
plest monomer of this class is (hydroxymethyl)oxirane 
(glycidol). Polymerization of glycidol by ACE mechanism 
should lead to polymers composed entirely of 1,3-units. 

13CAnalysis of NMR spectra of the relatively high
molecular-weight polymers (Mn up to 104) prepared with 
HPF6·Et2O as a catalyst in bulk revealed the presence of 
both 1–4 and branched units providing direct proof for the 
participation of the AM mechanism. It was not possible, how
ever, to resolve sufficiently the 1H and  13C NMR spectra and to 
thus obtain quantitative information on the relative contribu
tions of both the mechanisms.66 

The formation of 1–4 units (containing secondary hydroxyl 
groups), resulting from AM propagation, was confirmed, how
ever, by analysis of 29Si NMR spectra of a silylated polymer 
(Scheme 20). In subsequent attempts to analyze the contribu
tions of the AM and ACE mechanisms in the polymerization of 
glycidol, it was observed that the structure of the polymer 
formed depends to some extent on the nature of the catalyst.67 

The content of 1–3, 1–4, and branched units was measured by 
13C and 29Si NMR, and on this basis the following contribution 
of the AM mechanism was estimated: SnCl4 � 80%, 
BF3·Et2O � 50–70%, and CF3SO3H � 50%. 

Hyperbranched polyethers were also obtained by cationic 
copolymerization of glycidol with alkyl glycidyl ethers.68 

Glycidol polymerizes also by anionic mechanism. Anionic 
polymerization leading to hyperbranched multihydroxyl poly-
ethers has been studied extensively and possible applications of 
polymers obtained by anionic polymerization have been indi
cated.69–71 

Properties of hyperbranched polyethers prepared by catio
nic polymerization of glycidol have also been studied. 
Cationically prepared polyglycidol after esterification of hydro
xyl end-groups with palmitoyl chloride showed an interesting 
self-assembly behavior. Depending on the solvent and content 

Scheme 20 
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of hydrophobic arms, regular unimolecular micelles or vesicles 
of different size were observed.72 Block copolymers containing 
polystyrene (formed by atom transfer radical polymerization 
(ATRP)) and polyglycidol block (formed by cationic polymer
ization) in combination with lithium salts have been applied 
as polymer electrolytes.73 

Although anionic polymerization of glycidol leading to 
hyperbranched multihydroxyl polyethers, as reviewed 
recently,71 has been studied much more extensively than the 
cationic process, cationic polymerization of hydroxyl
group-containing cyclic ethers provides a more general 
approach to the synthesis of branched multifunctional poly-
ethers because, as discussed in Sections 4.08.3.3 and 4.08.4.3, it  
may be extended to four- and five-membered cyclic ethers that 
polymerize only by cationic mechanism. 

4.08.2.2 Cationic Photopolymerization of Oxiranes 

Photopolymerization of various classes of monomers is cov
ered in more detail in Chapter 4.37; therefore, in this section, 
only the major findings related specifically to oxirane photo-
polymerization are briefly outlined. 

The advantage of photoinitiated cationic polymerization is 
its lack of sensitivity to atmospheric oxygen and substantial 
dark polymerization, that is, the chain reaction continues to 
proceed effectively after UV exposure is terminated, due to the 
fact that the propagating polymer cations, in contrast to radi
cals, do not mutually react. On the other hand, the rate of 
cationic photopolymerization of difunctional epoxides is by 1 
order of magnitude lower than that of radical photopolymer
ization of diacrylate monomers, most probably because of a 
lower propagation rate constant.74 Nevertheless, in recent 
years, cationic photopolymerization of oxiranes have found 
many applications, for example, in coatings, adhesives, and 
printing inks.75 

Cationic photopolymerization is typically initiated by 
onium salts, for example, diaryliodonium salts Ar2I

+ MtXn 
− or 

triarylsulfonium salts Ar3S
+, MtXn 

− (MtXn 
− =PF4 

−, BF6 
−, SbF6 

− , 
etc.). The irradiation of photoinitiator generates a number of 
reactive species that subsequently react with solvent or mono
mer to give protonic acid HMtXn. 

Although in photocurable formulations, difunctional oxi
rane derivatives are employed; for mechanistic studies, 
monofunctional oxiranes are used including cyclohexene 
oxide, styrene oxide, or phenyl glycidyl ether. These studies 
indicate that the cationic polymerizations proceeding as a 
result of photoinitiation by onium salts have typical character
istics of polymerizations initiated by strong protonic acids. 
Thus, initiation involves protonation of oxirane ring while 
propagation proceeds on tertiary oxonium ions as active spe
cies, that is, by the ACE mechanism.76,77 

Photoinitiated cationic polymerization may also proceed by 
the AM mechanism if an HO-containing compound is present 
in the system. AM polymerization of cyclohexene oxide was 
used to prepare polymer/clay nanocomposite by photopoly
merization of cyclohexene oxide in the presence of 
montmoryllonite modified with ammonium salts containing 
–CH2CH2OH groups and (Ph)2I

+ PF6 
− as photoinitiator. Upon 

irradiation protic acid was formed that catalyzed AM propaga
tion on HO groups. As a result, polymer chains were attached 
to clay surfaces and exfoliated structures were obtained.78 

AM photopolymerization of epoxy monomers bearing 
hydroxyl groups has also been studied. In analogy to the earlier 
described AM polymerization of simplest monomer of this 
class, that is, glycidol, AM photopolymerization of cyclohexene 
oxide and norbornene oxide substituted with hydroxyl group 
led to highly branched polyethers containing several hydroxyl 
end-groups. The rates of photopolymerization of those 
monomers were significantly higher than the rates of photo-
polymerization of analogous epoxy monomers bearing 
methoxy groups, which was attributed to inherently more 
rapid kinetics of the AM mechanism that the former monomers 
undergo as compared to the conventional epoxide ROP for the 
latter compounds.79 

4.08.3 CROP of Oxetanes 

4.08.3.1 Mechanism of Polymerization 

In contrast to three-membered cyclic ethers, oxiranes, and 
four-membered cyclic ethers, oxetanes polymerize only by 
cationic mechanism (although anionic polymerization of oxe
tanes has been occasionally reported80). Polymerization of 
oxetanes, due to the relatively high ring strain is practically 
irreversible. 

First reports on the cationic polymerization of oxetanes 
appeared in the open literature in the 1950s,81,82 but the pro
cess had been studied earlier because at that time Hercules Inc. 
had developed the industrial production of polymer of 3,3-bis 
(chloromethyl)oxetane (poly-BCMO) and had been marketing 
the polymer for about 15 years under the Trade Name Penton®. 

On the basis of studies of the parent monomer of this class 
(unsubstituted oxetane), the basic features of cationic polymer
ization of oxetanes (including substituted oxetanes) have been 
established. Typically, polymerization was initiated by BF3 (in 
the form of complex with, e.g., Et2O) and the necessity of water 
cocatalysis was well documented.81–86 

Another system especially suited for the synthesis of high
molecular-weight poly(BCMO) is the R3Al/H2O initiating 
system.87–89 Kinetic studies revealed that for this system the 
rate of polymerization increases by increasing the ratio [H2O]/ 
[R3Al] up to 1/1. This indicates clearly that polymerization is 
initiated by protic acid generated by interaction of water with 
Lewis acid. 

Cationic polymerization of oxetanes provided examples 
of the influence of the number and size of substituents on 
the tendency to cyclization. The steric hindrance caused by 
the presence of substituents can make it more difficult for the 
macromolecule to assume conformation suitable for the ring 
closure. Thus, in the cationic polymerization of unsubstituted 
oxetane, up to 50% of cyclic tetramer was formed (at 100 °C 
with BF3·Et2O initiator). The content of cyclic fraction was 
lower at lower temperatures.82 In the polymerization of 
3,3-dimethyloxetane, the content of cyclic fraction was 
considerably lower (� 20%).90 In the polymerization of 3,3
bis-(chloromethyl)oxetane containing still larger substituents, 
only 2% of cyclic oligomers were formed in polymerization 
initiated with the R3Al/H2O system even at high temperature 
(180 °C).91 

Cyclization occurs by intramolecular chain transfer to poly
mer. Intermolecular reaction leads to the formation of 
branched polymeric tertiary oxonium ion of low reactivity, 
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thus such a reaction leads to termination. Although the two 
possible modes of chain transfer to polymer (intra- or inter
molecular reaction) are not necessarily related, in the cationic 
polymerization of oxetanes for those groups of monomers that 
have stronger tendency to cyclization, generally lower molecu
lar weights of linear fraction were observed. Thus, in the 
polymerization of unsubstituted oxetane, polymers with Mn 

in the range � 3.5 � 104 and broad-molecular-weight distribu
tion were obtained at –20 °C92 while in polymerization of 3
methyl-3-(chloromethyl)oxetane and BCMO initiated with a 
R3Al/H2O system polymers with Mn exceeding 5 � 105 and 
Mw/Mn < 1.3 could be prepared.88,89 

More recently, cationic polymerization of oxetane has been 
studied in the presence of an ether additive that converts 
strained tertiary oxonium ion active species into strain-free 
tertiary oxonium ion (dormant species) that may be reactivated 

93–95by monomer addition as shown in Scheme 21. 
The concept of polymerization involving reversible deactiva

tion of growing species had been applied earlier to a number of 
systems in the field of radical as well as ionic polymerization. 
The authors stress that “unlike conventional quasi-living poly
merization based on reversible end-capping reactions, the 
dormant species is reactivated by a monomer addition”92–94 

(the term ‘quasi-living’ is discouraged in IUPAC terminology). 
This, however, is not an entirely new concept. In the cationic 
polymerization of THF in the presence of CF3SO3 

− counterion, 
deactivation of growing species occurred by the formation of 
covalent macroester that could be reactivated mainly by reaction 
with monomer molecules (see Section 4.08.4.1). Cationic poly
merization of oxetane in the presence of a suitable additive 
(1,4-dioxane, tetrahydropyran) indeed proceeds as a living/con
trolled process and side reactions resulting from chain transfer to 
polymer such as cyclization or chain segment redistribution may 
be eliminated. Polymers with Mn up to 1.6 � 105 and a narrow
molecular-weight distribution (Mw/Mn =1.18–1.28) were 
obtained.95 

Cationic polymerization of oxetanes has been more recently 
exploited to prepare a variety of functional polymer materials 
including functional polymer networks and energetic binders 
for solid rocket propellants. Polymerization of BCMO has been 
studied extensively in the past because of the industrial appli
cation of this process. After the production of Penton® was 
discontinued the interest in polymers of BCMO ensued from 
the fact that they may serve as a precursor for various functional 
polyoxetanes. 

Polymers used as energetic binders should act not only as a 
binder but also as a real propellant component. Thus most 
frequently azido groups having a tendency to highly exother
mic decomposition are introduced into a side chain. Oxetane 

Scheme 21 

polymers are used because by replacement of –CH2Cl groups in 
BCMO (or its polymer) two –CH2N3 groups may be 
introduced into each repeating unit, which results in a high 
nitrogen content (50 wt.%), considerably higher than in poly
mers derived from oxirane derivative, for example, glycidyl 
azide (42.5 wt.%). Two approaches are used to synthesize 
azido-group-containing oxetane polymers; azido groups are 
introduced by the reaction of suitable substituents (–CH2Cl, 
–CH2Br, and –CH2OTs) in the monomer with NaN3 (with 
subsequent cationic polymerization) or in polymer. The dis
advantage of the former route is a necessity of handling and 
storage of azide-containing monomers that are considerably 
more shock sensitive than the corresponding polymers.96 

Frequently, to decrease crystallinity, other monomer units are 
introduced along the chain by copolymerization.97–99 

Side-chain liquid-crystalline polyoxetanes showing smectic 
polymorphism were obtained by cationic polymerization of 
oxetanes substituted with two mesogenic groups connected 
by a flexible spacer.100 

Oxetane polymers containing perfluorinated substituents 
are also studied. Cationic polymerization of 3,3-bis[(2,2,2
trifluoroethoxy)methyl]oxetane leads to polymers showing 
oleophobicity that compare favorably with that of more highly 
fluorinated acrylates.101 

Telechelic oxetane polymers containing hydroxyl end-
groups at both ends were synthesized by cationic polymeriza
tion of substituted oxetanes in the presence of diols.102,103 

Although the mechanism of polymerization was not discussed, 
it may be expected that polymerization proceeded by the AM 
mechanism. These telechelics containing fluorinated substitu
ents after converting hydroxyl end-groups into ammonium 
salts showed unusually low surface tensions.104 Telechelics 
containing fluorinated and alkylammonium substituents 
along the chain were also obtained by cationic copolymeriza
tion of suitably substituted oxetanes and were incorporated 
into polyurethanes in order to modify their surface 
properties.105 

Oxetanes containing fluorinated substituents are employed 
for preparation of oligodiols, which may be used for the synthesis 
of polyurethanes having more hydrophobic surfaces.106 

Oxetanes containing pentafluoropropoxy or heptafluorobutoxy 
groups in position 3 were polymerized with BF3·Et2O as  initiator  
in the presence of a butandiol giving telechelic polymers with Mn 

in the range 4–12 � 103 and rather high polydispersity 
(Mw/Mn � 2–3). There was no simple relationship between the 
reported Mn values and [monomer]/[HO] ratio as observed for 
polymerization of oxiranes in the presence of HO-containing 
compounds and proceeds by the AM mechanism which may 
indicate that some chain transfer and/or termination reaction 
operate in this system.103 Characterization of poly(perfluoroox
etane)s by matrix-assisted laser desorption/ionization (MALDI) 
mass spectrometry, size exclusion chromatography, and NMR 
spectroscopy has been reported.107 

Dioxetane monomers containing two oxetane rings coupled 
with short poly(oxyethylene) chains (as shown in Scheme 22) 
were polymerized with BF3·Et2O to network polymers that 
showed activity as phase-transfer catalysts.108 

Polymerization of such dioxetanes could be initiated by 
lithium salts (e.g., LiN(SO2CF3)2) giving polyoxetane-lithium 
salt complexes that could be applied as solid polymer 
electrolytes.109 
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Scheme 22 

4.08.3.2 Cationic Photopolymerization of Oxetanes 

Photopolymerization of various classes of monomers is 
covered in more detail in Chapter 4.37; thus in this section, 
only the major findings related specifically to oxetane photo-
polymerization are briefly outlined. 

In comparison with epoxides, the photoinitiated cationic 
polymerization of oxetane monomers is relatively slow and 
proceeds with an extended induction period.110 The origin of 
the induction period is still a matter of discussion.111 The 
induction period may be considerably shortened by conduct
ing photopolymerization in the presence of more reactive 
epoxide monomers. Due to relatively low reactivity of propa
gating tertiary oxonium ions, photopolymerization of oxetane 
monomers is rather slow but the polymerization continues 
during the dark storage of a sample.112 Cationic photopoly
merization of di- and trifunctional oxetanes, including those 
containing mesogenic groups, proceeds with a low volume 
shrinkage.113,114 The volume shrinkage can be further reduced 
by copolymerization with spiro orthocarbonates.115 An oxe
tane monomer, 3-ethyl-3-[(methacryloyloxy)methyl]oxetane, 
was polymerized by ATRP on the surface of monodisperse silica 
particles. The polymeric layer thus obtained was cross-linked 
by cationic polymerization of oxetane groups and after removal 
of silica core, uniform polymeric hollow spheres were 
obtained.116 

Fabrication of solution-processed multilayered organic 
light-emitting diodes (OLEDs) from oxetane-functionalized pre
cursors, which are commonly photochemically cross-linked by 
UV radiation in the presence of a photoinitiator, has been 
reported recently.117 The reaction proceeds via CROP. 
Insoluble cross-linked polymer networks were obtained using 
precursors that contain two or more oxetane units per molecule. 
This novel approach simplifies OLED fabrication, and is gener
ally compatible with various deposition/printing techniques. 

4.08.3.3 CROP of Oxetanes Leading to Hyperbranched 
Polyethers 

Synthesis of highly branched polyethers by cationic polymer
ization of hydroxymethyl-substituted oxetanes is a relatively 

Scheme 23 

recent development, not covered by earlier reviews, therefore 
this subject will be discussed in more detail. 

As discussed in previous section, cationic polymerization of 
cyclic ethers (e.g., glycidol) containing hydroxyl groups as sub
stituents leads to highly branched multihydroxy polyethers by 
the process involving propagation by the ACE and AM mechan
isms. Polymerization of three-membered glycidol (either 
cationic or anionic) leads to branched polyethers containing 
both primary and secondary hydroxyl groups. In contrast, poly
merization of oxetane monomers substituted with CH2OH 
groups leads to branched polyethers containing exclusively 
primary hydroxyl groups, irrespectively of contribution of 
ACE and AM mechanisms. Typical monomers of this class are 
shown in Scheme 23. 

Vandenberg et al. reported that cationic polymerization of 
those monomers leads to branched polymers, but they did not 
investigate the process in more detail because their interest at 
that time was in the synthesis of linear polymers.118 More 
recently, there has been an increasing interest in the synthesis 
of highly branched polymers, which in some applications may 
perform certain functions of dendrimers but being much easier 
to synthesize. 

Studies of cationic polymerization of 3-ethyl-3-(hydroxy
methyl)oxetane (EOX), conducted by us119,120 and by other 
groups121,122 showed that this monomer can be polymerized 
to medium-molecular-weight polymers (molecular weights 
amounts to few thousands). There seems to be a certain upper 
limit of molecular weights that can be achieved, although it has 
been reported that somewhat higher-molecular-weight polymers 
are formed at higher temperatures.123 

The polymers contain three types of units shown in Scheme 24. 
The contents of terminal, linear, and branched units can 

13Cbe determined by NMR. The signals of quaternary 
carbon atoms in those units (after acetylation of HO 
groups) are well separated allowing integration. The num
ber of branched units in poly(EOX) is limited. In polymers 
with DPn of about 15, there are on an average about three 
branched units per macromolecule.119,120 The degree of 
branching increases with increasing conversion123 and with 
increasing temperature.124 It was shown that in the cationic 
polymerizatization of 3-ethyl-3-(hydroxymethyl)oxetane 

Scheme 24 
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(EOX) Mn of the polymer is essentially independent of 
conversion. Analysis of MALDI time-of-flight (MALDI-TOF) 
spectra of polymers revealed that one kind of macromole
cules is present  and that the  molar masses of  
macromolecules are exact multiples of molar mass of 
monomeric units.120 This indicates that the macromolecules 
are cyclic or contain cyclic fragment. The cyclic fragment 
may be formed by the reaction of either a protonated 
oxetane ring or a tertiary oxonium ion with any HO 
group of the same macromolecule (Scheme 25). 

Also, 3,3-bis(hydroxymethyl)oxetane (BHMO) polymerizes 
by cationic mechanism. Every unit in BHMO polymers con
tains two HO groups; therefore, the probability of branching 
should be enhanced. Poly(BHMO) is, however, insoluble in 
common organic solvents, thus the structure of polymer cannot 
be easily determined. Copolymerization of BHMO with EOX 
leads to soluble polymers with molecular weights similar to 
those of poly(EOX), that is, 2–3 � 103 with a considerably 
higher fraction of branched units as shown by 13C NMR. 

Scheme 25 

MALDI-TOF analysis indicates that also in this system cyclic 
macromolecules are formed.125 

In view of the proposed polymerization mechanism, the 
fact that Mn is rather low and does not increase with conversion 
is a little unexpected. Branched units are formed by reactions 
involving HO groups. The question arises why at a certain stage 
of growth of macromolecules the HO groups are no longer able 
to participate in growth of the macromolecule (Mn does not 
change significantly with conversion). 

Analysis of IR and NMR spectra of polymers provided indi
cation of hydrogen bonding of HO groups.65 Hydrogen 
bonding may strongly reduce the nucleophilic reactivity of 
HO groups.126 With an increasing number of HO-containing 
units within the macromolecule, intramolecular hydrogen 
bonding may force the macromolecule into conformation facil
itating intramolecular chain transfer to polymer (cyclization) as 
shown in Scheme 26. 

Poly(EOX) and its copolymers with BHMO are either amor
phous with Tg � 40 °C (at high degree of branching) or 

Scheme 26 
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semicrystalline with Tm � 100–130 °C (at low degree of 
branching). 

Although these materials may find applications that are 
predicted for hyperbranched polymers, they are used rather as 
precursors allowing (either by using hydroxyl groups directly or 
after their transformation into required initiating groups) the 
synthesis of multiarm star polymers of different struc
tures.127,128 Star polymers containing poly(EOx) core may 
also be prepared by a one-pot procedure. Thus, in cationic 
copolymerization of EOX with THF, EOX polymerized first 
and, after it was essentially exhausted, the resulting hyper-
branched species acted as a macroinitiator and initiated the 
cationic polymerization of THF.129 More recently, dumb-bell 
polymers consisting of linear poly(EO) middle block and two 
outer branched poly(EOX) blocks were synthesized by bulk 
cationic polymerization via dropwise addition of EOX to poly 
(ethylene glycol) (PEG, Mn � 1900) in the presence of 
BF3·Et2O. Polymers containing up to � 14 EOX units per PEG 
chain were obtained (Scheme 27).130 

Copolymerization of 3-(hydroxymethyl)-3-methyloxetane 
(MeOx) with oxetane containing in position 3 the 
–[OCH2CH2]3OCH3 substituent (MEMO) led to branched 
polymers with short oligo(ethylene oxide) chains. These mate
rials were tested as potential solid polymer electrolytes.131 

A one-pot procedure was developed for the synthesis of star 
polymers containing poly(EOx) core and poly(ethylene 
oxide),132,133 poly(propylene oxide)134 or poly(tetrahydro
furan) (PTHF) arms.129 

EOX was polymerized first with BF3·Et2O as initiator in 
CH2Cl2 solution. EO was then added dropwise at –20 °C. 
Star polymers with Mn in the range 1–2 � 104 and Mw/Mn 

between 1.5 and 1.9 were obtained. In acetone solution, these 
products underwent self-organization to multiwalled tubes 
with diameters of the order of millimeters and lengths of the 
order of centimeters. In water solution, large vesicles having a 
high (> 60%) hydrophilic fraction were formed. Star polymers 

containing poly(propylene oxide) arms also self-assembled 
into large spherical micelles (> 120 nm) with the size depend
ing on the molar ratio of arms to core.134 Multiarm star 
polymers containing poly(EOX) core with different degrees of 
branching (DB) and polyoxyethylene (POE) arms can 
self-assemble into vesicles, wormlike micelles, and spherical 
micelles depending on DB of the core.135,136 

It was reported recently that hyperbranched multifunctional 
polyethers can be advantageously used as coatings of capillary 
columns for separation of proteins showing reduced adsorp
tion of basic proteins and excellent separation efficiency.137 

EOX was also polymerized in the presence of solid materials 
containing hydroxyl groups on the surface. In this way, hyper-
branched polyethers were attached to surfaces of carbon 
black,138 carbon nanotubes,139 or montmoryllonite.140 

Cationic polymerization of oxetane-containing polymeric 
precursor obtained by anionic polymerization of 3-ethyl-3
[(oxiranylmethoxy)methyl]oxetane led to ladder polymers 
containing 15-crown-4 units as shown in Scheme 28. 

Gel-free polymers showed the metal binding selectivity 
similar to 14-crown-4. Possible applications as polymer elec
trolytes were indicated.141 

It should be noted that although generally oxetanes poly
merize only by a cationic mechanism, there are a few reports on 
the anionic polymerization of (hydroxymethyl)oxetanes.142,143 

4.08.4 CROP of THFs (Oxolanes) 

Three- and four-membered cyclic ethers are highly strained 
(ring strain > 20 kcal mol−1) thus their polymerization is prac
tically irreversible. When there are five- and more atoms in the 
ring, the ring strain is considerably lower; thus polymerization 
of five- and seven-membered cyclic ethers is highly reversible 
while six-membered cyclic ethers do not polymerize. 

Scheme 27 
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Scheme 28 

Practical consequences of reversibility of propagation have 
been already discussed (cf. Section 4.08.1.1). They may be 
summarized as follows: 

1. The highest conversion that can be achieved is equal to 

([M]0 – [M]e)/[M]0 � 100%. Thus, to reach the highest 
monomer conversion in reversible polymerization, it 
should be conducted at high [M]0 and low temperature 

([M]e decreases with decreasing temperature). 
2. Active centers of polymerization should be deactivated at 

the temperature at which polymerization is conducted. 
Otherwise changes of temperature or concentration in the 

course of polymer isolation and/or purification may cause 

depolymerization. 

For polymerization of unsubstituted five-membered cyclic 
ether – THF – the ceiling temperature for bulk polymerization 
is � 80 °C (the values reported in the literature differ slightly, 
see Reference 13, p 168), which means that above this tem
perature THF cannot be polymerized even in bulk. The 
equilibrium monomer concentration [M]e at room tempera
ture is close to 3.3 mol l−1,144 but it may vary depending on the 
solvent. This means that the highest conversion allowed by 
thermodynamics for bulk polymerization at room temperature 
is close to 75%. 

It should be remembered that the equilibrium constant of 
propagation is dependent on the chain length becoming con
stant only after reaching a certain DPn value. Thus, short 
oligomers may be still formed at conditions when polymeriza
tion to a high-molecular-weight polymer is prohibited by 
thermodynamics. It should also be remembered that at the 
conditions when monomer cannot undergo homopolymeriza
tion, it may participate in copolymerization. 

4.08.4.1 Mechanism of Cationic Polymerization of THF 

The discoverer of living polymerization, M. Szwarc, discussed 
cationic polymerization of THF as an example of living poly
merization.145,146 Indeed, in early studies of this system, it had 
been pointed out that polymerization may proceed as a 

terminationless process.147–150 Thus, cationic polymerization 
of THF has been studied in detail and many fundamental issues 
related to the kinetics and mechanism of polymerization of 
cyclic ethers in general have been resolved on the basis of 
studies of this system. 

In the book Cationic Ring Opening Polymerization published 
in 1985,5 a whole chapter was devoted to temporary (reversi
ble) termination. Polymerizations proceeding with reversible 
deactivation of active species are now widely studied because 
they offer the possibility of controlling molecular weights, 
molecular weight distribution, and the structure of end-groups 
in a variety of radical and ionic polymerizations (living/con
trolled polymerizations). 

Cationic polymerization of THF provided the first thor
oughly studied example of polymerization with reversible 
deactivation of active species. In the polymerization initiated 
by trifluoromethanesulfonic acid (or its derivatives such as 
anhydride or ester), the active species are involved in the fol
lowing equilibria (Scheme 29).151–156 

Ionic and covalent active species have been directly 
observed by 1H NMR. Methylene groups in α-position to 
oxygen bearing a positive charge in ionic species give a 
triplet at 4.86 ppm (δ) while methylene groups in covalent 
species (–CH2OSO2CF3) give a triplet at 4.58 ppm. Both sig
nals can be independently observed in polymerizing mixture 
and their fractions depend on the polarity of solvent as shown 
in Figure 1.151 

In highly polar nitromethane almost exclusively, ionic spe
cies are present in moderately polar methylene chloride, both 
types of species are observed in similar concentrations while in 
nonpolar tetrachloromethane covalent species predominate 
with only � 5% of ionic species. 

In the original publications, these two routes of ionization 
were described as internal ionization and covalent propagation 
(although the latter could also be considered as external 
ionization). 

The full kinetic scheme (Scheme 30) including rate constants 
of ionization and deactivation (temporary termination), rate 
constants of propagation and all involved equilibrium constants 
have been resolved, as discussed in detail in several reviews.1–12 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 29 

Figure 1 300 MHz 1H NMR spectra (4.5–5.0 ppm region only) of living poly(THF) with CF3SO3 
− anion at 17 °C. [M]0 = 8.0  mol l−1, [initiator]0 = 0.05  mol  l−1 

in (a) CD3NO2, (b)  CH2Cl2, and  (c) CCl4. Reprinted with permission from Matyjaszewski, K.; Penczek, S. J. Polym. Sci. Polym. Chem. Ed. 1974, 12, 1905.151 

All involved rate constants (and also equilibrium constants) 
have been determined. For a 7 mol l−1 solution of THF in 
CH3NO2 at 25 °C, the following values were obtained: 
k = 5�  10−4 mol−1 l s−1, k = k =	 2.4  10−2 −

p+/ mol 1 −1
pc – p+ l s ,
k =12  � 10−2 s−1 1

�
ii , ktt = 0.3 � 10−2 s− . 
The major findings can be summarized as follows: 

•	 Ionization of covalent species proceeds predominantly by 

intramolecular ionization (kii ≫ kpc). Covalent species are 

essentially dormant (kpc is very low) but may be reactivated 

by intramolecular ionization. Thus, formally the situation 

resembles that encountered in more recently studied pro

cesses of controlled radical polymerization (ATRP and 

nitroxide-mediated polymerization (NMP)) and the system 

can be described as polymerization with reversible deactiva-

tion of growing species. 
• Propagation rate constants for ion-pairs and free ions are the 

same (k + 
p = kp

�
 ); the reactivity of ion-pairs does not depend 

on the structure of counterion. This is a general feature of 
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Scheme 30 

CROP, in contrast to anionic vinyl and anionic ROP poly

merizations.157,158 In anionic polymerization the charge is 

localized on the terminal atom while in CROP the charge is 

delocalized between the oxygen and neighboring carbon 

atoms in cyclic oxonium ion; thus the interaction of cation 

and anion is rather weak. Free cations may be more strongly 

solvated, which may counterbalance the interaction with 

anion in ion-pair. Additionally, according to the steric course 

of SN2 reactions, propagation on ion-pair may not require 

complete separation of ion-pair. All these factors account for 

equal reactivity of free ions and ion-pairs in CROP of 

THF.28,29 The same reactivity of ion-pairs and free ions was 

found also for CROP of seven-membered cyclic ethers – 
30,159oxepanes.

4.08.4.2 Synthetic Applications of Cationic 
Polymerization of THF 

Cationic polymerization of THF proceeds without chain trans
fer or termination and in principle it can be considered as living 
polymerization (although it is highly reversible). Thus, this 
process is well suited for the synthesis of telechelic polymers. 
Tetrahydrofuran oligodiols (poly(butane-1,4-diol) known 
under the trivial name poly(tetramethylene glycol) (PTMEG)) 
are used for the preparation of polyurethanes and polyester 
thermoplastic elastomers with outstanding hydrolytic stability 
at elevated temperatures and desirable mechanical proper
ties.160 The world capacity for PTMEG amounted 
to � 300 000 t yr−1 in 2001 and since then has increased further, 
mainly due to new production facilities in China (overall 
China PTMEG capacity has expanded to 230 000 t yr−1).161 

Earlier processes employed strong protic acids (e.g., fluor
osulfonic acid) as initiators with subsequent hydrolysis of ester 
end-groups. Newer processes use catalytic amounts of immo
bilized acids. THF is polymerized over a heterogeneous catalyst 
in the presence of acetic anhydride to form polymer diacetate 

which is converted to PTMEG by transesterification with an 
excess of methanol in the presence of a basic catalyst. Such an 
approach reduces considerably the amount of waste. Unreacted 
THF (being in equilibrium with polymer) is recovered and 
recycled to the reactor.162 

It should be pointed out that AM polymerization of THF 
would be the most straightforward route to poly(THF) diols 
(PTMEG used in polyurethane and polyester technology). THF, 
however, does not polymerize in the presence of 
hydroxyl-containing compounds (alcohols and diols) used in 
quantities required to obtain polymers with molecular weights 
in the range of few thousands. At first sight, this seems a little 
unexpected because strong protic acids (e.g., trifluoromethane
sulfonic acid) initiate polymerization of THF, although the 
initiation is slow as compared to propagation. This may be 
related to lower reactivity of secondary oxonium ions as com
pared to tertiary oxonium ion. Initiation with strong protic 
acids generates HO head groups and further polymerization 
proceeds in the presence of those hydroxyl groups. It should be 
pointed out, however, that PTMEG used to introduce soft 
blocks into polyurethanes or block copolyesters has Mn in the 
range 1–2 � 103. To obtain such polymers by AM polymeriza
tion, the ratio [THF]/[diol] should not exceed 40 (considering 
limited conversion of THF due to reversibility of propagation). 
Thus, the ratio [THF]/[HO] should not be higher than 20, 
which corresponds to 5 mol.% with respect to THF. In the 
polymerization initiated by acids, concentration of initiator 
(and thus concentration of HO head groups) is considerably 
lower. Thus, cationic polymerization of THF is possible in the 
presence of minute amounts of HO groups but is prohibited if 
the concentration of HO groups is in the range that would be 
needed for AM polymerization giving PTMEG in the required 
range of molecular weights. 

THF may be incorporated into oligodiols by the process 
involving both the AM and ACE mechanisms if a highly 
strained cyclic ether (e.g., EO or ECH) is continuously fed 
into the reaction mixture containing THF and the diol as 
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Scheme 31 

reagent and strong protic acid as catalyst. The reaction proceeds 
163,164by the mechanism outlined in Scheme 31. 

Although PTMEG is by far the most important commercial 
product (and one of the prominent examples of industrial 
application of CROP), there is a considerable research activity 
concerning other synthetic applications of CROP of THF. 

Active species of CROP of THF are long-living, which makes 
possible their quantitative conversion to a variety of functional 
polymers that may be used for synthesis of polymers with com
plex architectures, such as star polymers or block copolymers.165 

Star polymers of THF were prepared by the reaction of living 
poly(THF) with multifunctional amines. Stars containing up to 
seven arms were prepared using this approach.166,167 

A similar approach was based on the coupling of bifunc
tional living poly(THF) and dendrimers containing 
iminopropane-2,3-diyl units or grafting of living poly(THF) 
onto an amino dendrimer to form a star, acrylate-terminated 
poly(THF) multimacromonomer with the dendrimer as core. 
Subsequent addition of unreacted amino groups of the dendri
mer onto acrylate end-groups led to the formation of a 
segmented polymer network containing amino dendrimers 
(Scheme 32).168 

Cationic polymerization of THF followed by termination of 
living chain ends with 2,2′-bipyridine led to ionene elasto
mers.169 Another approach to the synthesis of poly(THF) 
ionenes was based on the chain extension reaction of living 
poly(THF) chains with (dimethylamino)trimethylsilane.170 

Hydrolysis of block copolymers containing 2-methyl-4,5
dihydroimidazole (2-methyl-2-oxazoline) and THF blocks gave 
block copolymers containing linear poly(ethylenimine) blocks. 
Addition of CuCl2 to these block copolymers led to the forma
tion of the corresponding complexes, which resulted in dramatic 
changes in their physical properties. Depending on the relative 
length of each block, the complexed polymers were soft and 
ductile materials or tough thermoplastic elastomers.171 

Developments in controlled radical polymerization led to 
novel block copolymers involving poly(THF) blocks.172 ATRP 
was used to polymerize radically polymerizable monomers to 
polymers containing reactive chain ends (e.g., halogen 
end-groups in the case of ATRP) and, after transforming 
end-groups into groups that can initiate cationic polymeriza
tion of THF, a second block was obtained by CROP. In this way, 
block copolymers containing polystyrene and poly(THF) 
blocks,173–175 poly(methyl methacrylate) (PMMA), and poly 
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Scheme 32 

(THF) blocks,176,177 or polacrylate and poly(THF) blocks178 as 
well as star block copolymers with PTHF core and poly(tert
butyl acrylate) (PtBA) shell178 were obtained. 

Reversible addition-fragmentation chain transfer polymeri
zation (RAFT) polymerization of methyl acrylate was 
combined with cationic polymerization of THF to synthesize 
comb copolymers.179 Asymmetric star block copolymers based 
on polystyrene (PS), PTHF, and PMMA were synthesized by a 
combination of CROP and redox polymerization methods.180 

Miktoarm star polymers containing poly(THF) and polystyrene 
arms were also obtained by combining CROP and ATRP meth
ods.181 Another approach for the synthesis of block copolymers 
involving poly(THF) blocks is based on transformation of 
cationic active species of THF polymerization into 
species initiating anionic182 or radical polymerization.183 

Copolymerization of poly(THF) macromonomers with N-iso
propylacrylamide (NIPAA) led to segmented polymer networks 
acting as polymer membranes with thermoresponsive perme
ability.184 Conducting THF copolymers were obtained by 
capping living poly(THF) with a thiophene or pyrrole deriva
tive and subsequent electropolymerization.185,186 

By applying cationic polymerization of tetrahydrofuran 
starting from the carbonyl chloride group-functionalized 
multiwalled carbon nanotubes (MWNT)187 with silver perchlo
rate as a catalyst poly-THF was chemically anchored to MWNT 
surfaces affecting their properties.126 

4.08.4.3 CROP of Substituted THFs 

THF as a five-membered cyclic ether is only weakly strained. 
Substitution decreases thermodynamic polymerizability of het
erocyclic monomers; thus substituted THFs do not polymerize 

(although their oligomerization to low-molecular-weight pro
ducts is possible).188 It should be remembered, however, that 
the enthalpy of polymerization (ΔH) is not exclusively related 
to ring strain (although ring strain provides a major contribu
tion to the ΔH value). If the ring is substituted, it does not affect 
significantly the ring strain in the monomer but steric repulsion 
between substituents may introduce strain into the polymer 
chain as shown in Scheme 33. 

An interesting example of the influence of the number and 
positions of substituents on the thermodynamic polymeriz
ability was provided by studies of cationic polymerization of 
3,4-dialkoxy-THF.189 When two substituents were in cis-
position, polymers with DPn up to � 35 could be obtained 
while trans-monomer essentially did not polymerize. As 
shown in Scheme 34, if substituents in cyclic monomer are in 
cis-position, there is a considerable additional strain due to 
their steric repulsion; this strain is partly released when a rigid 
cyclic monomer is converted to a polymer chain in which, due 
to free rotation around carbon–carbon and carbon–oxygen 
bonds, the strain can be minimized. In trans-monomers, steric 
repulsion is considerably lower; thus the gain in enthalpy is less 
significant. 

More recently, it has been shown that disubstituted THF 
derivatives containing two hydroxymethyl groups 

Scheme 33 
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Scheme 34 

Scheme 35 

(anhydrosugars) can be polymerized to medium
molecular-weight highly branched polymers in analogy to 
hydroxymethyl-substituted three- and four-membered cyclic 
ethers (cf. Section 4.08.3.3) and an AM mechanism of propaga
tion was suggested.190–193 It was shown, however, that in 
addition to ROP, dehydration reaction occurs; thus the struc
ture of polymers is more complex than suggested.194 

Although this chapter deals with ROP of cyclic ethers, it 
should be mentioned that 2,3-dihydrofurans and their deriva
tives (cyclic vinyl ethers) polymerize cationically through 

195–198opening of the double bond as shown in Scheme 35. 

4.08.5 Outlook 

Cyclic ethers constitute an important class of heterocyclic 
monomers that polymerize by ionic mechanism. Studies of 
the mechanism, kinetics, and thermodynamics of cyclic ether 
polymerization were essential in establishing basic principles 
of ionic ROP. Cyclic ethers are the class of heterocyclic mono
mers that provide suitable models for mechanistic studies. On 
the other hand, polymerization of several monomers of this 
class leads to polymeric materials that are produced on an 
industrial scale. The most prominent examples are polymers 
of EO, PO, ECH, or THF. CROP of cyclic ethers is thus interest
ing from both the academic and industrial point of view. 

Investigations of CROP of cyclic ethers (mainly THF) pro
vided the first thoroughly studied examples of polymerization 
with reversible deactivation of growing species involving equi
libria between ionic and covalent (dormant) species. Studies of 
polymerization kinetics led to determination of rate constants 
of elementary reactions and in several cases equal reactivity of 
ions and ion-pairs in propagation was observed, which seems 
to be a general phenomenon in CROP of heterocyclic 
monomers. 

More recent developments of cationic polymerization pro
ceeding by the AM mechanism have opened new horizons for 
the synthetic application of ROP of cyclic ethers. By using this 
approach, main side reaction (intramolecular chain transfer to 
polymer leading to the formation of cyclic fraction) can be 
minimized and control over molecular weight, molecular 
weight distribution, and the structure of end-groups can be 

achieved under kinetic control. AM polymerization is especially 
suited for the synthesis of telechelic (functional) oligomers 
such as oligodiols or macromonomers and several examples 
of successful application of AM polymerization to the synthesis 
of such materials can be found in recent literature. AM poly
merization of cyclic ethers containing hydroxyl functionality 
offers also a convenient synthetic route to hyperbranched mul
tihydroxy polyethers and this area was also explored recently. 

Thus, there is steady, although not very intensive, progress 
in the field of CROP of cyclic ethers. It can be expected that this 
trend will continue and new specialty polymers or oligomers 
will be created by combining the knowledge accumulated over 
several decades with new developments such as the AM poly
merization mechanism. 
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159. Baran, T.; Brzezińska, K.; Matyjaszewski, K.; et al. Makromol. Chem. 1983, 184, 

2497. 
160. Dreyfuss, P. In Handbook of Elastomers; Bhowmick, A. K., Stephens, H. L., Eds.; 

Marcel Dekker Inc.: New York; Basel, 2001; p 723. 
161. Research and Markets. http://www.researchandmarkets.com/reports/1195472. 
162. Conser S.p.A. Consulting Engineers. http://www.conserspa.com/page_pr-de10. 

htm. 
163. Bednarek, M.; Biedron, T.; Kubisa, P.; et al. Makromol. Chem., Macromol. Symp. 

1991, 42/43, 475. 
164. Bednarek, M.; Kubisa, P. Macromol. Symp. 1998, 132, 349. 
165. Goethals, E. J.; Dubreuil, M.; Wang, Y.; et al. Macromol. Symp. 2000, 153, 209. 
166. VanCaeter, P.; Goethals, E. J. Macromol. Rapid Commun. 1997, 18, 393. 

167. Van Renterghem, L. M.; Goethals, E. J.; Du Prez, F. E. Macromolecules 2006, 39, 
528. 

168. Tanghe, L. M.; Goethals, E. J.; Du Prez, F. Polym. Int. 2003, 52, 191. 
169. Ikeda, Y.; Murakami, T.; Yuguchi, Y.; et al. Macromolecules 1998, 31, 1246. 
170. Ikeda, Y.; Murakami, T.; Urakawa, H.; et al. Polymer 2002, 43, 3483. 
171. Wang, Y.; Goethals, E. J. Macromolecules 2000, 33, 808. 
172. Matyjaszewski, K. Macromol. Symp. 1998, 132, 85. 
173. Xu, Y. J.; Pan, C. Y. J. Polym. Sci., Part A: Polym. Chem. 2000, 38, 337. 
174. Guo, Y. M.; Pan, C. Y. Polymer 2001, 42, 2863. 
175. Yenice, Z.; Tasdelen, A.; Oral, G.; et al. J. Polym. Sci., Part A: Polym. Chem. 

2009, 42, 2190. 
176. Chagneux, N.; Camerlynck, S.; Hamilton, E.; et al. Macromolecules 2007, 40, 3183. 
177. Narita, M.; Nomura, R.; Tomita, I.; et al. Macromolecules 2000, 33, 4979. 
178. Erdogan, T.; Bernaerts, K. V.; Van Renterghem, L. M.; et al. Des. Monomers Polym. 

2005, 8, 705. 
179. Wang, W. P.; You, Y. Z.; Hong, C. Y.; et al. Polymer 2005, 46, 9489. 
180. Arslan, H.; Hazer, B.; Higashihara, T.; et al. Appl. Polym. Sci. 2006, 102, 516. 
181. Guo, Y. M.; Pan, C. Y.; Wang, J. J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 

2134. 
182. Nomura, R.; Shibasaki, Y.; Endo, T. J. Polym. Sci., Part A: Polym. Chem. 1998, 

36, 2209. 
183. Yoshida, E.; Sugita, A. J. Polym. Sci., Part A: Polym. Chem. 1998, 36, 2059. 
184. Lequieu, W.; Du Prez, F. E. Polymer 2004, 45, 749. 
185. Unur, E.; Toppare, L.; Yagci, Y.; et al. J. Appl. Polym. Sci. 2005, 95, 1014. 
186. Kizilyar, N.; Toppare, L.; Onen, A.; et al. Polym. Bull. 1998, 40, 639. 
187. Guo, Y. M.; Zou, Y. F.; Pan, C. Y. Macromol. Chem. Phys. 2001, 202, 1094. 
188. Guzman, J.; Garrido, L.; Riande, E. Macromolecules 1984, 17, 2005. 
189. Thiem, J.; Strietholt, W. A.; Haring, T. Macromol. Chem. 1989, 190, 1737. 
190. Imai, T.; Satoh, Y.; Kaga, H.; et al. Macromolecules 2004, 37, 3113. 
191. Satoh, T.; Imai, T.; Ishihara, H.; et al. Macromolecules 2003, 36, 6364. 
192. Satoh, T.; Imai, T.; Ishihara, H.; et al. Macromolecules 2005, 38, 4202. 
193. Satoh, T.; Kakuchi, T. Macromol. Biosci. 2007, 7, 999. 
194. Bednarek, M.; Kubisa, P. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 6484. 
195. Ogawa, Y.; Sawamoto, M.; Higashimura, T. Polym. J. 1984, 16, 415. 
196. Nuyken, O.; Aechtner, S. Polym. Bull. 1992, 28, 117. 
197. Naumov, S.; Janovsky, I.; Knolle, W.; et al. Macromol. Chem. Phys. 2004, 205, 

1530. 
198. Yonezumi, M.; Kanaoka, S., Aoshima, S. J. Polym. Sci., Part A: Polym. Chem. 

2008, 46, 4495. 

(c) 2013 Elsevier Inc. All Rights Reserved.



164 Cationic Ring-Opening Polymerization of Cyclic Ethers 

Biographical Sketch 

Przemyslaw Kubisa received his MSc degree in 1963 from Warsaw University of Technology. From 1963 until 1969, he was 
employed in the Institute of Plastics in Warsaw as a research associate and in 1969, he joined the Center of Molecular and 
Macromolecular Studies (CMMS) of the Polish Academy of Sciences in Lodz. In 1972, he received his PhD (under the 
guidance of Prof. S. Penczek) and in 1978 his habilitation from the Technical University in Lodz. P. Kubisa was a postdoc in 
the University of Masschussetts (group of Prof. Otto Vogl) (1974) and a visiting scientist in the University of Masschussetts 
(6 months in 1979) and the Institut Ch. Sadron in Strasbourg (1 year in 1984). 
The research interests of P. Kubisa cover various aspects of ionic (mostly cationic) ring-opening polymerization of 

oxygen-containing heterocyclic monomers. He is an author or coauthor of 140 original papers and 40 book chapters 
or review papers. From 1991 until 2007, he held a position of the Deputy Director of CMMS and in 2005, he succeeded 
Prof. S. Penczek as the Head of Polymer Chemistry Department (until 2009). He is presently a Titular Member of IUPAC 
Polymer Division. 

(c) 2013 Elsevier Inc. All Rights Reserved.



4.09 Stereoselective Ring-Opening Polymerization of Epoxides 
H Ajiro, PCB Widger, SM Ahmed, SD Allen, and GW Coates, Cornell University, Ithaca, NY, USA 

© 2012 Elsevier B.V. All rights reserved. 

4.09.1 Introduction 165
 
4.09.1.1 Background 165
 
4.09.1.2 Scope 165
 
4.09.2 Basic Concepts in Stereoselective Epoxide Polymerization 165
 
4.09.2.1 Regiochemistry 165
 
4.09.2.2 Analysis of Polymer Stereochemistry 166
 
4.09.2.3 Chain-End Control and Enantiomorphic Site Control of Stereochemistry 166
 
4.09.3 Stereoselective Epoxide Polymerization 167
 
4.09.3.1 Aluminum-Based Catalysts 167
 
4.09.3.1.1 Aluminum–acetylacetonate complexes 167
 
4.09.3.1.2 Aluminum systems featuring chiral alkoxides 169
 
4.09.3.1.3 Aluminum–porphyrin complexes 169
 
4.09.3.1.4 Aluminum–Schiff base complexes 169
 
4.09.3.1.5 Aluminum–calixarene complexes 169
 
4.09.3.1.6 Other well-defined aluminum systems 170
 
4.09.3.2 Zinc-Based Catalysts 170
 
4.09.3.2.1 Zinc alkoxide catalysts 170
 
4.09.3.2.2 Chiral zinc alkoxide catalysts 170
 
4.09.3.2.3 Zinc alkoxide clusters 170
 
4.09.3.2.4 Zinc porphyrin-based catalysts 172
 
4.09.3.2.5 Zinc catalysts for asymmetric cyclohexene oxide/CO2 copolymerization 172
 
4.09.3.3 Cobalt-Based Catalysts 173
 
4.09.3.3.1 Epoxide-carbon dioxide copolymerization systems 174
 
4.09.3.3.2 Recent stereoselective epoxide homopolymerization systems 175
 
4.09.3.4 Tin-Based Catalysts 177
 
4.09.3.5 Chromium-Based Catalysts 177
 
4.09.4 Conclusion/Outlook 178
 
References 178
 

4.09.1 Introduction is not likely to react with epoxides are discussed; catalysts only 

4.09.1.1 Background 

In the 1950s, Baggett and Pruitt1–4 reported that iron (III) 
chloride was capable of polymerizing racemic propylene 
oxide to give a polymeric material that could be separated 
into amorphous as well as crystalline materials using solvent 
fractionation. Shortly thereafter, Natta et al.5 and Price et al.6,7 initiator. 
provided evidence that the crystalline material was isotactic 
poly(propylene oxide), in which the main-chain stereogenic 
centers were of the same relative configuration. This finding 
marked the first discovery of a stereoselective catalyst for epox
ide polymerization. This chapter highlights the significant 
advances made in the field of stereoselective epoxide polymer
ization and copolymerization using discrete catalysts. 

4.09.1.2 Scope 

Many of the important contributors to the field of stereoselec
tive epoxide polymerization have written accounts of their 
research;8–20 we have recently written a comprehensive review 
which forms the basis for this review.21 This chapter focuses on 
discrete catalysts for the stereoselective polymerization of race
mic (chiral) and meso (prochiral) epoxides. Due to space 
limitations, catalysts bearing at least one ancillary ligand that 

bearing ligands that are well known to react with epoxides are 
not covered. A discussion of strategies for controlling the rela
tive configuration of main-chain stereogenic centers of epoxide 
polymers is included. The polymerization of optically active 
epoxides6 is not covered as the emphasis of this chapter is on 
stereochemical control of polymerization by the catalyst or 

4.09.2 Basic Concepts in Stereoselective Epoxide 
Polymerization 

4.09.2.1 Regiochemistry 

Both the ancillary ligands (Ln) surrounding the active metal 
center (M) and the growing polymer chain (OR) influence the 
regiochemistry and stereochemistry of epoxide polymerization 
(Scheme 1(a)).22 When the epoxide is unsymmetrically sub
stituted (i.e., propylene oxide), enchainment commonly can 
occur in two ways: (1) SN2 attack by the polymer’s alkoxide 
chain-end at the less-substituted methylene with retention of 
the configuration of the substituted carbon to give a secondary 
metal alkoxide; or (2) SN2 attack at the substituted methine 
with inversion of configuration to give a primary metal alkox
ide (Scheme 1). The polymer is regioregular when only one 
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Scheme 1 Methine region of the 13C NMR spectrum of partially isotactic poly(propylene oxide) showing triad stereoerrors. 

process dominates; the polymer is regioirregular when both 
processes occur. The regiochemistry of a polyether (such as 

13Cpoly(propylene oxide)) can be readily determined by 
NMR spectroscopy.23–25 

4.09.2.2 Analysis of Polymer Stereochemistry 

NMR spectroscopy is the most useful method for determining 
polymer tacticity.26,27 In many cases, the chemical shifts for the 
various polymer nuclei are sensitive to adjacent stereogenic cen
ters, resulting in fine structure that can provide quantitative 
information about the polymer microstructure once the shift 
identities are assigned. For example, the methyl, methylene, 
and methine regions of a high-resolution 13C NMR spectrum 
of regioregular atactic poly(propylene oxide) display several 
resonances, each of which represents a different set of consecu
tive stereocenters. As each resonance in the spectrum has been 
assigned (Scheme 1(b)),23,24,28 a routine 13C NMR experiment 
can reveal both the tacticity and the degree of stereoregularity of 
a sample of poly(propylene oxide). 

4.09.2.3 Chain-End Control and Enantiomorphic Site Control 
of Stereochemistry 

In a chain-growth polymerization reaction, one end of the 
polymer chain remains at the active metal center during 
monomer enchainment. Thus, the stereogenic center in the 
polymer chain from the last enchained monomer unit will 
have an influence on the stereochemistry of monomer 
enchainment. If this influence is significant, the mode of 
stereochemical regulation is referred to as ‘polymer chain-end 
control’ (Scheme 2(a)). If the active site is chiral and overrides 
the influence of the polymer chain end, the mechanism of 

stereochemical direction is termed ‘enantiomorphic site con
trol’ (Scheme 2(b)).9–11 The Bovey formalism is a convenient 
way to describe polymer tacticity, where an ‘m’ for meso (same 
configuration), or an  ‘r’ for racemic (opposite configuration) 
describes relationships between adjacent stereogenic centers 
(dyads). These dyads are seen as unique signals in 13C NMR.  
The monomer enchainment mechanism can be easily identi
fied by observing the stereochemical errors propagated in a 
polymer chain. The ratio of the signals in a 13C NMR  spectrum  
can be used to determine the mechanism of stereocontrol. 
In  the case of an isotactic  polymer, a  ‘chain-end control’ 
mechanism produces polymers in which stereoerrors are pro
pagated (i.e., would display primarily mm, mr, and  rm triads, 
Scheme 2(a)). In the ‘enantiomorphic site control’ mechan
ism, correction of stereoerrors occurs because the ligands 
direct the stereochemical events, leading to an isolated error 
(i.e., produces a polymer which would display primarily mm, 
mr, rm, and  rr triads, Scheme 2(b)). 

Optically active catalysts can kinetically resolve racemic 
monomers (Scheme 2) via enantioselective polymerization 
producing optically active polymers as well as enantiomerically 
enriched monomers. The nonpreferred enantiomer remains 
unreacted in the reaction mixture after the preferred enantio
mer of monomer has been enchained as a polymer. The 
quantitative measure of stereocontrol in such a system is 
given by the selectivity factor (s-factor, s), which is the ratio of 
the rate constants for the polymerization of the fast enantiomer 
converted to polymer with respect to the slow enantiomer 
enchained [s = kfast/kslow = α/(1 – α)] (α is the probability that 
the preferred enantiomer will be selected by the catalyst).29 

A racemic enantioselective catalyst can polymerize both enan
tiomers of racemic monomer via isoselective polymerization to 
give racemic isotactic polymer. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 2 (a) Chain-end stereocontrol mechanism. (b) Enantiomorphic site stereocontrol mechanism. (c) Tactic polymers via chain-end control 
mechanism. (d) Isotactic polymers via enantiomorphic site control mechanism. LR 

nM–OR is an enantiomerically pure metal alkoxide complex that prefers 
R-monomer; LR 

n is an enantiomerically pure, chiral ligand. 

4.09.3 Stereoselective Epoxide Polymerization 

The vast majority of papers reporting stereoselective epoxide 
polymerization focus on the isoselective polymerization of 
propylene oxide using different metal-based catalysts. Thus, 
this chapter is organized based on the metal of the active center 
of the catalyst. Aluminum, zinc, cobalt, tin, and chromium are 
the most commonly used metals for discrete stereoselective 
epoxide polymerization catalysts and their use in this field of 
research forms the foundation of this review. 

4.09.3.1 Aluminum-Based Catalysts 

Although aluminum alkoxide- and aluminoxane-based catalysts 
have shown promise for the isoselective polymerization of epox
ides, the poorly defined nature of these species has significantly 
hampered their use in such polymerizations due to the forma
tion of large amounts of atactic polyether.30 Some examples of 
discrete aluminum complexes have been reported herein. 

4.09.3.1.1 Aluminum–acetylacetonate complexes 
The prevailing theory for the mechanism of epoxide polymer
ization has been that epoxide coordination to the metal center 
precedes insertion. To support this mechanism, Vandenberg 

proposed that the addition of chelating agents such as acetyl
acetonate (acac) to an R3Al/H2O (R = alkyl) polymerization 
system would block potential coordination sites on the metal 
center, thus hindering the reaction. Instead, these additives 
enhanced the polymerization rate and ushered in a new class 
of versatile and highly active catalysts.12,31–33 The presumed 
structure of the active aluminum–acac catalyst is shown in 
Scheme 3. Although the precise structure of the active catalyst 
is unknown, a few structural features have been determined: 
(1) an oxygen atom bridges two aluminum centers (although 
the presence of multiple linkages, such as those in oligomeric 
aluminoxanes, cannot be ruled out); (2) alkyl groups are pre
sent on the aluminum atoms; and (3) the acac ligand is 
chelated to the aluminum center.20 

Tuning the AlR3/H2O/acac catalyst (R = alkyl) composition 
by varying the R groups and the ratio of components creates 
systems that conduct epoxide polymerizations to give high con
versions, in many instances achieving >90% conversion to give 
high-molecular-weight, acetone-insoluble polyethers. The frac
tion of acetone-insoluble, isotactic polymer produced varies 
according to the exact composition of the catalyst system used, 
and is ∼30% of the total mass of the ether-insoluble material, 
while the remaining 70% is acetone-soluble atactic polymer.32,33 
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Scheme 3 Synthesis of AlR3/H2O/acac epoxide polymerization catalysts (

In work investigating the mechanism of this system, 
Vandenberg used AlR3/H2O catalysts to polymerize cis- and 
trans-2,3-epoxybutane. Mechanistic information for the poly
merization was obtained from the properties of the resultant 
polymers and the examination of the diol decomposition pro
ducts. These results are summarized in Scheme 4. 12,20,34–36

The AlR3/H2O catalysts polymerize both cis- and trans-2,3
epoxy butane instantaneously at –78 °C, consistent with a 
cationic process for monomer enchainment. The polymer iso
lated from the cis isomer is an amorphous rubber, whereas the 
polymer isolated from the trans isomer is crystalline with a 
melting temperature (Tm) of 100 °C. This finding is in contrast 
to the AlR3/H2O/acac system, which only slowly polymerizes 
the same monomers at 65 °C, presumably through a much 
slower coordination–insertion mechanism. The coordination 
polymerization of the cis isomer yields a crystalline polymer 
with a Tm of 162 °C, whereas the trans isomer polymerizes 

R = alkyl). 

extremely slowly, producing only trace amounts of a crystalline 
polymer with a Tm similar to that obtained with the cationic 
polymerization. Vandenberg attributes the extremely slow 
polymerization of the trans isomer to its increased steric bulk 
compared to the cis isomer at the metal coordination site. The 
steric bulk hinders the required precoordination to the metal 
center for monomer insertion. 

Through the controlled degradation of the polyethers to 
diol dimers using n-butyllithium, the stereochemistry of the 
monomer units in the polymer chain was determined.34 The 
decomposition of all four polymers showed that inversion of 
configuration at the site of attack on the epoxide ring occurred 
in both cationic and coordination–insertion polymerization 
mechanisms. The cis epoxides (RS stereocenters) produce 
monomeric units in the polymer chain with RR and SS 
stereocenters, and the trans epoxides (either RR or SS) produce 
monomeric units in the polymer chain with only RS units. 

Scheme 4 Stereoselectivity of polymerization of cis- and trans-2,3-epoxybutane using AlR3/H2O catalysts (R = alkyl). 
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Scheme 5 Proposed bimetallic enchainment of epoxides using (acac)Al complexes. acac, acetylacetonate; P, polymeryl. 

This observation shows that both polymerizations are stereo
specific, with inversion of configuration occurring at the site 
of attack, regardless of the polymerization mechanism. 

In order to obtain the geometry required for an SN2 attack in 
a coordination–insertion mechanism, Vandenberg proposed 
the transition-state structure shown in Scheme 5. In this 
scheme, an epoxide is activated by coordination to an alumi
num center, while the adjacent aluminum center delivers the 
growing polymer chain. During this process, coordination 
bonds are exchanged to keep the charges balanced. Although 
a bimetallic mechanism for epoxide ring opening is claimed, 
there is scant evidence for this proposal.37–39 

4.09.3.1.2 Aluminum systems featuring chiral alkoxides 
Haubenstock and co-workers40 synthesized chiral aluminum 
alkoxides for the stereoselective polymerization of propylene 
oxide. Addition of 1.5 equiv. of (–)-(R)-3,3-dimethylbutane
1,2-diol ((R-dmbd)H2) to AlH3 generated the active complex 
[(R-dmbd)1.5/Al]n. Alone, [(R-dmbd)1.5/Al]n displayed very 
low activity for the polymerization of propylene oxide, 
achieving 85% conversion in 3 weeks with negligible optical 
activity in the unreacted monomer. The addition of ZnCl2 

(Al:Zn = 1:1) to the [(R-dmbd)1.5/Al]n initiator generated 
a much  more active catalyst,  as  shown in  Scheme 6. 
Furthermore, the optical activity of the unreacted propylene 
oxide was observed to increase with increasing conversion to 
polymer, and based on the optical rotation of the unreacted 
monomer, Haubenstock and co-workers40 determined that 
the catalyst system preferentially reacted with (R)-propylene 
oxide because the reaction solution became enriched in the 
(S) enantiomer, although with modest selectivity (s = 1.05).  
On fractionation, 10% of the total mass of the isolated poly
mer was acetone insoluble and highly isotactic (>99% 
m-dyads), whereas the remainder of the polymer was acetone 
soluble and atactic. Although a slight enantiomeric enrich
ment of monomer was achieved, this system did not 
significantly improve the yield of isotactic poly(propylene 
oxide) compared to similar systems,41–43 and it is unclear 
whether the selective enchainment of the R-enantiomer was 

contributing to the formation of the 10% of crystalline poly
mer as opposed to it arising from a different mechanism. 

4.09.3.1.3 Aluminum–porphyrin complexes 
Inoue44–46 first reported that 5, 10, 15, 20-tetraphenylpor
phyrin (tpp) aluminum chloride (Figure 1, 1) was active for 
the living polymerization of propylene oxide. Although the 
polymer microstructure was not studied in great detail, 13C 
NMR spectra showed the polymers to be highly regioregular 
and slightly isotactic.44,45 The activity of (tpp)AlCl was rela
tively low, requiring 6 days to achieve 100% conversion. The 
addition of Cl or OMe substituents on the porphyrin ligand, as 
in (p-Cl-tpp)AlCl (2) and (p-OMe-tpp)AlCl (3), increased the 
activity by a factor of 2, but the tacticity of the resulting poly
mers was not discussed.45 More detailed 13C NMR analyses by 
Le Borgne and co-workers24 showed that the poly(propylene 
oxide) derived from 1 was slightly isotactic, with an m-dyad 
content of 69% and an mm-triad content of 45%, confirming 
the initial results reported by Inoue. 

4.09.3.1.4 Aluminum–Schiff base complexes 
Well-defined [N,N′-bis-(2-hydroxybenzylidene)-(1R,2R)cyclo
hexane-1,2-diamine] (R,R-salcy) aluminum complexes 
(Figure 1, 4) have been used as enantioselective epoxide poly
merization catalysts.47–49 Polymerization of racemic propylene 
oxide in the presence of 5 mol.% 4 yields ∼70% conversion to 
poly(propylene oxide) after 62 h. The remaining unreacted 
monomer exhibits an optical rotation of +1.85°, which corre
sponds to an ee of 15% (Scheme 7). The modest s-factor of 1.3 
obtained in this system is slightly higher than that observed for 
the previously discussed heterogeneous aluminum systems.50 

Examination of the isolated polymer reveals both chloro and 
hydroxyl end groups, suggesting that each metal center produces 
a single polymer chain since each chain bears a Cl atom from 
initiation and a hydroxyl group from terminiation.48 

4.09.3.1.5 Aluminum–calixarene complexes 
Kuran and co-workers synthesized a dimethylcalixarene-based 
system (Figure 1, 5) that exhibited low activity for propylene 

Scheme 6 Polymerization of propylene oxide with [(R-dmbd)1.5Al]n / ZnCl2 catalysts. dmbd, 3,3-dimethyl-1,2-butanediolate. 
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Figure 1 Well-defined complexes for the polymerization of epoxides. tpp, 5,10,15,20-tetraphenylporphyrin; R,R-salcy, N,N′-bis-(2-hydroxybenzylidene)
(1R,2R)-1,2-cyclohexanediamine; dmca, dimethylcalixarene. 

Scheme 7 Attempted enantioselective polymerization of racemic pro
pylene oxide using 4. 

oxide polymerization (TOF = 0.06 h−1).51 The polymerization 
of propylene oxide produced predominantly isotactic poly 
(propylene oxide) with an m-dyad content of ∼74%. 

4.09.3.1.6 Other well-defined aluminum systems 
N,N′,N″-Tris(trimethylsilyl)diethylenetriamine complexes of 
aluminum have been shown to be active oligomerization cata
lysts for propylene oxide.52 Over the course of 2 days, catalyst 6 
(Figure 1) produces low-molecular-weight poly(propylene 
oxide) (Mn <500  g  mol−1) with predominantly head-to-tail lin
kages and an m-dyad content of 60%. 

4.09.3.2 Zinc-Based Catalysts 

During research on aluminum catalysts for the stereoselective 
polymerization of epoxides, it was discovered that the addition 
of zinc cocatalysts to these systems greatly enhanced catalyst 
activity.41 These enhancements prompted a number of studies 
focusing on the design of zinc-based catalyst systems. 

4.09.3.2.1 Zinc alkoxide catalysts 
Furukawa and co-workers53 explored catalysts derived from the 
addition of methanol or ethanol to diethylzinc as epoxide 
polymerization systems, and found that both the yield and 
crystallinity of the resulting polymers were inferior to those 
for polymers synthesized with the ZnEt2/H2O system. The use 
of achiral alcohols as cocatalysts was revisited in 1994 when 

Kuran and Listos54 reported the polymerization of propylene 
oxide and cyclohexene oxide (a meso substrate) with ZnEt2/ 
polyhydric phenol (such as 4-tert-butylcatechol), phenol, or 1
phenoxypropan-2-ol. The poly(propylene oxide) formed from 
these systems contained mostly isotactic dyads (72% m), while 
the poly(cyclohexene oxide) contained mostly syndiotactic 
dyads (80% r) (Scheme 8). 

4.09.3.2.2 Chiral zinc alkoxide catalysts 
Sigwalt and co-workers noted higher stereoselectivity during 
the polymerization of propylene sulfide using a (R)-3,3
dimethylbutane-1,2-diol/ZnEt2 system when compared with a 
similar chiral alcohol/ZnEt2 system. Based on these results, 
they applied this system to propylene oxide, but noticed that 
stereoselectivity was actually lower than that for the polymer
ization of propylene sulfide.16,55,56 This lower stereoselectivity 
was attributed to the weaker coordination of the ‘harder’ 
epoxide oxygen atom to zinc, as compared to the ‘softer’ 
coordination of the episulfide sulfur atom. 

Sepulchre and co-workers investigated the polymerization 
of cyclohexene oxide using ZnEt2 activated with water, alco
hols, and chiral alcohols. In their study, a mixture of ZnEt2 and 
1-methoxypropan-2-ol or (1S,2R)-ephedrine simultaneously 
afforded a mixture of isotactic and syndiotactic poly(cyclohex
ene oxide) that was characterized using 1H and 13C NMR 
spectroscopies (Scheme 9).57,58 They proposed a ‘flip-flop’ 
mechanism (similar to that proposed by Vandenberg20 as 
shown in Scheme 5) involving neighboring zinc centers to 
explain this observation. 

4.09.3.2.3 Zinc alkoxide clusters 
Tsuruta and co-workers59–68 synthesized and investigated the 
epoxide polymerization activity of several well-defined 
zinc clusters (Figure 2). Complexes [Zn(OMe)2•(EtZnOMe)6] 
(7), [Zn(OCH2CH2OMe)2•(EtZnOCH2CH2OMe)6] (8), and 
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Scheme 8 Polymerization of epoxides with ZnEt2/1-phenoxy-2-propanol or 4-tert-butylcatechol. 

Scheme 9 Preparation of a mixture of isotactic and syndiotactic poly(cyclohexene oxide) using chiral zinc alkoxide catalysts. 

[{CH3OCH2CH(Me)OZnOCH(Me)CH2OCH3}2•{EtZnOCH 
(Me)CH2OCH3}2] (9), were synthesized by the dropwise addi
tion of 1.1 equiv. of the corresponding alkoxyalcohols to ZnEt2 

in heptanes at 5 °C. Each complex was crystalline, and its 
molecular structure was determined using X-ray crystallogra
phy (Figure 2).59,62,68 

The polymerization activity for each complex is shown in 
Scheme 10. Surprisingly, isostructural complexes 7 and 8 had 
significantly different polymerization activities; 7 achieved 
91% conversion in 216 h, while 8 attained only 22% conver
sion in 240 h. Catalyst 9, however, was twice as active as 

complex 7. This catalyst has a different molecular structure, as 
shown in Figure 2. Complex 9 bears six 1-methoxypropan-2-yl 
groups in a chair-like structure in three different coordination 
environments; the methoxy groups are either endo- and exo
coordinated to the central zinc atoms, or noncoordinated. 

Studies using a deuterated version of 9 revealed that the 
non-coordinating 1-methoxypropan-2-olate groups initiated 
the polymerization by attack on the propylene oxide mono
mer, whereas the coordinated 1-methoxypropan-2-olate 
groups provided the chiral structure, which remained 
unchanged during the polymerization.63 When these 

Figure 2 Structures of zinc cluster catalysts 7, 8, and 9. 
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Scheme 10 Polymerization of racemic propylene oxide with zinc alkoxide cluster catalysts 7–9. 

Scheme 11 Syndioselective polymerization of cyclohexene oxide with 9 and subsequent degradation. 

complexes were screened for cyclohexene oxide polymeriza
tion, only 9 was found to be active.69,70 Through 1H NMR 
analysis of polymer decomposition products (using 
Vandenberg’s34 method), Tsuruta and co-workers determined 
that the poly(cyclohexene oxide) obtained was predominantly 
syndiotactic (Scheme 11). 

4.09.3.2.4 Zinc porphyrin-based catalysts 
Inoue and co-workers reported that the polymerization of 
propylene oxide at 20 °C with the zinc porphyrin catalyst 
(Et2Zn/N-methyl-5, 10, 15, 20-tetraphenylporphyrin, 10) 
produced syndiotactic poly(propylene oxide) (Mw = 31 000, 
60% r) (Scheme 12). This result was in contrast to those seen 
for all other zinc-based systems, which afford isotactic poly 
(propylene oxide). The authors attributed the unexpected 

syndiotactic microstructure of the polymer to the planar ligand 
and the isolated nature of the zinc center, which is different 
from that present in most other zinc aggregate systems.44 

4.09.3.2.5 Zinc catalysts for asymmetric cyclohexene oxide/ 
CO2 copolymerization 
There is significant interest in controlling the absolute stereo
chemistry of ring opening in epoxide/CO2 copolymerization. 
Cyclohexene oxide, a meso molecule, is an ideal substrate for 
desymmetrization using chiral catalysts. In 1999, Nozaki 
et al.71 reported that a 1:1 mixture of ZnEt2 and (S)-diphenyl 
(pyrrolidine-2-yl)methanol (11) (Scheme 13) was active for 
stereoselective cyclohexene oxide/CO2 copolymerization at 
40 °C and 30 atm. CO2 (Scheme 14). The resultant polycarbo
nate contained 100% carbonate linkages, had an Mn of 

Scheme 12 Syndioselective polymerization of propylene oxide with 10. 
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Scheme 13 Chiral zinc catalysts for the asymmetric, alternating copolymerization of cyclohexene oxide and CO2. 

Scheme 14 Enantioselective copolymerization of cyclohexene oxide and 
CO2 with 11, 13, or  14. 

8400 g mol−1, and had a Mw/Mn of 2.2. Hydrolysis of this poly 
(cyclohexane-1,2-diyl carbonate) with base produced the cor
responding trans-cyclohexane-1,2-diol with 73% ee. 13C NMR 
spectroscopy studies of model polycarbonate oligomers 
afforded spectral assignments for the isotactic (153.7 ppm) 
and syndiotactic dyads (153.3–153.1 ppm) of poly(cyclohex
ene oxide),72 which agreed with those proposed by Cheng 
et al.73 Finally, the ring-opening polymerization proceeded 
stereospecifically via complete inversion of configuration 
(SN2 mechanism) of one carbon of each repeat unit; hence, 
no cis-cyclohexane-1,2-diol was observed after base-catalyzed 
degradation of the polycarbonate. 

In a 2003 report, Nozaki and co-workers74 isolated 
presumed intermediates in the asymmetric alternating copoly
merization of cyclohexene oxide with CO2. Reaction of a 1:1 
mixture of ZnEt2 and (S)-α,α-diphenylpyrrolidine-2-yl
methanol (11, Scheme 13) yielded dimeric 12, which was 
structurally characterized by X-ray diffraction studies. At 40 °C 
and 30 atm. CO2, 12 catalyzed the formation of isotactic poly 
(cyclohexane-1,2-diyl carbonate) (Mn = 11 800 g mol−1, Mw/ 
Mn = 15.7) with a turnover frequency of 0.6 h−1. Hydrolysis of 
the resulting poly(cyclohexene carbonate) yielded the trans
cyclohexane-1,2-diol of 49% ee, which was lower than that 
seen with catalyst 11. When copolymerization was attempted 
using a catalyst system consisting of 12 and 0.2–1.0 equiv. 
EtOH (12/EtOH), the ee of the hydrolyzed cyclohexane diol 
increased up to 80%. The catalyst and EtOH combination 
resulted in better control of polymer molecular weights and 
molecular weight distributions in comparison to polymeriza
tion using only 12. Compound 13 (Scheme 13) was proposed 
to be the active initiating species in this polymerization. 
End-group analysis of the poly(cyclohexane-1,2-diyl carbo
nate)s prepared with 12 and 12/0.2 EtOH by matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectrometry revealed that in the absence of ethanol or in the 
presence of 0.2 equiv. ethanol end-group signals assignable to 
an aminoalcohol-initiated polymerization were identified. 
However, as EtOH addition was increased from 0.2 to 
1.0 equiv., signals corresponding to the aminoalcohol-initiated 
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Figure 3 Chiral zinc catalyst 14 for the asymmetric, alternating copoly
merization of cycloalkene oxides and CO2. 

polycarbonate disappeared as signals corresponding to 
end-group structures for EtOH-initiated poly(cyclohexane
1,2-diyl carbonate) emerged. This result was further confirmed 
by end-group analysis using 1H NMR spectroscopy. Finally, 
mechanistic studies suggested that the dimeric form of the 
catalyst, 13, was in fact the active species. 

In 2000, Cheng and co-workers73 developed C1-symmetric 
imine-oxazoline ligated zinc compounds (Figure 3, 14) for the 
isoselective, alternating copolymerization of cyclohexene oxide 
and CO2 (Scheme 14). Through multiple electronic and steric 
manipulations of the imine-oxazoline ligand framework, com
pound 14 was found to exhibit the highest enantioselectivity 
for polymerization (RR:SS ratio in polymer was 86:14; 72% ee). 
Poly(cyclohexane-1,2-diyl carbonate) prepared with this 
catalyst possessed 100% carbonate linkages, an Mn of 
14 700 g mol−1, and an Mw/Mn of 1.35. This poly(cyclohex
ane-1,2-diyl carbonate) was crystalline with a glass transition 
temperature (Tg) of 120 °C, and a melting temperature (Tm) of  
220 °C. Furthermore, stereocontrol was also achieved in the 
alternating copolymerization of cyclopentene oxide and CO2, 
producing poly(cyclopentane-1,2-diyl carbonate) with an RR: 
SS ratio of 88:12 (76% ee). As revealed by 13C NMR spectro
scopy, the experimental carbonyl tetrad concentrations of this 
material matched the predicted tetrad concentrations for an 
enantiomorphic site control mechanism.73 

4.09.3.3 Cobalt-Based Catalysts 

Tsuruta found that the optically pure complex [(R,R-salcy)Co] 
(15) was active for epoxide polymerization (Scheme 15) when 
activated with AlEt3. Although the system exhibited no enan
tioselectivity for the polymerization of propylene oxide, it was 
moderately selective (s ∼ 1.5) for the enantioselective polymer
ization of tert-butyl ethylene oxide and epichlorohydrin 
(Scheme 15).75 
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Scheme 15 Enantioselective polymerization of racemic tert-butyl ethylene oxide and epichlorohydrin using 15/AlEt3. 

4.09.3.3.1 Epoxide-carbon dioxide copolymerization 
systems 
Qin and co-workers76 reported that [(R,R-salcy-tBu)CoOAc] 
(16) copolymerizes propylene oxide and CO2 (Scheme 16). 
Novel features of the catalyst are high regioregularity 
and alternation, coupled with high selectivity for poly
carbonate formation (cyclic propylene carbonate is not 
formed). (S)-Propylene oxide is consumed faster than 
(R)-propylene oxide with a modest s-factor of 2.8. Given the 
same absolute monomer configuration and similar s-factor 
observed by Tokunaga et al.39 for the cobalt-catalyzed ring 
opening of aliphatic epoxides with benzoic acid, a related 
mechanism was proposed to occur for polymerization with 
[(R,R-salcy-tBu)CoOAc], giving a cobalt-alkoxide catalyst rest
ing state to produce the regioregular structure shown in 
Scheme 16. 

Lu and co-workers77 found that the addition of quaternary 
ammonium salts increased the s-factor to 3.5. The use of 
cobalt–salen complexes (in conjunction with an ionic organic 

ammonium salt or a sterically hindered strong organic base) 
allowed for the stereoselective alternating copolymerization of 
CO2 and racemic aliphatic epoxides. By using a 7-methyl-1,5,7
triazabicyclo[4.4.0]dec-5-ene (MTBD) cocatalyst with the 
cobalt catalyst, it was possible to produce poly(propylene car
bonates) with a s-factor of 5.6, with >95% head-to-tail units 
and >99% carbonate linkages. The same catalytic system was 
also used for the copolymerization of cyclohexene oxide and 
CO2 to produce polycarbonates with an ee of 36.6% and 
greater than 99% carbonate linkages.78 More recently, Cohen 
and Coates79 have reported that a combination of complex 17 
and bis(triphenylphosphine)iminium chloride ([PPN]Cl) 
exhibits an s-factor of 9.7 for the copolymerization of propy
lene oxide and CO2 at –20 °C (Scheme 16). 

Cohen and co-workers80 also reported the first syndioselec
tive copolymerization of cyclohexene oxide and CO2 

(Scheme 17). Using complex [rac-(salpr-tBu)CoBr] (18), poly 
(cyclohexane-1,2-diyl carbonate) was formed with 80% 
r-dyads, as determined by 13C NMR spectroscopy. The carbonyl 

Scheme 16 Enantioselective polymerization of racemic propylene oxide using 16 and 17/[Ph3P=N-PPh3]Cl. 
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Scheme 17 Syndioselective copolymerization of cyclohexene oxide and CO2 with 18. 

and methylene regions were best simulated using Bernoullian 
statistical methods, supporting a chain-end stereochemical 
control mechanism. 

4.09.3.3.2 Recent stereoselective epoxide 
homopolymerization systems 
In 2005, Peretti and co-workers81 reported a highly active and 
isoselective (TOF = 220 h−1, mm > 99%) cobalt complex, 
[(salph-tBu)CoOAc] 19 (Scheme 18(a)) for the polymerization 
of racemic propylene oxide. This is the first example of highly 
isotactic poly(propylene oxide) generation from racemic propy
lene oxide without concomitant atactic byproduct. 1-Butene 

oxide and 1-hexene oxide, though structurally similar to propy
lene oxide, displayed only trace activity with 19, while  all other  
substituted epoxides screened showed no activity. Though sui
table crystals of 19 were not obtained, the crystal structure of the 
methoxide analog 20, revealed the formation of chiral clefts that 
are proposed to facilitate its isoselective nature. Adjacent cobalt 
atoms were separated by 7.13 Å with the salen planes oriented 
52° to each other, as shown in Scheme 18(b).82 Studies found 
that samples of crystalline 20 that had been ground mechani
cally displayed significantly higher activity than unground 20. 
This large increase in polymerization activity of 20 with 
increased surface area supports that polymerization occurs on 

Scheme 18 (a) Isoselective polymerization of propylene oxide using 19; (b) Molecular structure of methoxide analog 20. 
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the surface of crystalline 19 and crystalline 20. The supramole
cular structure of 19 and 20 limits any attempts at catalyst 
optimization through substituent modification due to the 
inability to accurately predict structural packing, leading to 
desire for a soluble modular system to synthesize isotactic 
polyethers. 

Mechanistic studies of 19 and 20 lead to the design of the 
complex 21, which was reported by Coates and co-workers83,84 

in 2008. An axially chiral binaphthol linker covalently oriented 
the cobalt centers in the appropriate geometry and maintained 
the ideal distance between metal centers for epoxide polymer
ization (Scheme 19). The catalytic system consisting of 21 and 
a cocatalyst, [PPN]OAc, can enantioselectively polymerize pro
pylene oxide with s-factor greater than 300 and TOF of 
5400 h−1. The system displayed enantiomorphic site control 
as determined by 13C NMR. A variety of monosubstituted 
racemic monomers including alkyl, glycidyl, vinyl, styrenic, 
and fluorinated epoxides were shown to be enantioselectively 
polymerized to form highly isotactic enantiopure polyethers. 
This left valuable enantiopure epoxides in the starting material 
with s-factors ranging from 20 to 300. Racemic catalyst was 

shown to isoselectively polymerize epoxides in quantitative 
yield at low (0.1 mol.%) catalyst loading. Many of the isotactic 
polyethers synthesized were crystalline unlike their atactic ana
logs and nearly all had high Mn values. 

Subsequent work developed a simplified isoselective 
variant of the catalyst (22) by substituting the cyclohexanedia
mine bridge for ethylenediamine and using a racemic 
binapthol linker (Scheme 20).85 This complex displayed low 
activity and selectivity for TOF when combined with [PPN] 
OAc. The identity of the cocatalyst was found to dramatically 
affect reactivity, the bulkier [PPN]OPiv cocatalyst gave the 
highest rates and isoselectivities for a broad range of epoxides. 
This system displays the highest rate reported for isoselective 
TOF (=1000 h−1) and high tacticity (mm = 97%). 

Studies of these bimetallic systems have shown that the 
axial chirality of the binapthol linker determines the enantio
preference for epoxide enchainment,85 rather than the 
stereochemistry of the diamine, unlike related cobalt salen 
systems.39,79 Complexes 21 and 22 are currently believed to 
exist as mixtures of exo/endo chloride diastereomers. Addition 
of cocatalyst leads to an active anionic complex as shown in 

Scheme 19 Enantioselective polymerization of epoxides with 21. 
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Scheme 20 Isoselective polymerization of epoxides with 22. 

Scheme 21 Proposed mechanism of polymerization for 21 and 22. 

Scheme 21 where X can be either a chloride or a carboxylate. 
These bimetallic cobalt catalysts display induction periods and 
poor agreement between theoretical and experimental Mn 

values likely due to slow initiation relative to propagation. 
Polydispersities (Mw/Mn) were ∼2, consistent with a single-site 
mechanism.84 

4.09.3.4 Tin-Based Catalysts 

In 1993, Miura and co-workers86 studied the use of 
organotin-alkyl phosphate condensates derived from dibutyl-
tin oxide and tributyl phosphate to catalyze the polymerization 
of propylene oxide (Figure 4). They observed that the poly
meric product could be fractionated into benzene–hexane 
soluble and insoluble fractions. On studying the stereoerrors 
of the product by 13C NMR, they determined that the insoluble 
fraction was isotactic poly(propylene oxide) with 94% m-dyads 
(91% mm-triads). A direct correlation was found between 
increasing the molecular weights of the tin condensate 

initiators with increasing molecular weight and stereoregularity 
of the polyethers synthesized. Schütz and co-workers87 later 
demonstrated the further use of organotin phosphate coordi
nation polymers to synthesize isotactic poly(propylene oxide). 
The tin phospate polymers were made by the condensation of 
tributyl phosphate and butyl tin trichloride. Propylene oxide 
was polymerized with high activity (TOF = 100 h−1). After frac
tionation of the polymeric product, 10% was found to be 
insoluble in acetone and highly isotactic with 88% m-dyads. 
No allyl end groups were detected; these polymerizations have 
been proposed to undergo a bimetallic mechanism for 
enchainment. 

4.09.3.5 Chromium-Based Catalysts 

A significant contribution toward developing regioregular poly
carbonates has been made by the Lu research group, including 
developing a saturated salicylaldimine chromium(III) catalyst 
([SalanCr(III)], Figure 5), which in conjunction with 

Figure 4 Preparation of organotin phosphate condensates. 
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Figure 5 Structure of Salan Cr(III) complex. 

quaternary ammonium salts can produce high
molecular-weight poly(propylene carbonate) with regiochem
ical control (>95% head-to-tail linkages) while also displaying 
moderate enantioselectivity (2 < s < 8) depending on the qua
ternary ammonium cocatalyst used.88 

4.09.4 Conclusion/Outlook 

Although significant advances in stereoselective epoxide poly
merization have been achieved over the last half-century, only 
recently have catalysts been developed that are capable of high 
levels of stereocontrol. Historically, most catalysts for stereo-
selective epoxide polymerization have been heterogeneous and 
have exhibited poor selectivity. Current work in the develop
ment of well-defined, homogeneous, multimetallic catalysts 
with controlled spatial orientation of the active catalyst centers 
could lead to new generations of improved stereoselective 
epoxide polymerization catalysts. Major frontiers in stereo-
selective epoxide polymerization have yet to be explored – 
these include the development of new systems that are highly 
stereoselective for epoxide/CO2 copolymerization, highly 
selective for polymerization of polysubstituted epoxides, as 
well as living and stereoselective, allowing for the formation 
of block copolymers. New catalysts are still needed to accom
plish the challenge of synthesizing precisely defined highly 
tactic polyethers and polycarbonates. 
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4.10.1 Introduction 

Homogeneous polymerization of cyclic acetals had been studied 
mostly before the first edition of Comprehensive Polymer Science 
was published and since then there has been limited activity in 
this area. Therefore, the first part of this chapter is based (some
times in extenso) on the chapter ‘Cationic Ring-Opening 
Polymerization: Acetals’ from the first edition.1 There are several 
reviews and book chapters in which cationic polymerization of 
cyclic acetals (including bicyclic acetals) has been discussed.2–12 

Important progress has been made only in the field of 
heterogeneous polymerization of 1,3,5-trioxane (TOX) and 
this subject will be treated more extensively on the basis of 
more recent data in the second part of this chapter. 

Cyclic acetals are five- and higher-membered monomers with 
at least one unit in which two oxygen atoms flank an unsubsti
tuted or substituted methylene group. The bridge connecting 
two acetal oxygen atoms may be either an all-carbon chain 

(e.g., -(CR1R2)n-) or may contain additional heteroatoms 
(e.g., -(CR1R2)nX(CR

1R2)m-, where X is oxygen). Some typical 
monomers belonging to this class are shown in Scheme 1. 

TOX, the six-membered cyclic trimer of formaldehyde, 
belongs to this group but its polymerization shows several 
distinct features and, therefore, it will be discussed separately 
in the last section of this chapter. 

Polyacetals were among the first synthetic polymers studied 
by Staudinger13 in the 1920s. Polyformaldehydes prepared by 
both anionic polymerization of formaldehyde and cationic 
polymerization of TOX were, however, thermally unstable. 
Thus, they were not commercialized until the late 1950s 
when the reasons for the thermal instability were better under
stood and the stabilization methods were developed. The 
DuPont process, based on anionic formaldehyde polymeriza
tion, involves esterification of unstable hemiacetal end groups 
from which degradation starts, while in the Celanese-Hoechst 
process TOX is copolymerized with a few percent of 
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Scheme 1 Typical cyclic acetals. 

comonomer, for example, ethylene oxide (EO) or 
1,3-dioxolane (DXL). Randomly distributed -OCH2CH2- units 
interrupt the sequences of -OCH2- units, which prevents depo
lymerization (unzipping). Polyformaldehyde (also called 
polytrioxane) is the only polyacetal made on an industrial 
scale (over 500 � 103 tons a year worldwide at the end of 
twentieth century).14 

It should be noted that ring-opening polymerization of 
cyclic acetals is not the only route to polyacetals. Polyacetals 
are also formed by ionic polymerization of aldehydes,15 by 
polycondensation of aldehydes and diols,16 or by polyaddition 
of divinyl ethers to diols.17–19 In this chapter, however, only 
cationic ring-opening polymerization of cyclic acetals will be 
discussed. 

Cationic polymerization of cyclic acetals yields polyacetals, 
that is, polymers containing acetal bonds -OCR1R2O- in the 
main chain (the class name polyacetals should not be confused 
with the name poly(vinyl acetal)s, which is the class name for a 
group of polymers that are products of the reaction between 
poly(vinyl alcohol) and an aldehyde). Homopolymers of cyclic 
acetals are at the same time perfectly alternating copolymers 
composed of oxymethylene and oxyalkylene units, as shown 
for DXL polymerization in Scheme 2. 

Acetal bonds appears also in some anhydrosugars. 
Anhydrosugars are monosaccharide derivatives that in addition 
to five-membered furanose ring or six-membered pyranose ring 
contain another oxygen-containing ring formed through 
elimination of water from two hydroxy groups of sugar. 
Anhydrosugars containing acetal bonds may have skeletons 
shown in Scheme 3. 

Scheme 2 Structure of the repeating unit of polyDXL. 

Scheme 4 Synthesis of acetals by condensation of diols with aldehydes. 

The remaining hydroxy groups in anhydrosugars have to be 
blocked prior to polymerization.20 Synthetic polysaccharides 
prepared by polymerization of the acetal ring in anhydrosugars 
cannot compete with inexpensive products isolated from nat
ural sources for use on a large scale such as food additives, 
paper additives, adhesives, and coatings. Thus, research on 
synthetic polysaccharides is stimulated mainly by their poten
tial biomedical applications. It is expected that it will be easier 
to meet the high requirements for standardization with syn
thetic products than with natural ones. 

4.10.1.1 Monomers 

Cyclic acetals are usually prepared by condensation of 
formaldehyde (conveniently in the form of paraformaldehyde 
or TOX) or higher aldehydes with diols in the presence of 
1–2 wt.% of an acid catalyst; p-toluenesulfonic acid or 
ion-exchange resins are most frequently used for this purpose 
(Scheme 4).21 

TOX, the cyclic trimer of formaldehyde, is prepared by 
heating aqueous solutions of formaldehyde in the presence of 
strong acids. Water/TOX azeotrope (� 70% TOX) is distilled off 
and pure TOX is isolated. The simplest purification method 
involves fractionation (b.p. 115 °C), often in the presence of a 
solvent that forms azeotrope with water, for example, 
n-heptane. 

Synthesis of bicyclic acetals is more complex; thus, for 
example, 6,8-dioxabicyclo[3.2.1]octane (6,8-DBO) is prepared 
in three steps from acrolein as shown in Scheme 5. 

Scheme 3 Skeletons of typical anhydrosugars. 
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Scheme 5 Synthesis of bicyclic acetal: 6,8-dioxabicyclo[3.2.1]octane. 

4.10.1.2 Polymerizability of Cyclic Acetals 

Polymers are formed from the corresponding monomer when 

1. polymerization is thermodynamically possible, 
2. a suitable mechanism exists. 

The smallest ring of a cyclic acetal contains five atoms. 
Ring-opening polymerization of cyclic monomers with rings 
composed of more than four atoms is a reversible process due 
to a relatively low negative ΔHp (enthalpy of polymerization) 
value (Table 1) (see Chapter 4.02). Thus, monomer–polymer 
equilibrium is established, and if the equilibrium monomer 
concentration [M]e is higher than its starting concentration, 
polymerization is not possible. This is the case with the 
six-membered cyclic acetal 1,3-dioxane. 

Cyclic acetals are weak bases and require strong acids to 
initiate polymerization. The acetal bond is highly reactive and 
is easily opened in the presence of acid catalyst; thus, cationic 
polymerization provides a suitable mechanism for converting a 
cyclic acetal into a linear polymer. 

4.10.1.3 Thermodynamics of Polymerization 

For reversible polymerization, two interrelated parameters 
characterize the system: equilibrium monomer concentration 
[M]e (at a given temperature) and ceiling temperature Tc (for a 
given initial monomer concentration [M]0, usually equal to 
1 mol l−1 or in bulk concentration). The smaller the negative 
ΔGº (Gibbs free energy) value, the higher the [M]e value and 
the lower the Tc value: 

ΔG˚ ¼ ΔH − TΔS ½1� 
1 −ΔG˚ 

In ¼ ½2� ½M� RTe 

where H is enthalpy, T is temperature, S is entropy, and R is gas 
constant. Selected thermodynamic parameters for polymeriza
tion of cyclic acetals are listed in Table 1. 

It was not always recognized in the past that in order to 
make polymerization of some cyclic acetals feasible, the highest 
possible [M]0 and the lowest possible temperature should be 
used. This led to some unsuccessful attempts to prepare 

high polymers from substituted cyclic acetals. However, when 
suitable conditions were used, substituted cyclic acetals such as 
4-phenyl-1,3-dioxolane25 or 2-butyl-1,3,6-trioxocane26 gave 
reasonably high yields of high-molecular-weight polymers. 

For bicyclic (i.e., disubstituted) acetals, the thermodynamic 
polymerizability is usually enhanced due to additional strain 
introduced by the presence of the second ring; thus, for example, 
6,8-DBO at concentrations of ca. 2.5 mol l−1 can be polymerized 
up to 95% conversion at –78 °C in CH2Cl2, which means that 
[M]e <1.25  � 10−1 mol l−1 under these conditions.27 

The influence of the additional strain on the thermodynamic 
polymerizability may be illustrated by the polymerization of 
7,9-dioxabicyclo[4.3.0]nonane. Trans-monomer gives high
molecular-weight polymer in high yield while under the same 
conditions cis-monomer gives only a cyclic dimer (Scheme 6).28 

In some instances, the excess strain can even lead to the 
opening of the six-membered ring instead of the 
five-membered one. Thus, 2,7-dioxabicyclo[2.2.1]heptane, in 
which the six-membered ring is forced into an unfavorable 
boat conformation, gives polymers containing both five- and 
six-membered rings (Scheme 7).10 

The thermodynamics of TOX polymerization, studied 
extensively by Enikolopyan and reviewed recently in a book 
by Berlin et al.29 entitled Polyoxymethylenes (in Russian), is more 
complex. This is due to the fact that propagation proceeds 
simultaneously with phase transition; phase transition of the 
monomer molecule from liquid phase to crystalline phase 
occurs simultaneously with its incorporation into a polymer 
chain. Thus, the overall Gibbs free energy (ΔGº) for the propa
gation step is the sum of the energy changes associated with 
chemical reaction and phase transition. Consequently, equili
brium is shifted more toward polymer and TOX 

Scheme 6 Polymerization of cis- and trans-7,9-dioxabicyclo[4.3.0] 
nonane. 

Table 1 Thermodynamic parameters of homogeneous polymerization of unsubstituted cyclic acetals 
in CH2Cl2 solution 

Monomer 
ΔHo 

(kJ mol−1) 
ΔSo 

(J mol−1 K−1) 
Tc (°C) for 
[M]0 = 1 mol l−1 References 

DXL − 21.7 − 77.7 1 22 
1,3-Dioxepane 
1,3,5-Trioxepane 
1,3,6-Trioxocane 
1,3,6,9-Tetraoxa-cycloundecane 

− 15.0 
− 6.9 
− 16.7 
− 13.4 

− 48.1 
− 31.5 
− 34.3 
− 13.0 

27 22 
23 
23 
24 
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Scheme 7 Repeating units containing either 6-membered or 5-memebered ring formed in the polymerization of bicyclic acetal: 2.7-dioxabicyclo[2.2.1.] 
heptane. 

(six-membered ring of low strain) can be polymerized with 
high conversions. 

The thermodynamics of trioxane polymerization is dis
cussed in more detail in the chapter on Thermodynamic and 
Kinetic Polymerizability (Chapter 4.02) (by S. Penczek and 
K. Kałużyński). 

4.10.2 Mechanism of Homogeneous Polymerization 
of Cyclic Acetals 

4.10.2.1 General Considerations 

Although the chemistry of acetal and ether bonds is quite 
different, cyclic acetals bear some resemblance to cyclic ethers; 
thus the polymerization of both groups of monomers shows 
some similarities. Essentially the same groups of initiators that 
initiate cationic polymerization of cyclic ethers (i.e., strong 
protonic acids, Lewis acids, or oxonium, carbenium, or oxocar
benium salts) are also effective in the polymerization of cyclic 
acetals. On the other hand, there are distinct differences. 

An acetal group readily participates in hydride transfer reac
tions because the resulting carboxonium ion is stabilized by 
electron pairs of the two neighboring oxygen atoms. Thus if 
compounds capable of acting as hydride ion acceptors, such as 
(triphenylmethyl)carbenium ions, are used as initiators, initia
tion of DXL polymerization proceeds through intermediate 
1,3-dioxolan-2-ylium ion, which is a real initiator, as shown 

30,31in Scheme 8. 
The presence of two oxygen atoms in an acetal bond raises 

also the question of the nature of active species and the 
mechanism of propagation. It is generally accepted that active 
species in the cationic polymerization of cyclic ethers are oxo
nium ions and propagation proceeds by SN2 mechanism as an 
attack of oxygen atom of monomer molecule on α-carbon 
atom in cyclic oxonium ion (for active chain end (ACE)-type 
polymerization). An alternative pathway involving unimolecu
lar opening of oxonium ion ring with formation of carbenium 
ion and subsequent reaction of this ion with monomer is 
excluded because conversion of relatively stable oxonium ion 
to highly reactive primary carbenium ion would be energeti
cally very unfavorable. However, the situation is different in the 

Scheme 9 Unimolecular opening of oxonium ion in the cationic poly
merization of cyclic ether (THF) and cyclic acetal (DXL). 

cationic polymerization of cyclic acetals because unimolecular 
opening of oxonium ion ring generates stabilized carboxonium 
ion as shown in Scheme 9. 

There was a long-lasting controversy concerning the partici
pation of both types of ions in propagation. By studying a 
suitable model system it was eventually shown that carboxo
nium ions do exist in equilibrium although at typical 
polymerization conditions their fraction is low (< 0.1% of all 
ionic species, depending however on conditions such as tem
perature and solvent). In spite of low concentration of 
carboxonium ions their role in propagation is not negligible 
because the rate constant of propagation on carboxonium spe
cies is 2 orders of magnitude higher than the rate constant of 
propagation on an oxonium ion active species.32 

In contrast to tetrahydrofuran (THF) polymerization, where 
chain transfer to polymer is slow compared to propagation, in 
the polymerization of cyclic acetals chain transfer to polymer is 
fast compared to propagation. Intramolecular chain transfer to 
polymer leads to the formation of a cyclic fraction. It was 
shown that cyclic oligomers are always formed in the cationic 
polymerization of DXL and this observation even led to the 
hypothesis that polymerization proceeds by ring-expansion 
mechanism and polymers are exclusively cyclic.33 Detailed 
studies of this system revealed, however, that in the polymer
ization initiated with Lewis acids the content and distribution 
of the cyclic oligomer fraction agree well with those predicted 
by the Jacobson–Stockmayer (J-S) theory based on equilibrium 
between linear and cyclic macromolecules.34 

In the polymerization initiated with protic acids, cyclic 
oligomers may be formed not only by random backbiting 
(i.e., according to the J-S theory) but also by end-to-end cou
pling. This type of initiation introduces the HO- head group, 

Scheme 8 Initiation of DXL polymerization via intermediate formation of 1,3-dioxolan-2-ylium cation. 
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Scheme 10 Phosphine ion-trapping in the cationic polymerization of DXL. 

which is considerably more nucleophilic than acetal oxygen 
atoms along the chain. Thus especially at the early stages, when 
relatively short chains can easily assume conformation in which 
HO- head group and tertiary oxonium ion at the end of a 
macromolecule are in close proximity, end-to-end closure may 
be favored over random backbiting, leading to kinetic enhance
ment in macrocycles. With increasing chain length this effect 
disappears as shown for cationic polymerization of 
1,3,6,9-tetraoxacycloundecane (triethylene glycol formal).35 

In the polymerization of DXL, using the phosphine 
end-capping method (the principle of the method is outlined 
in Scheme 10), it was shown that secondary oxonium ions exist 
in equilibrium with tertiary ones and the position of equili
brium is shifted toward tertiary oxonium ions with increasing 
chain length.36 

The major conclusions stemming from these studies are the 
following: 

•	 both tertiary oxonium ions and secondary oxonium ions 
(i.e., ‘protons’) are present in the system; therefore, propaga
tion can take place on the linear active macromolecules (this 
is not excluding propagation on the cyclic ones); 

•	 the proportion of tertiary oxonium ions on linear macromo
lecules is higher for longer chains, as can be expected. 

4.10.2.2 Initiation 

Cyclic acetals polymerize almost exclusively by a cationic 
mechanism. Most typical cationic initiators will initiate 
polymerization of cyclic acetals. Examples are (1) strong pro
tonic acids, for example, HClO4 and CF3SO2OH and their 
derivatives, esters (CF3SO2OR), anhydrides [(CF3SO2)2O] but 
also tungsten or molybdenum heteropolyacids, for example, 
H3PMo12O40; (2) organic salts: carbenium, for example, 
Ph3C

+A−, oxonium, for example, Et3O
+A−, or oxycarbenium, 

for example, PhCO+A−; and (3) Lewis acids (Friedel–Crafts 
catalysts), for example, BF3, SbCl5, and PF5, and their com
plexes with, for example, ethers. 

The (co)polymerization of TOX can also be mediated by 
transition metal complexes, for example, molybdenum or 
palladium.37,38 

4.10.2.2.1 Influence of the counterion structure 
Organic cations (carbenium, carboxonium, oxycarbenium, and 
oxonium) are coupled with complex counterions of MX− 

n+1 

type, for example, SbF6 
−, SbCl6 

−, or BF4 
−, or with noncomplex 

counterions, for example, ClO4 
− or CF3SO2O

− . It has been 
shown for DXL polymerization that only those initiators that 

contain the most stable and the least nucleophilic counterions, 
such as SbF − 

6 and AsF −
6 , lead to the quantitative formation of 

stable active species.39–41 

The unstable SbCl − 
6 and BF − 

4 counterions, due to their 
fragmentation, give rise to side reactions, resulting in incom
plete initiation and a decrease in active species concentration. 

The fragmentation of counterions and the resulting decay of 
active species have been studied in detail for DXL polymeriza
tion in the presence of SbCl − 

6 .
31 

Noncomplex counterions, derived from protonic acids 
(e.g., ClO − 

4 or CF3SO
−

2O ), react with active species, forming 
covalent esters. However, this reaction being reversible does 
not lead to irreversible termination of the polymer chain: 

�OCH 2
þ
 þ CF3SO O− 

2  ⇄CF3SO2OCH2O� ½3� 
In eqn [5] and subsequent reaction schemes, ionic active spe
cies are shown for simplicity in the form of alkoxycarbenium 
(carboxonium) ions, although in reality a large majority of 
active species exist in the form of oxonium ions. There are 
several types of oxonium ions coexisting in the system (see 
Section 4.10.2.3.1) and, due to their multiplicity, schematic 
representation is difficult. 

For DXL and 1,3-dioxepane (DXP) polymerizations initiated 
with (CF3SO2)2O, the degree of polymerization is given by 

M − M
DPn ¼	

½ �0 ½ �e ½4� ½ðCF3SO2Þ2O�0 

Equation [4] indicates that the number of growing macromo
lecules is equal to the number of initiator molecules used. 
Some representative data are given in Table 2.42 

The overall rates of polymerization are ca. 102 times lower 
than the polymerization rates initiated with PhCO+SbF −

6 . This 
indicates that active species exist predominantly in the form of 

Table 2 Calculated and measured molecular weights in the 
polymerization of DXL and DXP initiated with (CF3SO2)2O42 

Monomer Mn calculated Mn found (membrane osmometry) 

DXL 

DXP 

19 350 
21 300 
35 000 
13 250 
55 600 
76 500 

18 250 
21 100 
44 500 
10 700 
57 100 
78 000 

[M]0 = 1–3 mol l
−1, [(CF3SO2)2O]0 = 10

−3 
–10−2 mol l−1, CH2Cl2, –50 to –78 °C. 
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less reactive covalent species. However, the agreement between 
the observed and calculated molecular weights clearly shows 
that there is an efficient exchange between covalent (dormant) 
and active ionic species. 

4.10.2.2.2 Addition versus hydride transfer 
The first fast step in initiation is the protonation or alkylation 
(acylation) of the monomer molecules. This leads to the for
mation of secondary or tertiary oxonium ions, as shown for 
DXL in Scheme 11. 

The subsequent slower step involves nucleophilic attack of 
another monomer molecule, leading to the ring opening and 
formation of active species (Scheme 12). 

Initiation proceeds according to Scheme 12 for the majority 
of initiators used, although the rate of initiation depends on 
the nature of R. In the polymerization of DXL initiated with 
Et3O

+SbF6 
− and PhCO+SbF6 

−, the corresponding initiator frag
ments are incorporated quantitatively as the end groups.40 

For some initiators, however, an alternative route of initia
tion is possible. For triphenylmethylium (tritylium) salts, the 
preinitiation step is highly reversible (Scheme 13).43 

The equilibrium constant of this reaction is equal to 
K =3.2  � 10−2 mol−1 l (CH2Cl2, 25  °C).43 Thus, under typical 
polymerization conditions, a significant amount of carbenium 
ions exists in equilibrium and they participate in hydride transfer 
reactions. Carbenium ions are efficient hydride ion (H−) accep
tors. This reaction is relatively fast (k =8.3  � 10−3 mol−1 l s−1, 

CH2Cl2, 25 °C), while an attack of another monomer molecule 
on an oxonium ion is apparently slow. Thus, instead of simple 
initiation by addition, as shown in Scheme 13, hydride transfer 
takes place and 1,3-dioxolan-2-ylium salt and triphenylmethane 
are formed quantitatively as shown in Scheme 8. 1,3-Dioxolan
2-ylium salts, which are relatively stable and can be isolated as 
pure crystalline compounds, are thus the true initiators, formed 
in situ in the DXL-Ph3C

+A− system. 

4.10.2.2.3 Friedel–Crafts-type initiators: Direct initiation 
versus coinitiation 
The mechanism of initiation with Friedel–Crafts-type initiators 
is generally obscure. For BF3, the most commonly used initiator 
of this type, two mechanisms, namely direct initiation and 
initiation by coinitiator (e.g., water present as impurity), have 
been proposed (Scheme 14).44 

For polymerization of TOX in media of low polarity, it has 
been shown that in a rigorously dried system BF3 alone is not 
able to initiate polymerization. There are, however, some 
indirect indications that in polar solvents such as nitroben
zene, which facilitate charge separation and formation of 
zwitterions, initiation may proceed even in the absence of a 
coinitiator.45 

A mechanism of direct initiation, involving the formation 
of a zwitterion, has been proposed for polymerization of 
the bicyclic monomer 1,6-anhydro-2,3,4-tri-O-benzyl-β-D
glucopyranose initiated with PF5. All the proposed species, for 

Scheme 11 Formation of oxonium ions in the initiation of cationic polymerization of DXL. 

Scheme 12 Nucleophilic attack of DXL molecule on the oxonium ion formed in initiation reaction. 

Scheme 13 Reversible addition of DXL to triphenylmethylium salt. 

Scheme 14 Two possible mechanisms of initiation of cationic polymerization of cyclic acetals by BF3. 
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example, PF5
.O <  ,  PF4O

− , and PF6 
− , were identified on the 

31P 19Fbasis of and nuclear magnetic resonance (NMR) 
spectra. In addition, formation of POF3 was observed, indicat
ing that terminal -CH2-OPF4 groups undergo decomposition 
to -CH2F and POF3.

46 This reaction path is similar to the one 
observed for the THF/PF5 system.47 

It may be concluded that unlike protonic acids and organic 
salts, which under suitable conditions give clean quantitative 
initiation, Friedel–Crafts-type initiators lead to poorly defined 
systems. The efficiency of initiation, structure of counterions, 
and the structure of end groups are generally not known with 
any certainty for these initiators. The overall polymerization 
rates are usually lower than with other initiators, indicating the 
low efficiency of initiation. 

4.10.2.3 Propagation 

4.10.2.3.1 Structure of active species 
4.10.2.3.1(i) Oxonium–alkoxycarbenium ion equilibria 
The simplest structure of active species in the polymerization of 
cyclic acetals, by analogy with the polymerization of other 
heterocyclic monomers, is an oxonium ion holding the mono
mer molecule (Scheme 15). 

Already in the 1960s–1970s it was assumed, but not pro
ven, that these species may coexist in equilibrium with 
carbenium (carboxonium) ion species.48–51 Later studies of 
the model systems have revealed that indeed oxonium ions 
coexist in equilibrium with their alkoxycarbenium 

Scheme 15 Structure of oxonium ion in the cationic polymerization of 
cyclic acetals. 

Scheme 16 Oxonium-carboxonium ion equilibrium in the cationic 
polymerization of cyclic acetals. 

counterparts, in which the positive charge is delocalized 
between the carbon and α-oxygen atoms (Scheme 16).32 

Equilibrium constants for the model reaction between 
methoxymethylium cation and dimethoxymethane (simple 
linear model of acetal) have been determined by dynamic 1H 
NMR studies and were found to be Kea = ka/kd = 3  � 103 mol l−1 

(SO2, –70 °C).32 This value indicates that active species in 
cyclic acetal polymerization exist predominantly in the form 
of oxonium ions, although a small proportion exist in the form 
of alkoxycarbenium ions. 

4.10.2.3.1(ii) Structure of oxonium active species 
The rate constants for formation (ka) and dissociation (kd) of  
oxonium ions are high: ka = 2  � 106 mol−1 l s−1 and 
kd = 6.7 � 102 s−1 (SO2, –70 °C). Thus, the system is in a fast 
dynamic equilibrium. This leads to very fast isomerization of 
oxonium active species, proceeding via alkoxycarbenium ions. 

When DXL was used instead of dimethoxymethane in the 
studies of equilibria, it was observed by 1H NMR that the 
predominant structure was not the five-membered ring oxo
nium ion but the corresponding cyclic ion involving the 
seven-membered ring (Scheme 17). 

The ratio of equilibrium constants K7 and K5, corresponding 
to the ratio of concentrations of seven-membered oxonium 
ions to five-membered ones, is equal to 3 � 102. 

When the six-membered (1,3-dioxane) or the seven-
membered (DXP) cyclic acetals were used in the studies of 
related equilibria, isomerization to the expanded ring struc
tures (eight- or nine-membered, respectively) was negligible 
because the starting rings were less strained than the expanded 
ones.52 All these reactions proceed with high rates; therefore, at 
any stage of polymerization, the equilibrium between alkoxy
carbenium ions and various cyclic (formed by intramolecular 
reaction) and branched (formed by intermolecular reaction) 
oxonium ions is quickly established (Scheme 18). 

4.10.2.3.1(iii) Secondary versus tertiary oxonium ions 
Polymerization of cyclic acetals initiated with protonic acids 
may lead to kinetic enhancement in macrocycles. This effect is 
due to the efficient end-to-end cyclization of the short growing 
macromolecules (Scheme 19). 

Scheme 17 Formation of seven-membered oxonium ion in the cationic polymerization of DXL. 

Scheme 18 Equilibria between alkoxycarbenium ions and cyclic or branched oxonium ions. 
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Scheme 19 End-to-end cyclization in the cationic polymerization of 
DXL. 

Thus, tertiary oxonium ion active species are converted to 
secondary oxonium ions in this process. These equilibria have 
been studied by ion-trapping methods for the polymerization 
of DXL initiated with HOSO2CF3. The principle of the method 
is shown in Scheme 10.36 Analysis of 31P NMR spectra, based 
on the different chemical shifts of the tertiary (δ = 11.9 ppm) 
and quaternary (δ = 31.4 ppm) phosphonium ions, allows the 
determination of the relative concentrations of the secondary 
and tertiary oxonium ions. It was shown that in agreement with 
the end-to-end cyclization scheme, the concentration of the 
secondary oxonium ions is high for short growing chains, but 
decreases gradually with increasing chain length. This conclu
sion was later confirmed by studies of the 1H NMR spectra of 
the same system. Protons in HO- end groups and H-O+ < 
species exchange fast, giving one narrow signal. The averaged 
chemical shift of this signal allows determination of the relative 
contribution of both species.53 

These observations prove that secondary oxonium ions 
are indeed formed by end-to-end cyclization, as shown in 
Scheme 19. 

4.10.2.3.2 Reactivity of active species 
It follows from the preceding discussion that in the polymeriza
tion of cyclic acetals (at least DXL) small but definite 
concentrations of alkoxycarbenium active species exist in equili
brium with oxonium active species. The equilibrium constant, 
measured for a model system, indicates that alkoxycarbenium 
ions constitute ca. 10−2% of all active species in the polymeriza
tion of DXL at –78 °C in CH2Cl2. This proportion may vary 
substantially with the conditions applied and, of course, depends 
on the structure of the monomer. To estimate to what extent the 
alkoxycarbenium ions participate in propagation, the rate con
stants of model reactions have been measured (Scheme 20). 

The corresponding values, determined using dynamic 
NMR line broadening, are koc =2  � 106 mol−1 l s−1 and 
kox = 1.9 � 104 mol−1 l s−1 (both in SO2 at –70 °C).32 Thus, 

oxonium ions are only ca. 102 times less reactive than alkox
ycarbenium species. Since the ratio of concentrations is ca. 104, 
it may be concluded that propagation proceeds predominantly 
on the oxonium ions. 

4.10.2.4 Transfer and Termination 

4.10.2.4.1 Chain transfer to polymer – transacetalization 
Intermolecular chain transfer to polymer is well documented in 
the cationic polymerization of cyclic acetals. In the polymeriza
tion of TOX, as will be discussed in Section 4.10.3, chain 
transfer to polymer is essential for the preparation of thermally 
stable polyacetal. Intermolecular chain transfer to polymer is 
detrimental to the synthesis of monofunctional polymers such 
as macromonomers because segment exchange (scrambling) 
leads to disproportionation and formation of products having 
two, one, and none of the functional groups (Scheme 21).54,55 

Intermolecular chain transfer to polymer prohibits also the 
synthesis of block copolymers by sequential polymerization of 
two cyclic acetals. Addition of DXP to a solution of living 
polyDXL resulted in further polymerization but the copolymer 
formed had a nearly statistical distribution of units.42 

Chain transfer to polymer in cyclic acetal polymerization is a 
special case of transacetalization reaction which is well known in 
organic chemistry. By studying the model system it was found that 
in a mixture of DXL with alcohols in the presence of an acid, fast 
equilibration occurs as shown in Scheme 22.56 

Active species in the polymerization of cyclic acetals 
undergo fast isomerization. This results in chain transfer to 
polymer, that is, formation (by intramolecular reaction) of 
cyclic structures or formation (by intermolecular reaction) of 
branched oxonium ions, followed by exchange of the linear 
fragments of the chain (transacetalization) (cf. Scheme 18). 

Chain transfer to polymer is facilitated by the higher basicity 
of oxygen atoms in the polymer chain than in the monomer 
molecule; this is a general feature of polyacetals. Backbiting 
(and/or end-biting) leads to the formation of macrocycles. 
Formation of branched structures results in transacetalization 
(also called scrambling). In branched ions, two (or all three for 
TOX) of the bonds between carbon and oxygen atoms bearing 
the positive charge are identical. Further reaction of branched 
oxonium ions may thus lead to redistribution of polymer seg
ments, as shown in Scheme 23 for TOX polymerization. 

This reaction, which is fast, results in continuous transfer of 
the monomer units or longer sequences between the chains. 

Scheme 20 Model reaction of alkoxycarbenium ions with acetals. 

(c) 2013 Elsevier Inc. All Rights Reserved.



Ring-Opening Polymerization of Cyclic Acetals 191 

Scheme 21 Disproportionation of end-groups by intermolecular chain transfer to polymer. 

Scheme 22 Equilibration of a mixture of DXL with alcohol in the presence of acid. 

Scheme 23 Redistribution of segments by intermolecular chain transfer to polymer in the cationic polymerization of TOX. 

Thus, when sequential polymerization of cyclic acetals was 
performed by introducing DXP into a solution of living 
polyDXL or vice versa, the copolymer isolated after longer 
reaction times showed DXL-DXL/DXL-DXP/DXP-DXP dyad 
distribution (determined by 13C NMR) in ratios of 1:2:1, char
acteristic of random copolymers. When copolymerization was 
terminated after shorter reaction times, the proportion of het
erodyads was lower, but at no stage of copolymerization could 
pure block copolymer be isolated.42 

Transacetalization plays an important role in the copoly
merization of TOX and DXL.57 In these systems, due to the 
different reactivities of both comonomers, DXL polymerizes 
first. Therefore, at the early stages of polymerization, the solu
ble polymer, consisting essentially of DXL units, is formed. 
Nevertheless, the distribution of DXL units in the final product 
is close to random. This indicates that the originally formed 
polyDXL blocks undergo further fast and efficient scrambling. 
Thus, due to the transacetalization, thermally stable polymers 
containing randomly distributed oxyethylene units derived 
from DXL are formed. A small amount of the unstable fraction 
(< 5%) corresponds to oxymethylene units at the end of the 
chain. This fraction is removed by heating before processing the 
polymer (see Section 4.10.3). 

4.10.2.4.2 Termination 
In the absence of impurities, and when stable counterions 
(SbF6 

−, AsF6 
−, OSO2CF3 

−) are used, polymerization of simple 

cyclic acetals, namely DXL and DXP, proceeds without termi
nation at least within the time needed to reach equilibrium. It 
has been shown (Table 2) that molecular weights in these 
systems are described by eqn [4] and the only end groups, 
identified quantitatively, are those coming from initiator and 
intentionally added terminating agent. It has to be remem
bered, however, that eventually, due to the presence of 
carboxonium ions in equilibrium with oxonium ions 
(cf. Scheme 16), hydride transfer reaction from monomer 
molecule to carboxonium ion may lead to the formation 
of macromolecules terminated with -OCH3 groups while 
the 1,3-dioxolan-2-ylium cation may start a new chain 
(cf. Scheme 8). Also in the polymerization of TOX, hydride 
transfer to apparently living active species has been observed 
even several hours after equilibrium conversion of monomer 
had been reached. Some of this long-lived species may, how
ever, become unavailable for propagation as a result of 
occlusion within the polymer particles.57,58 

4.10.2.5 Formation of Cyclic Oligomers 

4.10.2.5.1 Backbiting 
Chain transfer to polymer leads to the formation of macrocyclic 
oxonium ions, which on further reaction may release a cyclic 
fragment (Scheme 24). 

A thermodynamic approach to the ring-chain equilibria has 
been developed by Jacobson and Stockmayer (J-S theory), 

Scheme 24 Intermolecular chain transfer to polymer leading to formation of cyclic fraction in the cationic polymerization of cyclic acetals. 
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discussed in more detail in the pertinent chapter of this 
volume. According to this approach, the concentration of 
each cyclic oligomer in equilibrium with a linear chain is 
related to the probability of the required conformation of 
linear chain being achieved and can be calculated using the 
rotational isomeric state model. 

For DXL polymerization, these ‘theoretical’ equilibrium con
centrations of cyclic oligomers have been calculated and 
compared with the values measured for real systems by gas– 
liquid chromatography (GLC).34 The experimental curve shows 
a typical deviation from theory for oligomers with n =2–4, which 
are still strained. (J-S theory is valid only for the strainless rings.) 

DXL and macrocyclic formals are the only cyclic acetals for 
which cyclization has been studied quantitatively.24,34,59 The 
formation of cyclic fraction may, however, be expected in the 
polymerization of any cyclic acetal. It has been indicated that 
cyclic oligomers are formed in the polymerization of TOX. 
Nonstabilized homopolymer always contains some amount 
(up to 25%) of a stable fraction,58 which, at least partially, is 
assumed to be cyclic (instability is related to the hemiacetal 
groups, which are absent in cyclic macromolecules). Cyclic 
oligomers are also believed to be responsible for the bimodal 
molecular weight distribution observed by GPC.60 

4.10.2.5.2 End-to-end cyclization 
It has been shown that in certain systems, for example, in the 
protonic acid-initiated polymerization of DXL36 or 1,3,6,9
tetraoxacycloundecane,35 end-to-end cyclization may domi
nate over random backbiting at the early stages of 
polymerization, that is, when the growing chains are still rela
tively short (Scheme 25). 

This leads to kinetic enhancement of cyclic macromole
cules. This means that at the early stages of polymerization 
the concentration of a given cyclic oligomer is higher than 
when the final equilibrium is attained. This results from the 
contribution of the end groups of short chains, which essen
tially vanish when the high polymer is finally formed. Thus, the 
concentration of small cyclics grows, goes through a maximum 
when the end-to-end cyclization aids their formation most, and 
then decreases with increasing chain length, falling to the equi
librium concentration. 

4.10.2.5.3 Proportions of cyclic and linear fractions 
Reactions involving polyacetal chains, including intramolecu
lar reactions, are fast compared to propagation, resulting in the 
simultaneous formation of macrocycles and linear polymers. 

Therefore, the preparation of purely linear polymers is vir
tually impossible. The equilibrium concentration of individual 
cyclic oligomers is, however, not very high (ca. 10−2 mol l−1 for 
the cyclic dimer and similar values for oligomers with n = 3–5 
in DXL polymerization).34 The sum of the thus-calculated 

equilibrium concentrations of cyclics from n = 2 to infinity 
gives a relatively high value, 0.85 mol l−1, for DXL polymeriza
tion. The actual measured values are somewhat lower than the 
calculated ones; thus the value 0.85 mol l−1 should be taken as 
an upper limit. The concentration of DXL in bulk equals 
12.75 mol l−1 (at 25 °C). Thus, the lowest proportion of cyclic 
oligomers, starting from dimer, that can be attained for this 
monomer is close to 7.5 wt.%. 

The fraction of cyclic oligomers at equilibrium is 
expressed as 

 X
½monomer units in cyclics� 

f ¼ 5  ½monomer� −0  ½monomer�e 
½ �

Thus at low [M]0, polyacetals at equilibrium may contain a 
considerably high proportion of the cyclic fraction. At the con
ditions when eqn [6] holds, almost all of the polymer can be 
cyclic. 

 X
½monomer units in cyclics� > ½monomer� −0 ½monomer�e 

½6� 
Some authors observed almost exclusively cyclic polymers 
and concluded, without considering the consequences of the 
J-S theory, that the chain growth must proceed by ring 
expansion.33 With our present knowledge of the mechanism 
of cyclization however, all experimental observations can be 
interpreted in terms of the conventional propagation mechan
ism (involving linear active species) coupled with backbiting 
and/or end-to-end cyclization. 

4.10.2.6 Bicyclic Acetals 

The acetal bond appears in some anhydrosugars. 
Anhydrosugars are monosaccharide derivatives that in addition 
to five-membered furanose ring or six-membered pyranose ring 
contain another oxygen-containing ring formed through elim
ination of water from two hydroxy groups of sugar. 
Anhydrosugars containing acetal bonds may have skeletons 
shown in Scheme 26. 

The bicyclic acetal, 6,8-DBO, possesses the structural skele
ton of the 1,6-anhydrosugars and, because it is readily prepared 
from acrolein dimer, its cationic polymerization has been 
investigated. Mostly Lewis acids (BF3, PF5) were used as initia
tors, and at low temperature (–78 °C) polymers with Mn up to 
105 could be obtained although dispersity was broad.61–63 

Better control over molecular weights and dispersity was 
obtained using the 2-chloroethyl isobutyl ether/ZnI2 initiating 
system. At –16 °C, the molecular weight increased linearly with 
conversion up to Mn � 5 � 103 and dispersity was relatively low 
(Mw/Mn � 1.3).64 In anhydrosugars, the ring is formed by con
densation of two hydroxy groups, and the remaining hydroxy 
groups have to be blocked before polymerization.65,66 

Scheme 25 End-to-end cyclization and back-biting in the cationic 
polymerization of cyclic acetals. 

Scheme 26 Skeletons of typical anhydrosugars containing acetal 
bonds. 
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Cationic polymerization of anhydrosugars has been 
reviewed20,67 and since then there has been little activity in 
this area. More recent studies revealed, however, that cationic 
polymerization of anhydrosugars displayed many of the ele
ments of controlled polymerization: a linear increase in 
molecular weights with conversion and block copolymer 
formation. 

In the polymerization of 1,4-anhydrosugar with blocked 
hydroxy groups initiated with BF3·Et2O, a linear increase in 
molecular weight with conversion was observed although dis
persity was not narrow (Mw/Mn � 1.6–1.7). Block copolymers 
composed of two different polysaccharides could be obtained 
in sequential polymerization.68 

Cationic polymerization of 1,6-anhydrosugar with blocked 
hydroxy groups initiated by the cumyl chloride (2-chloro-2
phenylpropane)/ZnI2 initiating system gave polysaccharides 
with relatively low dispersity (Mw/Mn � 1.25). The kinetic 
plots of ln[M] versus time were linear and a linear increase in 
Mn with conversion was observed at least up to Mn � 6 � 103. 
There was evidence of slow chain transfer at these polymeriza
tion temperatures, although a majority of polymer chains 
contained the initiator fragment. The authors concluded that 
through a proper combination of monomer structure, protect
ing groups, and initiators, other anhydrosugars may be 
polymerized with control over the molecular weights and 
end-group structures.69 

There are also reports on the cationic polymerization of 
anhydrosugars having free hydroxy groups. Anhydrosugars 
shown in Scheme 27 were polymerized at high temperatures 
(>130 °C) with sulfonium salts as initiators to highly branched 
polysaccharides with Mw in the range between 3 � 104 and 
8 � 104. 

The presence of branched units, as confirmed by 13C NMR 
analysis, indicates that free HO groups participate in 
propagation.70,71 

4.10.2.6.1 Stereochemistry of polymerization 
Unsubstituted monocyclic acetals (symmetrical molecules) are 
not suitable for studies of the stereochemistry of polymeriza
tion. Because there are no reliable data on the stereochemistry 
of polymerization of the substituted monocyclic acetals, the 
only available information relating to the steric course of poly
merization comes from studies of bicyclic acetals. This subject 
has been reviewed.72 

For polymerization of 6,8-DBO, it has been shown that at 
–78 °C inversion of configuration occurs in nearly 100%. This 
result is in full agreement with the oxonium ion mechanism 
involving SN2 substitution and an attack of the incoming 
monomer molecule from the ‘opposite’ side, along the 
carbon–oxygen bond as shown in Scheme 28. 

Scheme 27 Anhydrosugars containing free hydroxyl groups that have 
been polymerized by cationic mechanism. 
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Scheme 28 Direction of nucleophilic attack leading to inversion of 
configuration in cationic polymerization of bicyclic acetal. 

At higher temperatures, the stereospecificity of reaction is 
lower. It has been argued, however, that this effect is only 
apparent, that is, propagation proceeds with inversion of con
figuration, while racemization is due to the side reactions 
involving polymer chains (transacetalization). 

The steric course of polymerization of anhydrosugars 
depends on the size of the fused rings.65,66 Thus, for polymer
ization of 1,2- and 1,4-anhydrosugars, racemization has been 
observed and explained by participation of alkoxycarbenium 
ions in the propagation step (e.g., for 1,2-anhydrosugars, see 
Scheme 29). 

1,6-Anhydrosugars, which have a 6,8-DBO skeleton, poly
merize mainly with inversion of configuration; thus 
α-monomers give β-polymers and vice versa. For example, 
1,6-anhydro-2,3,4-tri-O-benzyl-β-D-glucose (Scheme 30) poly
merizes at –60 °C in CH2Cl2 with PF5 initiator (1 mol.%) to 
give a high-molecular-weight polymer (Mn up to 7 � 105) in  
50% yield. The polymer, after debenzylation, has a specific 
rotation up to 197° and is identical to a naturally occurring 
polysaccharide (dextran) for which a highly specific α-structure 
has been established.73 Natural dextran has [α]D

25 values 
between + 196° and + 199°. 

For the polymerization of 6,8-DBO, it has also been shown 
that stereoselection operates to some extent. Thus, polymer 
formed from racemic monomer is enriched in isotactic dyads 
(up to 85%). Polymerization of a racemic mixture enriched in 
one of the enantiomers has also been studied, and it was shown 
that selection of the enantiomer present in excess leads to 
polymers with an enhanced proportion of this enantiomer.27,74 

On the basis of these observations, the mechanism of enan
tiomer selection by growing chain ends has been proposed. 
According to this theory, steric repulsion is minimized when 

Scheme 29 Participation of alkoxycarbenium ions in the propagation 
step for cationic polymerization of 1,2-anhydrosugars. 

Scheme 30 1,6-anhydro-2,3,4-tri-O-benzyl-β-D-glucose. 
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the monomer incorporated into the growing species and the 
incoming monomer molecule have the same chirality. 

4.10.2.7 Microstructure of Polymer Chain 

Polymerization of cyclic acetals proceeds by opening one of 
the -O–CH2–O- bonds; thus polyacetals are built up as shown 
in Scheme 31. 

This was confirmed by 1H and 13C NMR spectroscopy; thus, 
for example, the 1H NMR spectrum of polyDXL consists of two 
sharp singlets at δ = 4.76 ppm (OCH2O) and 3.73 ppm 
(OCH2CH2O).75 For substituted cyclic acetals, breaking of 
either the O(1)–C(2) or the O(3)–C(2) bond may lead to 
a polymer of irregular structure. Indeed, by analyzing 
the methylene group signals in 1H NMR spectra of poly(4
ethyl-1,3-dioxolane), it has been shown that the polymer is 
composed of both types of units (Scheme 32).76 

4.10.2.8 Functional Polyacetals 

Polyacetals containing functional groups were prepared by 
cationic copolymerization of cyclic acetals with methyl 
2-oxopropanoate (methylglyoxylate (GM)) (Scheme 33). 

In the copolymerization of DXL with GM, a large amount of 
mixed cyclic dimer (containing one DXL and one GM unit) was 
formed (up to 70%).77 

Cyclization was eliminated when DXP was used instead of 
DXL and linear copolymers with Mn up to 2 � 104 containing 
30–70 mol.% of GM units were obtained.78 Partial replace
ment of the ester groups in GM-DXP copolymers with amide 
groups by reaction with α-amino-ω-methoxypoly(oxyethylene) 
(Jeffamine) led to graft copolymers in which the remaining 
ester groups were hydrolyzed to carboxylate groups. The result
ing water-soluble graft copolymers containing hydrophilic side 
chains and carboxylate groups along the main chain belong to 
the class of double-hydrophilic graft copolymers used as modi
fiers of crystallization of inorganic salts. 

Extensive transacetalization proceeding parallel to propaga
tion essentially precludes the possibility of the synthesis of 
perfectly monofunctional polymers or block copolymers by 
cationic polymerization of cyclic acetals. Transacetalization is 
not that detrimental to synthesis of difunctional telechelic 

Scheme 31 Structure of repeating unit in polymers of cyclic acetals. 

Scheme 32 Structure of repeating units in polymer of 4-ethyl-1,3
dioxolane. a

polyacetals and several such products have been obtained. 
Because polyacetals such as polyDXL readily undergo depoly
merization in the presence of acids, telechelic polyacetals were 
used to synthesize degradable polyurethanes79–81 or degrad
able polymer networks.82–84 

Such networks that can be easily solubilized under mild con
ditions may be useful as materials. Besides, the possibility to study 
the residual material after hydrolysis of linear chains may provide 
more insight into the mechanism of network formation.81 

PolyDXL bis-macromonomers were prepared by cationic 
polymerization of DXL initiated by triflic anhydride, 
end-capping of the resulting bifunctional living polymers 
with triethylamine, and nucleophilic substitution of ammo
nium end groups by a methacrylate anion.85 

Another approach involved cationic polymerization of DXL 
in the presence of dialkylformals containing methacryloyl 
groups as chain-transfer agents (shown in Scheme 34). 

Efficient transacetalization led to the formation of polymers 
containing polymerizable groups at both ends, as shown by 1H 
NMR. Their degree of polymerization was governed by the ratio 
[monomer]/[chain-transfer agent] and the measured values 
were close to the calculated values up to Mn � 104. 

Copolymerization of bis-macromonomers gave polymer 
networks which could be de-cross-linked at mild conditions 
in the presence of an acid. Analysis of degradation products 
indicated that polyDXL bis-macromonomers were quantita
tively incorporated into the network structure.85 

Polyacetals containing polymerizable acrylate groups at 
both ends were also prepared (but not fully characterized) by 
cationic polymerization of DXL initiated with triflic anhydride 
in the presence of HEMA (hydroxyethyl methacrylate). Radical 
copolymerization of those bis-macromonomers with acrylic 
acid led to degradable pH-sensitive networks.86 

Block copolymers containing polyacetal blocks have been 
prepared by a combination of reversible addition-fragmentation 
chain-transfer (RAFT) polymerization and cationic ring-opening 
polymerization. Polystyrene (PSt) containing end groups with 
hydroxy and dithiobenzoate functions (as shown in Scheme 35) 
were obtained and used as macroinitiator for subsequent catio
nic polymerization of DXP and RAFT polymerization of methyl 
methacrylate (MMA). The product was mikto-arm ABC star 
copolymer containing PSt, PDXP, and PMMA arms.87 

Water-soluble polyacetals are also used as drug carriers. 
Therapeutic application of some drugs is hindered by very 
low solubility in aqueous media. Water solubility may be 
greatly improved by the coupling of a hydrophobic drug to a 
hydrophilic polymer carrier. Water-soluble polyacetals were 
used as suitable carriers but these polymers were not made by 
ring-opening polymerization but by polyaddition of diols with 
divinyl ethers88–91 or by controlled degradation of correspond
ing polysaccharides.92 The application of polyacetals for drug 
delivery has been recently reviewed.93 

The possibility of applying polyacetals as host polymers for 
polymer electrolytes has been explored.94 Although completely 
morphous polymer matrices were obtained for some 

Scheme 33 Copolymerization of cyclic acetal with methyl-2-oxopropanoate. 
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Scheme 34 End-functionalized formal effective as chain transfer agent in the cationic polymerization of DXL. 

Scheme 35 Formation of triblock copolymer by combination of cationic polymerization of DXP and RAFT polymerization of methyl methacrylate using 
polystyrene containing hydroxyl and dithiobenzoate groups as macroinitiator. 

concentrations of dissolved lithium salts, the systems were not 
stable due to salt desolvation and polymer degradation. 

4.10.3 Heterogeneous Polymerization of 
1,3,5-Trioxane 

As indicated in Section 4.10.1, in recent years there has been 
significant research activity in the field of heterogeneous poly
merization of TOX. Therefore, this topic is presented in a more 
detailed way. 

4.10.3.1 General Features of Heterogeneous Polymerization 
of 1,3,5-Trioxane 

As noted earlier in this chapter, poly(oxymethylene) (POM) is 
thermally unstable and tends to depolymerize starting at the 
unstable hemiacetal hydroxy group releasing formaldehyde 
(methanal) by an ‘unzipping’ mechanism. The early strategy 
to prevent this depolymerization, used for the homopolymers 
prepared anionically, consisted in stabilizing the polymer 
chain ends by a suitable capping method. Industrially, a widely 
developed alternative way to obtain thermally stable POMs is 
to copolymerize cationically TOX with a few percent of EO or 
cyclic acetals (DXL, DXP). 

POM also known as polyformaldehyde, the product of TOX 
polymerization, is insoluble in common organic solvents, 
including molten monomer. Thus, polymerization of this 
monomer proceeds as a heterogeneous process and conclu
sions based on the model studies of homogeneous systems 
cannot be directly adopted in TOX polymerization. The studies 
of the topochemical aspects of polymerization carried out by 
Mateva et al.95 and Wegner et al.96 strongly indicate that the 
active species in TOX polymerization are located on the surface 
of the growing polymer crystal. Thus, they cannot be directly 
observed or identified by spectroscopic methods. 

It is known that in this polymerization, even in the 
rigorously purified systems, the molecular weights correspond
ing to the lengths of the kinetic chains cannot be attained. This 

was attributed to the hydride transfer reaction shown in 
Scheme 36.97 

As a result, the polymer would acquire -OCH3 end groups 
and the 1,3,5-trioxan-2-ylium cation would start a new chain.98 

The stable -OCH3 end groups may be responsible, at least 
partially, for the presence of ca. 25% of the thermally stable 
fraction in otherwise unstabilized polymers.58 It has to be 
remembered, however, that this may also be due to the pre
sence of a cyclic fraction. 

The fact that hydride transfer reactions occur in TOX poly
merization indicates that the fraction of the alkoxycarbenium 
active species may be significant, because only these species can 
participate in hydride transfer; no hydride transfer reaction was 
observed with oxonium ions. 

Active species in TOX polymerization are located on the 
surface of the growing polymer crystals. Thus, monomer mole
cules, when being incorporated into the polymer chain, are at 
the same time transferred from the liquid into the crystalline 
phase. This affects the thermodynamics of polymerization and 
introduces an additional factor in the mechanism of chain 
growth. 

The (co)polymerization of TOX, conducted in the bulk 
molten monomer, a monomer–comonomer mixture, or in 
solution (with precipitation of polymer), presents very specific 
features as propagation is essentially heterophasic at the inter
face between the liquid medium and the precipitated 
crystalline (co)polymer. The reaction starts by a short so-called 
‘induction’ period during which the medium remains homo
geneous and the conversion limited, followed by a rapid 
heterogeneous propagation–crystallization process going to 
complete conversion as soon as the -(CH2-O)n- sequences are 
long enough to nucleate the crystallization. Since the pioneer
ing work of Jaacks and Kern44,99 and Jaacks100 (induction 
period), Wegner et al.96 (heterophasic propagation), and 
Berlin et al.101 (thermodynamics), several papers and patents 
have been devoted to the (co)polymerization of TOX either in 
bulk or in the presence of a polar or nonpolar diluent. Several 
sound reviews1,3,5,102 summarized all the approaches, pointing 
out the numerous unclear aspects of this very complex 

Scheme 36 Hydride transfer reaction in the polymerization of TOX. 
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polymerization, in particular the key role of the induction 
period in the understanding of the overall process and in the 
control of the stability of the final product. 

4.10.3.2 The ‘Induction’ Period in the Homo-
and Copolymerization of 1,3,5-Trioxane 

The literature devoted to the homogeneous stage or ‘clear’ or 
‘induction’ period of both homo- and copolymerization of 
TOX has been covered until the 1990s in the exhaustive reviews 
of Penczek and Kubisa1 and Masamoto102 and will not be 
reconsidered in detail here. We will rather focus on some 
more recent studies that afford new light on the complex 
processes. In the past two decades, high-field 1H, 13C, and 2D 
NMR techniques allowed to follow accurately the in situ forma
tion and evolution of the intermediates and products involved 
during the homogeneous period, leading thus to the composi
tion of the reaction medium at the onset of the precipitation 
stage. This composition could hardly be attained in the former 
studies and is a key factor governing as well the processes 
involved in this second stage such as the stability and proper
ties of the final polyacetal. 

The (co)polymerization can be initiated either by Friedel– 
Crafts-type initiators, essentially BF3 and its etherates, or by 
strong protic acids (HClO4, HOSO2CF3) and was previously 
studied generally in solution with solvents of various polarities 
(saturated hydrocarbons, halogenated hydrocarbons, benzene, 
nitrobenzene, etc.) in order to increase considerably the dura
tion of the induction period to experimentally reach the 
concentrations of products and intermediates. For the BF3

. 

OR2 initiating system, after an early controversy there is now 
a general agreement that the reaction is initiated by the 
Brönsted acid resulting, in very low concentration, from the 
equilibrated reaction of the Lewis acid with residual water 
(coinitiation).103–108 Few basic studies were devoted to initia
tion by protic acids. Nevertheless, it was reported that even with 
acid concentrations 100–300 times lower than those when 
using BF3

.OR2, the rates of polymerization were noticeably 
higher.109 The observed induction periods when protic acid 
initiation is used are much shorter, indicating a higher initia
tion efficiency but making the experimental approach of the 
induction stage much more difficult. 

4.10.3.2.1 Homopolymerization of 1,3,5-trioxane 
The bulk homopolymerization of TOX, performed at the melt
ing temperature of TOX (� 63 °C) and initiated by BF3

.OEt2 in 
the absence (undetectable by the Karl Fischer method) and in 
the presence of a controlled amount of water, has been carefully 
examined using the in situ 1H NMR technique.110 It was shown 
that in the absence of added water, no significant amount of 
formaldehyde is formed and the polymerization does not pro
ceed. In the presence of added water (0.13 mol.%, 20 times the 
amount of BF3

.OEt2), this water is rapidly consumed and the 
formation of formaldehyde is observed. Then further reaction of 
the HO-CH2

+ cation with TOX leads, by direct insertion and/or 
backbiting, to higher cyclics, essentially 1,3,5,7-tetraoxane 
(TEOX) but also some 1,3,5,7,9-pentaoxane, which agrees with 
the earlier qualitative observations for solution and bulk 

37).111,112 polymerizations (Scheme The appearance of 
the -(CH2-O)3- (MMM) triads characteristic of TOX 

polymerization is delayed for about 60–100 s until the formal
dehyde and TEOX concentrations reach their maximum values 
(Figure 1). 

Then, at the end of the induction period, ca. 300 s, the POM 
sequences develop until they are long enough to allow the 
crystallization (Scheme 37) whereas the concentrations of for
maldehyde and TEOX level off to constant values. 

The rapid precipitation process shifts all equilibria toward 
the formation of the high polymer. Thus, it is concluded that 
formaldehyde formation does not essentially result, as consid
ered in earlier studies, from the unzipping of short POM 
sequences but essentially from the opening of the protonated 
TOX ring. 

As the system is initially far from equilibrium, it was pro
posed110 that the decomposition of the carboxonium 
intermediate is favored, allowing a rapid buildup of formalde
hyde until a steady-state concentration of 4 � 10−2 mol l−1 

is reached, a value that is comparable with that reported 
(6 � 10−2 mol l−1) in the early study of Jaacks and Kern99 in 
the case of polymerization of TOX at 30 °C in CH2Cl2 solution 
(a much longer induction period). The subsequently formed 
TEOX is then protonated and releases formaldehyde and longer 
oxymethylene sequences, which favor the formation of the 
polymer and shorten the induction period.110,111 

A recent study of the bulk polymerization of TOX initiated 
by perchloric acid at 80 °C has shown that the nature of the 
diluent of the initiator, even though present at very low con
centration in the molten monomer, may have a strong effect on 
the duration of the induction period, varying from 1 to 3 s in 
the case of 1,4-dioxane to 20–30 s in the case of triglyme 
(Figure 2).113 

This was explained by a very low concentration of reactive 
unsolvated initiating hydronium ions and propagating 
carboxonium when triglyme is used rather than when using 
dioxane, and thus by both slower initiation and propagation 
(Scheme 38). 

This agrees with a much higher proton-binding ability of 
triglyme compared with dioxane, even though their 

close.105,106,114 reported pKb (� 6) values are Even if the 
overall rate of propagation is decreased by the solvation of 
active centers, the rapid exchange between solvated and 
unsolvated species causes the rate of growth of each indivi
dual chain to be the same and also the time for the POM 
sequences to reach their critical crystallization length to be 
the same for all chains irrespective of their number. In 
other words, the duration of the induction period should 
be independent of the total concentration of propagating 
species but dependent on their average reactivity. Figure 2 
confirms that the induction period is not much dependent 
on the initiator concentration but highly sensitive to poten
tial solvation of propagating centers. 

Water, necessary as coinitiator at low concentration for the 
Lewis acid-initiated polymerizations, becomes a strong retarder 
when used in excess, increasing the induction period. It acts as a 
transfer agent leading to hydroxy-terminated oligomers until it 
is sufficiently consumed.110,115. 

For the polymerization initiated by perchloric acid diluted 
with either triglyme or 1,4-dioxane, a dramatic effect of water 
on the induction period is observed when using triglyme 
whereas this effect almost disappears when using dioxane 
(Table 3).113 

(c) 2013 Elsevier Inc. All Rights Reserved.



Ring-Opening Polymerization of Cyclic Acetals 197 

Scheme 37 Chemical processes during the induction period of bulk polymerization of TOX110. 

This can again be explained by a very low concentration of 
unsolvated active centers when triglyme is used as a diluent of 
the initiator. 

As previously considered in this chapter, propagation 
proceeds via oxonium and/or carboxonium ions, and 
these species are reasonably assumed to remain stable and 
active. The formation of formaldehyde during the process, 
resulting from thermodynamic depolymerization of triox
ane and to a lesser extent from unzipping of open-chain 
active ends, indicates that carboxonium ions are in equili
brium with oxonium ions. This is also supported by the 
observation of methoxy and formate end groups resulting 
from hydride shift processes in transfer reactions to 

monomer or polymer, as oxonium ions do not abstract 
hydride anions.1,5,58,97,100,102,116–118 

4.10.3.2.2 Copolymerization of 1,3,5-trioxane 
The bulk and solution copolymerizations of TOX were exten
sively studied with EO and DXL but paradoxically not that 
much with DXP even though the copolymers issued from this 
last comonomer are also of major industrial importance. The 
higher basicities (by 3–4 orders of magnitude)105,106 of the 
usual comonomers (EO, cyclic acetals) with respect to TOX 
lead essentially to protonation of the comonomer and to sub
sequent initiation of copolymerization consuming this 
comonomer more rapidly until its concentration becomes 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 1 Kinetic profiles for each component in the course of trioxane homopolymerization in bulk at 63 °C, [BF .
3 OEt2] = 0.0073 mol.%, and
 

[H2O] = 0.13 mol.%. HCHO (Δ), TEOX (●), MMM sequences (□). Reproduced with permission from Lu, N.; Collins, G. L.; Yang, N. L. Macromol. Symp.
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Figure 2 Bulk homopolymerization of TOX at 80 °C initiated by perchloric acid. Dependence of the induction period on the initiator concentration and 
diluent.113 (♦) triglyme, (Δ) toluene, (●) dioxane. Reproduced with permission from Sharavanan, K.; Ortega, E.; Moreau, M.; et al. Macromolecules 2009, 
42, 8702,113 figure 1. 

Scheme 38 Perchloric acid complexation using either 1,4-dioxane or triglyme as diluents for the initiator solution.113 

low enough to allow the progressive incorporation of the triox
ane units -(CH2-O)3- (MMM triad) and longer sequences. Thus 
the composition of the homogeneous medium during the 
induction period should comprise comonomer-enriched solu
ble chains together with formaldehyde, and higher cyclics, 
including those resulting from the comonomer. The further 
transacetalization processes, at the end of the induction period 
when TOX incorporation starts and then essentially during the 
heterogeneous stage, ensure the randomization of the distribu
tion of the comonomer units along the POM chain and thus 
lead to the required thermal stability of the copolymer. 

The duration of the induction stage in copolymerization 
is generally longer than in the case of homopolymerization 

of TOX. It also varies widely depending on the conditions
of the reaction (comonomer and concentration, tempera
ture, residual water, initiating system and its possible 
diluent, use of a solvent, purities of reactants, etc.). It is 
still very short (from a few seconds to minutes) in the case 
of the industrial copolymerization of TOX with low 
amounts (typically � 2–3 wt.%) of comonomer in bulk at 
the usual temperature (above Tm of the monomer). 
Therefore, many of the basic studies on mechanisms or 
kinetics were conducted either in solution at lower tempera
tures or in the melt with high comonomer concentration, in 
order to sufficiently extend the induction period or even to 
avoid the precipitation stage. 
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Table 3 Bulk homopolymerization of 1,3,5-trioxane initiated by 
perchloric acid at 80 °C. Dependence of the induction period on the amount 
of water present in the medium using triglyme and dioxane initiator 

 solution113

Induction period 
Initiator diluents [H2O]/[H

+] (s) 

Triglyme  2.34a 26 
3.01 128 
5.30 180 
5.58 277 

1,4-Dioxane  2.34a 1 
63.6 2 
186.4 4 

  [H+]0 = 1.5 � 10−5 mol.L−1
a H2O from (HClO4, 2.4 H2O). 

The bulk copolymerization of TOX with EO has been con
sidered in detail by the researchers of Hoechst Celanese and of 
Asahi Chemical Industry Co. One of the main features, 
observed by Weissermel et al.58 in the 1960s, is that EO is 
converted into DXL during the first homogeneous stage of the 
reaction, and it was later confirmed that the TOX (co)polymer
ization does not start until complete EO transformation into 
DXL and higher cyclics, that is, that the comonomer is entirely 
consumed during the induction period.102,119,120 Using 
quenching experiments during the copolymerization of 
2 mol.% (� 0.5 mol l−1) of EO in molten TOX initiated at 
70 °C (or 80 °C) by 1.25 � 10−3 mol l−1 BF .

3 OBu2, it was con
firmed that the rapid decrease in EO in the homogeneous stage 
of the reaction was accompanied by the formation of both DXL 
and 1,3,5-trioxepane (TXP) (Figure 3).119 

Due to the difference in basicity between EO (pKb � 7.3) 
and trioxane (pKb � 10),105 the cyclic oxonium resulting 
from protonation of EO was considered to be largely 
predominant. It has been assumed that its reaction with 
the formaldehyde from trioxane depolymerization should 
lead to the ring-expanded cyclic oxonium and then to DXL 
by proton exchange with EO. Further insertion of 
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formaldehyde into the DXL-cyclic oxonium would then lead 
to TXP (Scheme 39).119,120 

As long as EO is present, similar processes can also take 
place via backbiting of the terminal carboxonium ions of the 
possible EO or EO-rich oligomeric chains that are in equili
brium with their relevant cyclic oxonium ions. When all EO 
is consumed, both TXP and DXL copolymerize with TOX 
and then a POM copolymer with a random distribution of 
isolated -(CH2-CH2-O)- units is formed during the short 
heterogeneous second stage of the reaction. 

The above proposal prevailed until the early 1990s even 
though some aspects remained unclear. First, it was 
assumed that owing to its very low basicity, TOX could 
not undergo nucleophilic attack onto the EO-cyclic oxo
nium; second, that the TXP results from initially formed 
DXL (which might be questioned from the plots in 
Figure 3); and third, that further ring expansion to higher 
cyclic formals was discarded due to the significant strain 
expected for 8–12-membered rings. 

Masamoto and co-workers121–125 reconsidered the homo
geneous stage of the bulk copolymerization in similar 
conditions as above but using a broader range of EO 

Figure 3 Concentration profile of reactants and intermediates in the bulk copolymerization of TOX with EO at 80 °C. Reproduced with permission from 
Collins, G. L.; Greene, G.; Berinardelli, F. M.; Ray, W. H. J. Polym. 119 Sci., Part A: Polym. Chem. Ed. 1981, 19, 1597, figure 3. 

(c) 2013 Elsevier Inc. All Rights Reserved.



200 Ring-Opening Polymerization of Cyclic Acetals 

Scheme 39 Formation of DXL and TXP by insertion of formaldehyde in the EO- and DXL-cyclic oxonium ion.119 

concentrations and proposed an alternative mechanism. A ser
ies of extracted aliquots versus time, analyzed by gas 
chromatography (GC) and NMR, clearly showed that higher 
cyclic formals, 1,3,5,7-tetraoxacyclononane (TOCN) and 
1,3,5,7,10-pentaoxacyclododecane (POCD), appear first, as 
long as EO is still present, and then are consumed, whereas 
TXP and DXL develop progressively at the end of the induction 
period (Figure 4).121–126 

These authors focused on the homogeneous period of copo
lymerization with different initial EO concentrations. The 
observed intermediates were isolated by microdistillation and 
preparative GC, and then characterized by NMR, EI-MS (elec
tron impact mass spectrometry), and determination of their 
physical properties.122,125,126 

At the lowest EO concentration (EO/TOX � 1 mol.%), the 
TOCN resulting from the insertion of the -CH2CH2O- grouping 
of EO into the trioxane ring was the only high cyclic 
formal observed, whereas at the highest concentration 
([EO]0 � 4 mol.%/TOX) two further intermediates POCD 
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and 1,3,5,7,10,13-hexaoxacycloheptadecane (HOCP), 
issued from the insertions of two and three -CH2CH2O
groupings, could be quantitatively identified (Figures 5(a) 
and 5(b)).125 

It was concluded that the ring expansion resulting from 
successive insertions of EO units (-CH2CH2O-) into cyclic for
mals issued from TOX is the main initial process of the reaction 
during the induction period. The appearance of TXP and then 
DXL is delayed until most of EO is consumed. This conflicts 
with the previously proposed mechanism involving the prior 
formation of dioxolane by reaction of formaldehyde with the 
EO oxonium followed by the reversible insertion of formalde
hyde unit (OCH2) into the DXL oxonium leading to TXP. 

The higher cyclic formals do exist exclusively in the presence of 
EO, which indicates that (1) their formation implies the reaction 
of TOX with EO oxonium (or EO carboxonium) and ring closure, 
and (2) their consumption generates formaldehyde in equili
brium with more stable lower cyclic formals, essentially TXP and 
then DXL, at the end of the homogeneous period (Scheme 40).123 

Figure 4 Concentration profiles of reactants and intermediates in TOX-EO bulk copolymerization at 70 °C. EO/TOX = 4.5 � 10−2 mol mol−1 TOX, 
BF .

3 Bu2O/TOX = 7 � 10−5 mol mol−1 TOX, [H2O] = 1 ppm. Reproduced with permission from Nagahara, H.; Kagawa, K.; Iwaisako, T.; Masamoto, J. Ind. 
Eng. Res. 1995, 34, 2515,121 figure 4. 
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Figure 5 Concentration profiles of reactants and intermediates in TOX-EO bulk copolymerization at 70 °C: (a) EO/TOX = 0.95 mol.%, BF .
3 Et2O/
 

TOX = 8.4 � 10−5 mol mol−1. Reproduced with permission from Yamasaki, N.; Masamoto, J. J. Polym. Sci., Part A: Polym. 125
 Chem. Ed. 2004, 42, 520,
figure 2; (b) EO/TOX = 3.9 mol.%, BF .

3 Et2O/TOX = 3.9 � 10−5 mol mol−1. Reproduced with permission from Yamasaki, N.; Masamoto, J. J. Polym. Sci.,
 
    . 2004, , 520,125 Part A: Polym. Chem. Ed 42 figure 6.
 

Scheme 40 Intermediates formed during the homogeneous stage of EO-TOX copolymerization.123 

Owing to the long duration of the homogeneous period in 
the given experimental conditions, the reactions involving for
maldehyde are thermodynamically controlled and TXP and DXL 
should be in equilibrium. The disappearance of the higher cyclic 
formals during this homogeneous period can also result from 
their copolymerization and insertion in the EO-rich soluble 
chains of the already formed EO-TOX copolymer. In that case, 
the final POM copolymer should exhibit a random distribution 
of EO single units and of (EO)2 →n sequences along the POM 
chain. Accurate pyrolysis/GC and hydrolysis analyses of the 
sequence distributions in models and commercial EO-based 
polyacetals unambiguously showed that for an EO/TOX fraction 
of 1–2 mol.%, the final copolymer presents an (EO)1/(EO)2/ 
(EO)3 composition of approximately 75/20/5 whereas further 
sequences can be quantitatively identified when EO content 
increases (up to (EO)7 for 9 mol.% of comonomer).123,125,127 

Table 4 clearly shows that whatever the EO content the main 
sequences observed in the resulting copolymer are the isolated 
EO units issued from the TXP, DXL, and possibly tetraoxacyclo
nonane together with the (EO)2 sequences issued from the 
pentaoxacyclododecane, in accordance with the copolymeriza
tion pathway proposed by Yamasaki and Masamoto.125 

A most important feature of the EO-TOX copolymerization 
is that at the onset of the heterogeneous phase of the reaction 
that generates most of the polyacetal, the bulk medium is 
essentially composed of TXP and DXL dissolved in the molten 
TOX, together with EO-rich soluble oligomers, which are the 
reservoirs of longer (EO) …2 (EO)n sequences. Scrambling by 
chain transfer onto -(CH2-O)- units (transacetalization) dur
ing this second stage leads to the final expected 
randomization. 

The solution and bulk copolymerizations of TOX with DXL 
have also been extensively studied and present common fea
tures with both the TOX homopolymerization and the TOX-EO 
copolymerization considered above. The early works showed 
that due to its much higher basicity, DXL is preferentially pro
tonated with respect to TOX and essentially consumed during 
the homogeneous period to give soluble polyDXL and 
DXL-rich copolymers of DXL with formaldehyde.57 Higher 
cyclic formals like tetraoxane and trioxepane were also formed 
during the induction period and were supposed to result from 
the backbiting of the oxymethylium ends of the soluble copo
lymer chains. A later quantitative approach performed in 
1,2-dichloroethane solution led to the conclusion that the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 4 Sequence distributions 
 and hydrolysis methods127

of polyacetal EO-TOX copolymers estimated by pyrolysis-GC (Py-GC) 

POM-EO-1 [98.6/1.4] POM-EO-2 [95.3/4.7] POM-EO-3 [91.1/8.9] 

Sequence a Py-GC Hydrolysis b a Py-GC Hydrolysis b a Py-GC Hydrolysis b 

-FEF
-FE2F
-FE3F
-FE4F
-FE5E
-FE6E
-FE7F
Total 

70.1 (74.5) 
255 (22.3) 
4.4 (3.2) 

100.0 

79.3 
17.2 
3.5 

100.0 

60.0 
33.0 
5.6 
1.4 

100.0 

59.0 
31.6 
8.7 
0.7 

100.0 

44.3 
37.1 
9.5 
5.2 
2.7 
0.9 
0.3 

100.0 

47.1 
322 
14.9 
4.9 
0.9 

100.0 

aSequence distribution obtained by Py-GC through the reactive pyrolysis at 400 °C in the 
values in parentheses are obtained in the presence of 1 wt.% cobalt sulfate.
 
bSequence distribution obtained from hydrolysis followed by GC.
 
E, -[CH2-CH2-O]-; F, -[CH2-O]-.
 
Reproduced with permission from Ishida, Y.; Ohtani, H.; Abe, K.; et al. Macromolecules 

presence of 

1995, 28, 

5 wt.% cobalt sulfate. 

 8702,127 table 4.
 

The
 

formation of TXP by insertion of formaldehyde (OCH2) into 
the protonated DXL was more likely.120 

In situ 1H NMR experiments, based on previous assignment of 
the different M (oxymethylene) and E (oxyethylene) centered 
sequences,128,129 were used to identify and follow quantitatively 
the intermediates formed during the induction period of the bulk 
copolymerization initiated by BF .

3OEt2 at 63 °C with different 
initial TOX/DXL ratios.110 When TOX is in large excess, formal
dehyde, tetraoxane (TEOX), and TXP are generated a long time 
before the appearance of the MMM, MEM/EME, and MME triads, 
characteristic of the poly(TOX), polyDXL, and copolymer 
sequences, respectively (Figure 6).110 This confirms that the TXP 
formed during the induction period results from formaldehyde 
insertion into the protonated DXL rather than from a backbiting 
process. Formation of tetraoxane can be identified only when the 
instantaneous concentration of formaldehyde resulting from 
TOX depolymerization is significant, that is, for the higher TOX/ 
DXL ratio. The duration of the induction period was not specified 
but, owing to the delayed appearance of the POM sequences, it 
was probably in the minutes timescale. When DXL is used in large 
excess (TOX/DXL 0.3/1), the protonation of TOX is less likely and 
formaldehyde is undetectable by NMR, indicating that it is imme
diately consumed to generate trioxepane. In this case, the only 
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polymer sequences observed are those of the homopolymers of 
DXL and TXP (or their copolymers). 

The events occurring during the homogeneous period of 
the bulk copolymerization of trioxane with DXL have been 
recently reexamined in conditions as above but using the 
pairs of labeled comonomers, TOX-d6/DXL and TOX/DXL
2,2-d 130,131 1

2. In both cases, H NMR allowed to track 
the pathways of the -(CH2-O)- oxymethylene (M) 
and -(CH2-CH2-O)- oxyethylene (E) units originating from 
the comonomers, and the fact that the -(CD2-O)- (M’) units 
were undetectable drastically improved the spectral resolution. 
Detailed analyses of the evolution of the complex sets of pen
tad sequences involving E, M, and M’ units confirmed the 
previous general observations of Lu et al.110 but the successive 
occurrence of the reactions in the course of the induction 
period was more precisely identified, which lead to a deeper 
insight into the complex mechanistic route of the copolymer
ization. Owing to the high initial DXL concentration in these 
experiments, the duration of the homogeneous period was 
drastically increased (hours), and most of DXL was consumed. 
Thus the medium at the onset of the heterogeneous period 
should be essentially composed of molten TOX and soluble 
E-rich copolymers together with some remaining comonomers 

Figure 6 Kinetic profiles for each component during the course of the bulk copolymerization of TOX and DXL, mole ratio 2:1, at 63 °C.
 
[BF3.OEt2] = 0.028 mol.%, [H2O] = 0.05 mol.%. MMM (□), MME (■), EME (♦), MEM (O ), OCH2 (Δ), TXP (○), TEOX (●). Reproduced with permission from
 
Lu, N.; Collins, G. L.; Yang, N. L. Macromol. Symp. 1991, 42/43, 425,110 figure 6.
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Scheme 41 Copolymerization of TOX and DXP. 

and cyclics (TEOX), which does not necessarily reflect the 
situation of the industrial process involving only a few wt.% 
of comonomer and exhibits much shorter induction periods. 

The copolymerization of TOX with DXP is the third process 
of industrial importance.102 It was mentioned in the early 
works on polyacetals, but few specific studies were devoted 
until recently to this copolymerization (Scheme 41).113,132–134 

The first detailed approach to the mechanisms involved 
during the homogeneous stage of the reaction was again 
based on in situ analyses using high-field 13C NMR techniques 
in order to identify the intermediates in real time.133,134 As B 
units from DXP cannot be adjacent, the sequences are limited 
to six M-centered (MMMMM, BMMMM, BMMMB, MBMMM, 
MBMMB, MBMBM) and three B-centered (MMBMM, BMBMM, 
BMBMB) pentads and their assignment to the relevant chemi
cal shifts was established based on 2D NMR experiments and 
by comparison with the data from pentads of TOX/DXL copo
lymer (Table 5). Heptads and nonads could also be identified 
for some M-centered sequences. 

The experiments were conducted in bulk at 70 °C and the 
M/B ratio was 9/1 (ca. 27 mol.% of DXP). In such conditions of 
high comonomer concentration, the reaction was slowed down 
and the crystallization of the copolymer was considerably 
delayed, allowing accurate measurements during the homoge
neous stage. 

The evolutions of the M-centered pentads are shown in 
Figure 7. After the injection of initiator, the MBMBM pentad 
characteristic of the homopolymer of DXP grows quickly. It is 
observed to incorporate 50% of the DXP during the first 
15 min. Then it goes through a maximum, declines, and trans
forms into sequences bearing two adjacent M units, which 

progressively turn into pentads with three and four adjacent 
M units until the MMMMM sequence from the TOX-rich copo
lymer develops. 

In contrast to DXL, no cyclic formal resulting from DXP ring 
expansion was observed during the homogeneous period. This 
could result from thermodynamics (instability of higher cyc
lics) but a significant difference of ring strain between the 
1,3,5-trioxacyclononane expected from formaldehyde inser
tion into DXP and the 1,3,5,7-tetraoxacyclonane identified as 
intermediate in TOX/EO copolymerization is questionable. An 
alternative explanation could be the higher basicity of DXP 
with respect to DXL,105,106,135 which makes the early formation 
of formaldehyde from protonated TOX much less likely when 
DXP is used as a comonomer. Thus the homopoly(DXP) is 
essentially produced at the beginning of the reaction whereas 
the copolymer appears progressively when the concentration of 
DXP is low enough to allow a significant formation of formal
dehyde and its further incorporation in the growing chains. In 
these experimental conditions, most of the comonomer is con
sumed before the heterogeneous stage starts, which might not 
be verified in conditions of the industrial processes involving 
much lower comonomer concentrations. 

The TOX/DXP bulk copolymerization initiated by perchlo
ric acid at 80 °C has been recently reexamined over a broader 
range of comonomer concentration (from TOX/DXP 97/3 w/w, 
DXP 2.7 mol.% to TOX/DXP 80/20, DXP 18 mol.%).113 

Increasing the concentration of the comonomer in the molten 
trioxane increases significantly the induction period as shown 
in Figure 8. 

In the conditions of the industrial copolymerization 
(DXP � 2–3 wt.%), the induction period is very short (a few 
seconds) but a dramatic effect of the initial DXP concentration 
on the duration of this induction period, that is, on the 
buildup of long (-CH2-O-)n sequences, can be expected from 
extrapolation above � 25 wt.% of comonomer from the plots 
of Figure 8. This agrees with the very long induction 
period observed for an initial DXP concentration close to 
30 wt.%.133,134 

Table 5 1H and 13C NMR chemical shifts of pentad sequences from TOX/DXP and 
OX/DXL copolymers134 

1H 13C 1H 13C 
entad sequence (ppm) (ppm) Pentad sequence (ppm) (ppm) 

MMMM 4.84 90.04 MMMMM 4.84 90.04 
MMMM 4.82 89.60 EMMMM 4.83 90.74 
MMMB 4.80 89.18 EMMME 4.82 89.34 
BMMM 4.72 92.74 MEMMM 4.75 92.92 
BMMB 4.70 92.24 MEMME 4.74 92.62 
BMBM 4.59 95.14 MEMEM 4.66 95.56 
MB1 

a 3.54 68.70 MMEMM 3.67 67.72 
MB1 

a 3.50 68.04 EMEMM 3.66 67.14 

2 
a 1.59 26.13 EMEME 3.64 67.22 

26.07 

B1 ’ and ‘B2 ’ denote ‘OCH2CH2CH2CH2 ’ and ‘OCH2CH2CH2CH2 ’, respectively.
 
he 1H NMR chemical shift data were obtained at 140 °C with DMSO-d6 as solvent and referenced to
 
.49 ppm of DMSO; the 13C chemical shift data were obtained at 50 °C with a solution of ca. 20 vol.% of 
,1,1,3,3,3-hexafluoropropan-2-ol in CDCl3 as solvent and referenced to chloroform triplet 77.00 ppm. 
eproduced with permission from Cui, M.-H.; Zang, Y.; Werner, M.; et al. ACS Symp. Ser. 2003, 834, 
28,134 table 1. 
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Figure 7 TOX/DXP bulk copolymerization at 70 °C: kinetic profiles of pentad sequences and central carbon of -CH2CH2CH2CH2O- unit, B2. Molar ratio 
M/B = 9 (i.e., DXP ~27 mol.%), [BF .

3 OEt2] = 30 ppm. Reproduced with permission from Cui, M.-H.; Zang, Y.; Werner, M.; et al. ACS Symp. Ser. 2003, 834, 
228,134 figure 2. 

periods were too short and the (co)polymers were formed in a too 
low concentration to be accurately identified and followed with 
time but the concentration of the remaining DXP at the end of the 
induction period could be estimated by NMR. 

The remaining comonomer concentration at the end of the 
induction period appears roughly constant (≈ 0.5 −

–0.7 mol l 1) 
and it represents the critical value below which the TOX 
sequences of the copolymer are long enough to sponta
neously crystallize in bulk at 80 °C. The conversion of DXP 
at the end of the homogeneous period appears clearly depen
dent on its initial concentration and is very limited for the 
lowest initial concentrations (3–5 wt.%). Furthermore, 
the DXP homopolymerization is equilibrated. The value of 
the equilibrium concentration [DXP]eq,ss at 80 °C was esti
mated between 1 and 2 mol l−1 from literature data.22,136 

Even though the value is not fully reliable as in the present 
case, the DXP equilibrium concentration should be depen
dent on DXP-TOX, poly(DXP-TOX), and poly(DXP-DXP) 
interactions presently not quantified, and it was assumed to 
be definitely higher than the [DXP]0 for the 95/5 and 97/3 
TOX/DXP ratios. Thus a DXP homopolymer can hardly be 
formed and the copolymerization with TOX takes place from 
the very beginning producing copolymer chains with isolated 
DXP units. This agrees with the very short induction periods 
observed in the industrial processes. 

It was concluded that at the onset of the heterogeneous stage, 
the composition of the medium could be radically different 
depending on the amount of the comonomer used. For high 
initial DXP concentrations, most of the comonomer has already 
been incorporated in a noticeable amount of soluble DXP-rich 
copolymer chains bearing (BM)n sequences, whereas for the low
est concentrations most of the comonomer still remains. The 
preformed copolymer, in low amount, is essentially TOX-rich 
with isolated comonomer units. In the latter case, the final poly-
acetal obtained after the further copolymerization–crystallization 
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Figure 8 Copolymerization of TOX with DXP in bulk at 80 °C. The figure 
demonstrates variation of the induction period depending on the initial 
DXP content, using triglyme (♦) and dioxane (□) as diluents for 
the perchloric acid solution.Reproduced with permission from 
Sharavanan, K.; Ortega, E.; Moreau, M.; et al. Macromolecules 2009, 42, 
8702,113 figure 2. 

Kinetic profiles of the components during the induction 
period (≤ 40 s) for a series of copolymerizations in the range 
TOX/DXP 80/20 to 97/3 w/w have been determined. 

For the highest DXP concentration (ratio 80/20), the results 
agree well with the previous observations of Cui et al.133 The DXP 
is rapidly consumed, essentially producing its homopolymer dur
ing the first half of the induction period. When the concentration 
of DXP is significantly lowered, TOX units are more and more 
incorporated, whereas the DXP homopolymer progressively dis
appears due to simultaneous depolymerization and 
transacetalization. For the lowest initial concentrations of DXP, 
the conversion during the induction period is drastically slowed 
down and leveled off, as shown for the 90/10 comonomer ratio in 
Figure 9 and Table 6. For the 95/5 and 97/3 ratios, the induction 
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Figure 9 Copolymerization of TOX with DXP at 80 °C in bulk. Kinetic profiles of components during the induction period for TOX/DXP ratios (a) 80/20 w/ 
w and (b) 90/10 w/w. DXP monomer (●), poly(DXP) pentad (N ), DXP-TOX copolymer (Δ). Reproduced with permission from Sharavanan, K.; Ortega, E.; 
Moreau, M.; et al. Macromolecules 2009, 42, 8702,113 figure 6. 

Table 6 Copolymerization of 1,3,5-trioxane with 1,3-dioxepane at 
80 °C in bulk. DXP concentration at the end of the induction period 

 depending on the initial TOX/DXP ratio.113

DXP conversion [DXP] at the end 
TOX/
 during the induction of the induction 
DXP [DXP]0
 period period 
(w/w) l−1(mol )
 (%) l−1(mol ) 

80/20 2.20 80 0.44 �  0.05a

90/10 1.12 35 0.72 �  0.1b

95/5 0.57 18 0.48 �  0.05b

97/3 0.33  10c

aJust before turbid gel.
 
bJust before crystallization.
 
cExtrapolated.
 

 l−1[H+]0 = 1.5  10−5 mol .
 �

stage should contain exclusively isolated BM units randomly 
distributed by transacetalization, allowing the highest crystallinity 
and the optimal stability. 

4.10.3.3 The Polymerization–Crystallization Stage 
in the (Co)polymerizations of 1,3,5-Trioxane 

In the usual conditions of (co)polymerization of TOX (low 
comonomer to monomer ratio), the first homogeneous stage 
or ‘induction’ period of the reaction is very short and ends as 
soon as the sequences -(CH2O)n- (M)n are long enough to 
nucleate the crystallization. The final polyacetal is essentially 
produced during the second heterogeneous stage. 

When crystallized from solution or from the melt, the POM 
is obtained as a stable trigonal form involving the packing of 
extended chains with a 9/5 helical conformation (space group 
P31) and a threefold screw symmetry.137 

A metastable orthorhombic modification with a 2/1 helical 
conformation exists but it is transformed above 69 °C into the 
trigonal form.138,139 Hexagonal lamellar single crystals are 
formed with chain axis orthogonal to the lamella surface 
(Figures 10(a) and 10(d)).95 It must be stressed that in the 
case of this TOX heterogeneous polymerization the relative 
rates of polymerization and crystallization are the key factor 
governing the final morphology and crystallinity. When the 

rate of polymerization Rp is much higher than the rate of 
crystallization Rc, the system behaves similarly as from crystal
lization from solution or melt of already formed coiled 
polymer chains, whereas if the rates are of the same order of 
magnitude (Rc ≥ Rp) the polymerization and the crystallization 
take place simultaneously.141 The latter case leads to 
extended-chain crystals and a higher crystallinity of the final 
polyacetal. 

The crystallization of POM during the polymerization 
of TOX has been extensively studied by the Wegner 
group.95,140,142,143 At the cloud point corresponding to the end 
of the induction period, small flat hexagonal crystals are formed 
with a narrow distribution of diameters. At first, a lateral tangen
tial growth is observed and is explained by monomer insertion 
and chain transfer of soluble oligomers to active centers located 
at the side wall of the crystal (Figures 10(b) and  10(c)). 

Then, when polymerization is progressing, the crystal thick
ening starts by monomer insertion or chain transfer at the fold 
interface leading to a spiral growth due to a screw dislocation 
on the base surface of the lamella. The proposed explanation 
involves protonation of a terminal hydroxy group located at 
the interface or of an oxygen of the strained fold followed by 
TOX attack on the resulting oxonium and chain expansion 
along the chain axis. The actual mechanism probably involves 
a multistep process (Scheme 42). 

Thus, the size of the crystals increases when the reaction 
progresses; at the same time the degree of crystallinity increases. 
This process does not stop even after equilibrium conversion is 
reached. This is explained in terms of dissolution (by depoly
merization) of the smaller, less perfect crystals in favor of the 
thermodynamically preferred larger, more perfect crystals. The 
changes of crystal size and degree of crystallinity in the poly
merization of TOX are illustrated by the data in Table 7.95 

A low-Mn (ca. 1–3 � 103) fraction is observed in the gener
ally bimodal size-exclusion chromatography (SEC) curves of 
POM. It was assigned to linear oligomers bearing -OH, -CHO, 
and -OCH3 end groups and/or to macrocycles resulting 
from backbiting processes. The analysis of this fraction using 
hyphenated techniques (SEC/gradient polymer elution chro
matography (GPEC)/NMR/matrix-assisted laser desorption/ 
ionization-time of flight (MALDI-TOF), etc.) is extremely com
plex144 and the question of macrocycles remained open for a 
long time. Hasegawa et al.145 submitted a POM sample to heat 

(c) 2013 Elsevier Inc. All Rights Reserved.
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F
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Figure 10 Crystallization of POM during the heterogeneous second stage of the polymerization of TOX: (a) extended-chain stems and folded interface. 
Reproduced with permission from Mateva, R.; Wegner, G.; Lieser, G. J. Polym. Sci., Polym. Lett. Ed. 1973, 11, 369,95 figure 3; (b) monomer insertion at 
the crystal lateral front and tangential growth. Reproduced with permission from Wegner, G.; Rodriguez-Baeza, M.; Lucke, A.; Lieser, G. Makromol. Chem. 
1980, 181, 1763,96 figure 16a; (c) chain transfer at the crystal lateral front. Reproduced with permission from Wegner, G.; Rodriguez-Baeza, M.; Lucke, A.; 
Lieser, G. Makromol. Chem. 1980, 181, 1763,96 figure 22; (d) fracture surface of extended-chain crystals. Reproduced with permission from Rodriguez-
Baeza, M. Polym. Bull. 1991, 26, 521–528, 142,140 figure 5. 

Scheme 42 Chain expansion with monomer insertion at the fold interface.
 

Table 7 Growth of POM crystals during cationic polymerization of TOX in nitrobenzene at 35 °C95
 

Crystal Crystal Degree of 
Time Conversion Mn diameter thickness crystallinity 
(h) (%) (� 10−3) (μm) (μm) (%) 

0.5 20 17.5 14 0.01 79.1 
1.0 55 40 27 0.03 84.3 
3.0 75 50 37 88.2 
6.0 75 53 57 0.18 88.2 
12.0 75 53 70 0.20 88.8 

[BF3·OEt2] = 7.8  10−4 mol l−1, [TOX] = 1.8 mol l−1. �

and alkaline degradations and isolated a low-molecular-weight 
fraction with a narrow distribution which should include only 
the linear oligomers with stable -OCH3 groups at both ends and 
the possible macrocycles. It was shown (1) that the content of 
this fraction with methoxy end groups was very low, and (2) that 
the measured Mn was close to twice the calculated Mn for two 9/ 
5 helical extended-chain stems of the crystal lamella. A 

backbiting involving the neighboring loop at the fold interface 
was proposed to explain both the narrow distribution and the 
dependence of the Mn of the formed macrocycles on the crystal 
morphology (Figure 11). 

In the case of copolymerization of trioxane with a low 
amount of EO, DXL, or DXP, most generally used to obtain 
thermal stability, the localization of the comonomer units 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 12 Insertion of isolated oxybutane-1,4-diyl (tetramethylene oxide) units (B) in the crystalline phase of trioxane-dioxepane copolymers:145,146 

(a) variation of the concentration r of units (B) in the interfacial and crystalline regions, and the partitioning coefficient PCR of the B units with the overall 
molar fraction φ of B units in the TOX/DXP copolymers; (b) influence of the DXP content on the apparent crystallite size, L105, estimated from WAXS 
measurements. Reproduced with permission from Sharavanan, K.; Ortega, E.; Moreau, M.; et al. Macromolecules 2009, 42, 8702,113 figure 10a-b. 

Figure 11 Formation of POM macrocycles by backbiting of an active 
center on the neighboring loop at the fold interface of the crystal lamella. 
Reproduced from Hasegawa, M.; Yamamoto, K.; Shiwaku, T.; 
Hashimoto, T. Macromolecules 1990, 23, 2629, scheme 4.145 

within the semicrystalline organization of the copolymer is a 
central feature, and a major question to be addressed is the 
possibility of these comonomer units to be inserted randomly 
within the POM crystalline domains. 

Dröscher et al.143 prepared copolymers of trioxane and 
dioxolane which were almost completely crystalline for low 
comonomer concentrations. Even if a segregation was observed 
with an enrichment of the amorphous phase in comonomer 
units, an insertion of the -(CH2-CH2-O)- (E) segments in the 
crystalline -(O-CH2)n- domain was demonstrated. With respect 
to the trioxane homopolymer lattice, a lateral expansion (cell 
parameter a) and a contraction along the chain axis (cell para
meter c) roughly proportional to the amount of comonomer 
were observed up to a mole fraction of 0.1. The density and 
melting point of the lattice decreased accordingly. It was also 
shown that for the same comonomer amount, the lattice cell of 
these ‘extended-chain’ copolymer crystals was larger than the 
one observed as-crystallized from the melt or solution. 

The possible insertion of longer -O-(CH2)4- (B) segments in 
the crystalline -(O-CH2)n- lattice was recently examined in a 

solid-state NMR, wide-angle X-ray spectroscopy (WAXS), and 
differential scanning calorimetry (DSC) study of 
trioxane-dioxepane copolymers with a comonomer weight 
fraction from 0.03 to 0.3.146 It has been shown that in these 
semicrystalline TOX-DXP copolymers, a part of the single diox
epane units, involved in isolated MMMBM and MBMMM 
pentads, is located in the crystalline phase and in the crystal
line/amorphous interfacial regions. The sequences composed 
of more than one dioxepane unit should be rejected into the 
amorphous phase. The fraction r of B units to the total number 
of B and M units in the crystalline phase, including the non
crystalline/crystalline interfaces, was estimated, as well as the 
corresponding partitioning coefficient PCI/CR. The latter corre
sponds to the ratio of r to the fraction j of B units in the 
copolymer and thus indicates the propensity for the dioxepane 
comonomer to be inserted in the crystallites and at their 
immediate interfaces. The variations of r and PCR/CI with the 
overall molar fraction φ of B units in the copolymers are pre
sented in Figure 12(a). For the lowest TOX/DXP ratio (97/3), 
PCR/CI equals 1. This means that the concentration of B units is 
the same in both amorphous and crystalline phases, that is, 
3 wt.%, but the distribution of these B units along the POM 
chain should be quite different for the macromolecules of the 
two phases. As the initial concentration of dioxepane is 
increased in the feed, the partitioning coefficient PCR/CI 
decreases to a plateau value, indicating that the relative amount 
of B units inserted in the crystalline (and interfacial) regions 
gets lower and lower. A decrease in the average crystallite size 
occurs simultaneously with this progressive rejection of dioxe
pane in the amorphous phase (Figure 12(b)). 

It was concluded that the isolated B unit which results 
from copolymerization of trioxane with a low concentration 
(ca. 3–5 wt.%) of dioxepane can be inserted in the crystal lattice 
and/or at its immediate interface. If an active center located on 
the crystal adds several successive units of DXP, the sequence 
cannot enter the crystal, and the active chain grows outside 
until either the formation of a TOX sequence long enough to 
allow a further crystalline accommodation or the occurrence of 
a transfer event. These results are in general agreement with the 
conclusions of the chemical approach of the induction period 
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developed in the previous section for the trioxane-dioxepane 
copolymerization. 

4.10.3.4 Radiation-Initiated Solid-State Polymerization 
of 1,3,5-Trioxane 

Solid-state polymerization of TOX can be initiated by different 
kinds of radiation, including γ-rays, X-rays, electron beams, or 
α-particles.147–149 The mechanism of initiation is not well 
understood. It is, however, generally accepted that radiation 
induces cationic polymerization. Ions or radical ions are gen
erated by electron transfer, the loss of hydrogen ions, or the 
heterolytic cleavage of TOX rings. 

Radiation-induced solid-state polymerization of TOX was 
studied intensively in the past because it was believed that it 
could lead to large-scale production. The process is, however, 
highly irreproducible and extremely sensitive to impurities.150 

Thus, although high-molecular-weight polymers can be 
obtained in high yields (� 80%) by direct irradiation of the 
crystalline monomer, interest in radiation-induced polymeriza
tion is vanishing. 

4.10.3.5 Properties of Poly(oxymethylene) 

The only polyacetal that is made on an industrial scale 
(>500 � 103 tons per year) is POM also known as polyformal
dehyde. This is a highly crystalline polymer (50–60% 
crystallinity for commercial products) with a crystalline melt
ing point of ca. 180 °C and a density of 1.42 g cm−3 (both 
density and melting point, however, decrease with increasing 
content of oxyethylene units). The polymer is insoluble in 
common organic solvents; it dissolves well only in strongly 
hydrogen-bonded solvents (e.g., phenols) at above 100 °C, or 
in hexafluoroacetone at room temperature. 

Polyformaldehyde is perfectly stable in even strongly basic 
media and moderately stable in acidic media; it is a 
high-performance engineering plastic. 

Outlook 

There are certain similarities between cationic ring-opening 
polymerization (CROP) of cyclic acetals and cyclic ethers. 
Essentially the same group of initiators may start the polymer
ization and in both cases the major growing species are tertiary 
oxonium ions of similar structure as shown below for poly
merization of five-membered cyclic ether and cyclic acetal: 

There are also, however, distinct differences between CROP 
of these two groups of oxygen-containing heterocyclic mono
mers. CROP of cyclic acetals is a ring-opening polymerization. 
In some respect, however, it may be considered as a borderline 
case between typical ring-opening and vinyl polymerization. 
The growing species in the CROP of cyclic acetals are mostly 
tertiary oxonium ions as in typical CROP of cyclic ethers. The 
presence of carboxonium ions in equilibrium with their oxo
nium counterparts and their not-negligible (due to much 

higher reactivity) role in propagation have been clearly estab
lished. As shown in the scheme below, carboxonium growing 
species of cyclic acetal polymerization bear some resemblance 
to growing species of vinyl ether polymerization: 

The other characteristic feature of CROP of cyclic acetals is 
reversibility of propagation and the high extent of chain trans
fer to polymer. 

The smallest ring of cyclic acetal is a five-membered (weakly 
strained) ring; therefore, polymerization of cyclic acetals is a 
reversible process. Thus, an understanding of polymerization 
thermodynamics is important for designing workable 
polymerization process. Certain limitations stemming from 
reversibility of propagation may be overcome if polymeriza
tion, as in the case of CROP of TOX (cyclic formaldehyde 
trimer), proceeds with precipitation of polymer (insoluble 
in any solvent). Additional contribution of enthalpy of crystal
lization shifts the equilibrium toward polymer and 
polymerization of six-membered monomer, which in solution 
would be highly reversible, proceeds to high conversion. This 
is of practical importance because CROP of TOX is one of the 
two routes used in industry to manufacture polyacetal 
(polyformaldehyde). 

The other characteristic feature of CROP of cyclic acetals is 
the high extent of chain transfer to polymer. These processes 
occur in many ring-opening polymerizations but because linear 
acetals (chain units) are more basic than cyclic acetals (mono
mers) they are especially pronounced in the case of cyclic acetal 
polymerizations. Chain transfer to polymer may be detrimen
tal, leading to the formation of cyclic fractions or precluding 
the formation of block copolymers, but it may also be 
beneficial. In order to improve thermal stability of polyformal
dehyde the sequence of -O-CH2- units has to be from time to 
time interrupted by -CH2-CH2- units, which are introduced by 
copolymerizing TOX with few mole% of EO or DXL. To achieve 
an optimum effect, comonomer units should be distributed 
randomly along the chain. Due to efficient transacetalization 
coupled with reversibility of propagation step, this is achieved 
irrespective of propagation kinetics. These factors as well as the 
high rate of polymerization make the cationic copolymeriza
tion of TOX an industrially attractive route to polyacetal 
thermoplastics. 
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4.11.1 Introduction 

Ring-opening polymerization (ROP) of aliphatic cyclic esters 
leads to aliphatic polyesters, a rediscovered class of polymers 
important in practice that show compatibility with natural 
environment (including human body) and are able to 
undergo hydrolytic and biological degradation after desired 
exploitation time.1 

Two important discoveries that are related to mechanisms 
of the ROP of cyclic esters, and were made during the 
mid-1950s, were the following: (1) realization of a living 
polymerization system by Szwarc;2 and (2) a thermodynamic 
description of the reversible chain-growth polymerization by 
Dainton and Ivin.3 In contrast to polyesterification, living 
ROP provided a precise tool for the synthesis of polyesters 
having required molar masses and fitted with desired end 
groups. At this point, it should be remembered that 
Carothers was the first to study the polymerization mechan
isms of lactones and lactides (LAs) in a more systematic 
way:4,5 

where R = (CH2)x (lactones) or CH(CH3)C(=O)OCH(CH3) 
((di)lactides). 

Initially, thermodynamic polymerizability of aliphatic cyc
lic esters was analyzed in qualitative terms by Hall and 
Schneider.6 Later, at the Gorki University, enthalpies and 
entropies of polymerization were determined for the most 
important cyclic esters.7–12 

Until about 1975, the major effort in studies of polymer
ization of cyclic esters was directed toward finding an efficient 
initiator and/or catalyst leading eventually to the living pro
cess. Commercial availability of β-lactones and of 
ε-caprolactone (CL) was one of the reasons that already started 
extensive research programs on their polymerization at 
Goodrich in 194813 then at Union Carbide,14 Dutch Shell,15 

and Japanese companies.16,17 Some attempts to elucidate the 
polymerization mechanisms in these studies were also under
taken, particularly taking into account the ambident structure 
of cyclic ester monomers. Hall18 and later Lenz and co-work
ers19 carried out extensive kinetic measurements of the anionic 
polymerization of β-lactones, but the determined apparent 
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rate constants of propagation were not related to the elemen
tary reactions. 

Successful application of alumoxanes by Vanderberg20 in 
stereospecific polymerization of oxiranes prompted several 
research groups to use these initiators for synthesis of stereo
regular polyhydroxyalkanoates by polymerization of 
β-substituted β-lactones.21–24 A serious drawback of this system 
was an unknown concentration of the actually propagating 
species; eventually, it was impossible to control molar masses 
of the resulting polyesters. 

Teyssie, looking for the structurally similar but better 
defined initiators, introduced bimetallic alkoxido-µ-oxido 
compounds (e.g., (BuO)2Al-O-Zn-OAl(OBu)2) and polymer
ized CL in a controlled manner.25 Similar results have been 
obtained with a much simpler and commercially available 
aluminum triisopropoxide (Al(OiPr)3).

26 

Two research groups (Slomkowski and Penczek27 and 
Deffieux and Boileau28) applied in β-propiolactone (PL) poly
merization anionic initiators bearing alkaline metal 
countercations complexed with crown ethers or cryptands. 
Concentration and structure of the involved active species 
have been determined, either by their direct spectroscopic 

31Pobservations29,30 or by nuclear magnetic resonance 
(NMR) measurements of the polymerizing mixtures after 
end-capping with a phosphorus-containing reagent.31 

Studies of cationic polymerization, carried out in parallel, 
solved an initial controversy concerning the nature of active 
species, that is, acylium versus tertiary oxonium cations, in 
favor of the latter ones.32,33 Attempts of several laboratories 
to prepare high-molar-mass aliphatic polyesters in the con
trolled cationic process eventually failed.34–39 The first 
example of a controlled cationic process involving cyclic ester 
is the activated monomer (AM) polymerization of CL, con
ducted in the presence of an alcohol.40 More recently, Basko 
and Kubisa41−44 published a series of papers that confirm 
applicability of the AM mechanism to the controlled synthesis 
of aliphatic polyesters. Interestingly, it has been also shown for 
the first time that triflic acid initiation of L,L-lactide (L,L-LA) 
polymerization, without a purposely introduced alcohol, 
leads to the living process proceeding in agreement with the 
AM mechanism.44 

In spite of the living character of the anionic polymerization 
of PL, it was revealed that in the case of β-substituted β-lactones 
or medium-size cyclic esters (LA and CL) this process suffers 
from various side reactions such as chain transfer to monomer, 
racemization, segment exchange, or formation of macrocyclic 
esters.45–48 Finally, it has been concluded that in the so-called 
coordination-insertion (pseudoanionic) polymerization, 
initiated with covalent metal alkoxides (RnMtOR′ n−x, where 
Mt is Zn, Al, Sn, Ti, etc.), these side reactions can be kinetically 
suppressed or even eliminated.25,49–52 Correlation of the selec
tivity parameters, defined as the ratio of rate constants of 
propagation and transfer (kp/ktr), with the reactivity of active 
species (kp) showed that these polymerizing systems conform 
to the reactivity–selectivity principle.53,54 

Systematic kinetic measurements, carried out during the 
past decade55–62 revealed the importance of aggregation phe
nomena in the pseudoanionic polymerizations. The solution 
of the pertinent kinetic scheme involving aggregation55–57 

allowed determination of the absolute rate constants of propa
gation on the covalent species. Then, it has been shown that 

aluminum trialkoxide initiators of various degrees of aggrega
tion may differ considerably in their reactivity toward cyclic 
esters.26,63–66 

Application of bulky ligands that fill the space around the 
‘countercation’ metal atom in covalent initiators prevent the 
aggregation – initially by Inoue and co-workers67–69 and then 
by Spassky and co-workers70,71 

– resulted in new mechanistic 
implications. Inoue introduced a notion of ‘immortal’ poly
merization for the already known processes with reversible 
chain transfer (the use of this expression is discouraged by 
IUPAC72). Polymerizations initiated with bulky chiral Schiff 
base Al alkoxides revealed a possibility of the stereoelective 
polyester synthesis starting from the chiral cyclic ester 

71monomers.
Another possibility of accelerating kinetics of the coordina

tion polymerization of slowly polymerizing monomers (e.g., 
LAs) has been indicated by the DuPont team73,74 and then 
explored by Feijen and co-workers75,76 and Spassky et al.77 

Application of rare earth metal (La, Y, Sm, etc.) alkoxides as 
initiators resulted in polymerization rates characteristic for 
ionic active species but with kinetic suppression of side reac
tions on the level similar to that obtained with covalent 
alkoxides. The actual structure of the growing species is not 
yet known. Later, the use of initiators based on Zn alkoxides, 
which bear bulky ligands, gave a similar kinetic effect in poly
merization of LA and β-butyrolactone (β-BL).78,79 

ROP of CL and LAs seems to be a mature field. Controlled 
polymerization methods elaborated for these monomers allow 
preparation of the corresponding aliphatic polyesters in an 
impressively broad range of Mn: from ≈102 up to ≈106 g mol−1 

(see, e.g., Reference 61). Living and controlled polymerization 
conditions have been established for PL already in 1976,27,28 

but the controlled polymerization of the corresponding 
β-substituted monomers (e.g., β-BL) still pose a serious chal
lenge45,46,79,80 due to chain transfer and termination side 
reactions. It is worth noting, however, that systematic studies 
carried out among others by Carpentier81 with various ligand/ 
metal alkoxide combinations led recently to a remarkable pro
gress, particularly in the stereocontrolled polymerization of the 
racemic β-BL. 

Catalyst, which is still the most important in the 
practical, synthetic, and industrial applications, is tin(II) 
2-ethylhexanoate (tin octoate, Sn(Oct)2).

82–84 Therefore, 
Sn(Oct)2-catalyzed polymerizations of cyclic esters have been 
systematically studied since 1980s.85–90 The detailed mechan
ism of this process remained obscure for a long time. 
Complementary kinetic, mass spectrometric, and NMR mea
surements revealed that the initiating and then growing species 
have the tin(II) alkoxide structure and are formed from the 
starting carboxylate in the exchange reaction with hydroxy
group-containing compounds (ROH).91–96 The results coming 
then from other laboratories, thus, confirmed the formulated 
polymerization mechanism in the cyclic ester/Sn(Oct)2/ROH 
system.97–102 

Finally, in these introductory remarks, the metal-free orga
nocatalytic polymerization of cyclic esters should also be 
mentioned (see, e.g., References 103–105 and the correspond
ing papers cited therein). Actually, this area has a long history 
that has been recently given a new life. Polymerization of 
β-lactones initiated, for example, with phosphines was already 
described in the early 1980s, including stereoselective 
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polymerization of unsymmetrically substituted monomers 
with optically active phosphines (References 106 and 107 and 
preceding papers cited therein). In the new series of organoca
talytic polymerizations, usually the molar masses are limited 
and it is not convincing that polymerizations are living indeed, 
even if this expression is used throughout the papers. Initiation 
with phosphines or other organic bases leads to zwitterions, 
and the anionic part, alkoxide anion, is becoming active species 
known to lead to the chain transfer in CL and LA 
polymerization. 

The same may happen in polymerization initiated with 
carbenes, providing as well alkoxide anions, at least according 
to the reaction scheme given by the authors of the pertinent 
papers (e.g., References 105 and 108). Also, in this process, 
molar masses are rather moderate and do not exceed 
Mn ≈ 3 � 104 g mol−1. 

The metal-free, organocatalytic polymerizations encom
passing anionic and cationic processes are also thoroughly 
reviewed in Chapter 4.06 and, therefore, are omitted in this 
chapter. 

Mechanisms of ionic and coordination processes of alipha
tic cyclic esters polymerizations have been reviewed 
systematically since the late 1960s (see, e.g., References 109– 
116), also including chapters in the first edition of the 
Comprehensive Polymer Science.117,118 This chapter is based on 
the previous reviews coauthored by the present 
author;111,114,119–122 however, it is supplemented by addi
tional and more recent data (until the beginning of 2011). 

4.11.2 Thermodynamics of ROP of Cyclic Esters 

A more general description of the thermodynamics of ROP of 
cyclic monomers is given by Penczek in Chapter 4.02. The 
ability of a cyclic ester to polymerize by the ring-opening 
mechanism is determined by two equally important factors – 
conversion of monomer molecules to macromolecules (of lin
ear or more complex topologies) must be allowed both 
thermodynamically and kinetically. Practically, this means 
that (1) the monomer–macromolecule equilibrium has to be 
shifted to the right-hand side (macromolecule), and (2) the 
corresponding polymerization mechanism should exist that 
could enable conversion of monomer molecules to polymer 
repeating units, within an operable polymerization time. 

An elementary reaction of the macromolecular chain 
growth can be written as 

kp
…–(m)nm* + …–(m)

M n + 1m* ½2� 
kd 

where M = (CH2)xC(O)O (lactone) or [CH(CH3)C(O)O]2 (lac
tide); m* denotes the active species, and kp and kd are the rate 
constants of propagation and depropagation, respectively. 

The formal thermodynamic criterion of a given monomer 
polymerizability is related to a sign of the Gibbs energy of 
polymerization (cf. eqn [3]): 

ΔGpðxyÞ ¼  ΔHpðxyÞ−TΔSpðxyÞ ½3� 

where x and y denote monomer and polymer states, respec
tively (i.e., x and/or y = l, liquid; g, gaseous; c, solid amorphous; 
c′, solid crystalline; s, solution), ΔHp(xy) and ΔSp(xy) the cor
responding enthalpy and entropy of polymerization, and T the 
absolute temperature. 

In agreement with general rules of thermodynamics of che
mical processes, only for ΔGp(xy) < 0 the polymerization is 
possible. It has to be stressed, however, that the ΔGp(xy) values 
usually depend on the monomer and polymer states. Further 
discussion will be related to ROP carried out in solution or in 
the monomer/polymer melt and at constant temperature and 
pressure. 

Gibbs energy of polymerization (ΔGp) may be expressed as 
a sum of standard enthalpy of polymerization (ΔGp

o) and a 
term related to instantaneous concentrations of monomer 
([M]) and growing polymer ([…-m*]): 

½…−ðmÞiþ1m
�� 

ΔGp ¼ ΔGo þ RT ln ½4�p ½M�½…ðmÞim�� 

where R denotes the gas constant and T the absolute 
temperature. 

Following Flory’s assumption that the reactivity of the active 
center, located at a sufficiently long polymer chain, does not 
depend on its polymerization degree (Pi), and taking into 

o o o oaccount that ΔGp = ΔHp
o − TΔSp (where ΔHp and ΔSp denote a 

standard polymerization enthalpy and entropy, respectively), 
we obtain: 

ΔGp ¼ ΔHo − TðΔSo þ R ln½M�Þ ½5�p p 

In contrast to polymerization of a large majority of unsaturated 
monomers, ROP of cyclic monomers is often accompanied by 
the presence of a relatively high concentration of the unreacted 
monomer when the process comes to equilibrium. This feature 
is related to pronounced reversibility of the propagation step 
(i.e., relatively high kd in comparison to kp, eqn [2]). Thus, the 
value of the equilibrium monomer concentration ([M]eq) at a  
given temperature is usually taken as a measure of the thermo
dynamic polymerizability of the monomer. The corresponding 
thermodynamic formalism has been developed by Dainton 

1948–19583,123and Ivin in and then by Tobolsky and 
Eisenberg.124–126 

At equilibrium (ΔGp = 0), that is, after the polymerization 
does not occur, the monomer concentration ([M]eq) assumes a 
value determined by standard polymerization parameters 
(enthalpy, ΔHp

o and entropy, ΔSp
o) and polymerization tem

perature (see, e.g., References 123–133): 

ΔHo ΔSo 
p pln½M� ¼ − ½6�eq RT R 

Depending on the starting monomer concentration ([M]0), or 
actually on the ð½M�0−½M� Þ=Σ½…−m� 

i � ratio, for a given coneq

centration of active species ðΣ½…−m� 
i �Þ, polymers of various 

number-average polymerization degrees (Pn) could be formed 
(note that eqn [5] is valid only under Flory’s assumption 
that the reactivity of the active center, located on a sufficiently 
long macromolecule, does not depend on its polymerization 
degree (Pi)). 
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Thus, the polymerization is possible only when [M]0 > 
[M]eq. For shorter, oligomeric chains (Pn ≤ 20), not conforming 
to the Flory’s assumption in the expressions for [M]eq, reactiv
ities of active species have to be taken into account (see 
Appendix in Reference 134): 

  

ln 

�
P Ho ΔSon p

eq

�
Δ½M� ¼ −  p 7� 

Pn−1 RT	 R 
½

Figure 1 gives an example of application of relationship 
[7] for determination of the standard thermodynamic 
parameters in the ROP of 1,4-dioxan-2-one (DX) using 
the experimentally determined [M]eq ’s a t  variou
temperatures. 

The slope and intercept of this dependence gives an access 
to ΔHo and ΔSo 

p p values, respectively.
134 Another typical method 

of ΔHo 
p and ΔSo 

p determination is based on the monomer and 
polymer combustion and specific heat measurements.7–12 In 
turn, the thus determined thermodynamic parameters allow 
estimation of the corresponding [M]eq values, which is particu
larly useful when [M]eq is close to 0. 

The values of thermodynamic parameters characterizing the 
polymerization ability of representative cyclic esters are com
pared in Table 1. 

The driving force for the polymerization of the majority of 
cyclic esters is their ring strain, reflecting the deviation from the 
non-distorted bond angle values, bond stretching and/or com
pression, repulsion between eclipsed hydrogen atoms, and 
nonbonding interactions between substituents (angular, con
formational, and transannular strain). For systems in which the 
specific monomer–polymer–solvent interactions can be 
neglected, enthalpy of polymerization is a measure of the ring 
strain. 

Polymerization of the majority of monomers is accompa
nied by an entropy decrease, mostly due to the loss of the 
translational degrees of freedom. In this situation, polymeriza
tion is thermodynamically allowed only when the enthalpic 
contribution to ΔGp prevails (thus when ΔHp < 0 and ΔSp <0,  
the inequality |ΔHp| >− TΔSp is required; cf. eqn [5]). Therefore, 

s

1.2	 

) 

ΔH o
p  = –13.8 kJ mol–1 

–1 ΔS o

p)
 (

m
ol

 l p  = –45.0 J mol–1 K–1 

1.0 

/
eq
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D
X

]
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Figure 1 Plot of ln([DX]eq/p) (where p = (Pn –1)/Pn) on the reciprocal of 
the absolute temperature (eqn [7]). Bulk oligomerization of 1,4-dioxan
2-one (DX) initiated with a butan-1-ol/tin(II) octoate mixture.134 

the higher the ring strain, the lower the resulting monomer 
concentration at equilibrium (eqn [6]). 

Although the formation of the three-membered 
α-lactone intermediates in the nucleophilic substitution 
of α-substituted carboxylate anions was postulated on the 
basis of quantum mechanical calculations,138 these cyclic 
esters have never been isolated. The four-membered 
PL ranks among the most strained cyclic monomers and 
its equilibrium monomer concentration is unmeasurably 
low, namely, about 10−11 mol l−1 at room temperature. 
However, the six-membered monomers, namely, L,L-LA 
or DX, have relatively high equilibrium monomer 
concentrations that cannot be neglected in practical consid

 
erations. Thus, the equilibrium concentration appeared 
considerably high, especially at elevated temperatures 
(at which L,L-LA is usually polymerized). For the tempera
ture range from 80 to 133 °C, [L,L-LA]eq changes from 0.058 
to 0.151 mol l−1. This six-membered cyclic diester (dilac
tone) assumes irregular skew-boat conformation, in which 
two ester groups can adopt planar conformation, and has, 
therefore, a relatively high enthalpy of polymerization 
equal to 22.9 kJ mol−1. This is very close t o t he ring strain  
of δ-valerolactone (VL) and CL, equal to 27.4 and 
28.8 kJ mol−1, respectively. Strain comes in these com
pounds from C–H bond interactions and from distortion 
of the bond angles. The carbonyl group introduces a certain 
extent of strain into six-membered rings due to the flat 
geometry of the ester grouping (…–CH –2 C(=O)–O–…). In 
contrast, high ring strain in the four-membered PL is 
mostly due to the bond angle distortion and bond 
stretching. 

In the five-membered cyclics, ring strain comes almost 
exclusively from the conformational interactions. It is 
known, however, that the five-membered lactones are not 
strained because of the reduced number of the C–H bond  
oppositions, caused by the presence of the carbonyl group 
in the monomer ring. Indeed, for γ-butyrolactone (γ-BL) 
we have ΔHo = 0.4 k J m ol−1 and ΔSo = −0.4 J mol−1 1

 p K−
p . 

These give [γ-BL]eq ≈ 5.1 � 103 mol l−1, whereas t he mono
mer concentration in bulk does not exceed 13 mol l−1. 
Therefore, in the majority of polymer chemistry textbooks 
it is stated that γ-BL is not able to polymerize.127,139–143 

γ-BL is indeed not able to give a high-molar-mass homo
polymer, but this feature is sometimes incorrectly 
identified with the inability of BL to undergo the 
ring-opening reaction at all. 

Interestingly enough, introduction of the double bond into 
the five-membered lactone ring introduces some extent of 
strain and makes its polymerization feasible as it was observed 
for α-angelicalactone (Structure 1).144 

H3C O 
C 

C O 
HC 

CH2 

1 

Hall and co-workers145,146 explained some of these ther
modynamic features in terms of comparison of the 
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Table 1 Standard thermodynamic parameters of polymerization of some cyclic monomers 

Monomer 
Ring 
size xy 

ΔHp 
o a 

(kJ mol−1) 
ΔSp 

o a 

(J mol−1 K−1) 
[M]eq 

b 

(mol l−1) Reference 

4  lc′ –82.3 –74 3 � 10−11 7 

O  

β-Propiolactone (PL) 

5 lc 5.1 –29.9 3.3 � 103 8 

γ-Butyrolactone (γ-BL) 

6  lc′ –27.4 –65.0 3.9 � 10−1 9 

2 2 

δ-Valerolactone (VL) 

6  ls  –13.8c –45c 2.5d 134 

1,4-Dioxan-2-one (DX) 

6  ss  –26.4e –44.8e 5.1 � 10−3 135 

Trimethylene carbonate (TMC) 

6  ss  –22.9f –41.1f 1.2 � 10−2 136 

O 3 

L,L-Lactide (L,L-LA) 

7  lc′ –28.8 –53.9 5.1 � 10−2 12 

ε-Caprolactone (CL) 

14 ll –8 26 2.3 � 10−2g 137 

Tridecanolactone (TDL) 

2

(Continued) 
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Table 1 (Continued) 

Monomer 
Ring 
size xy 

o aΔHp 

(kJ mol−1) 

o a ΔSp 
 (J mol−1 K−1) 

b[M]eq 

l−1(mol ) Reference 

O 

Pentadecanolactone (PDL) 

16 ll 3 23  0.70h 10 

aAt 298 K, if not indicated otherwise. 
o �bIf not indicated otherwise, calculated from eqn [6], ΔHp and ΔSp determined thermochemically; standard state: weight 

l−1fraction = 1; concentrations recalculated from weight fractions to mol . 
o � −1 cΔHp and ΔSp determined from the experimental [M]eq vs. T dependence in monomer/polymer melt, using eqn [7];
 

l−1standard state: 1 mol .
 
dAt 373 K.
 

o � −1 eΔHp and ΔSp determined from the experimental [M]eq vs. T dependence in THF solution, using eqn [6]; standard state:
 
l−11 mol .
 
o � −1 fΔHp and ΔSp determined from the experimental [M]eq vs. T dependence in 1,4-dioxane solution, using eqn [6]; standard
 

l−1state: 1 mol .
 
gAt 430 K.
 
hAt 370 K. 
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exergonic character of the ring-opening processes and stabi
lity of the coiled conformation of compounds modeling the 
corresponding polyester chain by means of quantum 
mechanical calculations. 

The thermodynamic data in Table 1 characterizing large 
lactones (tridecanolactone and pentadecanolactone) suggest 
that an increase in the ring size leads to a rather small ring 
strain (if any) and to an increase in the polymerization 
entropy. The latter is due to a relatively high flexibility of 
the long polymethylene sequences in the resulting polymer 
chains. 

Figure 2 illustrates characteristic changes of the standard 
thermodynamic parameters with increasing ring size of lac
tones shown on the example of bulk polymerization of 
lactones. Similar dependencies were also observed for other 
monomers, with only slight changes of positions of the local 
minima or maxima on the thermodynamic parameter – ring 
size (n) dependences.128,133,139 Although ΔGo

p is temperature 
dependent, this figure gives at least a qualitative picture of ΔGo 

p

versus n changes. 
It has also to be stressed that analysis of a given poly

merization process, based on the values of the 
corresponding thermodynamic parameters available in the 
literature, requires some caution. First of all, ΔHo 

p and ΔSo 
p

depend substantially on the monomer and polymer states. 
For example, thermochemical measurements (heats of com
bustion and specific heats) gave for 16-membered 
pentadecanolactone in the liquid phase ΔHo

p = 3 kJmol−1 

and ΔSo 
p = 23 Jmol−1 K−1, whereas in the crystalline phase 

ΔHo 
p = –39 kJ mol−1 and ΔSo = 86 J mol−1 K−1 10

–p . The differ
ence between these two sets of parameters is caused by 
the contribution of enthalpies and entropies of phase tran
sitions (crystallization/melting). 

) 
–1

K ΔS o 20 p

–1
(J

 m
ol ΔH o p

0 

o ΔG o p

S
 p

Δ –20 

);
 

–1
 (

kJ
 m

ol –40 

o p –60 

H
 

Δ, o p –80 

G
 

Δ

4 5 6 7 8 9 10 11 12  13 14 15 16 17 18 19 
n 

Figure 2 Dependences of standard Gibbs energy (Δ oGp , ), enthalpy 
(Δ o oHp , ○), and entropy (ΔSp , •) of lactone polymerization on the ring size 
(n). Temperatures from 350 to 430 K, monomer and polymer liquid. Data 
taken from References 7–10, 12, and 137. 

4.11.2.1 Thermodynamics of ROP of Cyclic Esters: Some 
Particular Cases 

4.11.2.1.1 Thermodynamics of γ-BL (co)polymerization 
As already mentioned, several polymer chemistry textbooks 
claimed that polymerization of γ-BL and/or its ring opening 
at ambient conditions is not possible.128,139–143 

Actually, in polymerization of γ-BL initiated with Al(OiPr)3, 
a series of short-chain oligomers are formed: 

▽

(c) 2013 Elsevier Inc. All Rights Reserved.
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Both gel permeation chromatography (GPC) and mass spectro
scopy show that oligomers are indeed formed (Figure 3). 

These results indicate again that the equilibrium constants for 
the first few monomer additions (K0, K1, …) are not the same, as 
those for addition to a high polymer (Kn). Apparently, there is an 
influence of the head end group and the conformational 
flexibility of the macromolecule. Formally, the contribution to 
the Gibbs energy of the simple concentration term, RT ln[M] is 
based on the assumed equality […-(m)n- …] ≈ […-(m)n+1-…]. 
For short poly(γ-BL) (Pγ-BL) chains, when this equality does not 
hold, the expression for the Gibbs energy should read 

  

ΔGn ¼ ΔHn − T 

�
o poly

ln
½ ðγ-BLÞnþ1� ΔS  −n  R  
γ-BL poly γ-BL n

�
½9�½ �½ ð Þ �

For mostly short chains, the inequality takes place, [poly(BL)n] >
[poly(γ-BL)n+1], and the entropic term may outweigh the 
ΔHn ≥ 0, making ΔGn < 0 and, thus, allowing shorter chains to 
be formed. 

γ-BL also copolymerizes with other lactone monomers, giv
ing high-molar-mass copolymers.147–151 For example, 

 

O O 
Al(OiPr)3 

nx O + ny O 
THF, 20 °C 

γ-BL CL 

O 
iPrO O HO 

x y n

O 
bl cl 

10  ½ �

(a) (b) 

γ-BL n = 1  

1 
3 

4 

2 700 800 900 
5 

2 6 n = 4  3 
7 8 9 10

0  10  20  30 0 200 400 600 800 

V (ml) m/z
 

The dependence of the bl polymer units content in the copoly
mer (Xbl), on the γ-BL monomer content in the feed (XBL) is  
shown in Figure 4. As it could be expected from copolymeriza
tion of a monomer unable to give high polymers, even at the 
high excess of γ-BL in the feed the bl content in copolymer 
should not exceed 50 mol-%. Thus, one could expect formation 
of the copolymer close to alternating at a sufficiently large excess 
of γ-BL. Actually, 13C NMR spectra analysis pointed to the pseu
doperiodic copolymer structure.149 The γ-BL/CL copolymer 
synthesis was successful because the γ-BL monomer addition to 
its own …–bl* active chain ends is highly reversible, whereas 
γ-BL is winning in additions to …–cl* active chain ends since 
γ-BL is taken in a high excess over CL ([γ-BL] > [CL]) (Figure 4). 

4.11.2.1.2 Copolymerization of LA after reaching polymer– 
monomer equilibrium 
The situation of a monomer incapable of giving high polymers at 
a certain temperature and in a certain monomer concentration 
range is similar to a monomer that does homopolymerize, but is 
reaching its polymer–monomer equilibrium. At these conditions, 
no further increase in conversion takes place. Introduction of 
another monomer at this moment, capable of homopolymeriz
ing (and copolymerizing), leads to formation of the block 
copolymer with a junction unit following the first homopolymer 
block and buildup of a graded copolymer. This was observed 
when LA has been brought to the polymer–monomer equili
brium and then CL was introduced into the system.153 

The actual process is illustrated by the kinetic data in 
Figure 5. Thus, homopolymerization of LA has been brought 
to equilibrium and reached [LA] = 0.06 mol l−1eq . Then CL was 
introduced at [CL]0 = 0.84 mol l−1 and copolymerization 
started. LA was virtually consumed when less than 0.2 mol l−1 

of CL remained and finally homopolymerization of CL pro
ceeded. One could imagine that the proper choice of a 
monomer and other conditions would give even a lower pro
portion of comonomer needed for complete conversion of LA. 
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Figure 3 Oligomerization of γ-butyrolactone (γ-BL) initiated with Al(OiPr)3. 
(a) GPC trace and (b) mass spectrum (chemical ionization) of the isolated 
series of linear oligomers: H-[O(CH2)3C(O)]n-OiPr. Conditions of oligo-
merization: [γ-BL]0 =3.8m ol l−1, [Al(OiPr)3] −

0 =0.2m ol l 1, THF, 80 ° C.148 

Figure 4 Dependence of the γ-butyryl (bl) unit content in the γ-butyrolactone 
(γ-BL)/ε-caprolactone (CL) copolymer (Xbl = 100[bl]/([bl] + [cl])) on the γ-BL 
monomer content in the feed (xBL = 100[BL]0/([BL]0 + [CL]0).152 
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Figure 5 Kinetics of copolymerization of L,L-lactide (LA) (●) and 
ε-caprolactone (CL) (○). Conditions: [CL]0/[LA]eq = 15.3, [CL] 

−
0 = 0.89 mol l 1; 80 °C, THF, Mn (living PLA) = 4780.153 

This phenomenon is of interest since it allows a polymer to b
produced with complete conversion of a monomer below it
[M]eq. 

1 ð½LA�eqÞco ¼ LA
1 þ ð½…−cl − la��eq =½…−la − la� eq  

� ð½ �� Þ eqÞhomo

½11
Equation [11], derived in Reference 153, shows that excep
[…–cl–la*] = 0, the equilibrium concentration of LA in
copolymerization would always be lower than that in homo
polymerization. The research should, thus, be directed toward
comonomers giving an as-high-as-possible ratio of activ
centers resulting from cross- and homopropagations
½…−cl−la��=½…−la−la��. 

4.11.2.1.3 Polymerization in heterogeneous systems 
Polymerization of industrially important monomers, such a
DX or LA, is usually carried out above the melting temperatur
of their polymers in homogeneous melt. Under these condi
tions (i.e., above 110 °C for poly(DX) and 180 °C for pol
(LA)), the equilibrium monomer concentrations are relativel
high, namely, [DX]eq > 2.5 mol l−1 and [LA]eq > 0.32 mol l−1

because of the moderate ring strain in the six-membered mono
mers. The molar fraction of the unreacted monomers can be, 
however, reduced by aging the living polymerization mixtures 
below the melting temperature of the polyesters formed. Under 
these modified conditions, poly(DX) and poly(LA) crystallize, 
and the volume of the liquid phase, in which the unreacted 
monomer still remains, decreases. Then, [M] increases 
temporarily above the [M]eq and then an additional polymer
ization of the monomer proceeds, leading to an apparent 
decrease in [M]eq (actually molar fraction of M), resulting 
eventually in almost complete monomer consumption. This 
result is achieved despite the conclusions that could be drawn 
from the values of the thermodynamic parameters in Table 1 
for both discussed monomers.154,155 This problem has already 
been discussed for the example of 1,3,5-trioxane bulk polymer
ization, in the first edition of the Comprehensive Polymer 
Science.156 Similar phenomena may also take place in other 
heterogeneous polymerizing systems (see also Chapter 4.25). 

4.11.3 Kinetics of the ROP of Cyclic Esters 

4.11.3.1 Kinetic Polymerizability 

Polymerizability, in the frame of the formalism of propagation 
kinetics, is related to the sign of the molar Gibbs energy of 
activation (ΔG ≠

p ) – a measure of the energy barrier in the 
elementary act of propagation (eqn [2]), for which ΔG ≠

p 

assumes exclusively positive values. The instance for which 
ΔG ≠ 

p < 0 means that a given reaction is more complex and 
does not exclusively corresponds to the elementary act of the 
polymer chain growth. The resulting rate constant of propaga
tion (kp, eqn [12], Reference 157) for a given mechanism and 
structure of active centers should assume values assuring oper
able polymerization times at a given temperature. 

 
k T 

�
ΔG≠   �

k T 
�

ΔH≠ ≠  
p b p ΔSpkp ¼ b exp − ¼ exp − þ

�
½12� 

h RT h RT R 

where kb, h, ΔH
≠

p , and ΔS ≠
p denote the Boltzmann constant, 

Planck constant, enthalpy, and entropy of activation, 
respectively. e 

As it is already stressed in the Introduction, the fulfillment s 
of thermodynamic requirements is a necessary but not suffi
cient prerequisite for a polymerization to occur. In general, the 
‘thermodynamic polymerizability’ cannot be taken as a direct 

 measure of monomer reactivity. For instance, the rate constants 
of alkaline hydrolysis of γ-BL and CL at comparable conditions � 
are close to each other (1.5 � 10−4 and 2.6 10−4l mol−1 s−1, 

t respectively)158 
�

although the corresponding ring strains differ 
 considerably (cf. Table 1). 
- The difference in ring strain of β-lactones and higher lac
 tones could also suggest that the polymerization rate of the 
e former should be much higher than, for example, that of 
: CL. However, the opposite is true: for example, in the 

Al(OiPr)3 – initiated polymerization, kp(β-BL) = 4 10−3 and 
k (CL) ≈ 30 l mol−1 s−1 

�
= l−1,  

0 80 °C, 159
p ([M]   2 mol  THF); see 
also a similar difference in PL and CL reactivities160–162 in 
ionic polymerization. This observation can, possibly, be 

s 
explained by two effects (Scheme 1).29,33,163,164 

e 
Steric hindrance that hampers the attack of active species on 


the acyl carbonyl is much more pronounced in the flat β-BL 

y 
molecule compared with the folded CL molecule. Moreover, 

y 
the nucleophile addition leads to a change in hybridization of 

, 
the attacked carbon atom from sp2 to sp3. In the β-BL case, an 
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additional strain appears caused by interaction of the free 
electron pair of the endocyclic oxygen atom with the exocyclic 
C=O group in the cis conformation forced by the ring topology. 
The gauche conformation in the CL case does not produce any 
additional energy barrier of that kind. 

The order of monomer reactivities may also depend on the 
polymerization mechanism as has been revealed, for example, 
by kinetic studies of polymerization of the 6-, 7-, 9-, 12-, 
13-, 16, and 17-membered lactones initiated with the zinc 
2-ethylhexanoate/butan-1-ol system165 or catalyzed enzymati
cally.165,166 For the resulting Zn alkoxide propagating species, 
the following relative rates have been measured: 2500, 330, 
21, 0.9, 1, 0.9, and 1, respectively (bulk polymerization, 
100 °C). Since the active species operating in polymerization 
of various lactones in this system are structurally identical, 
namely,….–C(O)(CH2)m−1CH2O–Zn–…, the order of the 
resulting polymerization rates is equivalent to the order of 
lactone reactivities. Comparison of the lactone ring sizes with 
the relative polymerization rates shows that the larger the 
lactone ring, the lower is its reactivity (reactivities of the 
12-, 13-, 16-, and 17-membered lactones are practically iden
tical taking into account the experimental error). It can be 
expected that in the transition state of propagation this strain 
is partly released and the resulting ΔHp 

≠ is lower for strained 
monomers in comparison with the nonstrained ones. 
Probably, this is the main reason why the lactone reactivities 
decrease with increasing their sizes and eventually reach a 
constant value for larger rings. Other factors, such as the 
electrophilicity of the monomer acyl or steric hindrance ham
pering the approach of the active species to the lactone ester 
group, probably play a minor role. 

Interestingly, the relative rate order of the enzymatic poly
merization shows an inverse dependence on the ring size, 
namely, 0.10:0.13:0.19:0.74:1.0 for the 7-, 12-, 13-, 16-, and 
17-membered lactones, respectively.165 This kinetic behavior 
can be explained assuming that in enzymatic polymerization, 
the rate-determining step involves formation of the lactone– 
enzyme complex. The latter reaction is promoted by hydropho
bicity of the lactone monomer, which is higher for large lactone 
rings. Concluding, thermodynamic and kinetic polymerizabil
ities for enzymatic processes with regard to the monomer ring 
sizes are in the opposite order. 

The reaction of initiator with monomer (eqn [13a]) should 
lead to active species capable of adding new monomer mole
cules (eqn [13b]) faster than they undergo any side reactions 
(e.g., termination (eqn [13c]) or transfer to monomer 
(eqn [13d])). 

where I denotes the initiator molecule, X the terminating agent, 
and kp, kd, kt, and  ktr the rate constants of propagation, depropa
gation, termination, and chain transfer to monomer, respectively. 

For an ideal living polymerization, kt = 0 and ktr = 0 (how
ever, a transfer could occur though reversible72). ROP of cyclic 
esters, the subject of this chapter, could also proceed as living 
processes. However, the molar mass and end group control of 
the resultant polymer are possible only when ki ≥ kp and ktr =0.  

4.11.3.2 Initiators and Active Centers: Structures and 
Reactivities 

Extensive lists of initiators and catalysts used in anionic and 
coordination polymerizations can be found in several reviews 
(see, e.g., References 111, 167, and 168). In spite of the fact that 
dozens of ‘new’ initiators were reported every year in the past 
decades, for the purpose of this discussion, it is enough to say 
that, for the four-membered PL, ionic metal carboxylates (most 
often with K+, Li+, or  Na+ counterions) can be used, whereas for 
higher lactones and LAs, exclusive initiation with the alkoxides 
is possible. Multivalent metal (e.g., Zn, Sn(II), Al, Sn(IV), Ti, or 
Zr) alkoxides, giving a good compromise between reactivity 
and selectivity, lead to propagation on the covalent metal– 
alkoxide polarized bonds, presumably by a coordination 
mechanism. In turn, multivalent metal carboxylates or acetyla
cetonates require the presence of a coinitiator, such as hydroxy 
or primary amino group for initiating cyclic ester 
polymerization. 

Initiation of β-lactone polymerization with ionic alkox
ides proceeds in such a way that it initially results in acyl– 
oxygen and alkyl–oxygen bond scission in c. 1:1 proportion 
(Scheme 2).  However,  independent of the  chemistry at ear
lier stages, the eventual active species are carboxylate 
anions.29–31 

The observed inversion of configuration if the substituted 
β-carbon is attacked (e.g., in the enantiomerically enriched 
β-BL) points to the SN2 mechanism in the active species 
attack.169 

The alkyl–oxygen bond scission is known only for 
β-lactones, whereas for higher lactones and LAs exclusively 
the acyl–oxygen bond scission proceeds and the active species 
are alkoxide anions. 

Anions of high basicity and, due to steric hindrance, low 
nucleophilicity (e.g., tert-butoxide) initiate the polymerization 
mostly by proton transfer and in the irreversible (e.g., PL) or 
reversible (e.g., CL) mode (Scheme 3).170 

The idea of the –C–C– bond breaking in initiation of the 
four-membered lactone polymerization has recently been 
shown to be wrong.171 Actually, Szwarc himself expressed 
some doubts about this unusual hypothesis much earlier 
(p 69 in Reference 172). 

In contrast to PL, which polymerizes by the action of soft 
and moderately reactive carboxylate anions, less strained cyc
lic esters (e.g., CL or LA) require stronger nucleophiles to 
propagate and, as a consequence, are usually plagued by side 
reactions. On the other hand, it has been found that coordi
nation ROP of CL or LA initiated with covalent metal 
alkoxides may proceed in a perfectly controlled way due to a 
high selectivity, as is quantitatively expressed by high kp/ktr 
ratios.50,53,54,173,174 This feature provides a flexible way not 
only for synthesis of linear homopolymers, but also for a great 
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variety of macromolecules differing in architecture. 
Polymerization of CL initiated with dialkylaluminum alkox
ide is a typical example. The initiation proceeds by a simple 
monomer insertion, mechanistically identical with the 
subsequent propagation steps. A comparison of 1H NMR
spectra of the initiator and those of the reacting mixture 
(Figure 6) suggests the quantitative initiation and absence of 
side reactions during the PCL chain growth (eqn [14]). 

The monomer insertion may be preceded by the monomer 
coordination. The elementary reaction of the Al alkoxide 
active species with the CL monomer proceeds then analo
gously to the BAC2 mechanism, however, with the
participation of polarized covalent bonds (Scheme 4).176 

 

The related monomer/active species coordination/com
plexation phenomena and possible chelation effects are 
discussed in more detail by Lewinski et al.177,178 on the exam
ples of CL and LA polymerization. 

Whenever the alkoxides exist in different aggregated forms, 
it may happen that one form is more reactive than the other 
one. If, in addition, the exchange between these forms is slow, 
in comparison with the rate of initiation, then only this reac

 

tive form is engaged in initiation, leaving the other form(s) 
intact, when the polymerization is over. This is the case of 
initiation of CL with Al(OiPr)3, consisting of a trimer (reac
tive) and tetramer (unreactive) at least at ambient 
temperatures (Scheme 5).65,66 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 6 Selective initiation with (C2H5)2AlOC2H5 (I) of the polymerization of ε-caprolactone (CL). 1H NMR (200 MHz) spectra of (a) initiator and 
(b) living PCL. Conditions of polymerization: [CL]0 = 2.0 mol l−1, [I]0 = 0.097 mol l−1, C6D6 as solvent, 25 °C (sb = side bands).175 
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At higher temperatures (e.g., above 100 °C), the rate of 
trimer-tetramer exchange may approach the rate of initiation 
since the temperature coefficient of the rate of exchange is 
higher than that of initiation.60 

4.11.3.3 Initiation with Covalent Carboxylates 

For a long time, the initiation of polymerization of higher 
lactones and LAs with covalent (Sn or Zn) carboxylates was 
under dispute. Leenslag and Pennings84 and later Zhang et al.88 

proposed a mechanism involving reaction of Sn(Oct)2 with a 
coinitiator, thus leading to the corresponding alkoxide. The 
hydroxy group may be present as an impurity or may be 
deliberately added in a compound to the system (e.g., water, 
alcohol, or hydroxy acid (ROH)), (eqn [15]): 

SnðOctÞ2 þ ROH ⇌ OctSn-OR þ OctH 
15

OctSn-OR þ ROH ⇌ RO-Sn-OR 
½ �þ OctH 

where Oct stands for O(O=)CCH(C2H5)C4H9 (2-ethylhexano
ate (octoate)) group and OctH for 2-ethylhexanoic (octanoic) 
acid. 

Then, the resulting tin(II) mono- and/or dialkoxide initiates 
polymerization in the same manner as the other metal alkox
ides. However, there was, at that time, no direct proof of such a 
mechanism and several other mechanisms have been pro
posed.84–90 The most often cited was the ‘trimolecular’ 
mechanism86 in which first the catalyst–monomer complex is 
formed. This mechanism has conclusively been shown not to 
operate since it excludes the presence of Sn atoms covalently 
bonded to the growing macromolecules. The matrix-assisted 
laser desorption ionization (MALDI) time-of-flight (TOF) mass 
spectral measurements of the cyclic ester/ROH/Sn(Oct)2 sys
tem revealed the presence of tin(II) alkoxides in the growing 
polyester chains.92 Moreover, the kinetic studies also clearly 
supported this sequence of the exchange reactions.91,93–96 

In Figure 7, the LA polymerization rates in two systems 
are compared, namely, that initiated with Sn(Oct)2/BuOH 
and with Sn(OBu)2/OctH.93 Polymerization at [Sn(Oct)2]0 = 
0.05 mol l−1 with no alcohol added is very slow (plot 1). It is 
certainly co-initiated by compounds containing hydroxy 
groups, adventitiously present in the system as impurities. 
Polymerization initiated at [Sn(OBu) ] = 0.05 mol l−1 

2 0 was 
2.4 � 102 times faster than that with Sn(Oct)2 alone (plot 4). 
In the next two experiments, [Sn(Oct)2]0 and [Sn(OBu)2]0 were 
equal (0.05 mol l−1) and 0.1 mol l−1 of BuOH and OctH were 
added. 
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Figure 7 Comparison of kinetics of L,L-lactide (L,L-LA) polymerization 
initiated by Sn(Oct)2 (1), Sn(Oct)2/BuOH (2), Sn(OBu)2/octanoic acid 
(OctH) (3), and Sn(OBu)2 (4). Conditions: [LA]0 = 1.0 mol l−1, [Sn(OBu)2]0 

= [Sn(Oct)2]0 = 0.05 mol l−1, [OctH]0 = [BuOH]0 = 0.10 mol l−1, THF, 
50 °C.93 

As it is seen in Figure 7 (plots 2 and 3), polymerization rates 
in the Sn(Oct)2/BuOH and Sn(OBu)2/OctH systems are practi
cally the same, which strongly supports the proposed 
mechanism of the actual initiator formation (eqn [15]). 

Therefore, these other views could be left aside. Besides 
hydroxy-group-containing compounds, primary amines can 
also play a role of the initiator in the Sn(Oct)2-catalyzed poly
merizations giving eventually tin(II) alkoxides as the growing 
species95 (it has to be stressed that the distinction between 
initiator and catalyst in such binary systems is not always 
straightforward and those terms are frequently used 
interchangeably). 

4.11.3.4 Propagation in Anionic ROP of Lactones 

Ionic (e.g., alkoxide or carboxylate) active species can partici
pate in the polymerization in different physical forms – ions, 
ion pairs, and ionic aggregates – which are interchanged slower 
or faster (Scheme 6). 

For example, equilibrium constants of dissociation (KD) in  
polymerization of CL and PL change typically at room tem
perature in the range from ≤ 10−10 (for Cat+ =K+) to  
10−5 mol l−1 (Cat+ =K+ complexed with dibenzo-18-crown-6 
(DBC)).111 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Quantitative studies of the elementary reactions in polymer
ization of cyclic esters were started by converting or ‘upgrading’ 
polymerization of PL from the nonliving to the living condi
tions. This happened in the mid-1970s when two papers 
appeared in the same issue of Macromolecules revealing that 
application of crown ethers27 or cryptands28 leads to a large 
increase in the observed rate of polymerization and suppres
sion of transfer reactions. This increase in the rate of 
polymerization when initiated with crowned potassium acetate 
was more than 100-fold. In agreement with the knowledge 
existing at that time on the influence of crown ethers and 
cryptands on the behavior of ionic reactions, it was assumed 
that these additives break aggregates of ion pairs, converting the 
otherwise unreactive aggregates into the unimeric ion pairs 
with complexed cations. A further consequence was the 
increase in concentration of the free ions due to a much higher 
dissociation constant of the crowned ion pairs. 

Polymerization was first-order in the monomer; the appar
ent rate constant increased with the independently determined 
degree of ionization (α). Besides, molar masses were linear 
functions of conversion up to Mn = 2  � 104. From the corre
sponding plots of the apparent rate constants of propagation 
(k app

p ) on  α (Szwarc plot), both k − 
p and kp 

� have been 
determined.160,161 

Results of these measurements have led to the observation 
of an unexpected phenomenon. The ion pairs behave in a 
‘normal’ way; at [PL]0 = 1.0 and 3.0 mol l−1, their reactivity 
was the same (Figure 8(c)), which means that the crowned 
ion pairs are not specifically solvated by components of the 
system. This is because ion pairs are electrically neutral and 
their cation is not easily accessible due to its crowned character. 
On the contrary, the reactivities (rate constants) of the ions 
depend on [PL]0, that is, on the solvating power of the reaction 
medium (it has been assumed that the monomer can solvate 
ions). 

Comparison of k −  
p and kp 

� at various temperatures is given 
in Figure 8. At low temperature, the reactivity of ions 
approaches the reactivity of the ion pairs in both CH2Cl2 and 
dimethylformamide (DMF) solvents. In DMF, a temperature 
could be found at which an inversion of reactivities of both 
species takes place (isokinetic point). Apparently at this low 
temperature, the solvation of ions is so strong that an addi
tional energy is required to remove solvating molecules from 

their immediate environment. Thus, the ions are becoming 
relatively less reactive. Similar phenomena were also observed 
in the polymerization of CL.162 

Thus, one can assume that solvent (S) and monomer (M) 
molecules (Scheme 7) are packed in a disorderly way in the 
available space around the macroion pair (–, +) being not 
oriented in any specific way. On the contrary, macroions are 
specifically solvated, and the thermodynamic potential of the 
monomer molecules solvating the active species differs from 
that of the monomer in solution. 

The lower the temperature, the more perfect becomes the 
solvation shell around ions; removal of solvent and/or mono
mer molecules, a necessary step preceding propagation, 
becomes more and more difficult. Thus, the activity of ions 
decreases faster with lowering temperature than the reactivity of 
ion pairs, where the solvation is not important. Then, at a 
certain temperature, the reactivities become equal, which is 
followed by their inversion after a further temperature decrease. 
van Beylen and Szwarc discussed this system in their book,179 

and expressed some doubts on the above-presented picture. 
Particularly they say on p 112 (Szwarc and van Beylen179): 
“Since the solvated ions contribute to the electric conductance 
but not to the propagation and the fraction of the free ions was 
determined by conductance, the propagation rate constant, kp, 
is too low”. This statement points to another possible explana
tion than that given in the original papers.161,162 It has been 
assumed there that all of the ‘free’ ions are solvated, and that 
there are no two distinct populations, solvated, of low reactivity 
if any and nonsolvated, of higher reactivity. In the next part of 
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Figure 8 Semilogarithmic dependences of the rate constants of propagation on − ions (kp ) and ion pairs (kp 
�) vs. reciprocal of the absolute temperature 

in the polymerization of PL. (a) − kp (○), kp 
� ( −  − Δ), [PL]0 = 5  � 10−1 mol l−1 in DMF; (b) kp (○), kp 

� (Δ), [PL]0 = 1mol l−1 in DMF; (c) kp (●), [PL]0 = 
1 mol l−1; −kp (○), [PL]0 = 3mol l−1; and kp 

� (■), [PL] = 1mol l−1; � (□), [PL] = 3mol l−1 in CH Cl .160,1610 kp 0 2 2  
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the cited monograph, however, it is added (Szwarc and van 
Beylen179): “If, however, its (of the monomer) orientation in 
the solvation shell is improper for its insertion and its presence 
hinders the addition of another monomer, the reactivity of the 
solvated ion might indeed be very low”. This is very close to the 
explanation given by the authors of the original work. 

4.11.3.5 Propagation in Coordinated ROP of Cyclic Esters 

The quantitative data on kp in coordination polymerization are 
available almost exclusively for cyclic esters. A more detailed 
analysis of the reactivity–selectivity relationships has been pre
sented in the already published papers.50,53,54,173,174 Among 
the first works when coordination initiators were used, the 
works of Teyssie et al. on Al(OiPr) 26,180 

3 and the dinuclear 
μ-oxo-alkoxido compounds have to be mentioned.25 The 
actual step of propagation on the >Al–O–… bond has been 
described in terms close to our present understanding of this 
reaction. The living character of polymerization has also been 
demonstrated. Some time later, Kricheldorf et al.64 revealed a 
similar behavior for the other multivalent metal (Sn(IV), Ti, Zr) 
alkoxides. 

4.11.3.5.1 Dialkylaluminum alkoxide active species 
Depending on the structure of the resulting active centers 
(mostly on the number of growing polyester chains at one 
metal atom), propagation may also be accompanied by aggre
gation of the alkoxide species. In the trimeric Al(OiPr)3 

aggregate/CL system, the macroalkoxide species assume exclu
sively the three-arm unimeric structure,66 whereas for R2AlOR′/ 
CL, dimeric and trimeric aggregates prevail at higher concentra
tions of active centers.55,56,58,181Similar phenomena have been 
observed for ionic centers earlier.48 

Aggregation may be diagnosed from the external kinetic 
order in active centers55,56,58,60,181 and from the 27A1 NMR 
data.185 In the majority of the reported cases, aggregates 
are not reactive. The corresponding kinetic scheme reads 
(Scheme 8): 

The (Pi*)m species are dormant and ‘retain their ability to 
grow 182 

’ and, therefore, polymerization involving these species 
is living, providing that the aggregation and deaggregation rates 
are high enough compared with that of propagation. 

kp
Pi * + M Pi+1 * 

Ka 
(Pi*)m 

no reaction 

 

m Pi * 

(Pi*)m + M 

Pi* - nonaggregated, unimeric active centers 
(Pi*)m - aggregated species 

m - aggregation degree 
M - monomer molecule 
kp - rate constant of propagation 
Ka - equilibrium constant of aggregation 

Scheme 8 
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Figure 9 The external order in initiator dependences (eqn [16]) obtained 
in polymerization of ε-caprolactone (CL) initiated with Et2AlOEt. 
Conditions: [CL]0 = 2 mol l−1; solvents – CH3CN (1), THF (2), and C6H6 (3); 
25 °C. Points, experimental; lines, computed numerically assuming kinetic 
Scheme 8.58 

Solution of the kinetic Scheme 8 gives two useful depen
dences, eqns [16] and [17],55,56,58 

ln r ¼ ln k ðmK Þ−1=m 1
p p a þ ln½I�0 ½16� 

m 

r1−m k1−m 
p ¼ −mKa p þ kp½I� −

0r
m

p ½17�
where rp = d[M]/[M]dt = t−1 ln([M]0/M]), [M]0 and [M] denot
ing the starting and instantaneous concentrations of monomer, 
[I]0 the starting concentration of initiator (being equal at the 
properly chosen (living) conditions to the total concentration 
of active species – growing and dormant), and t the polymer
ization time. 

Fitting the experimental data (i.e., rp and [I]0) available 
from the kinetic measurements to eqn [16] allows determina
tion of the degree of aggregation (m). However, this approach 
does not allow determination of Ka and kp, but merely their 
product. 

The way of determining both kp and Ka is possible espe
cially when the degree of aggregation can be estimated as 
described above.55,56 Equation [17] gives a direct access to 
both kp and Ka. 

Figure 9 shows example of the rp versus [I]0 dependences 
(eqn [16]) obtained in polymerization of CL initiated with 
Et2AlOEt and carried out in CH3CN, THF, and C6H6 as sol
vents.58 The resulting plots reveal that the order in initiator 
decreases in all solvents from 1 to 1/3 with increasing total 
concentration of active centers (equivalent to [I]0 in the living 
polymerization conditions). This behavior clearly points to the 
aggregation of the active centers of unimeric aluminum 
alkoxide (…–C(=O)CH2CH2CH2CH2CH2OAlEt2) into the 
unreactive trimers. 

Although it has been known that the degree of aggregation 
is equal to 3 for polymerization conducted with diethylalumi
num alkoxide, but it was decided to test the equation for the 
known value equal to 3 and to see the results by introducing for 
the aggregation number an incorrect value equal to 2. The 
former value gives indeed the straight line as required whereas 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 10 Polymerization of ε-caprolactone (CL) initiated with Et2AlOEt (THF, 25 °C). Test of eqn [17] for the degree of aggregation m. Only for m = 3,  a  
straight line was obtained as required. Primary kinetic data taken from Duda, A.; Penczek, S. Macromol. Rapid Commun. 1994, 15, 559.56 

assuming the incorrect value gives highly dispersed points 
(Figure 10). 

In Table 2, the values of kp and Ka determined for the 
CL/Et2AlOEt system in solvents of various polarities and sol
vating power are collected. 

These data reveal that the higher the dielectric permittivity 
of solvent, the lower are both kp and Ka. Namely, the 
increase in ε of 2.3–37 causes a decrease in kp of 
8.6 � 10−2 

–7.5 � 10−3 l mol−1 s−1 (i.e., 11 times) and a simul
taneous decrease in K of 2.4 � 105 7.7 � 101 mol−2 

–a l2. 
Therefore, for lower total concentrations of active centers, 
when the nonaggregated, actually growing species dominate 
(Figure 9), the polymerization rate order, measured for a 
given [I]0, is a s follows: r p (C6H6) >  rp (THF) > rp (CH3CN). 
However, for higher [I]0, when concentration of the unreactive 
aggregates increases and this increase is higher for the less 
polar solvents, the polymerization rates tend to converge 
and, at [I] = 0.1m ol l−1 ’0 , rp s measured i n C 6H6, THF, a nd
CH3CN become almost identical (Figure 9). CH3CN is the 
most polar of the three used solvents and it apparently breaks 
down the aggregates. Thus, in the studied range of concentra
tions, the active species are mostly unimeric (i.e., reactive). In 
both THF and C6H6, the equilibrium between aggregated 
(unreactive, dormant) and not aggregated species persists 
although, at a sufficiently low concentration for a given sys
tem, the fraction of aggregated species may be negligibly small 
and no longer important. Both the alkoxide active center and 
the lactone molecule have dipolar structures. An analysis of 
the influence of the solvent dielectric permittivity, as a 

 

Table 2 Propagation rate constants (kp) and equilibrium 
 constants of aggregation (Ka) for polymerizationa of 

 ε-caprolactone initiated by diethylaluminum ethoxide58

Dielectric 
permittivity kp Ka 

Solvent (ε)  (mol−1 l s−1)  (mol−2 l2) 

CH3CN 
THF 
C6H6 

37 
7.3 
2.3 

7.5 
3.9 
8.6 

� 
� 
� 

 10−3
 10−2
 10−2

7.7 
5.5 
2.4 

� 
� 
� 

 101
 104
 105

a[CL]0 = 2 mol l
−1, 25 °C. 

macroscopic parameter, on the kp of the dipolar molecule– 
dipolar molecule reaction in terms of the electrostatic effects 
shows that an increase in ε should lead to a higher kp. In t he  
analyzed case, the reverse order is observed, namely, kp in 
CH3CN is lower than that in THF and benzene. Such behavior 
may be related to specific solvation of the growing dialkyla
luminum alkoxide by dipolar solvents (THF, CH3CN), strong 
enough already in the ground state, thus increasing ΔH ≠

p . 
Apparently, the specific solvation effects predominate over the 
electrostatic field effects and, as the net result, the kp decreases 
with increasing polarity and solvating power of the solvent. 

In studies of CL polymerization, the kinetically determined 
proportion of the actual growing unimeric species Pi 

� was 
compared with the proportion of P � measured by 27i Al NMR 
spectrometry.183 The corresponding spectrum is in Figure 11(a). 
It shows two peaks – for tetracoordinate (Al(4) in unimeric P � 

i 

species) and for pentacoordinate (Al(5) in (Pi 
�)3 aggregated 

species) aluminum atoms.184,185 The interconverting species 
are depicted in Scheme 9. The concentration of the Al(4) pro
pagating species, estimated from the spectrum in Figure 11(a), is 
set equal to ≈10% of the total, thus being comparable with that 
determined from the kinetics (Figure 11(b)). 

The exchange rates of aggregated (dormant) and unimeric 
(propagating) species in the CL/R2AlOR system are high 
enough to govern an even growth of all macromolecules, as 
can be judged from Mw/Mn values determined for the resulting 
poly(CL) and ranging from 1.03 to 1.13.51 

4.11.3.5.2 Aluminum trialkoxide active species 
Propagation on aluminum trialkoxide active species was a 
matter of controversy concerning the question how many 
chains grow from one Al atom in that species. Eventually, it 
has been revealed that, independently of the monomer used, 
three polyester chains grow from one Al atom (see Scheme 4 
for CL polymerization).66 It was shown65,66 that an early 
assumption of Kricheldorf64 was correct in that all three alk
oxide groups in Al(OiPr)3, if properly used, are active in 
building the chains. 

However, the structure of the living PCL given in Scheme 5 
is an oversimplification because the 27Al NMR spectra of the 
growing species show that an additional coordination takes 
place.63,66 In Figure 12, an  27Al NMR spectrum of Al(OiPr)3 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 (a) 27Al NMR spectrum of polymerizing mixture: CL/Et2AlOEt/THF + 10 vol.% of C6D6. Conditions: [CL]0 = 2 mol l−1, [Et2AlOEt]0 = 0.1 mol l−1, 
25 °C. (b) Dependence of the mole fraction of the unimeric, nonaggregated active centers ([Pn*]/[I]0) on their total concentration ([I]0) as determined 
from the kinetic measurements for the CL/Et2AlOEt/THF system. Conditions: [CL]0 = 2 mol l−1, THF, 25 °C. The arrow indicates the [Pn*]/[I]0 obtained for 
[I]0 = 0.1 mol l−1.183 
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Figure 12 27Al NMR (75 MHz 27Al, 70 °C, benzene-d6) spectra of the 
aluminum triisopropoxide trimer (A3) and the living polyesters prepared 
with A3. (a) A3; (b) living poly(ε-caprolactone); (c) living poly 
(γ-butyrolactone); and (d) living poly(L-lactide). Polymerization conditions 
(concentrations in mol l−1): 3[A3]0 = 0.1, [CL]0 = 2.0, [γ-BL]0 = 3.8, 
[LA]0 = 1.0, 80 °C, benzene-d6.186 

trimer (A3) is compared with those of the living poly 
(ε-caprolactone) (PCL), living poly(γ-butyrolactone), and living 
poly(L-lactide) (PLA); all three polyesters were prepared with A3 

as an initiator. In the initiator itself the tetra- and pentacoordi
nated Al atoms are present (see the formula in Scheme 4). The 
spectrum of A3 exhibits signals at δ ≈ 60 and 30 ppm in the 
expected proportion (2:1), marked in Figure 12(a) as A l(4)  
and Al(5). A small signal in the vicinity of δ = 0 ppm is due to 
the presence of ≈1.5 mol.% admixture of the tetramer (A4). In 
the PCL spectrum, a strong peak at δ ≈ 4 ppm  due to the  hex
acoordinated Al atoms (Al(6)) prevails but a small shoulder in 
the field characteristic of Al(5) is also apparent (Figure 12(b)). 
The spectrum of Pγ-BL shows, apart from the sharp peak of Al 
(6), a broad signal coming from Al(4) (Figure 12(c)), whereas in 
PLA the Al(4) atoms are present (Figure 12(d)). 

The observed additional coordination of Al atoms in grow
ing species could result from the intramolecular complexation 
by the acyl oxygen atoms from the polyester repeating units, as 
it was originally proposed by the Liege group.63 Some of the 
structures are illustrated schematically below (Al(4)1, Al(4)2, 
Al(5), and Al(6)). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Polymerization of CL exhibited approximately first-order 
propagation both in monomer (internally) and in active spe
cies. The apparent kp value (encompassing both five- and 
six-coordinate species) is equal to 0.62 l mol−1 s−1 (25 °C, 
THF).66 Most probably, propagation proceeds on the more 
labile five-coordinate species in intramolecular dynamic equi
librium with the hexacoordinate one. Thus, the absolute kp 

could be considerably higher. 
In PLA, according to the 27Al NMR spectrum (Figure 12(d)), 

hexacoordinated species are not present. This may result from 
the steric hindrance caused by methyl groups. Moreover, the 
fractional kinetic orders of active species, observed by Kowalski 
et al.60 in the polymerization of LA initiated with A3, suggest that 
the aggregation–deaggregation equilibrium 2 Al(4)1 ⇆ Al(4)2 
(see structures 2) takes place and the propagation proceeds 
on the nonaggregated species Al(4)1. Therefore, kinetics of LA 
polymerization was analyzed in terms of Scheme 8. 
Ka =92m ol−1 l and k p =8.2  � 10−3 lmol−1 s−1 (80 °C, THF) 
were determined in this way. 
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4.11.4 Livingness of Polymerization in Processes
 
Initiated with Multivalent Metal Alkoxides
 

Despite the relatively complex kinetics, polymerizations of CL, 
LA, and other cyclic esters initiated with a number of metal 
alkoxide initiators fulfill the criteria required for the living pro
cess.114 Figures 13 and 14 show, on the example of CL and LA 
polymerizations initiated with RnAl(OR′)3−n, RnSn(OR′)3−n, 
Fe(OR)3, and T i(OR)4 alkoxides, the dependencies of ln 
{([M]0 - [M]eq)/([M] - [M]eq)} on time and of Mn on the mono
mer conversion, respectively.148 Both dependences are linear. 
Thus, Figure 13 indicates that the polymerization is devoid of 
termination whereas Figure 14 points  to the  absence  of chain  
transfer. The lines in Figure 14 correspond to the Mn – conver
sion dependences calculated assuming that each alkoxide group 
starts growth of one macromolecule whereas points are 
experimental. 

Good agreement between the calculated and experimental 
plots suggests that the functionality of multivalent metal alk
oxide initiators is equal to the number of alkoxide groups. 
Some of these initiators, such as Sn(OBu)2 allowed preparation 
of PLA in the controlled way,61 with Mn as high as ≈106. 

It should be added that in the vast majority of the recently 
reported kinetic studies of the ROP of cyclic esters, the 
first-order kinetic internal order in the monomer was observed, 
that is, the experimental plots ln{([M]0 – [M]eq)/([M]0 – [M])} 
versus time were linear. Atypically, in LA polymerization 
initiated with Zn alkoxide bearing 2-[(2-methoxyphenyl) 
amino]-4-[(2-methoxyphenyl)imino]pent-2-ene bidendate 
ligand, the second-order kinetics was observed for LA (based 
on the linearity of the (1/[LA]) – (1/[LA]0) vs. time plot). A 
mechanistic explanation of this result, however, has not been 
given.187 

In a discussion of the coordination polymerization of cyclic 
esters, the rare earth metal (e.g., La, Sc, Sm, Y, Yb) alkoxides 
must also be mentioned. These initiators applied first at the 
DuPont73,74 and then in other laboratories75–77 provided 
much higher polymerization rates when compared with Sn or 
Al alkoxides. For example, in the polymerizing system LA/Y 
(OAr)3/

iPrOH (where Ar = 2,6-di-tert-butylphenyl), the value of 

Figure 13 Kinetics of ε-caprolactone (a) and L,L-lactide (b) polymerization initiated with metal alkoxides (RnMt(OR′)x – n). Conditions (concentrations in 
mol l−1): (a, ○) 3[A3]0 = 3  � 10−3, 25 °C; (a, ◊) [Sn(OBu)2]0 = 3.3 � 10−3, 80 °C; (a, ♦) [Et2AlOEt] −3

0 = 8�  10 , 25 °C; (a, ♦) [Bu3SnOEt]0 = 9.9 
i −2 −3 −2 −3

◊

� 10−2, 80 °C; 
(b, ) [Ti(O Pr)4]0 = 10 , 80 °C; (b, ○) [Fe(OEt)3]0 = 1.4 � 10 , 80 °C; (b, ●) 3[A3]0 = 2  � 10 , 80 °C; (b, ∇) [Sn(OBu)2]0 = 3   10 , 50 °C; (b, ∇) 
[Bu SnOEt] = 5  � 10−2 0 =  

�
3 0 , 80 °C; [CL]0 = 2, [LA]   1.0; THF.148
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Figure 14 Dependence of Mn of poly(L-lactide) on the monomer conversion. Polymerization of L,L-lactide initiated with metal alkoxides (RnMt(OR′)x – n):
 
Bu3SnOEt (◊), Sn(OBu)2 (○), Al(OiPr) i −1 −2 −1

3 trimer (A3) (●), and Ti(O Pr)4 (▾). Conditions: [LA]0 = 1.0 mol l , [RnMt(OR′)x - n]0 = 10 mol l , THF, 80 °C (for
 
Sn(OBu)  

 at 25 °C).1482

k app 
p ≥ 10 l mol−1 s−1 (CH2Cl2, 22 °C) can be estimated.75 This 
means that the polymerization proceeds with the rate more 
typical for the ionic polymerization of cyclic esters. 

4.11.5 Extent of Molar Mass Control in Processes 
Initiated with Multivalent Metal Alkoxides 

A number of well-defined macromolecules with well-
controlled size and end groups were prepared with Al and Sn 
(II) initiators. As it is seen in Figure 15(a), Mn ’s of PCL could be 
controlled up to ≤5 � 105 with dialkylaluminum alkoxide 
initiators.188 

After understanding the difference between Al(OiPr)3 trimer 
and tetramer (cf. Scheme 4), the isolated trimer has become the 
most versatile initiator for the controlled polymerization of 
cyclic esters. It provides fast and quantitative initiation, mod
erately fast propagation (k −1 −1 

p = 0.6 l mol s compared with 
0.039 l mol−1 s−1 for Et2AlOEt (25 °C, THF)),56,66 and relatively 
good selectivity (with regard to transesterification, see Section 
4.11.7).54 Thus, Al(OiPr)3 in the form of a trimer seems to be 

1.0 

 

 

1.0 
(a) (b) 

0.8 0.8 

0.6
 0.6 
5
 

0.4 0.4
10 

y)
 0.2 0.2 

, o
sm

om
et

r 4 
0.0 8 0.0 

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

3 
6 

 (
G

P
C

2 Et2AIOCH = CH2 

M
 n 4 

Et2AIOEt 

–5
 

1 iBu

10 2AIOMe 2 

0 0 
0 1 2 3 4 5 0  2  4  6  8  10

10–5 Mn (calculated) 

ideally suited for the synthesis of aliphatic polyesters. Apart 
from good selectivity, it provides a direct control of polymer
ization degree of the resulting polyester by simply adjusting the 
([LA]0 – [LA]eq)/3[Al(O

iPr)3]0 ratio. On the other hand, there is 
an upper limit of Mn ≈ 3 � 105 of PLA and PCL, which can be 
obtained with Al(OiPr) 66,189

3, whereas with Sn(OBu)2, 
Mn ≈ 106 has been reached (see Figure 15(b)).61 The reasons 
for such a limitation are not yet well understood, but they 
could be related to the concentration of impurities and/or the 
intramolecular complexation of Al atoms in the active centers 
by the acyl oxygen atoms from a growing polyester chain.60,66 

Sn(Oct)2 is probably the most often used catalyst in the 
polymerization of cyclic esters. This is mostly due to its com
mercial availability, physical state (liquid), and higher 
chemical stability in comparison with alkoxides. Pn of the 
polyester formed in the cyclic ester (M)/Sn(Oct)2/initiator 
(ROH or RNH ) systems is determined by the ([M]  –2 0  [M])/ 
[initiator]0 ratio due to the fast initiation and exchange reac
tions – chain transfer to water, alcohol, or amine and then to 
the resulting macroalcohol. Using the standard high-vacuum 
technique and Sn(Oct)2 of 99.0 mol.% purity, it was possible 

 

Figure               ε    ′2   
25 °C) and (b) polymerization of (L,L)-lactide initiated with Sn(OBu)2 (○, THF, 80 °C) and (●, bulk, 120 °C).61,188 

15 Measured vs. calculated (predicted) molar masses of polyesters obtained by (a) polymerization of -caprolactone initiated with R AlOR (THF,
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to obtain both PCL and PLA with Mn up to ≈9 � 105. Thus, 
M 6 

n ≈ 10 seems to be a limit of Mn for the aliphatic polyesters 
prepared by ROP using the usual techniques, and this limit is, 
most probably, related to the concentration of impurities. A 
similar threshold value (Mv ≈ 9  105) was reported by 
Pennings and co-workers87 

�
some time before. It is not known 

whether there is a true termination reaction in these 
polymerizations. 

4.11.6 Controlled Polymerization of Cyclic Esters 
Initiated with Single-Site Metal Alkoxides 

In the group of Al-based initiators, the successful application of 
aluminum porphyrins in polymerization of cyclic esters should 
be mentioned. The structure of a typical initiator Al tetraphe
nylporphyrin (Al-TPP) is shown in structure 3. 

OR 
N N 

AI 

N N 

(AI-TPP) 

3 

The reason for quoting this structure is not only the fact that 
this class of initiators, developed by Inoue and Aida,190,191 lead 
to living processes, but also because more than 20 years later 
the structurally related ‘single-site’ initiators became important 
in the stereocontrolled polymerization of LAs and β-substituted 
β-lactones (e.g., β-BL). The discovery of the Japanese researchers 
seems almost forgotten. 

Application of single-site catalysts/initiators may also be of 
interest since it might remove the mechanistic complexity 
resulting from the aggregation–deaggregation exchange reac
tions, in which multiple-site alkoxides are usually engaged 
(see, e.g., References 78, 192–194, and the papers cited 
therein). According to the definition given by Chamberlain 
et al.:193 

“Single-site catalysts are those polymerization catalysts 
where enchainment of monomer occurs at a metal center (Mt, 
the active site) which is bound by an organic ligand (L). This 
ancillary ligand remains bound throughout the catalytic reac
tion, modifying the reactivity of the metal center. Typical 
single-site catalysts for lactone polymerization are of the form 
LnMtOR, where the alkoxide group (OR) is capable of 
propagation”. 

This concept and definition comes from the studies of 
olefins polymerization, where the first generations of catalysts 
were heterogeneous and provided several catalytic sites on the 
surface of catalysts. Using the same expression in the polymer
ization of cyclic esters is somehow ambiguous. Indeed, studied 

in Lodz, the dialkylaluminum alkoxides (R′ 2AlOR)51,55,56,58 

belong, in principle, to this category since, at the properly 
chosen conditions, R′ ligands remain unreactive and the pro
pagation proceeds on the alkoxide group. With R′ being the 
lower alkyl group, aggregation of active centers takes place. 
However, deaggregation could be observed, when simple 
ligands, such as N,N,N′-trimethylethylenediamine, were 
attached to the otherwise aggregated species.55 Besides, appli
cation of the bulky ancillary ligands L in the employed catalysts 
hampers chain transfer to macromolecules slowing down both 
intra- and intermolecular transesterification,53,190,191 which 
manifests itself in the decreasing Mw/Mn values for the pre
pared polyesters. 

The new generation of the single-site catalysts explored 
until now in CL polymerization do not show any particular 
advantage over the multiple-site ones, like Al(OiPr)3, with  
respect to the molar mass control as well as molar mass 
distribution (MMD) or the end group control in the 
resulting PCL.187,195–198 Results reported for polymerization 
of LAs78,187,193,199 and β-substituted β-lactones200 initiated 
with Zn or Mg aminoalkoxides or β-diiminates; point to a 
considerable rate increase of this process compared with the 
polymerizations initiated with Al(OiPr)3.

60,201 For example, 
for L,L-LA, k −1 −1 

p = 2.2  l mol s at 25 °C (t1/2 = 2.5 min at [I]0 = 
10−2 mol l−1) has been determined.78 

With regard to β-BL polymerization, two interesting facts 
were noted: (1) in spite of the single-site structure of the result
ing active species, which bear a bulky bidentate ligand, dimer– 
monomer equilibria were observed and (2) in contrast to the 
ionic process, exclusive nucleophilic attack on the acyl carbon 
atom, resulting in the retention of configuration, was observed 
(Scheme 10).200 

Application of discrete (single-site) catalysts based on the 
rare earth metals, magnesium, calcium, or zinc, leading to fast 
propagation, creates an opportunity of synthesis of aliphatic 
polyesters with a minute content of the metal-based catalyst 
and alcohol (ROH) as coinitiator/transfer agent controlling the 
molar mass and structure of end groups.202,203 

4.11.7 Transfer Processes in the Anionic and 
Coordination Polymerizations of Cyclic Esters 

Transfer processes in polymerization can be divided into at 
least two categories: irreversible and reversible ones. The irre
versible transfer leads inevitably to a remarkable departure 
from livingness. A typical example is polymerization of 
β-lactones (Scheme 11). 

Anionic polymerization of PL with alkali metal counterions 
as growing species has, perhaps, a measurable transfer to 
monomer (Scheme 11, R = H) as it could be estimated from 
Mn of the resulting PPL being not higher than 105 g mol−1 even 
at room temperature.161 Thus, the question arises whether this 
system ‘fully’ conforms to the living polymerization definition 
(vide infra). 

β-BL (Scheme 11, R = H) is a much better proton donor and 
the departure from livingness for this monomer is much more 
pronounced.45,46 Application of Bu4N

+ as counterion resulted 
in enhancement of the kp/ktr ratio and allowed preparation of 
poly(β-BL) (Pβ-BL) with M 5 

n ≤ 2 � 10 but its molar masses 
could hardly be controlled.80 Kinetic studies, supported by 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 10 

Scheme 11 

Mn measurements, allowed to determine the selectivity para
meter kp/ktr = 4  � 104 for PL (K+/DBC, CH2Cl2, 20 °C), and 
kp/ktr = 2.0 � 102 for BL (K+/DBC, THF, 20 °C).46 The latter 
ratio is equal to the maximal number-average degree of β-BL 
polymerization that can be achieved at these conditions. Both 
electronic and steric effects of the methyl group are responsible 
for a lower value of the kp/ktr ratio for β-BL, when compared 
with PL. This is at least partly due to differences in the rate 
constants of propagation (10−6 and 4 � 10−3 l mol−1 s−1 at 
20 °C, respectively). 

On the other hand, in the purely anionic polymerization 
of five- or higher-membered cyclic esters, the carbonyl carbon 
of the monomer is attacked with subsequent acyl–oxygen 
bond scission and reformation of the alkoxide anion. In the 
coordination polymerization, this is also the carbonyl carbon 
that is now first coordinated with alkoxide species and then 
the acyl–oxygen bond is broken with reforming of the 
covalent alkoxide chain end. In the already formed macromo
lecular chains,  the same ester  bonds  are present  as  those being  
the site of the nucleophilic attack in the monomer molecules. 
These processes are illustrated in Scheme 12, where the active 
centers are shown as …–OMt, for both anionic and covalent 
centers. 

Investigations in this area started from the early work of the 
Nagoya group47,204 and have been further quantitatively devel
oped in Lodz.48,50,53,54,174 Derivation of the corresponding 

R 

…-CHCH2C 

…-CHCH2COCHCH2C 

…-CHCH2COH 

H2C 

H(R)C O 

O 

R R 

R 

CH=CHC+ 

R 

O 

O 
O 

O 

O 

O 
kp 

ktr 

CO 

O 

Counterion omitted 

+– 

– 

– 

kinetic equations giving access to the rate constant of transfer 
is based on the kinetic Scheme 13. 

The intramolecular process is relatively easy to study quan
titatively. This is because the products of the chain transfer (by 
unimolecular transesterification) are cyclic compounds and 
their concentration can be measured, for example, by standard 
chromatographic methods. Thus, propagation and formation 
of cyclic oligomers are competitive reactions taking place 
simultaneously. 

The solution of the kinetic Scheme 13 (taking into account 
propagation and intramolecular transfer only) for some mono
mers (e.g., CL) for which propagation is practically irreversible 
gives eqn [18].50 

kp lnð½Mð1Þ�0 =½Mð1Þ�Þ 
β ¼ ¼ ½18� 

ktr1ðxÞ ½MðxÞ�eq ⋅ lnf½MðxÞ�eq =ð½MðxÞ�eq − ½MðxÞ�Þg 

where β = kp/ktr1(x) is the selectivity parameter showing how 
many elementary acts of propagation (at [M(1)] = 1 mol l−1) are 
accompanied by one macrocyclization (M(1) stands for mono
mer and M(x) for cyclic oligomer of polymerization degree x). 

Thus, the value of β is a direct measure of selectivity of a 
given active species. In Reference 50, GPC traces recorded for 
polymerizing mixtures CH3O

−Na/CL and (C2H5)2AlOC2H5/ 
CL (THF, 20 °C) are compared. With alkoxide anions, before 
the monomer is consumed, there is already a large proportion 
of cyclics, whereas when the aluminum-based covalent active 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 12 

species are used there are no detectable cyclics when full mono-
mer conversion is reached. Naturally, at equilibrium, the 
composition of both systems should be the same, but it takes 
a long time in the covalent process to attain the equilibrium.	 

Using the described kinetic approach, the ratios kp/ktr1 were 
determined for a few initiating systems. This ratio can differ by 
a factor as large as 103. The corresponding data are collected in 
Table 3. There are two phenomena involved, namely, reactivity 
and steric hindrance. The higher the reactivity of a species of 
comparable steric hindrance around growing species, such as 
Sm trialkoxide and Al trialkoxide, the lower the selectivity. This 
is often the case for other chemical reactions. If, on the other 
hand, the reactivity in propagation is the same but steric hin-
drance differs, then the more sterically hindered species is more 
selective. This is the case for dialkylaluminum alkoxides. The	 
highest selectivity, however, was observed for a low-reactive 
Al alkoxide that bears a bulky bidentate (+)-(S)-2,2′
[1,1′-binaphthalene-2,2′-diylbis(nitrilomethylidyne)] 

Table 3 Propagation rate constants (kp) and the selectivity 
parameters  (β = kp/ktr1) for the polymerizationa of  ε-caprolactone54

Active species 
kp 

(l mol−1 −1s ) 
β 
(l 
¼ kp =ktr 
mol−1) 

1 

 …–(CH2)5O−Na+ ≥ 1.70 1.6 �  103

…–(CH2)5O–Sm[O(CH2)5–…]2 2.00 2.0 �  103

…–(CH2)5O–Al(C2H5)2 0.03 4.6 �  104

…–(CH2)5O–Al[CH2CH(CH3)2]2 0.03 7.7 �  104

…–(CH2)5O–Al[O(CH2)5–…]2 0.50 3.0 �  105
 …–(CH2)5O–AlO2SBb  5.8 � 10−3  ≈106

aPolymerization conditions: 20 °C,THF. 
bPolymerization conditions: 80 °C, THF, SBO2: (+)-(S)-2,2′-[1,1′-naphthalene
2,2′-diylbis(nitrilomethylidyne)]diphenolate ligand, SB = Schiff base (Duda, A.; 
Kowalski, A. unpublished results). 

diphenolate ligand. The plausible explanation is that more 
bulky substituents do not affect propagation whereas in macro-
cyclization, the chains have more problems in achieving the 
conformation needed for the reaction to occur. 

In the intermolecular transfer (by bimolecular transesterifi
cation), one active polyester macromolecule reacts with 
another, also active, and possibly two active ones are repro-
duced.173,174,205 Thus, in the intermolecular transfer, the only 
change that is observed is broadening of the MMD. At a certain 
conversion, bimodal MMD appears. This is a novel and general 
phenomenon that was not considered earlier in macromolecu-
lar chemistry. It is generally accepted that in polymerization 
bimodality appears exclusively when two species are propagat
ing with different rate constants and these species do not 
exchange fast enough. 

The rate constant of intermolecular transfer (ktr2) or the 
kp/ktr2 ratio can be determined on the basis of the change of a 
function of monomer conversion {([M]0 – [M])/[M]0}. 

kp
 
Pn* + M(1)
 Pn+1* 

kd 

ktr1(x) 
Pn* 

k–tr(x) 

ktr2 

 

Pn–x* + M(x) 

Pn* + Pm* Pn+y* + Pm–y * 
k–tr2 

Pn* - growing polyester chain with DP = n 
M(1) - monomer, M(x) - macrocycle with DP = x 

Scheme 13 
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([M]0 -[M])/[M]0 = 0.41 0.87 0.99 

Pw/Pn = 1.07 1.44 1.95 
 

 

 

2
P

 
P

 
n

∑
 

/2
P

 
P

 
n

3 2 1 0 3 2 1 0 3 2 1 0 

log P 

Figure 16 Computed (Monte Carlo method) chain length distributions 
(Pw/Pn) as a function of the monomer conversion (([M]0 – [M])/[M]0). 
Conditions: [M]0/[I]0 = 102, 173 kp >> kd.

Figure 16 shows a simulation of the MMD for high kp/ktr2, that 
is, for a relatively slow transfer, numerical simulations were 
based on the kinetic Scheme 13, omitting the intramolecular 
transfer. Thus, chains are initiated at once and they grow giving 
in the beginning a distribution close to the Poissonian. 

They undergo transfer all the time, but approximately only 
once for 100 steps of propagation. A new population of macro
molecules that participated in transfer reacts slowly with the 
populations with Poisson distribution. The Mn of the popula
tions participating in the segmental exchange (i.e., 
intermolecular transfer) is the same, but Mw differs and this 
appears on the size-exclusion chromatography (SEC) traces, 
resulting in bimodal and broader distribution. Finally at equi
librium, the Mw/Mn value equal to 2, typical for the most 
probable distribution, independently of the initiator used, is 
reached. 

Thus, numerical simulation of Mw/Mn = f(([M]0 – [M])/[M]0) 
plots for various assumed kp/ktr2 was applied up to the best 
fit with the experimental dependence. A typical result is shown 
in Figure 17 for various covalent alkoxides. The lines were 
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generated for a given ratio of kp/ktr2 and the points are experi
mental. On this basis, it was possible to determine kp/ktr2 for a 
given system.173,174,205 

As it follows from Figure 17, the Mw/Mn ratio in some 
systems is close to the value expected for a Poisson distribution 
even for conversions as high as over 80%. Divalent tin has 
particularly good selectivity. Recently, even better selectivity 
was observed for >AlOiPr with bidendate, bulky 
phenolate-type ligands, similarly as used for the studies of 
intramolecular transfer (Table 3). It is also worth noting that 
comparing the extent of transesterification for a different initia
tor/monomer system on the basis of the Mw/Mn values 
measured for the resultant polyester is reliable only for the 
same monomer conversion and [M]0/[I]0 ratio. 

Figure 18 compares, thus, the obtained γ = kp/ktr2 with pro
pagation rate constants (kp) and with the atomic number of 
metal atoms involved in active species. It is remarkable that for 
a series of similar alkoxides as growing centers, this dependence 
conforms to the rules of the reactivity–selectivity principle. 
Moreover, the larger the size of the metal atom in the growing 
species, the higher the rate constant of propagation, as it could 
be expected in the case of lower alkoxide bond energies for 
larger atomic radii. 

Although we are looking for the ways of getting the best 
possible selectivities, in practice, it is not much important 
for a homopolymer to have a narrow distribution. Slowing 
down chain transfer is, however, important for the 
well-controlled block copolymers and other controlled 
architectures. Indeed, due to high selectivity of alkoxido 
{(+)-(S)-2,2′-[1,1′-binaphthalene-2,2′-diylbis(nitrilomethyli
dyne)]diphenolato}aluminum (for the structure, see 
Figure 19), well-defined LA/CL block copolymers could be 
prepared by initiating CL polymerization with the living 
PLA block, which was earlier impossible even with an also 
highly selective Al trialkoxide.207 

Thus, in the vast majority of papers reporting on attempts to 
synthesize the CL/LA block copolymer (PCL-b-PLA or 
PLA-b-PCL), the importance of the order in which both the 
comonomers are polymerized was stressed. When the CL 
monomer was polymerized first, the living PCL* macromole
cules were then able to initiate the PLA chains growth, giving 
eventually the PCL-b-PLA copolymers. On the other hand, 
numerous attempts of initiating CL polymerization with living 
PLA* were unsuccessful.208 

Such a situation had important practical implications since 
the well-defined multiblock [PLA-b-PCL]n copolymers could be 
only prepared by coupling of the reactive α,ω-ditelechelic 
oligomers. 

The impossibility of preparing the PLA-b-PCL 
copolymers in the previous works, when starting with poly
merization of CL from the living PLA*, was, most probably, 
related to the rates of the elementary reactions as shown in 
Scheme 14. 

Thus, whenever the …–cl* active species are formed, their 
attack on the PLA chain is faster than CL propagation 
(ktr2 > kclCL). Therefore, in order to prepare the block copoly
mer, the ratios of the rate constants have to be reversed, that is, 
kclCL has to be larger than ktr2. Eventually, in agreement with 
GPC, 1H and 13C NMR evidence, this was possible due to 
application of a highly selective Al alkoxide initiator supported 

Figure 17 Dependences of Mw/Mn on ([M]0 -M])/[M]0 determined for 
L,L-lactide polymerization initiated with: (◊) Bu3SnOEt, (∇) Fe(OEt)3, 
(▼) Al(OiPr)3, (●) Sn(Oct)2/BuOH, (○) Sn(OBu)2, THF solvent, 80 °C (for 
Sn(OBu)2, 20 °C). Points, experimental; lines, computed assuming 
kp/ktr2 = 200, 100, 60, and 25, respectively.206 
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Figure 18 Dependences of γ = kp/ktr2 on ln kp (a) and on the atomic number of the metal atoms involved in active species (b), determined in 
polymerizations of L,L-lactide initiated by the covalent metal alkoxides (THF, 80 °C).54,174 

Figure 19 Synthesis of poly(ε-caprolactone)-b-poly(L,L-lactide)-b-poly(ε-caprolactone) triblock copolymer employing the ‘polylactide-first’ route.207 

klaCL, slow 
…-(la)m-la* + CL …-(la)m-la-cl* 

kclCL, slow 
…-(la)m-la-(cl)n-cl* + CL	 …-(la)m-la-(cl)n+1-cl* 
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m

la and cl denote the C(=O)CH(CH3)O and C(=O)(CH2)5O repeating units 
la* and cl* - the corresponding active species 
klaCL, kclCL, ktr2 - the corresponding rate constants 

Scheme 14 

by a bulky ligand (see Figure 19). In addition, CL macrocycli
zation was completely eliminated. 

In spite of the fact that polymerization of cyclic esters 
with anionic or covalent active centers proceeds with inevitable 
chain transfer (intra- and/or intermolecular) to macromole
cules, these processes should not be considered as departing 
from the living conditions. The proper choice of initiator 
coupled with kinetic control can exclusively provide macromo
lecules retaining the ability to grow and eliminate formation of 
macrocyclics at the kinetically controlled conditions. 

4.11.8 Stereochemically Asymmetric ROP of Cyclic 
Esters 

Stereochemically asymmetric ROP polymerizations of cyclic 
esters (hereafter ‘stereocontrolled’ processes) involve chiral 
monomers. There are two major cyclic esters that bear centers 
of chirality: β-BL and LAs (see structures 4). In this section, a 
notion of the absolute configuration will be used; thus, the 
relative configurations D and L correspond to the absolute con
figurations R and S, respectively. 
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In agreement with IUPAC recommendations,209 two types 
of processes, involving chiral monomers can be dis
tinguished: (1) ‘asymmetric enantiomer-differentiating 
polymerization’, an asymmetric polymerization in which, 
starting from a mixture of enantiomeric monomer mole
cules, only one enantiomer is polymerized; and (2) a 
polymerization in which, starting from the racemate of a 
chiral monomer, two types of polymer molecules, each con
taining monomer units derived from one of the enantiomers, 
form in equal amounts is termed ‘racemate-forming 
enantiomer-differentiating polymerization’ (see also 
Figure 20). 

In  the literature concerning the  ROP of  heterocyclic  
monomers, the ‘asymmetric, enantiomer-differentiating 
polymerization’ and ‘racemate-forming enantiomer-
differentiating polymerization’209 are informally named 

as ‘stereoelective’ and ‘stereoselective’ processes. 
Stereoelective means that from a racemic monomer mix
ture only one enantiomer is ‘elected’ to be enchained into 
the polymer chain; stereoselective process initiated with 
racemic (site control) or achiral (chain-end control) initia
tor gives different populations of macromolecules (poly(R) 
and poly(S)) growing separately. In these processes, either 
the site-control mechanism (SCM), for chiral initiators, or 
chain-end control mechanism (CEM), for achiral initiators, 
can operate. Thus, in the latter case, the first addition 
(initiation) of (R)- or (S)-monomer decides on a given 
chain configuration. 

β-BL monomers are, in principle, available in the form of 
pure enantiomers (R)-β-BL and (S)-β-BL (only in the 
laboratory-scale quantities) or as the equimolar (R)-β-BL/ 
(S)-β-BL racemic mixture (rac-β-BL). Since LA monomers 

mixture 

Figure 20 Classification of the stereocontrolled polymerization processes studied in the ROP of racemic cyclic esters and leading to isotactic 
(homochiral) macromolecules starting from racemic monomer. 
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contain two centers of chirality, they can be present in a 
higher number of the stereochemical forms, namely, 
(R,R)-LA, (S,S)-LA, (R,S)-LA (meso-LA), and racemic equimolar 
(R,R)-LA/(S,S)-LA mixture (rac-LA). 

The preparation of isotactic, enantiomerically pure poly
mers from the enantiomerically pure heterocyclic monomers 
is easy if the corresponding monomers are available. Typically, 
however, the optically pure monomers are not available in 
large quantities and their synthesis is much more complicated 
compared with their racemic counterparts. So far, the only 
exception has been (S,S)-LA, a monomer synthesized from 
(S)-lactic acid, which in turn is produced on industrial scale 
by fermentation from carbohydrates of agricultural origin.82 

The resultant high-molar-mass poly[(S,S)-lactide] is a crystal
line (up to ≈70%) polymer melting at 180 °C, whereas poly[(R, 
R)-lactide-co-(S,S)-lactide], prepared from the racemic LA, with 
a random distribution of R and S repeating units is amor
phous.82,210 Similar difference in properties was observed for, 
for example, poly[(R)-β-BL] and poly[(R)-β-BL-co-(S)-β-BL] 
with a random distribution of R and S units. Therefore, stereo-
controlled polymerization of racemo or meso monomers is of 
particular interest from the practical point of view, since poly
mer properties depend strongly on the distribution of chirality 
centers of opposite configuration along the macromolecular 
chain. This process also provides a useful tool in studies of 
the polymerization mechanisms of cyclic esters. 

Figure 20 illustrates idealized classification of the stereo-
controlled polymerizations of a racemic monomer that bears 
one center of chirality (β-BL case). For the sake of simplicity, 
only formation of isotactic (…–RRRRRRRR–… or …– 
SSSSSSSS–…) polymer formation is shown. In principle, this 
scheme conforms also to the rac-LA (containing two identical 
centers of chirality in one molecule) polymerization. In 
a more general case, formation of the syndiotactic 
(…–RSRSRSRS–…) and heterotactic (…–RRSSRRSS–…) 
polyester chains (see, e.g., structures 5) should additionally 
be considered (vide infra). 

O 
HO (S) HO

O 
O (R) O 

O (S) R O (R) R Isotactic PLA 
O n O n

5a 5b 

O O 
HO (S) O (R) O 

O (S) O (R) R Heterotactic PLA 
O O n 

5c 

O 
HO (S) O

O (R) R Syndiotactic PLA 
O n 

5d 

…-RRRRRRRRRR* 
Stereoselection 

rac-LA 

*SSSSSSSSSS-… 

Transesterification 

…-SRSSRRSSSR* + …-SRRRSSRRSR* 

(R and S stand for (R)-and (S)-(C=O)CH(CH3)O units, respectively) 

Scheme 15 

transesterification will lead to the atactic stereocopolymer 
(Scheme 15). 

It seems that the stereocontrolled ROP of chiral aliphatic 
cyclic esters became recently an emerging field of research in 
polymer science. Until the mid-1990s, the progress was rather 
modest. In a review on asymmetric polymerization,211 only 
one paper on rac-β-BL polymerization has been cited reporting 
that the enantiomerically pure initiator [(–)-(R)-(CH3)3CC*H 
(OH)CH2O]ZnEt2 gave kp(R)/kp(S) ratios not higher than 
1.7.212 Similar kp(R)/kp(S) values were obtained in the poly
merizations of other chiral β-lactones initiated with optically 
active phosphines.106,107 

4.11.8.1 Stereocontrolled ROP of LA 

Research on rac-LA polymerization has been much more 
dynamic and successful, especially in the past decade. 
Suppression or even elimination of the segmental exchange 
turned out to be possible by applying metal alkoxide initia
tors with bulky ligands. Steric hindrance at the active center 
decreases the transesterification rate due to an increase in 
entropy of activation, while the propagation rate remains 
constant.53 

Stereocontrolled polymerization requires elimination of the An efficient enantioelective or enantioselective polymeriza
 tion, based on single-site initiators of rac-LA, has been realized 
 by Spassky and co-workers, who applied achiral and chiral 

aluminum alkoxides of general structure O2Al–OR, bearing 
 Schiff base ligands.70,71,213 

intermolecular transfer (segmental exchange) between the
homochiral chains containing repeating units of opposite
configuration. Otherwise, even if initially stereoselective poly-
merization proceeds giving the homochiral chains,
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The chirality of (R)- and (S)-SBO2Al–OR (structures 6c and 
6d) derivatives has its origin in the hindered rotation of the 2-
and 2′-substituted 1,1′-binaphthalene moieties. 

properties of PLA, is the possibility of stereocomplex for
mation by sufficiently long stereoblocks of the opposite 
configuration. The Tm of the (R)-PLA/(S)-PLA stereocomplex 

R2 

Si 
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N O N O N N
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n N ON O N O N 
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This method, originally developed by Spassky and
co-workers, was then followed up by the groups of Radano
et al., 214 Ovitt and Coates,215,216 Zhong et al., 217,218 and
Nomura et al.219,220 It was revealed that polymerization of
rac-LA mediated with either achiral or chiral but racemic
initiators led to the multiblock copolymers {poly[(S,S)
LA]-b-poly[(R,R)-LA]}p, resulting from a CEM or an enantio
morphic SCM of the monomer addition, respectively.
Initially, formation of the isotactic polymer composed of an
equimolar mixture of (R)- and (S)-PLA macromolecules was
expected.214 

However, Ovitt and Coates,215,216 after repeating these
experiments, came to the conclusion that the polymer obtained
cannot be a mixture of the exclusively homochiral (R)- and
(S)-PLA macromolecules (Scheme 16). 

Comparison of the recorded and simulated 1H NMR
spectra and the assumption that polyester chain growth is
accompanied by exchange of chiral macromolecules on alien
active centers indicated that the resulting macromolecules
were composed of stereoblocks with 11 repeating units
derived from LA monomer of a given kind (toluene,
70 °C). Enantiomerically pure (R)- or (S)-SBO2Al–OR initia
tors have been shown to polymerize preferentially one of the
enantiomers of rac-LA, that is, (R,R)- or (S,S)-LA, respec
tively.71,221 This enantiospecific preference was indicated by
the stereoselectivity ratio kp(R/RR)/kp(R/SS) (or kp(S/SS)/kp
(S/RR)) equal to 28, what corresponds to Pm = 0.96 (i.e.,
probability of isotactic enchainment formation, equal to m
diad content in the resulting polymer). 

One of the most important practical consequences of the
results described above, with regard to mechanical and thermal

 
 
 
 
 

 
 
 

 
 
 

 
 
 
 
 
 

 

 

 

 
 

 
 

composed of an equimolar mixture of high-molar-mass R- and 
S-macromolecules is 230 °C,210 whereas the highest Tm of the 
stereocomplex prepared initially by the stereoselective poly
merization with achiral initiator was 192 °C,219 and later on 
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it was upgraded up to 210 °C by Nomura et al., who applied 
achiral salen-Al complexes with (tert-BuMe2Si)phenoxide 
ligands (structure 6b).220 

In another approach, a combination of the stereoelective 
polymerization and chiral ligand exchange resulted in the for
mation of a stereocomplex showing also Tm = 210 °C.221 This 
was realized by two-step polymerization of rac-LA initiated by a 
(+)-(S)-2,2′-[1,1′-binaphthalene-2,2′-diylbis(nitrilomethylidyne)] 
diphenol [(S)-SB(OH)2]–Al(O

iPr)3 trimer mixture, in which 
the actual initiator (SBO2Al–O

iPr) was formed in situ 
(Scheme 17). 

First, an (S)-SB(OH) –2 Al(OiPr)3 mixture was reacted in 
THF at 80 °C and then rac-LA was introduced. Progress of 
the polymerization was followed using polarimetry and by 
GPC. 

iPrO tBu tBu 

i
N O Pr S S N 

Zn OiPr 

N OiPr tBu O Sc O tt Bu O Y OBu tBu 

PyTHF N(SiHMe2) Py = pyridin-2-yl 2	 iPrO 
N(SiHMe2)2 

7a	 7b 7c 

tetrad, also peaks of lower intensity, which can be ascribed to 
the mmr, rmm, and rmr tetrads.223 

Thus, in stereoelective or stereoselective polymerizations of 
rac-LA initiated with salen-Al (e.g., structures 6a–6d) or  
Al-pyrrole Schiff base complexes 6e,222 predominantly isotactic 
PLA has been formed. Similar results were obtained with lantha
nide L3 complexes of a chiral alkoxides (e.g., structure 6f).223 

Surprisingly, different behavior has been observed more 
recently for other metals and other type of ligands complexing 
the metal-alkoxide moiety, such as β-diimidate-Zn complex 
7a, 193,224–226 or diphenolate complexes of group III metals 
7b227 and 7c.228 For these initiators, the chain-end-controlled 
ROP of rac-LA afforded highly heterotactic PLA characterized by 
Pr (i.e., probability of syndiotactic linkages formation, equal to 
mr or rm triad content in the resulting polymer) reaching 0.99. 

Optical rotation (OR) readings increased with polymeriza
tion time and eventually leveled off. GPC measurement 
showed approximately 50 mol.% consumption of rac-LA. In 
the second step, an equimolar quantity of (R)-SB(OH)2 (with 
respect to the S enantiomer) was introduced. In subsequent 
polymerization, a gradual decrease in OR was observed. Taking 
into account the determined stereoelectivity coefficient, 
Pm = 0.96, for the final poly(rac-LA), the gradient poly[(S,S)
LA-grad-(R,R)-LA] rather than the block copolymer structure 
was expected. Indeed, homodecoupled 1H NMR spectra 
showed, apart from the strong signal of the isotactic mmm 

It is worth noting that ROP of rac-LA initiated with lithium 
tert-butoxide, as it was reported by Kasperczyk and co-work
ers,229,230 gives syndiotactic PLA, thus also with retention of 
configuration. 

Some of the results reported for site-controlled ROP of 
meso-LA initiated with chiral initiators are also striking. For exam
ple, enantiomerically pure salen-Al complex 6d led to 
syndiotactic chains (Pr =0.99),  whereas  a  6c/6d racemic mixture 
afforded heterotactic chains.216 On the other hand, in the chain-
end-controlled ROP initiated with imidozinc complex 7a, forma
tion of predominantly syndiotactic PLA was observed.193 

Scheme 17 
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The determination of the PLA chains microstructure is based 
mostly on 13C or 1 H NMR spectral analysis: for the former in 
the carbonyl (δ ≈ 169–170 ppm) or methine region (δ ≈ 68.5– 
69.5 ppm), whereas for the latter in the region of methine 
protons (δ ≈ 5.1–5.25 ppm) with selective decoupling of 
methyl protons (chemical shifts are given for CDCl3 as a sol
vent at room temperature). Systematic studies in this area have 
been initiated in the mid-1970s231,232 and subsequently con
tinued by several research groups (Chabot and Vert,233 

Schindler and Gaetano,234 Bero et al.,235  Dubois et al.,236 
Kricheldorf et al.,237 Kasperczyk and co-workers,229,230,238 

Spassky and co-workers,71,213,239 Stevels et al.,240 Coudane 
et al.,241 Kricheldorf and Lossin,242 Thakur et al.,243,244  Ovitt

(R) (R)H O O OR 
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O O 
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(S) (S)H O OR O Isotactic Pβ-BL 
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O O 
8b 

(R)O (S)H OR O Syndiotactic Pβ-BL 
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O O 

8c 

and Coates,215,216 and Radano et al.214). Heteronuclear corre
lated {1H,13C} (HETCOR) two-dimensional spectroscopy was 
also employed in the analysis of the methine region.245–247 

4.11.8.2 Stereocontrolled ROP of β-BL 

As mentioned in the Introduction, controlled ROP of 
β-substituted β-lactones is still a serious challenge. Their rela
tively fast ionic polymerization suffers from chain transfer to 

Attempts of β-BL polymerization with the multi-site metal 
alkoxides (e.g., Al(OiPr) 201

3 ) were rather unsuccessful since the 
process was extremely slow (see, e.g., discussion in Section 
4.11.3.1). Due to the impressively intensive research, carried 
out mostly by Coates200 and Carpentier81 and their co-workers 
on new effective ligands combined with properly chosen 
metals for β-BL ROP catalysis, considerable progress has been 
made in this area in the 2000–10 decade. Moreover, the new 
catalysts/initiators lead to remarkable stereochemical effects. In 
the stereocontrolled polymerization of rac-β-BL, two kinds of 
effects regarding the polymer structure can be expected: either 
isotactic or syndiotactic poly[(R)-β-BL] or poly[(S)-β-BL] for
mation (structures 8) 

Stereocontrolled ROP of rac-β-BL, leading to the homo
chiral polymer and – which is also important – to the 
monomer of opposite configuration or to an equimolar mix
ture of chains with opposite configurations (poly[(R)-β-BL] or 
poly[(S)-β-BL]), is still a problem. For example, Rieger and co
workers248 reported application of highly active achiral Cr(III) 
salophen complexes, 9a, giving high-molar-mass Pβ-BLs but 
with high dispersities (Mw/Mn = 5.2–9.6) and with only modest 
isotacticities (Pr up to 0.66). 

X = H, CI, Br, F (Me3Si)2N 
R2 R2 

N 
X N N O N 

Cr Cl THF Ln 
N O 

R O Y O 1 R N 
1 N 

ONu (Me3Si)2N 
Me Nu = N(HSiMe2)2 Ln = Y, Lu 

or OiPr 

9a 9b 9c 

monomer and, due to the carboxylic chain-end formation 
(eqn [20]) followed by carboxylic acid complexation, the poly-
merization slows down and complete monomer conversion 
could hardly be achieved.45,46 

On the contrary, the synthesis leading to a syndiotactic 
polymer and the corresponding studies of the polymerization 
mechanism are substantially advanced. Structures 9b and 9c 
are typical examples of catalysts, which afford poly[(R,S)-β-BL], 
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predominantly syndiotactic polymers (P up to 0.94). R1 
r ortho-

substituents in phenoxide ring in complex 9b can finely tune 
the stereocontrol, but the electronic effects (e.g., R1 in the 
substituent in the repeating unit C–H…π interactions) can 
also be important. Thus, depending on the monomer (e.g., 
rac-LA vs. β-BL), the influence of the R1 bulkiness on the polye
ster stereoregularity (heterotacticity or syndiotacticity) can act 
in the opposite direction.249 For larger substituents, 13C NMR 
studies of the syndiotactic Pβ-BLs led to the conclusion that in 
this system the CEM operates.250,251 Similar results have been 
obtained with guanidine complexes with group III metals.252 

In addition to high polymerization rates (‘complete’ monomer 
consumption in minutes or hours at room temperature!), these 
systems show typical features of living polymerization (e.g., it 
was revealed that one molecule of initiator starts, the growth of 
exactly one macromolecule and the linear dependences Mn vs. 
monomer conversion were observed). 

More detailed information on the stereocontrolled poly
merizations of racemic LA and β-BL monomers has been 
collected in the recently published review papers.81,253–255 

Microstructure of the rac-β-BL polymerization products was 
resolved in a similar way as in the LAs polymerization case. 
However, the detailed analysis of the NMR spectra of PLAs and 
Pβ-BLs is out of the scope of this chapter. 

4.11.8.3 Stereocontrolled Copolymerization of L,L-LA with CL 

Homopolymerization rates of CL and LA are substantially dif
ferent. For instance, the ratio of the absolute rate constants of 
propagation kp(CL)/kp(LA) proceeding on aluminum trialkox
ide active species is as high as 6.7 � 103 (THF, 20 °C).60 

Surprisingly, in the CL/LA copolymerization, the LA comono
mer with this initiating system is consumed first and, typically, 
block PLA-b-PCL or gradient poly(LA-grad-CL) copolymers are 
obtained (see Figure 21(a) and References 256–260). Thus, the 
net reactivities of CL and LA in copolymerization are reversed 
compared with those in the homopolymerizations. Despite the 
fact that the first reports describing this puzzling phenomenon 
were published in the mid-1980s,256,257 its plausible explana
tion, on the molecular level, is still under debate. 

However, there is at least one report261 showing that in the 
CL/LA copolymerization the net reactivities of CL and LA 
comonomers can be reversed by altering the active center con
figuration to such an extent that the CL comonomer is 
consumed first. This new and striking phenomenon is of gen
eral importance, since it provides a useful tool for tuning the 
resultant copolymer microstructure and properties. This con
cept is depicted in Scheme 18. 

The described kinetic behavior can be expressed quantita
tively in terms of the corresponding reactivity ratios (rCL = kclCL/ 
kclLA and rLA = klaLA/klaCL) determined using the numerical inte
gration method; rCL = 7.2 and rLA = 112 were obtained. 
Reactivity ratios rCL = 0.58 and rLA = 17.9 in the copolymeriza
tion initiated with neat Al(OiPr)3 were determined some time 
ago in the Liege laboratory.256 Both sets of data, although 
showing different values, reflect favorable incorporation in 
the copolymer chain of the repeating units derived from the 
LA comonomer. A difference between rCL ’s and r ’LA s obtained 
for Al(OiPr) i

3 and 6d/Al(O Pr)3 initiators is not only due to 
different methods used for their determinations (Mayo–Lewis 
and numerical integration, respectively) but also, more 
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Figure 21 Kinetics of ε-caprolactone (CL)/L,L-lactide [(S,S)-LA] copoly
merization initiated with structure 6d (a) and structure 6c (b). 
Polymerization conditions (concentrations in mol l−1): [CL]0 = 2.0, [(S,S)
LA]0 = 1.0, [6c] −

0 = 2  � 10 3, [6d] −3 261 
0 = 2.5 � 10 ; THF solvent, 80 °C.

probably, due to the fact that only with the metal alkoxides 
that bear bulky substituents can the segmental exchange, mod
ifying the …–cl* and …–la* active species proportions, be 
avoided. 

Then, kinetic measurements performed for the LA/CL copo
lymerization initiated with structure 6c (Figure 21(b)) reveal 
that CL is consumed slightly faster compared with the LA 
comonomer under the applied polymerization conditions. 
The determined reactivity ratios are close to each other within 
the calculated experimental error, namely, rCL = 3.1 and 
rLA = 4.6. 

According to the 13C NMR spectra, microstructures of the 
CL/LA copolymers prepared with 6d and 6c initiators were 
substantially different. The corresponding kinetic measure
ments allow to predict the poly(LA-grad-CL)-b-poly(CL) or 
poly(CL-stat-LA) copolymer structures obtained with the initi
ating system of (S)- or (R)-configuration, respectively. 

Finally, it has to be mentioned that later Nomura et al.262 

observed a similar copolymer randomization effect in the 
copolymerization of rac-LA and CL initiated with an achiral 
salen Al-alkoxide complex 6b, thus by the CEM in contrast to 
the SECM operating in the 6c/L,L-LA/CL system. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 18 

4.11.9 Conclusions 

ROP of aliphatic cyclic esters is a continuously and dynami
cally developing research field. Initially, fundamental aspects 
of polymerization, such as thermodynamics, kinetics, and 
mechanisms of the elementary reactions, were explored. The 
best understood systems encompass polymerization of lac
tones and LAs. Determination of the standard 
thermodynamics parameters of polymerization for a majority 
of the most important monomers now allows the estimation 
of the equilibrium monomer concentration at given polymer
ization conditions. For a few polymerizing systems, such as 
anionic polymerization of PL, CL, or coordinated (proceeding 
on polarized covalent bonds) polymerizations of CL and LAs, 
the absolute rate constants have been determined. However, 
in a majority of the polymerizations, only the net reactivities 
have usually been determined which does not provide direct 
access to absolute rate constants of propagation. Nonetheless, 
the ROP of cyclic esters seems to be a convenient model 
system for studies of mechanism of cyclic monomers, in 
general. 

Studies leading to depression of even practical elimination 
of the transfer to monomer or to macromolecule side reactions 
were also undertaken. Two important factors were recognized 
that increase the selectivity (i.e., favoritizing propagation over 
the side reactions): lowering the active species reactivity and 
increasing the steric hindrance created by ligands located at the 
active species. Later, precise stereochemical tools were also 
developed, allowing polylactides and poly(β-substituted 
β-lactone)s of various stereostructures to be prepared at will. 

On that fundamental studies basis, the most convenient 
conditions for synthesis of aliphatic polyesters were elaborated, 
controlled with regard to their molar masses, molar mass dis
persities, end groups structure, macromolecular architecture, 
and chain microstructure. One of the most important para
meters allowing determination of the polymerization control 
is the prepared polyester molar mass, theoretically predicted on 
the starting monomer and initiator concentrations and that 
measured, most often by GPC. Fortunately, there are numerous 
examples that can be found in the literature showing the aston
ishing agreement between Mn determined by GPC employing 
RI detector and polystyrene standards and that predicted by the 

starting monomer and initiator concentrations. In parallel, 
more practical works that aimed to afford either (bio)degrad
able thermoplastic polyester for high-tonnage applications or 
specialty polymers for biomedicine or (opto)electronics were 
carried out. Typically, these are nonsolvent bulk processes, 
performed at elevated temperatures, above the resultant polye
ster melting point – under these conditions chain-breaking, 
transfer, racemization, and transesterification side reaction are 
particularly advanced. On the contrary, a majority of the 
mechanistic and stereospecific polymerization studies were 
carried out in solvent at moderate or low temperatures. Thus, 
some hopes of transferring results of these studies into the 
technological polymerization conditions seem to be exagger
ated at present. 

It can be concluded that studies of a subtle elements of 
propagation, particularly in the coordinated processes, are 
still needed. Perhaps the advanced quantum mechanical calcu
lations methods would be very helpful for this purpose. The 
β-substituted β-lactones are still waiting for the stereospecific 
initiator allowing the stereoelective and/or stereoselective poly
merizations to be carried out. Finally, initiators of the 
stereocontrolled polymerization operating in bulk, 
high-temperature processes are also wanted. 
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4.12.1 Introduction 

Polycarbonates (PCs) are polyesters of diols or diphenols and 
carbonic acid containing –OC(O)O– groups in their backbone 
chains and, therefore, can be divided into aliphatic and aro
matic ones. Taking into account the low stability and reactivity 
of carbonic acid, such polymers cannot be obtained by the 
polycondensation reaction of H2CO3 with diols or diphenols, 
and therefore, more reactive derivatives of carbonic acid such as 
phosgene are usually used as starting materials. However, due 
to the phosgene high toxicity and formation of stoichiometric 
amounts of sodium chloride as an environmentally burden
some by-product, alternative methods have been developed in 
which carbon dioxide or low-molecular linear or cyclic carbo
nate esters are applied. 
An alternative method for PC synthesis is ring-opening poly
merization (ROP) of cyclic carbonates, both aliphatic and 
aromatic. The chemistry of PCs is extensive and well devel-
oped. A comprehensive study of PCs was reported by 
Brunelle in 1993, 1997, and 2005.1–3 A review of aliphatic 

cyclic carbonate synthesis and chemistry was presented by 
Rokicki.4 

Nowadays, aromatic and aliphatic PCs are used in a broad 
range of applications, for example, as elastomers, sealants, 
elastoplastics, foams, coatings, and adhesives.1,5–8 Global con
sumption of aromatic PC has risen by 9% annually on average 
over the past decade, and producers see this trend as set to 
continue along the same lines over the next several years. The 
outstanding properties of PC include transparency, heat resis
tance up to 130 °C, high toughness, and excellent dimensional 
stability. It can be sterilized, welded, or glued and is 
self-extinguishing. PC is easily blended with other polymers. 
Some 15% of consumption is for blends – especially popular 
are blends with styrene-based polymers such as acrylonitrile-
butadiene-styrene terpolymer (ABS) or styrene-acrylonitrile 
copolymer (SAN). Electrical engineering is the most important 
market for PC, taking 30% of production for housings and 
covers for products such as distribution boxes, lights, and 
household appliances, among other applications. Optical sto
rage media such as CDs and DVDs continue to be fast-growing 
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applications for PC. The main applications are solid and hol
low chamber sheeting for canopies and greenhouses, as well as 
conservatory and swimming pool roofing. 

Aliphatic PCs and copolycarbonates, due to their biocom
patibility and biodegradability, are valuable biomaterials and 
stimulate intensive efforts to develop new synthetic methods. 
Incorporation of the carbonate structure provides flexibility 
and toughness to the otherwise rigid and brittle polyesters. 

4.12.2 Synthesis of Cyclic Carbonates 

4.12.2.1 Synthesis of Aliphatic Cyclic Carbonates 

The first information concerning the synthesis of cyclic carbo
nates was revealed by Carothers et al. in the early 1930s.9–11 

Cyclic carbonates were obtained by the depolymerization of 
respective linear oligocarbonates at high temperature in the 
presence of various catalysts combined with distillation under 
reduced pressure. The products (yields of 40–80%) consisted of 
a mixture of volatile cycles (mostly monomeric and dimeric 
cyclic carbonates).12–14 The most effective catalysts in this pro
cess were Sn(II), Mn(II), Fe(II), and Mg(II) chlorides, 
carbonates, and oxides. This method is still applied in the 
synthesis of six- and seven-membered and of larger size alipha
tic cyclic carbonates. 

4.12.2.1.1 Synthesis of five-membered cyclic carbonates 
The synthesis of five-membered alkylene carbonates (1,3
dioxolan-2-ones) of the structure presented in Scheme 1 has 
been the subject of considerable research. Two of them, ethy
lene carbonate (EC) (R1–4 = H) and propylene carbonate (PC) 
(R1–3 =H,  R4 =CH3), have been available commercially for 
over 45 years.15,16 

Recently, it has been found that five-membered cyclic car
bonate exists in nature. Rosselli and co-workers17 have 
presented the first example of natural origin cyclic carbonate ter
penoid. They isolated a new guaiane sesquiterpene (Scheme 2), 
carrying a carbonate ring, from the aerial parts of the Centaurea 
hololeuca (Boiss) plant. 

There are two main synthetic routes leading to 
five-membered cyclic carbonates: the reaction of a respective 
oxirane with carbon dioxide or 1,2-diol with dialkyl or diphe
nyl carbonate. Instead of carbonic acid esters, phosgene or its 
derivatives can also be used.18 

The alkylene carbonates are easily available through trans-
esterification of dialkyl carbonates (usually dimethyl or diethyl 
carbonate) or diphenyl carbonate with appropriate 1,2-diols in 
the presence of alkaline catalysts.19 This approach for the pre
paration of five-membered cyclic carbonates also was described 
in the 1950s by Ludwig and Piech20 and Sarel et al.18 

Venturello and D’Aloisio21 also proposed a nonphosgene 
method for the five-membered synthesis of disubstituted cyclic 

Scheme 1 Chemical structure of five-membered cyclic carbonates. 

Scheme 2 Natural five-membered cyclic carbonate isolated from 
Centaurea hololeuca (Boiss) plant. 

carbonates. In this method tetraalkylammonium hydrogen carbo
nate salt is reacted with disubstituted halohydrins such as R1CH 
(OH)CH(Cl)R2 (R1 =CH3 or Ph; R

2 =H,  CH3, or Ph) at 20 °C to 
give the corresponding disubstituted cyclic carbonates (Scheme 3). 

Soga et al.22,23 used alkali metal carbonates activated by crown 
ethers as an alternative source of carbonate linkages in the reac
tion with dihalo compounds. When epihalohydrin is used 
instead of the dihalo compound in the reaction with K2CO3, 
corresponding five-membered cyclic carbonates containing an 
epoxy group are formed.24,25 In contrast, potassium bicarbonate 
reacts with epihalohydrin yielding 4-hydroxymethyl-1,3
dioxolan-2-one (glycerol carbonate, GC) (Scheme 4).24 

Pd(0)-catalyzed arylation of the aryl-substituted α-allenic 
alcohols with hypervalent iodonium salts afforded substituted 
trans-epoxides.26 Alternatively, arylation of the 
alkyl-substituted α-allenic alcohols in the presence of K2CO3 

afforded syn-diol cyclic carbonates and trans-epoxides in the 
presence of Cs2CO3 (Scheme 5). 

The treatment of carbonyl compounds with SmI2 and 
methyl chloroformate in the presence of molecular sieves 
affords the cyclic carbonates or biscarbonates of pinacols. This 
one-pot reaction proceeds rapidly even with aliphatic ketones. 
The stereochemistry of the reaction run by this procedure is 
different from that of conventional pinacolic couplings.27 

Trifluoromethylated five-membered cyclic carbonates were 
prepared through the palladium-promoted reaction of tertiary 
trifluoromethylated propargylic alcohols and sodium carbo
nate (Scheme 6).28 

Tomishige et al.29,30 found that cyclic carbonates such as EC 
and PC could be selectively synthesized over CeO2–ZrO2 cata
lysts, via the reactions of CO2 with the respective glycol. No PC 
or dipropylene glycol was detected under the optimum reac
tion conditions. The 1,2-propylene glycol conversion was 2% 
and was much dependent on the composition and calcination 
temperature of the catalysts. 

Organic bases were also used as effective catalysts for the 
synthesis of PC from propylene glycol and carbon dioxide in 
the presence of acetonitrile. With 1,5,7-triazabicyclo[4.4.0]dec
5-ene (TBD) as the catalyst, the yield of PC could reach 15.3% 
with the selectivity of 100% under optimal conditions.31 

A much more  convenient method  of  obtaining  
five-membered cyclic carbonates is the insertion of gaseous car
bon dioxide into the appropriate oxirane ring (Scheme 7).32–46 

The catalyst development and the reaction mechanisms 
over alkali metal halides,37,39,47,48 organic bases,49–51 metal 
oxides,36,43,35,52 zeolite,42,53 titanosilicates,54 and metal com
plexes44,55–64 have been reported for the synthesis of cyclic 
carbonates from CO2 and epoxides. 

Transition metal complexes are effective in the fixation of 
CO2. Organotin compounds such as methyltin tribromide and 
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Scheme 3 Synthesis of five-membered cyclic carbonates from disubtituted halohydrins and tatraalkylammonium hydrogen carbonates. 

Scheme 4 Synthesis of glycerol carbonate from epihalohydrins and potassium bicarbonate. 

Scheme 5 Synthesis of five-membered cyclic carbonates by Pd(0)-cat
alyzed arylation of the α-allenic alcohols with hypervalent iodium salts in 
the presence of K2CO3. 

butanestannoic acid have a good catalytic effect for EC forma
tion under mild conditions.65 It was found that pentavalent 
organoantimony compounds such as PhnSbX5−n catalyze the 
reaction more effectively than tin compounds.32,66 

Additionally, in contrast to tin compounds, the pentavalent 
organoantimony compounds do not initiate oxirane polymer
ization. In the case of nickel(0) phosphine complexes cyclic 
carbonates are produced in high yields. The rate of carbonate 
formation is dependent on the structure of the epoxide and 
decreases in the order epichlorohydrin > ethylene oxide 
(EO) > propylene oxide (PO) > 2,3-epoxybutane.55 

Quaternary ammonium salts,67 as well as an anion exchange 
resin containing those groups, are used in the industrial-scale 
preparation of five-membered cyclic carbonates.68,69 

Polyfluoroalkyl phosphonium iodides, Rf3RPI 
(Rf = C4F9C2H4, C6F13C2H4, and  C8F17C2H4; R  =  Me,  Rf),  cata
lyzed PC synthesis from PO and carbon dioxide under 
supercritical carbon dioxide (scCO2) conditions, where PC was 
spontaneously separated out of the scCO2 phase. The Rf3RPI 
catalyst could be recycled with maintaining a high CO2 pressure 

and temperature by separating the PC from the bottom of the 
reactor followed by supplying PO and CO2 to the upper scCO2 

phase in which  the Rf3RPI remained.70 

Although alkali metal salts appeared to be active catalysts 
for the CO2–epoxide reaction, the introduction of crown ethers 
or phase-transfer agents to the system enhanced their catalytic 
activities.71 In the presence of a crown ether, the respective 
nucleophilic anion is activated to such an extent that the cyclic 
carbonate is produced in a high yield under mild conditions. In 
the system studied the intermediate product of the reaction of 
the halide anion with the oxirane ring – alkoxide ion – does not 
undergo further reaction with oxirane and no poly(alkylene 
oxide) is formed. This results from the greater stability of the 
alkyl carbonate anion than that of the initial alkoxide one. 
Under these conditions no poly(alkylene carbonate) was 
formed. Due to anchimeric assistance (kinetic factor) and rela
tively high thermodynamic stability, the five-membered 1,3
dioxolan-2-one ring is more easily formed from the cyclization 
of that anion with respect to linear poly(alkylene carbonate) 
when no coordination catalyst is present. Relatively high pres
sures of CO2 (> 8 bar) and temperatures above 100 °C are 
needed for an acceptable reaction rate. Nevertheless, it was 

Scheme 7 Synthesis of five-membered cyclic carbonates from oxiranes 
and CO2. 

Scheme 6 Synthesis of trifluoromethylated five-membered cyclic carbonate from appropriate propargylic alcohol and Na2CO3. 
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Scheme 8 Synthesis of five-membered cyclic carbonates from CO2 and b
oxiranes containing ammonium group in β-position. 

found that oxiranes with ammonium groups at the β-position 
to the oxirane ring, due to the lowering of the activation energy 
of nucleophilic substitution, are able to fix carbon dioxide at 
room temperature and low CO2 pressures (Scheme 8, 

).72–74R ¼ CH2−NR þ3 

The CO2 insertion into the oxirane ring also proceeds under 
atmospheric pressure when the reaction is carried out in NMP 
as a solvent and catalyzed with LiBr at 100 °C.75 

Cyclic carbonates can also be obtained in good yields under 
mild conditions from oxiranes and carbon dioxide using an 
electrochemical procedure.76 The cyclic carbonate formation is 
catalyzed by Ni(cyclam)Br and is carried out in 
single-compartment cells fitted with a magnesium anode. 

Chemical fixation of carbon dioxide with oxiranes to form 
cyclic carbonates proceeds very effectively under mild condi
tions using immobilized ionic liquid (IL) catalyst in 
conjunction with zinc chloride without any organic solvents. 
The optimum reaction conditions were 110 °C and 1.5 MPa, 
and the catalyst system was recycled and reused.77 The reaction 
of carbon dioxide with oxiranes can be catalyzed by typical ILs 
(1-alkylmethylimidazolium salts).78,79 

Very recently North’s group revealed that the bimetallic 
aluminum(salen) complex 1 (Scheme 9) when used in con
junction with tetrabutylammonium bromide constitutes the 
only catalyst system capable of catalyzing the insertion of car
bon dioxide into oxirane at 1 atm (760 mmHg) and at ambient 
temperature (25–30 °C).80–82 

Another promising investigation was done by Li et al. They 
found that CO2 and olefins can be directly converted into cyclic 
carbonates with water as solvent.83 

4.12.2.1.2 Synthesis of six-membered cyclic carbonates 
The synthesis of six-membered cyclic carbonates by transester
ification of propane-1,3-diols (PPDs) with diethyl carbonate 
catalyzed with sodium ethanolate described by Carothers and 
Van Natta19 gives a yield of 40%. Also Pohoryles and 

Scheme 9 Bimetallic aluminum(salen) complex. 

Sarel18,84,85 reported on the synthesis of various six-membered 
cyclic carbonates from PPDs with different substituents 
(Table 1). 

Thus, when 2,2-dimethyl-, 2-methyl-2-n-propyl- and 2
methyl-2-iso-amylpropane-1,3-diol were treated with diethyl 
carbonate in the presence of catalytic amounts of sodium 
methoxide, only PCs were produced in high yield. On the 
other hand, six-membered cyclic carbonates are exclusively 
produced when 2,2-diethyl-, 2-ethyl-2-phenylpropane
1,3-diol, pentane-2,4-diol, 2-methylpentane-2,4-diol,90 and 
utane-1,3-diol were subjected to the transesterification reac

tion (Scheme 10). 

Table 1 Synthesis and polymerization of six-membered cyclic 
carbonates 

Chemical structure References 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 

15 

16 

17 

18 

6,9–11,18,84–89R1 = R2 = H  
R1 = H;  R2 = CH3 

R1 = H;  R2 = C4H9 

R1 = R2 = CH3 

R1 = R2 = C2H5 

R1 = Ph; R2 = CH3 

R1 = Ph; R2 = C2H5 

R1 = R2 = Ph  

90 

88 

6,9,10,11,88,91

6 

6,92 

6 

92 

9,10,11,12,14,18,84,85,93 R1 = CH3; R2 = R3 =R4 =R5 =R6 =H  
R1 = R2 = CH3; R3 = R4 =R5 =R6 =H  
R1 = R5 = CH3; R2 = R3 =R4 =R6 =H  
R1 = R2 = R5 = CH3; R3 = R4 =R6 =H  
R3 = R4 = R5 = CH3; R1 = R2 =R6 =H  
R3 = R4 = CH3; R5 = CH(CH3)2; 
R1 =R2 =R6=H 

R1 = R2 = R5 = R6 = CH3; R3 = R4 =H  
Spirocyclic carbonates 

94 

95 
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Scheme 10 Synthesis of six-membered cyclic carbonates from 1,3-diols and diethyl carbonate. 

A similar method reported by Albertsson and Sjoeling87 in 
which equimolar amounts of PPD and diethyl carbonate with 
stannous 2-ethylhexanoate as the transesterification catalyst 
were used afforded a yield of 53%. In this method reactants 
were refluxed for 8 h before ethanol was removed. It is postu
lated that stannous 2-ethylhexanoate can act both as a 
polymerization (at lower temperature) and as a depolymeriza
tion agent (at higher temperature).96–99 

In the method proposed by Rokicki et al., the synthesis of 
trimethylene carbonate (TMC) from PPD and dimethyl carbo
nate was carried out in three steps. First, bis(methylcarbonate) 
trimethylene was obtained using high excess of dimethyl car
bonate and K2CO3 as a catalyst. In the second step bis 
(methylcarbonate)trimethylene was reacted with equimolar 
amounts of PPD to afford high-molecular-weight poly(tri
methylene carbonate) (PTMC). The only volatile compound 
present in the reaction system in this step was methanol, easy to 
remove by distillation. Thus, it was possible to maintain an 
equimolar ratio of the monomers which resulted in a relatively 
high molecular weight of the PC. In the third step depolymer
ization combined with vacuum distillation was proceeded to 
afford TMC in 75% yield.89 

Matsuo et al.6 have revealed another universal method of 
cyclic carbonate synthesis from PPDs and ethyl chloroformate 
in the presence of a stoichiometric amount of triethylamine. 
The formation of a specific ammonium salt as an intermediate 
seems to be the driving force for the reaction proceeding at low 
temperatures favoring six-membered cycles (yields up to 60%) 
(Scheme 11). 

Other phosgene derivatives (di- and triphosgene) also give 
cyclic products with good yields. The reaction of 
2,2-disubstituted PPDs carried out with phosgene dimer 
affords the cyclic carbonate quantitatively in the reaction of 
2-ethyl-2-phenylpropane-1,3-diol and 2,2-diphenylpropane
1,3-diol, while the corresponding oligocarbonates were formed 
in the reaction of 2,2-diethylpropane-1,3-diol in 24% yield, 
apart from the corresponding cyclic carbonate.6 

4.12.2.1.3 Synthesis of seven-membered and of larger ring 
size cyclic carbonates 
Seven-membered and larger ring size cyclic carbonates can be 
synthesized according to the same transesterification reaction 
pathways as those leading to five- and six-membered rings9,18 

or in the reaction of appropriate diol with phosgene (or its 
derivative) in the presence of antipyrine.100,101 

However, due to the low stability of seven-membered cyclic 
carbonates, the polymerization of its cyclic dimers (Scheme 12) 
is a better method for synthesis of the corresponding PCs.102,103 

The same concerns 8-, 9- and 13-membered cyclic 
carbonates.102,104,105 

Dimers are also easier to obtain in larger quantities. In the 
transesterification-depolymerization method they are formed 
almost exclusively when the expected monomer cycle size is 
from 7 to 12; both monomer and dimer are formed when its 
size is 13 and 14 and monomers almost exclusively when the 
cycle size is more than 14.9 

Typically, the transesterification is carried out at 120– 
130 °C in the presence of a catalyst (e.g., K2CO3, dibutyltin 

Scheme 11 Synthesis of six-membered cyclic carbonate from 1,3-propanediol and ethyl chloroformate. 
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Scheme 12 Formation of monomeric and dimeric large ring size cyclic carbonates. 

dimethoxide) under reduced pressure (0.07–11 mbar). The 
resultant PC subjected to ring-closing depolymerization at 
260–300 °C affords cyclic products collected after distillation 
over a heated column.102,106 Since 1,5-, 1,6-, and 1,10-diols 
have high boiling points, a more reactive diphenyl carbonate 
can be used instead of dimethyl- or diethyl carbonate for the 
transesterification and higher yields of the respective intermedi
ate polymers can be obtained. The 18-membered cyclic 
carbonates cyclobis(hexamethylene carbonate) and its fluori
nated analog representing the smallest ring carbonates based 
on hexane-1,6-diol were obtained in this way.106 

Seven-membered cyclic carbonate – 1,3-dioxepan-2-one – 
can be obtained in its monomeric form in the reaction of 
butane-1,4-diol with triphosgene in the presence of antipyrine 
in anhydrous chloroform. This method does not involve poly
merization. The product is purified by column 
chromatography.100,101 It is a versatile method that allowed 
the synthesis of seven-membered cyclic carbonates bearing 
phenyl, methyl, or cyclic acetal side-groups.107,108 

4.12.2.2 Synthesis of Aromatic Cyclic Carbonates 

The smallest possible five-membered aromatic cyclic carbonate 
is a derivative of catechol: benzo-1,3-dioxolan-2-one 
(o-phenylene carbonate) (1, Scheme 13). It was synthesized 
using three different methods: the reaction of catechol with 
phosgene (or its dimer or trimer),109 the reaction of catechol 
with chloroformate,110 or by transesterification of catechol 
with diphenyl carbonate.111 

The seven-membered aromatic cyclic carbonates were 
obtained from 2,20-biphenol and 1,10-bi(2-naphthol), 
p-nitrophenyl chloroformate, and a tertiary amine as a 
base.112 They could be isolated with 80% yield (2, 3, Scheme 
13). As was shown by Kricheldorf and Jenssen,113 dispropor
tionation of 2,20-bis(methoxycarbonyloxy)biphenyl catalyzed 
by Sn(Oct)2 can also be utilized for obtaining the seven-
membered aromatic cyclic carbonate. 

The possibility of obtaining aromatic polycyclic carbonates 
was also reported by Prochaska114 from o,o′-bisphenols and 
Mandal and Hay115 from novolac resin. A novolac-type 
phenol-formaldehyde resin (ortho-coupled through methylene 
group 4-tert-butylphenol resins) was reacted with an excess of 
triphosgene under high-dilution conditions. Because of the 
relatively low steric hindrance in these systems, the formation 
of cyclic carbonates was possible and oligomeric polycyclic 
carbonates were obtained (4, Scheme 13). The polycyclic car
bonates were used for the modification of commercial 
aromatic PCs. They were mixed with the linear PC in different 
proportions and cured at different temperatures by using 
lithium stearate as a catalyst. The curing of a mixture which 
contained 10 wt.% of the polycyclic carbonates at 350 °C for 
30 min resulted in a highly cross-linked system. 

Besides the small ring size cyclic carbonates, cyclic oligo
carbonates and PCs are known which are obtained in the 
reaction of bisphenol A (BPA) with phosgene (5, Scheme 13).1 

They were first found in the commercial condensation poly
mers such as PC, where they were present at levels of 
0.25–2.0%. 

Scheme 13 Aromatic cyclic carbonates. 
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The attraction of using this type of cyclic oligomers as pre
cursors to engineering thermoplastics is based on the 
expectation that the oligomers would have significantly lower 
melt viscosity than the ultimate high-molecular-weight poly
mers and, therefore, be amenable to reactive processing 
techniques. Furthermore, since cyclic oligomers would contain 
no end-groups, very high molecular weights should be achiev
able without the formation of reaction by-products typically 
formed in melt polycondensation reactions. 

The cyclic aromatic oligocarbonates have been separated 
from the polymers and characterized by several groups.116 

First attempts to synthesize cyclic BPA oligocarbonates were 
performed using classical high-dilution techniques.117 For 
example, Schnell and Bottenbruch15,118 reported that the cyclic 
tetrameric carbonate (5, n = 3,  Scheme 13) of BPA could be 
formed in about 21% yield via slow addition of equimolar 
amounts of bisphenol and its bischloroformate to pyridine in 
dichloromethane at a final monomer concentration of 0.05 M. 

Currently it is possible to obtain low-molecular-weight cyc
lic oligomers completely selectively with respect to linear 
oligomers by applying pseudo-high-dilution conditions to a 
hydrolysis/condensation reaction of BPA bischloroformate, 
catalyzed by Et3N in biphasic dichloromethane/NaOHaq. 

(Scheme 14). 
After 1 h of reaction, the HPLC analysis of the crude product 

clearly shows a range of cyclic oligomers from dimer to doc
osamer (22 bisphenol units).119 Selective formation of 
low-molecular-weight cyclic oligomers occurs even though 

Scheme 14 Synthesis of low-molecular-weight cyclic oligocarbonates. 

the final product concentration is 0.2 M, much higher than 
usually used in cyclization reactions. 

To form cyclic oligocarbonate from BPA–bischloroformate 
starting material, both hydrolysis and condensation reactions 
must occur (Scheme 15).116 The selectivity of cyclic versus 
linear products and by-product polymer formation depends 
on the structure and concentration of the amine catalyst, reac
tion time and temperature, and pH of the interfacial medium. 

In the hydrolysis–condensation reaction, the first step that 
must occur is the hydrolysis of at least one end of the bischlor
oformate molecule to form a phenoxide. Maintaining good pH 
control is important to ensure that highly reactive phenoxides, 
rather than protonated phenols, are present. Excessive pH can 
be destructive, since hydrolysis of the cyclic product could 
additionally occur. After chloroformate hydrolysis, the conden
sation with fresh bischloroformate entering the reaction can 
occur, leading to dimeric bischloroformate. As the dimeric 
bischloroformate itself undergoes hydrolysis, a key intermedi
ate is formed, an oligomer with one phenoxide and one 
chloroformate end-group. This species can either form a cyclic 
oligomer or undergo further intermolecular reaction with 
incoming bischloroformate to form a trimer-bischloroformate 
which can undergo cyclization or be an intermediate in higher
molecular-weight oligomer formation. 

The structure of the amine catalyst and its concentration 
proved to be critical to selective formation of cyclic carbonates. 
Application of Et3N at 0.1 M concentration led to nearly exclu
sive formation of cyclic oligomers (90%). Examination of other 

Scheme 15 Hydrolysis and condensation reactions leading to the formation of cyclic oligomers. 
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amines showed that amines less hindered than Et3N (e.g., 
methyldiethylamine) led to mainly linear oligomer formation 
or mixtures of cyclics and linears. The use of very unhindered 
amines such as quinuclidine, 1,4-diazabicyclo[2.2.2]octane 
(DABCO), dimethylethylamine, or pyridine gave almost exclu
sively linear oligomers, or complete hydrolysis to BPA under 
more severe conditions. It is interesting to note that each of the 
five possible reaction outcomes is possible under the same 
reaction conditions, simply by changing the catalyst (cyclic 
and linear oligomers, polymer, complete hydrolysis, or no 
reactions).116 

4.12.3 Polymerization of Aliphatic Cyclic Carbonates 

The ability of cyclic monomers for ROP depends on both 
thermodynamic and kinetic factors. From the thermodynamic 
point of view the Gibbs energy (free enthalpy) change [ΔGp] 
should be negative.120–122 The Gibbs energy change in the 
polymerization is determined by the enthalpy and entropy 
changes (ΔHp and ΔSp) and temperature (T) according to the 
equation 

ΔGp ¼ ΔHp − TΔSp 

In this equation the monomer and polymer states and crystal
linity should also be considered. 

For most cyclic monomers of a small ring size ΔHp and ΔSp 

are both negative so they can polymerize only below a tem
perature known as the ceiling temperature (Tc).

122 The driving 
force for the polymerization of such monomers is their ring 
strain, which reflects the deviation from nondistorted bond 
angle values, bond stretching or compression, crowding repul
sion between hydrogen atoms, and other substituents. The 
Gibbs energy of polymerization may also be expressed as 

ΔGp ¼ ΔH0 − TðΔS0 þ R ⋅ ln½M�Þp p 

where ΔHp
0 and ΔSp

0 denote a standard polymerization enthalpy 
and entropy, respectively, [M] denotes monomer concentra
tion, and R is the gas constant. 

At equilibrium (ΔGp = 0) when polymerization is complete, 
the unreacted monomer concentration ([M]eq) is determined 
by standard polymerization parameters ΔHp

0 and ΔSp
0 and poly

merization temperature T. Thus, polymerization can occur only 
when [M]0 > [M]eq. 

The angle and bond deformations are most pronounced for 
the three- and four-membered cyclic monomers and as a result 
[M]eq is very small. The five- and six-membered cyclic mono
mers are the least strained, and some of them are unable to 
polymerize. The introduction of a carbonyl group into the 
five-membered cycle makes the resultant compounds incap
able of high polymer formation under normal conditions. 
This is caused by sp2 hybridization of the carbon atom in the 

> C=O group. The six-membered cycloalkanes and cyclic ethers 
accept the most convenient chair conformation in which the 
energy of the conformational interactions is negligible and the 
hypothetical [M]eq is above any possible monomer concentra
tion ([M]0). In contrast, the presence of carbonate group in the 
six-membered cycle increases the strain, and cyclic carbonates 
can be easily polymerized. The carbonyl group introduces 
strain into six-membered rings due to the flat geometry of the 
carbonate moieties. 

4.12.3.1 Polymerization of Five-Membered Cyclic 
Carbonates 

Cyclic carbonates of the smallest ring size (aliphatic 
five-membered cyclic carbonates), such as EC (1,3-dioxolan
2-one) and PC (4-methyl-1,3-dioxolan-2-one), behave excep
tionally in ROP. Their ceiling temperatures are below 25 °C 
and ΔHp

0 is positive (above 120 kJ mol− 1), and so no ROP is 
possible leading to poly(alkylene carbonate), but they can be 
polymerized at high temperatures (above 150 °C) resulting in 
poly(ether-carbonate)s.123 ΔHpd

0 (standard enthalpy of polymer
ization with simultaneous decarboxylation) for EC becomes 
negative at 170 °C. The repeated units of the resultant polymers 
are a mixture of alkylene carbonate and the corresponding alky
lene oxide units, which means that CO2 is lost during the 
polymerization. Probably in this case the decarboxylation and 
small carbon dioxide molecules evolution make the ΔSp

0 value 
positive and consequently, polymerization becomes thermody
namically possible at higher temperatures. Thus the 
polymerization of five-membered cyclic carbonates fails to pro
duce thermodynamically disfavored poly(alkylene carbonate)s 
but leads to poly(alkylene ether-carbonate)s with contents of 
carbonate units lower than 50 mol.% (Scheme 16).12,13,123–127 

Vogdanis and Heitz used a variety of catalysts for the poly
merization of EC, ranging from dibutyltin dimethoxide to 
butyllithium and found that the retention of CO2 decreased 
as the alkalinity of the catalyst increased. When a more basic 
catalyst was used, the resultant polymers contained 10–20 mol.% 
of EC units (reaction temperature was about 150 °C and reaction 
time was 72–98 h).123,128 

Soga et al. proposed the mechanisms in which the polymer
ization of PC proceeded via spiroorthocarbonate species (2,7
dimethyl-1,4,6,9-tetraoxaspiro[4.4]nonane). To conform this 
mechanism the authors polymerized the spiroorthocarbonate in 
the presence of diethylzinc as a catalyst and obtained poly(pro
pylene ether-carbonate) of similar chemical structure.124 It means 
that in the first reaction step the monomer decarboxylation takes 
place. The decarboxylation involves most probably metal carbo
nate species formation due to the 1,3-dioxolan-2-one ring 
opening via the alkyl carbon–oxygen bond cleavage.129 

Detailed investigations of the mechanism of five-membered 
cyclic carbonate polymerization initiated with tin and zirco

130,131nium alkoxides were carried out by Kricheldorf et al.. 

Scheme 16 Polymerization of five-membered cyclic carbonates. 
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Harris has reported the use of sodium stannate trihydrate as 
a heterogeneous catalyst in EC polymerization.125,132 The 
structures of obtained oligomers have been studied by alkaline 
degradation to the oligo(oxyethylene) glycols, which make up 
their backbone, followed by GC analysis. Based on the analy
tical techniques, it was possible to establish the composition of 
a given poly(ethylene ether-carbonate) diol. Harris and 
McDonald126 have found that 2-hydroxyethyl carbonate and 
2-hydroxyethyl ether end-groups are present at the beginning 
in the polymerization mixture. However, only 2-hydroxyethyl 
ether end-groups were present during the latter stages of poly
merization. When poly(ethylene ether-carbonate) diols were 
heated at temperatures above 180 °C under reduced pressure, 
volatile by-product – diethylene glycol (DEG) – was removed, 
followed by molecular weight advancement. Under such con
ditions the transesterification process proceeds in which 
–OC(O)OCH2CH2OCH2CH2OH end-groups of one molecule 
react with carbonate moieties of a second molecule with loss of 
DEG (Scheme 17). 

Poly(ethylene ether-co-ethylene carbonate) diols obtained in 
this manner had a relatively low dispersion index.133 Sodium 
stannate is a preferred catalyst for the preparation of poly(ethy
lene ether-carbonate) diols. The rate of advancement to 
3000 molecular weight products increased together with CO2 

retention when the tin catalyst concentration level was 
100–500 ppm. At higher catalyst concentration levels, the product 
decomposition to 1,4-dioxane became more intensive.134,135 The 

same authors also applied dibutyltin diacetate, dilaureate, and 
dimethoxide as catalysts for EC polymerization. 

The process of EC polymerization with an alkaline initiator 
was analyzed and discussed in more detail by Lee and Litt.136 

They polymerized EC in bulk at 150–200 °C using various 
amounts of KOH as the initiator. The products were analyzed 
by gel permeation chromatography (GPC) and NMR spectro
scopy. Maximal molecular weights of the polymers did not 
exceed 7000 after about 3–5 h of heating at 200 °C for the 
EC/KOH molar ratio = 1000/1. It was shown that the ratio of 
the rate of polymerization to that of chain scission increased as 
temperature rose. The EO sequences in the polymer backbone 
were converted to oligo(oxyethylene) glycols by alkaline hydro
lysis of the copolymer. Under such conditions the carbonate 
linkages easily and fully degrade. Taking the above results into 
account the authors suggested that in the early stage of the poly
merization a major polymer structure comprises one EC unit per 
two EO units. For longer reaction times the content of EO units 
increases. The content of EC units, even in the earliest stage of the 
reaction, was not higher than 32 mol.%. They claimed that poly
merization proceeds in two stages. During the first stage EC 
conversion takes place and molecular weight increases. In the 
second stage, when no EC is present in the reaction mixture, 
both the number of EC units and molecular weight decrease 
with time. The latter indicates that chain cleavage and decarbox
ylation take place. There are two possible reaction pathways 
between the alkoxide ion and EC monomer (Scheme 18). 

Scheme 17 Homocondensation of 5-hydroxy-3-oxapentylcarbonate groups. 

Scheme 18 Formation of poly(ethylene ether-carbonate)s. 
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According to pathway 1 (Scheme 18), the carbonyl carbon 
atom in EC is attacked by the alkoxide ion and 2-hydroxyethyl 
carbonate group is formed. On the other hand, the alkyl carbo
nyl atom is subjected to nucleophilic attack (2), resulting in 
decarboxylation and irreversible formation of a DEG unit. 
Rokicki et al.137 reported the loss of CO2 from alkyl-potassium 
carbonate such as 2-(1-phenoxy)propyl potassium carbonate 
above 150 °C. It should be mentioned that the reaction with 
carbonyl group (1) is reversible. Kinetically, the carbonyl attack 
is favored over the alkylene one. 

Lee and Litt suggested that the most probable EC polymer
ization mechanism under basic conditions should be a 
combination of an alkylene carbon attack (2) and a carbonyl 
carbon attack (1). However, it should be underlined that the 
product of reaction (1) cannot react with another EC molecule 
in the same manner because the formation of the EC–EC 
sequence is thermodynamically forbidden. Rokicki and 
Pawlowski investigated the reaction of EC with different diols 
catalyzed by various alkali metal salts (NaCl, K2CO3). The 
reaction was carried out in xylene with azeotropic distillation 
of ethylene glycol formed as a side product. They found that to 
suppress the reaction proceeding according to pathway (2), the 
diol with long hydrocarbon chain (e.g., 1,6-hexanediol) and 
less basic catalyst such as NaCl should be used; the reaction 
temperature should be lower than 145 °C. The products were 
analyzed by MALDI-TOF mass spectrometry and NMR spectro
scopy. The molecules of the resultant oligomer had no more 
than two EC units (as two terminal 2-hydroxyethylcarbonate 
groups). It means that terminal –O–(C=O)–OCH2CH2O– alk
oxide groups cannot react with EC molecule according to 
pathway (1) (Scheme 19) as well as the transesterification 
reaction between two 2-hydroxyethylcarbonate groups is not 
possible (Scheme 20). 

Thus, the most plausible reaction mechanism illustrating 
the formation of EC–EO–EO sequence comprises the forma
tion of tri(ethylene oxide) fragments according to reaction 
pathway (2) and reaction with EC applying the carbonyl car
bon atom attack (pathway 1) (Scheme 18). 

Lee and Litt have also observed that in the second stage (after 
19 h heating at 180 °C) vinyl ether groups were formed. In the 

1H NMR spectra of the product characteristic signals at 6.47 ppm 
were present which could be assigned to methine protons of vinyl 
ether. Their intensity increased with the reaction time. The authors 
discussed two possible elimination reaction mechanisms: 
pyrolytic (Ei) and bimolecular (E2) eliminations (Scheme 21). 

However, taking into account that Ei elimination is a 
first-order intramolecular reaction and vinyl ether groups for
mation started in the second stage, bimolecular elimination 
(E2) is more plausible. In this process proceeding in the pre
sence of a strong base such as alkoxide, proton abstraction from 
EC unit may occur leading to the vinyl ether formation, chain 
scission, and decarboxylation. A relationship between carbo
nate content and degree of polymerization was derived using 
both decarboxylation and bimolecular elimination reactions 
for the kinetic equations. The authors indicated that this reac
tion sequences fit the experimental data. 

The process of PC oligomerization in the presence of less 
alkaline catalyst system was also investigated by Keki 

al.138,139et The ring-opening oligomerization of PC was 
initiated with tert-butylphenol/KHCO3. The resultant oligo
mers were analyzed by means of MALDI-TOF and ESI-TOF 
mass spectrometries. It was found that in addition to the 
chain extension reaction with the PO units, the oligomers of 
all of the PO units and oligomers containing carbonate 
end-groups condensed. However, the proposed mechanism is 
less plausible. The alkyl carbonate anion is unstable under the 
reaction conditions, so fast decarboxylation should take place. 

Elmer and Jannasch140 prepared poly(ethylene oxide-co
ethylene carbonate)s by the anionic polymerization of EC 
with CH3OK as an initiator. Reaction mixtures composed of 
EC and CH3OK in the CH3OK/EC molar ratio of 1:1000 con
taining 50 ppm of an antioxidant – triethylene glycol bis-3
(30-tert-butyl-40-hydroxy-50-methylphenyl)propionate – was 
heated at 180 °C. An oligomer having a number-average mole
cular weight of 2650 and an EC content of 28 mol.% was 
obtained. This cooligomer was used as a raw material for the 
preparation of solid polyelectrolyte in lithium batteries. 

Recently, Wu et al. reported that the polymerization of 
PC carried out in the presence of BPA initiated with organic 
bases such as DABCO, 1,8-diazabicyclo[5.4.0]undec-7-ene 

Scheme 19 Forbidden reaction of 2-hydroxyethylcarbonate groups with ethylene carbonate. 

Scheme 20 Forbidden homocondensation of 2-hydroxyethylcarbonate groups. 
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Scheme 21 Formation of vinyl groups after heating poly(ethylene ether-carbonate) at 180 °C. 

(DBU), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), and N, 
N-dimethylaminopyridine (DMAP) afforded polyether diols 
containing BPA moiety.141 It was shown by MALDI-TOF spec
trometry and 1H and 13C NMR spectroscopies that the product 
obtained from 4-tert-butylphenol and PC at 150 °C contained 
some amount of oligomers with carbonate linkages. The 
authors suggested that phenols were ionized by an organic 
base to form an active phenol anion which attacked cyclic 
carbonate monomer to generate intermediate ions that could 
further capture proton and react with phenol itself to yield 
polyether or poly(ether-carbonate). 

Another approach was presented by Kadokawa et al.142 They 
proceeded with the ROP of EC using two ILs, 1-butyl-3
methylimidazolium chloroaluminate ([bmim]Cl-AlCl3) and  1
butyl-3-methylimidazolium chlorostannate ([bmim]Cl-SnCl2), 
as polymerization catalysts. Although polymerization in the pre
sence of [bmim]Cl-AlCl3 took place even at temperatures below 
100 °C, frequent decarboxylation occurred to give polymers with 
low content of EC units. When the polymerization was per
formed in the presence of [bmim]Cl-SnCl2 higher reaction 
temperatures were required. In this case the maximal amount 
of carbonate units present in the copolymer was 33.9 mol.%. 

4.12.3.1.1 Polymerization of five-membered cyclic 
carbonates with a strained ring 
In contrast to typical five-membered cyclic carbonates, which 
polymerize at high temperatures (T > 150 °C) leading to poly 

(ether-carbonate)s, five-membered cyclic carbonates obtained 
from methyl 4,6-O-benzylidene-glucopyranoside can be poly
merized at relatively low temperatures, without elimination of 
carbon dioxide, to produce homopolycarbonates.143–145 The 
polymerization of such a monomer was carried out at 60 °C in 
tetrahydrofuran (THF) or dimethylformamide (DMF) yielding 
a polymer exclusively consisting of carbonate repeating units 
(Scheme 22). Two types of initiators were used: DBU and 
potassium tert-butoxide. It was shown that the polymerization 
proceeded smoothly even at 30 °C to give the PC of 
Mn = 14 000 in 93% yield. 

To confirm the homopolycarbonate structure, Haba et al. 
hydrolyzed the resulting polymer using KOH in ethanol. The 
hydrolysis product and the model compound prepared by 
them from methyl R-D-glucopyranoside and benzaldehyde 
dimethyl acetal were the same.146 It means that no elimination 
of carbon dioxide during the anionic polymerization took 
place and no etherification occurred. The authors presumed 
that the ring strain was the driving force of ROP of this 
five-membered cyclic carbonate. The ring strain may result 
from the connection of two hydroxyl groups in E (trans) posi
tion by the carbonate linkage. In addition, the carbonate ring is 
connected on one side to the rigid bicyclic structure of methyl 
4,6-O-benzylidene-glucopyranoside. The acetal groups in the 
resulting polymer can be removed by acidic hydrolysis. The 
presence of two hydroxyl groups in the monomeric units acti
vates such PC to hydrolytic degradation (Scheme 22). Taking 

Scheme 22 Polymerization of the five-membered cyclic carbonate with the strained ring. 
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into account that the monomer was obtained from natural 
sugar the resultant PC can find application in biomedicine, 
where fast hydrolityc decomposition is the most important 
factor. 

As far as cationic polymerization concerns, it was shown by 
Kricheldorf and Jenssen that EC did not react with a 
cationic-type catalyst such as methyl triflate.147 No polymer 
or oligomer was found after 48 h of reaction carried out in 
nitrobenzene at 100 °C. 

The aromatic five-membered cyclic carbonate (benzo-1,3
dioxolan-2-one) appeared inert in anionic polymerization 
initiated with sec-BuLi and potassium dihydronaphthalide.111 

On the other hand, the high-molecular-weight aliphatic PC 
with an alternating sequence of the monomeric alkylene units 
can be obtained by copolymerization of oxiranes with CO2 

using coordination catalysts under appropriate reaction condi
tions. In 1969, Inoue and co-workers148 made the remarkable 
discovery that a mixture of ZnEt2 and H2O was active as a 
catalyst system of the alternating copolymerization of PO and 
CO2 (Scheme 23), initiating epoxide–CO2 coupling chemistry. 
Since the 1970s, a great number of publications dealing with 
copolymerization of CO2 with oxiranes and oxetanes have 
appeared. The reviews concerning CO2 copolymerization and 
catalysts used are also available, especially prepared by Inoue, 
Kuran and Rokicki, Darensbourg and Holtcamp, Super and 
Beckman, Kuran, Coates and Moore, and very recently by 
Darensbourg.33,143,149–153 

4.12.3.1.2 Polymerization of five-membered cyclic 
carbonates containing functional groups 
Aside from the simple alkyl-substituted five-membered cyclic 
carbonates many derivatives of EC have been developed in 
recent years that contain added functionality, that is, deriva
tives bearing reactive groups in addition to the carbonate ring 
itself.154 Among them, there are vinyl moieties, esters, ethers, 
and alcohols (Scheme 24). 

Of these, only GC (1, Scheme 24) has been commercialized 
so far. GC is a stable, colorless liquid that is used as a solvent, 
additive, and chemical intermediate. As a chemical intermedi
ate it reacts readily with alcohols, phenols, and carboxylic acids 
with loss of CO2 as well as with aliphatic amines with carbon 
dioxide recovery and β-hydroxyurethane bond formation. GC 
can be obtained according to various methods, using epoxy 
compounds as well as glycerol as raw materials.155–158 It was 
reported that GC can be formed in the reaction of epichlorohy
drin with KHCO3 carried out at 80 °C in the presence of 
18-crown ether.24 Nevertheless, more attractive methods are 
those utilizing glycerol as a renewable and cheap raw material. 
A typical method of obtaining carbonate derivatives of glycerol 
is its transesterification with EC or dialkyl carbonate. In the 
reaction with EC carried out at 125 °C in the presence of 
sodium bicarbonate the product was formed in a yield of 
81%.159 Very promising methods of GC preparation comprise 
the reaction of glycerol with CO2 or carbon monoxide and 
oxygen in the presence of Cu(I) catalysts.160 The reaction of 

Scheme 23 Copolymerization of cyclohexene oxide and propylene oxide with CO2. 

Scheme 24 Five-membered cyclic carbonates containing functional groups. 
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Scheme 25 Anionic polymerization of glycerol carbonate. 

glycerol with carbon dioxide was carried out in a scCO2 med
ium in the presence of zeolite and EC as a cosource of 
carbonate groups.161 However, according to all the 
above-mentioned methods GC should be purified by distilla
tion under reduced pressure at a relatively high temperature 
(125–150 °C). 

Rokicki et al. showed that the GC synthesis can be carried 
out under mild conditions without any solvent, using glycerol 
and dimethyl carbonate as environmentally benign and renew
able reagents.162 Due to the almost quantitative reaction yield 
there was no need for the product purification by distillation at 
high temperature and recovery of unreacted glycerol. 

GC alone can be a valuable monomer for the synthesis of 
hyperbranched poly(hydroxyether)s (Scheme 25).158 In case of 
polymerization, GC, containing a 1,3-dioxolan-2-one ring and 
hydroxyl group in a single molecule, is considered a latent 
cyclic AB2-type monomer. The anionic ROP of the GC, which 
proceeds with CO2 liberation, leads to a branched polyether. 
1,1,1-Tris(hydroxymethyl)propane or other multihydroxyl 
molecules are usually used as a initiator-starter and central 
core of the polyether. The hyperbranched polyglycerol structure 
is obtained by slow addition of the cyclic carbonate monomer 
at above 150 °C. Such polymers are characterized by a flexible 
polyether core and a multihydroxyl outer sphere. They are 
suitable for preparation of acrylic resins for dental applications 
or additives for polyurethane foams. Hyperbranched poly 
(hydroxyether)s from biscyclic carbonate with phenol group 
(2, Scheme 24) were also reported.162,163 

Because it contains a hydroxy group, GC can be reacted with 
anhydrides,164,165 acyl chlorides,166 isocyanates,167 and the 
like. For instance, GC reacted with the multifunctional isocya
nate polymeric methylene diphenyl diisocyanate (MDI) in the 
presence of potassium acetate gave a multifunctional alkylene 
carbonate.168 The reaction of GC with isocyanates occurs at 

room temperature or with slight heating and is generally 
accompanied by an exotherm such that the controlled addition 
of one component into the other is desired. The multifunc
tional carbonates prepared by means of the above process are 
useful as blow promoters in the preparation of polymeric 
foams,168 or they can be reacted with aliphatic diamines to 
prepare polyurethane resins. 

Five-membered cyclic carbonate rings can be also generated 
on existing polymeric species. For example, hyperbranched 
polyglycerol was reacted with dimethyl carbonate yielding 
multifunctional alkylene carbonate.169 In contrary, soybean 
oil-based multifunctional alkylene carbonate was prepared 
via epoxidation of double bonds followed by a pressure reac
tion with CO2 catalyzed with KI-crown ether system.170 Such 
carbonate derivatives were applied as toughening agents for 
amine-cured epoxides. Although not yet commercially avail
able, multialkylene carbonates can also be prepared from 
epoxy resins via CO2 insertion.

171 

Vinyl-functional alkylene carbonates, useful in the prepara
tion of polymers that contain alkylene carbonate pendant 
groups, can also be prepared from GC. Two examples are the 
reaction of GC with maleic anhydride and acryloyl chloride to 
produce the acrylate-functional cyclic carbonates (3 and 4, 
respectively, Scheme 24).164 Although the transesterification 
of alkyl esters such as dimethyl maleate or methyl acrylate by 
reaction with GC represents an obvious means of obtaining the 
above materials, the temperatures required of such processes 
(> 100 °C) result in unwanted polymerization of both the 
reactant and product species, even in the presence of 
well-known radical inhibitors such as 2,6-di-tert-butyl-p-cresol 
or phenothiazine.164 In addition, the synthesis of 
vinyl-functional alkylene carbonates is greatly complicated by 
the fact that such materials cannot be purified by distillation 
and must be stored at temperatures < 0 °C in the presence of a 
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polymerization inhibitor.172 In fact, these and similar species 
are known to undergo polymerization much more readily than 
the analogous underivatized vinyl monomers.173,174 

Vinyl-functional alkylene carbonates can also be prepared 
from the corresponding epoxides in a manner similar to the 
commercial manufacture of ethylene and PCs via CO2 inser
tion. The most notable examples of this technology are the 
syntheses of 4-vinyl-1,3-dioxolan-2-one (vinyl ethylene carbo
nate, VEC) (5, Scheme 24) from 3,4-epoxy-1-butene175 or 4
phenyl-5-vinyl-1,3-dioxolan-2-one176 (6, Scheme 24) from 
analogous aromatic derivative 1-phenyl-2-vinyl oxirane. 
Although the homopolymerization of both vinyl monomers 
produced polymers in relatively low yield, copolymerizations 
effectively provided cyclic carbonate-containing copolymers. It 
was found that VEC can be copolymerized with readily avail
able vinyl monomers, such as styrene, alkyl acrylates and 
methacrylates, and vinyl esters.175 With the exception of styr
ene, the authors found that VEC will undergo free-radical 
solution or emulsion copolymerization to produce polymeric 
species with a pendant five-membered alkylene carbonate func
tionality that can be further cross-linked by reaction with 
amines. Polymerizations of 4-phenyl-5-vinyl-1,3-dioxolan
2-one also provided cyclic carbonate-containing copolymers. 

4.12.3.2 Polymerization of Six-Membered Cyclic Carbonates 

Six-membered cyclic carbonates such as TMC and neopentyl 
carbonate, in contrast to thermodynamically unfavorable 
five-membered cyclic carbonate, easily polymerize to afford 
PCs without ether sequences. Taking into consideration that 
the ROP of cyclic carbonates is an equilibrium reaction, 
six-membered cyclic carbonates show a strong substitution 
effect on the equilibrium monomer concentration. The anionic 
ROP of TMC and 5,5-disubstituted 1,3-dioxan-2-ones 
(dimethyl, methyl-phenyl, diethyl, ethyl-phenyl) in THF solu
tion using potassium tert-butoxide initiator exhibited an 
increasing monomer concentration at equilibrium, with an 
increasing bulkiness of the substituents. This correlates with 
the yields obtained in monomer synthesis: the higher the steric 
effect of the substituents, the higher the selectivity toward the 
cyclic monomer in comparison to the linear oligomers. An 
estimation of the thermodynamic parameters reflected the 

polymerizability of the monomers (ΔHp
0 = –26.37 to 

–5.02 kJ mol− 1); a decrease in the absolute value of ΔHp
0 is 

observed for monomers with increased bulkiness of the sub
stituents. The reason for the decrease in polymerizability of the 
six-membered cyclic carbonates with increased bulkiness of the 
substituents lies in the conformational distortion of the poly
mer backbone, rather than in the change of conformation of 
the monomer caused by the substituents.6,145 

4.12.3.2.1 Cationic polymerization of six-membered cyclic 
carbonates 
In ROP of aliphatic cyclic carbonates proceeding according to 
the cationic mechanism, electrophilic reagents are used as 
initiators. Brønsted and Lewis acids, as well as alkyl esters of 
strong organic acids (e.g., methyl trifluoromethanesulfonate) 
are most often involved. Cyclic carbonates contain polarized 
bonds (C=O)–O, in which carbonyl oxygen atom has a lone 
electron pair so that it can act as a Lewis base in reaction with 
an electrophilic initiator. As a result, an alkoxy-substituted 
carbon atom (trialkoxycarbenium cation) becomes a cationic 
center. In this mode the ring-opening reaction of the monomer 
will be caused by the nucleophilic attack of a lone electron 
pair of a carbonyl group oxygen toward the electrophilic 
initiator. The resulting cationic species of a cyclic structure 
can be attacked by another molecule of the monomer to 
undergo a ring-opening reaction according to SN2 mechanism 
(Scheme 26).6,177 

In contrast, cyclic carbonate with an exo-methylene substi
tuent in the ring polymerizes via an SN1 mechanism. Such a 
monomer can undergo ring-opening reaction spontaneously to 
produce a linear product with allyl cation that will be attacked 
by the carbonyl oxygen atom of the next monomer molecule 
according to the SN1 mechanism (Scheme 27). It should be 
noticed that allyl carbocation is stabilized by an electron 
delocalization. 

The stability of the cation, in this case trialkoxycarbenium 
cation versus allyl one, decides which of these two mechanisms 
predominates.177–179 The selective ROP of 5-methylene-1,3
dioxan-2-one to the linear PC can be explained by assuming 
that the competitive vinyl polymerization is suppressed by 
neighboring electron-withdrawing carbonate group.178 

Scheme 26 Cationic polymerization of six-membered cyclic carbonate in accordance with SN2 mechanism. 

Scheme 27 Cationic polymerization of six-membered cyclic carbonate in accordance with SN1 mechanism. 
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It is well known that cationic polymerization of heterocyclic 
monomers such as oxiranes can proceed according to two 
mechanisms: activated monomer (AM) and active chain end 
(ACE) ones. In the polymerization proceeding according to an 
AM mechanism, the active centers are located on the monomer 
molecule, while the growing polymer chain is neutral. Taking 
into account that in the cationic AM mechanism there is no 
active species at the chain end, the backbiting is to a large extent 
reduced. In order to suppress the reaction proceeding according 
to ACE mechanism the instantaneous concentration of mono
mer in the reaction mixture should be kept very low (e.g., by 
continuous very slow monomer addition).122,180,181 

The ROP of TMC initiated with several alcohols was exam
ined by Endo’s group.86 It was found that the reactions 
proceeded without acidic catalyst in low conversions. 
However, when the polymerization was carried out in the pre
sence of alcohol/trifluoroacetic acid (ROH/TFA) catalyst 
system the corresponding PCs with Mn = 2500–6800 were 
formed. The molecular weights increased with an increase of 
the monomer conversion. Mechanistic aspects studied by NMR 
spectroscopy indicated that carbonate rings are activated by 
TFA. The signals of the methylene protons shifted to lower 
fields by 0.06–0.11 ppm in the 1H NMR spectra after the addi
tion of TFA. Downfield shifts of the carbonyl carbon atom 
signals in TMC were observed by 3.94–4.15 ppm in the 13C 
NMR spectra. 

Recently, Hyun et al.182 have revealed that TMC can be 
polymerized according to the AM mechanism when a poly 
(oxyethylene) glycol/HCl·OEt2 system was used as a cationic 
initiator. The polymerization of TMC in the presence of 
HCl·OEt2 gave triblock or diblock copolymers composed of 

poly(ethylene glycol) (PEG) and PTMC units depending on the 
used PEG or monomethyl-PEG. The obtained PTMC had mole
cular weights close to the theoretical values calculated from 
TMC/PEG molar ratios (e.g., 920-2000-920) and exhibited a 
monomodal GPC curve without any trace of dead polymer. 
The terminal hydroxy group of PEG served as an initiator in this 
polymerization system. 

The mechanism of cationic polymerization of 
six-membered cyclic carbonates was also investigated and dis
cussed by Kricheldorf et al.183 Using IR and 1H NMR 
spectroscopies it was shown that methyl triflate initiated the 
polymerization of six-membered cyclic carbonates by alkyla
tion of the exo-cyclic oxygen atom of the carbonate linkage, 
generating a trialkoxycarbenium ion, A (Scheme 28). The reac
tion equilibrium is established after ring opening by the 
counterion (eqn [2]). Another molecule of cyclic carbonate 
can attack the trialkoxycarbenium ion leading to the alkyl– 
oxygen bond cleavage and the exo-cyclic oxygen atom of the 
nucleophile is alkylated (eqn [3]). The second possible propa
gation reaction is between the covalent triflate and monomer 
(eqn [4]). 

When an excess of methyl triflate was used it was possible to 
establish that the covalent initiator is slightly more reactive 
than the trialkoxycarbenium ion.147,183 Thus, the propagation 
reaction involves the cleavage of the alkyl–oxygen bond in the 
monomer. The active cationic chain end and the dead methyl-
carbonate end-groups were identified by means of 1H NMR 
spectroscopy. 

However, the main disadvantage of the cationic polymeriza
tion of six-membered cyclic carbonates is the decarboxylation as 
a side reaction resulting in the formation of ether linkages. The 

Scheme 28 Cationic polymerization of six-membered cyclic carbonates initiated with methyl triflate. 
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Scheme 29 Formation of ether linkages in cationic polymerization of six-membered cyclic carbonates. 

concentration of the ether groups, depending on the chemical 
structure of the monomer, cationic initiator, and temperature, is 
in the range of 3–10 mol.% relative to carbonate groups. 
Molecular weights of the polymers obtained according to this 
mechanism do not exceed 6000, owing to side reactions such as 
backbiting and formation of ether groups. The intramolecular 
migration of an alkyl group is proposed to explain the formation 
of ether linkages (Scheme 29). The equilibrium 2 is shifted to 
the trialkoxycarbenium ion due to its better stabilization. But 
still intramolecular migration is possible and the initiator can be 
regenerated as shown in eqn [4]. The decarboxylation of carbo
nates catalyzed by cationic initiators was confirmed by the 
reaction of diethyl carbonate with 5 mol.% of methyl triflate 
carried out under reflux. Slow CO2 evolution and ether forma
tion were observed. After 16 h, 30 mol.% conversion of 
carbonate groups was found. The 1H NMR spectra of the reaction 
mixture also revealed the formation of methyl carbonate groups 
and ethyl triflate that support the proposed reaction mechanism 
illustrated by eqns [1–4] (Scheme 29). 

Other Lewis acids such as BF3·OEt2, BCl3, and BBr3 were 
used by Kricheldorf and Weegen-Schulz for the polymerization 
of neopentyl carbonate and TMC under various conditions. It 
was found that the six-membered cyclic carbonates and boron 
halogenides formed crystalline complexes. Depending on the 
reaction conditions, BCl3 and BBr3 react with both cyclic car
bonates by ring opening and halogen transfer without 
initiating polymerization. In contrast, BF3·OEt2 initiates poly
merizations to give high yields (> 95%) and high molecular 
weights (Mw > 100 000). However, the resulting PCs contained 
ether linkages. The molar fraction of ether groups increased 
with the reaction temperature. Moreover, kinetic data and 1H 
NMR end-group analyses suggested that a cationic polymeriza
tion mechanism involved cyclic trialkoxycarbenium ions in 
analogy to methyl triflate-initiated polymerizations of 
six-membered cyclic carbonates (Scheme 29). However, back
biting degradation is much more efficient in the case of the 
methyl triflate-initiated polymerizations presumably due to the 
reactivity of a covalent triflate end-group.147 

Also tin(IV) halogenides (SnCl4, SnBr4, and SnI4) afforded  
PCs by cationic ROP.184 The highest molecular weight 
(Mw = 150 000) was obtained when the polymerization of 
six-membered cyclic carbonate (TMC) had been conducted in 
bulk at 60 °C in the presence of SnI4. In contrast, SnCl4 and 
SnBr4 caused partial decarboxylation even at 60 °C (� 2mol.%).  
Both SnCl4 and SnBr4 can form crystalline 1:2 complexes with 
TMC.185 IR and 1H 13C NMR spectroscopies indicated complexa
tion at the carbonyl oxygen. Additionally, CH2OH, CH2Cl, and 
CH2Br end-groups were detected by 1H NMR spectroscopy. 
Kinetic measurements of polymerization in solvents of different 
polarity suggested cationic polymerization proceeding according 
to the AM mechanism. 

Organotin(IV) compounds such as BuSnCl3, Bu2SnCl2, and 
Bu3SnCl were also used for polymerizations of TMC.186 The 
polymer yields above 90% were obtained with all three com
pounds, but their reactivities decreased in the order 
BuSnCl3 >Bu2SnCl2 > Bu3SnCl. The maximum molecular 
weights decreased in the same order. The PC of the highest 
molecular weight (Mw = 250 000) was obtained for BuSnCl3. By  
means of 1H and 13C NMR spectroscopies the authors revealed 
that BuSnCl3 forms complexes with the carbonyl group of 
TMC. In the 1H NMR spectra signals corresponding to 
CH2OH and CH2Cl polymer end-groups were present regard
less of the used initiator. Kinetic studies and a comparison with 
Bu3SnOMe suggest that at least BuSnCl3 initiates the polymer
ization proceeding according to a cationic mechanism. It 
should be noticed that, in contrast to SnCl4, BuSnCl3 did not 
cause decarboxylation. 

Also Albertsson and Sjoeling87 have reported that bulk 
polymerization of TMC, especially at higher temperatures 
(80–100 °C), and preferably when using BF3·OEt2 as initiator, 
afforded PTMC with high molecular weight (� 100 000). At 
higher reaction temperatures higher molecular weight could 
be obtained, but thermal degradation of PTMC and ether 
group formation were observed. The polymer obtained with 
this cationic initiator contained about 3 mol.% of ether lin
kages. Other cationic initiators such as AlCl3 gave a polymer 

(c) 2013 Elsevier Inc. All Rights Reserved.



ROP of Cyclic Carbonates and ROP of Macrocycles 263 

Scheme 30 Polymerization of six-membered cyclic carbonate with alkyl halide – possible reaction pathways. 

of much lower molecular weight. Polymerization in solution 
gave mostly oligomers. 

Ariga et al.88,187 have revealed that when alkyl halides were 
used as cationic initiators for six-membered cyclic carbonates 
the ROP proceeded without decarboxylation and the corre
sponding homopolycarbonates, but of rather low molecular 
weights, were formed. The reactions of PTMC with several 
cationic initiators including methyl iodide were monitored by 
1H NMR and GPC. Both a decrease in the polymer molecular 
weight and the ether units content strongly depended on the 
kind of initiator. PM3 molecular orbital calculations using 
model compounds confirmed that the decarboxylation 
occurred mainly in the propagation step (Scheme 30). 

The reaction of TMC with an excess of alkyl halide such as 
methyl iodide and benzyl bromide at 120 °C afforded the 
corresponding 1:1 adducts. The yield of the adduct from 
methyl iodide was only 10%, while the yield of that from 
benzyl bromide was 78%. The cationic polymerizations of 
different cyclic carbonates with alkyl halides such as methyl 
iodide (RY = CH3I), benzyl bromide (RY = C6H5CH2Br), and 
allyl iodide (RY = CH2 = CHCH2I) carried out under various 
conditions led to the corresponding PCs without any ether 
units (pathway 1 in Scheme 30). The polymerization with 
ethyl 3-iodopropyl carbonate as a model compound was exam
ined to prove the structure of the propagation active site. The 
decarboxylation seems to occur by the attack of the monomer 
at the propagating end more preferably than that of the poly
mer at the propagating end. This is because of the better 
nucleophilic properties of a monomer than those of a polymer, 
as was postulated from PM3 molecular orbital calculation. The 
comparison of the HOMO level of cyclic carbonate (TMC) and 
linear carbonate (dimethyl carbonate) indicates that a cyclic 
carbonate is more nucleophilic than a linear one. On the other 
hand, the heat of the formation of cationic intermediates sug
gests that the stabilization energy of the formation of the cyclic 
oxonium cation is 7.4 kcal mol− 1 greater than that of the linear 

oxonium cation. Therefore, Endo et al. suggested that decarbox
ylation from the monomer should be thermodynamically and 
kinetically predominant over that from the linear carbonate. 
Taking into consideration that decarboxylation competes with 
the propagation process, to suppress the decarboxylation Endo 
et al. proposed to use propagating species of lower reactivity. It 
is well known that less reactive compounds give products with 
higher selectivity.88 Thus, the authors used a less reactive halide 
ion instead of the triflate one. Less reactive neopentyl carbonate 
did not polymerize in the presence of alkyl halides, due to 
unfavorable nucleophilic substitution at the sterically hindered 
neopentyl position. In contrast to methyl triflate-initiated poly
merization (RY = CH3OSO2CF3 in Scheme 30), in which the 
resultant polymer contained hydroxyl end-groups, the PC 
molecules obtained using alkyl halides as a cationic initiator 
were terminated by haloalkyl groups. 

A haloalkyl carbonate structure is formed by the initial 
ring-opening reaction of the monomer with alkyl halide, 
which was shown by using ethyl 3-iodopropyl carbonate as 
the initiator for cyclic carbonate polymerization. The obtained 
polymer contained both ethyl and iodopropyl end-groups. 

According to this mechanism, alkyl halopropylcarbonate is 
attacked by cyclic carbonate at the carbon atom neighboring 
the carbonate linkage to afford biscarbonate via ring opening 
and PC with alkyl and iodopropyl end-groups is formed (Y = I; 
Scheme 30). Since the polymerization initiated by ethyl 
3-iodopropyl carbonate is faster than that initiated by methyl 
iodide, it is suggested that ethyl 3-iodopropyl carbonate is 
more reactive than methyl iodide and the halopropyl carbo
nates are the actual propagating species. 

The polymerization of cyclic carbonate with alkyl halide 
proceeds according to pathway 1 (Scheme 30) and owing to 
the higher nucleophilicity of the halide anion, the covalent 
macrohalide is more favored than the trioalkxycarbenium 
ion. However, when a solvent of higher polarity is used as the 
reaction medium, partial decarboxylation takes place due to 
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Scheme 31 Mechanism of decarboxylation of terminal oxonium groups. 

the shifting of the balance to the carbenium ion species, and a 
nucleophilic attack along pathway 4 (Scheme 30), causing the 
decarboxylation, is more probable. 

The reaction pathways of TMC during cationic ROP have 
been explored by Holder and Liu188,189 applying Austin Model 
1 (a semi-empirical method for the quantum calculation) 
(AM1) semiempirical calculations. They established a species 
evolution diagram, and the propagation chain ends on the 
ether oxygen atom have been identified as the species that 
ultimately lead to decarboxylation (Scheme 31). 

Three factors were proposed and evaluated to reduce the 
degree of decarboxylation based on theoretical calculations: 
increasing the monomer concentration; decreasing the solvent 
polarity; and introduction of such ring substituents to bypass 
the decarboxylation route. 

Rare earth halogenides, such as neodymium bromide or 
iodide, can catalyze TMC and ε-caprolactone (CL) bulk 
polymerization quickly with small amounts of catalyst 
([TMC]/[Ln] = 3000 molar ratio) at 80 °C. The reason why the 
catalytic activity of TMC polymerization is higher than that of 
CL polymerization has been studied and it is shown that the 
difference arises from different polymerization mechanisms of 
TMC and CL with rare earth halides.190 Rare earth halogenide 
single component also can catalyze the copolymerization of 
TMC and D,L-lactide (LA) and the catalytic activity sequence of 
various rare earth chlorides is as follows: LaCl3 > YCl3, 
PrCl3 > NdCl3 � DyCl3.

191 

Agarwal et al.192 reported the polymerization of TMC and its 
copolymerization with L-LA using the SmI2/Sm initiator sys
tem. SmI2 was prepared by reacting Sm powder with 
diiodoethane. The reactions proceeded at 70 °C without sig
nificant decarboxylation during polymerization. 

4.12.3.2.2 Anionic polymerization of six-membered cyclic 
carbonates 
The anionic polymerization of six-membered cyclic carbonates 
was first reported in the 1930s by Carothers and Van 

Natta.19,193 The PCs were obtained by heating TMC in the 
presence of K2CO3. 

Generally, six-membered cyclic carbonates easily polymer
ize with anionic initiators affording high-molecular-weight 
polymers. In contrast to cationic ROP of cyclic carbonates, 
these polymers do not contain ether linkages. This feature is 
especially important when the PCs or their derivatives are 
utilized in biomedical practice. The presence of ether linkages 
make such polymers susceptible for oxidation and loss of good 
mechanical properties. 

The ROP of six-membered cyclic carbonates with nucleo
philic initiators is a chain reaction in which, besides initiation 
and propagation reactions, transesterification reactions can 
also take place (Scheme 32).194,195 Intramolecular nucleophile 
(e.g., alkoxide) attacks on carbonyl carbon atom (backbiting) 
lead to cyclic oligomers, while intermolecular transesterifica
tion leads to a change of the macromolecule length with the 
consequence that, at equilibrium, the most probable distribu
tion of the molecular weight is obtained (Scheme 32). 

The initiation reaction comprises the nucleophilic attack of 
the initiator on the carbonyl carbon atom, followed by an 
acyl-oxygen cleavage and formation of the active species, an 
alkoxide.196 The initiation process depends on the nucleophi
licity of the initiator and on the electron affinity of the 
monomer. A slow initiation in comparison to the propagation 
process leads to a broadening of the molecular weight distribu
tion and a loss of molecular weight control.197 

The stereochemistry and mechanism of reversible polymer
ization of 2,2-disubstituted TMCs were discussed in the 1950s 
by Sarel and Pohoryles.84 The anionic mechanism was dis
cussed by Kühling et al.196,198 According to them, a good 
control of the reaction course can be attained when the ratio 
of the rate constants of propagation (kp) and of backbiting (kb) 
and transesterification (kte) are large, and there are no termina
tion and transfer reactions. Thus, a high polymer yield and a 
narrow molecular weight distribution are obtained. The poly
merization conditions such as temperature, reaction medium 

Scheme 32 Anionic polymerization of six-membered cyclic carbonate with nucleophilic initiators. 
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(solvent polarity), monomer concentration, and the nature of 
the active site also are important for the polymerization 
control. 

The homopolymerization of the most popular 
six-membered cyclic carbonates (TMC and neopentyl carbo
nate) using nucleophilic initiators based on Li-, K-, Mg-, Al-, 
Zn-, and Sn-containing compounds were also studied. The 
systems containing alkali metals, Mg and Sn, were found to 
afford during polymerization, besides linear, also cyclic oligo
mers.195,199,200 This shows that for this group of initiators the 
rate of backbiting reaction (kb) is of the same order of magni
tude as the rate of propagation (kp).

201 For Al- and Zn-based 
catalysts no oligomers were detected, so the backbiting reaction 
is much slower than the chain-growth reaction.199 With former 
mentioned initiators the intramolecular and intermolecular 
transesterification reactions take place. High-molecular-weight 
polymer is formed when the reaction is kinetically controlled. 
In the regime of thermodynamic control ring-chain equili
brium takes place.195 

It is known that the anionic polymerization of dimethyl 
trimethylene carbonate (DTC) in toluene with lithium cation 
as a counterion proceeds slower than that with potassium one 
due to the more covalent character of the lithium–oxygen bond 
compared with the potassium-oxygen bond; this leads to a 
lower nucleophilicity of the lithium alkoxide and also the low 
tendency for complexation with PEG favors lithium as 
counterion.91 

Other initiators based on alkali metals such as sec
butyllithium (sec-BuLi) as well as sodium and potassium 
naphthalene were also surveyed.195 Sodium and potassium 
naphthalene, when used as electron-transfer reagents for the 
initiation of styrene polymerization, react with neopentyl car
bonate as a nucleophile. The investigation of oligomers 
obtained in the initial stages of the polymerization by means 
of GPC using a UV-detector revealed naphthalene to be incor
porated into the growing chain. 

Rokicki and Jezewski202 showed that when potassium 
naphthalene reacts with cyclic carbonate (1:2 molar ratio) 
dialkoxide species are formed. After reaction with 
α,ω-dibromo-p-xylene the resultant product containing 
aromatic-aliphatic ester and aliphatic linkages was confirmed 
by 1H NMR spectroscopic analysis. 

Macroinitiators such as polymeric Li, Na, and K alkoxides 
can also be used for the initiation of the six-membered cyclic 
carbonate polymerization. Thus, besides living vinyl poly
mers,203 hydroxyl group-terminated polymers of poly 
(tetrahydrofuran) (PTHF),204 poly(oxyethylene),205 and 
poly(dimethylsiloxane) (PDMS)206 were transformed to alkox
ides by treatment with sec-BuLi or K-naphthalene and used as 
initiators. The use of these macroinitiators enables the identi
fication of side reactions, as shown by Keul and Höcker for 
polystyrene lithium (PS−Li+).203 The addition of the macroini
tiator to the monomer, to maintain a high excess of monomer, 
minimizes side reactions. Transformation of the polystyryl 

carbanion to a less nucleophilic alkoxide to avoid the side 
reaction was another approach proposed by the authors. They 
used EO as a reagent for lowering the nucleophilicity of the 
macroinitiator. Polymerization of neopentyl carbonate 
initiated by such macroalkoxide (PS-CH2CH2O

−Li+) led to 
high yields of AB-block-copolymers (Scheme 33). 

It was found that the polymerization of neopentyl carbo
nate initiated by PTHF alkoxides with different counterions 
such as Li+, K+, and Bu4N

+ proceeds slower than that initiated 
by poly(ethylene oxide) (PEO) alkoxides, which can be 
explained by the lower solvation ability of PTHF. It was also 
shown that the nucleophilicity of the active species is signifi
cantly reduced by exchanging potassium counterion with 
lithium one. As a result, high PC yields were obtained after 
several minutes. The lower nucleophilicity of the lithium alk
oxide was ascribed to the more covalent character of the 
lithium–oxygen bond, compared with the potassium–oxygen 
one. Moreover, Li+ exhibits lower tendency for complexation 
withPEO; self-association prevails, compared with the corre
sponding potassium alcoholates.207 

When lithium alkoxide of hydroxyl telechelic PDMS of 
different molecular weights (Mn = 900–46 000) was used as 
initiator for the neopentyl carbonate polymerization, the time 
needed for the complete monomer conversion was signifi
cantly longer than that with initiators based on polyethers 
with the Li+ counterion.206 Moreover, a dependence of the 
polymerization rate on the PDMS molecular weight was 
observed. For a given concentration of the active species the 
polymerization rate decreased with increasing molecular 
weight of the initiating macroinitiator. The low polymerization 
rate of neopentyl carbonate with PDMS-based macroinitiators 
has its origins in a decrease of the nucleophilicity of the active 
species being complexed by the PDMS chain. Such complexa
tion of an alkoxide has been reported, for example, in the 
reaction of diphenyl-diethoxy silane with potassium ethoxide. 
The dependence of the polymerization rate of neopentyl car
bonate on the molecular weight of the initiator might be 
explained by the locally larger concentration of complexing 
(CH3)2SiO units. 

Anionic metal-free initiation was successfully applied to 
both aliphatic and aromatic cyclic carbonates.208 This method 
is based on the reaction of a silyl ether with fluoride anions, for 
example, tetrabutyl ammonium fluoride (Bu4NF) or tris 
(dimethylamino)sulfonium trimethylsilyl difluoride (TASF, 
[(CH3)2N]3 SSi(CH3)3F2), to produce an anion with a tetrabu
tyl ammonium or tris(dimethylamino)sulfonium counterion. 
The metal-free system is an efficient initiator for neopentyl 
carbonate polymerization.209 

An important aspect for materials with applications in the 
biomedical field is the use of nontoxic catalysts. Biologically 
nontoxic magnesium and calcium complexes have been suc
cessfully employed for the ROP of TMC; however, the toxicity 
of the salen ligands has not been assessed, and polymerization 

Scheme 33 Transformation of the polystyryl carbanion to alkoxide. 
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Scheme 34 Anionic polymerization of six-membered cyclic carbonate initiated with DBU. 

control was limited as judged from the dispersities of the poly
mers (� 1.6).210 

Thus, instead of using ionic and coordination initiators it is 
possible to use organic initiators for the polymerization of 
six-membered cyclic carbonates. Murayama et al.211 have 
found that polymerization carried out in the presence of ter
tiary amines such as DBU, DABCO, and DMAP afforded the 
corresponding PC (Scheme 34). A cyclic carbonate of a nor
bornene (5,5-(bicyclo[2.2.1]hept-2-en-5,5-ylidene)-1,3
dioxan-2-one) (NBC) initiated by DBU at 120 °C yielded in 
short time (1 h) a polymer with relatively low molecular weight 
(6400). However, no polymer was obtained when triethyla
mine, aniline, N,N-dimethylaniline, or pyridine were used for 
the polymerization. The much lower activity of triethylamine 
than that of DABCO might be caused by the steric hindrance 
around the nitrogen atom, while aromatic amines showed low 
activities due to the aromatic resonance effect decreasing their 
nucleophilicities. The authors proposed the zwitterionic poly
merization mechanism (Scheme 34), which was confirmed by 
FD-MS mass spectrum analysis of the polymerization products. 
In the spectrum the signals which can be assigned to cyclic 
oligomers and a linear polymer with DBU end-group were 
found. Thus, the reaction between DBU and cyclic carbonate 
to form an alkoxide anion is the initiating step of the polymer
ization. In the propagation reaction the alkoxide anion attacks 
the carbonyl group of cyclic carbonate to yield the correspond
ing PC. 

A similar mechanism comprising the formation of the zwit
terion intermediate was proposed by Kricheldorf et al.212 

Recently, Nederberg et al.213 reported results on the ROP of 
TMC using several organocatalysts such as N-heterocyclic car-
benes (NHC), guanidine and amidine bases, and the 
bifunctional thiourea–tertiary amine system. Good polymeri
zation control was found for several of these catalysts 
yielding well-defined PCs with molecular weights up to 
50 000, dispersity index below 1.08, and high end-group fide
lity. The authors surveyed the following catalysts: guanidines 
(TBD, 1, pKa = 26.0 and 7-methyl-1.5.7-triazabicyclo-[4.4.0] 
dec-5-ene, MTBD, 2, pKa = 25.5), amidine base (DBU, 3, 
pKa = 24.3), NHCs with either alkyl or aryl substituents 
(1,3–diisopropyl-4,5-dimethyl-imidazol-2-ylidene, 4, pKa = 30.4; 
1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene, 5, pKa =22.0),  
bifunctional thiourea-tertiary amine catalyst (6) and  catalyst  mix
ture (7) (Scheme 35). 

To avoid autoinitiation, the bulk polymerization was car
ried out at 65 °C. When DBU was used as a catalyst in the 
presence of benzyl alcohol, TMC was polymerized within min
utes, yielding polymers with controlled molecular weight and 
small dyspersity index (1.09–1.15). To demonstrate the living 
nature of the polymerization carried out under bulk condi
tions, the chain extension experiment was conducted. 
Resultant polymer growth proceeded in a linear fashion. It 
was demonstrated that the intermediate chains can be 
employed for further growth, by the addition of more 

Scheme 35 Organocatalysts for anionic polymerization of six-membered cyclic carbonates. 
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Scheme 36 Hydrogen bond activation of cyclic carbonate monomer and initiator/propagating species. 

monomer. The molecular weight distribution remained narrow 
and monomodal. 

These catalysts were used for random ester-carbonate bulk 
copolymerizations. Furthermore, by combining sequential 
polymerization techniques using bifunctional initiators, the 
mild polymerization conditions allow for the preparation of 
block copolymers. Hydrogen bond activation of monomer and 
initiator/propagating species was proposed as the underlying 
mechanism, which can be tuned to mitigate adverse side reac
tions (Scheme 36). 

Liu et used natural amino acids such as L-alanine,al.214 

L-valine, L-proline, L-leucine, and L-phenylalanine as initiators of 
the ROP of DTC and TMC. PTMC and poly(dimethyl trimethy
lene carbonate) (PDTC) with different Mn were obtained at 80 
and 120 °C, respectively, in bulk by changing the molar ratio of 
[monomer]/[amino acid]. Among these polymers, the maximum 
values of Mn of the PCs reached 17 800–18 900 and the dispersity 
index was 1.67 for [monomer]/[L-phenylalanine] molar ratio of 
200. 1H NMR spectroscopic analysis demonstrated that amino 
acid was incorporated into the polymer chain. 

A similar approach was presented by Mindemark and co
workers.215 According to this novel concept a controlled 
self-catalyzed polymerization reaction yields well-defined 
α,ω-heterotelechelic polymer chains and at the same time the 
elimination of low-molecular-weight catalyst residues in the 
final polymer product. The tertiary amine 2-(dimethylamino) 
ethanol (DMAE) was used as an efficient initiator/catalyst for the 
ROP of TMC. The catalytic behavior of DMAE was investigated 
in bulk polymerizations of TMC at temperatures of 46–48 °C. By 
carrying a tertiary amine as well as an alcohol functionality, in 
the initiating step DMAE is bifunctional, acting both as the 
catalyst and as the initiator (Scheme 37). There are two possible 
reaction pathways for the initiation step: a monomer-activating 
and an alcohol-end-group-activating mechanism (Scheme 37). 

By 1H NMR spectroscopy the authors have confirmed that 
the DMAE catalyst is attached to the growing polymer chain. 
The ROP of TMC catalyzed and initiated by DMAE yields the 
polymer chains bearing the same functional end-groups as the 
DMAE initiator molecule. This provides a good opportunity for 
creating new functional macromolecular architectures. 

Scheme 37 Two possible reaction pathways for the initiation step of six-membered cyclic carbonate. 
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Scheme 38 Thermal spontaneous polymerization of TMC. 

It should be noticed that pure TMC undergoes spontaneous 
polymerization in bulk at above 100 °C. In the plausible for
mulation of a TMC cleavage, a zwitterion intermediate with the 
trialkoxycarbenium ion, well stabilized by delocalization, and 
an alkoxide ion are formed (Scheme 38).212 The alkoxide ion 
can initiate chain growth according to the anionic mechanism. 

However, less reactive neopentyl carbonate did not undergo 
spontaneous polymerization. A similar observation concerning 
thermal ROP of substituted six-membered cyclic carbonate 5
benzyloxy-1,3-dioxan-2-one (BTMC) in bulk in the absence of 
any catalyst was reported by Feng et al.216 Polymerization carried 
out at 150 °C for 6 h yielded high-molecular-weight poly 
(BTMC) (PBTMC) (Mn = 80 300) and subsequent catalytic 
hydrogenolysis resulted in functional PTMC with pending OH 
groups (PHTMC). Similar spontaneous polymerization of BTMC 
in the presence of PEG (Mn = 2000) as a macroinitiator provided 
amphiphilic block polymers. An evaluation of the degradation 
and cytotoxicity of PHTMC demonstrated enhanced degradabil
ity compared with PTMC and similar toxicity compared with 
poly[(d,l-lactide)-co-glycolide] (PLGA), showing PHTMC to be a 
promising biomaterial. 

Pawlowski et al. demonstrated that TMC can be polymerized 
using various diols as initiators but without any catalyst at 
moderate high temperatures (110–120 °C). The oligocarbonate 
diols were obtained by the thermal polymerization of TMC 
using PPD and the reaction products of aliphatic diamines 
with EC [1,2-bis(2-hydroxyethoxycarbonylamino)ethane and 
1,6-bis(2-hydroxyethoxycarbonylamino)hexane] as the initia
tors.217 The authors also applied microwave radiation for TMC 
polymerization in the presence of the alcohol initiator to afford 
oligocarbonates in a very short time (10–15 min). 

Recently, Liao et al.218 have used the same procedure, 
namely microwave radiation, for the ROP of TMC. The poly
merizations were carried out in a single-mode microwave oven 
using ethylene glycol as an initiator. It was shown that the 
molecular weight of the resulting PTMC and TMC monomer 
conversion by the microwave method is higher than those by 
the conventional method. 

Very recently, Okada and co-workers219 revealed that the 
polymerization reaction of TMC proceeded rapidly in the aqu
eous solution and high conversion was achieved in a relatively 
short time. PPD formed by hydrolysis of TMC played the role of 
an initiator. The TMC oligomer obtained by ROP had a TMC 
unit backbone with terminal 3-hydroxypropyl groups at both 
chains ends. The oligomer underwent transesterification reaction 
with elimination of PPD, resulting in a gradual increase in the 
molecular weight of the product. Polymerization of the homo
geneous TMC aqueous solution was then performed for up to 
16 h at 145 °C with nitrogen bubbling through the solution. The 
molecular weight was affected by the concentration of TMC. 

4.12.3.2.2(i) Site transformation from group transfer polymerization 
to anionic metal-free polymerization 
‘Living’ poly(methyl methacrylate) (PMMA) prepared by group 
transfer polymerization (GTP) can be used as a macroinitiator for 
the ROP of cyclic carbonates. For this purpose the silyl ketene acetal 
was transformed into an alkoxide (anionic ROP mechanism) with 

39).220 al.201 a metal-free counterion (Scheme Hovestadt et 
reported that the polymerization of DTC took place under GTP 
conditions: 1-methoxy-2-methyl-1-trimethylsiloxypropene used as 
initiator and tetrabutylammonium fluoride as catalyst. A quatern
ary ammonium alkoxide seems to be the likely propagating species 
for DTC polymerization.221 In this way, good yields of the respec
tive block copolymers were obtained. 

The fluoride anion promotes desilylation of the silyl ketene 
acetal with formation of an enolate, which reacts as a 
carbon-centered nucleophile with the carbonyl carbon of DTC.222 

4.12.3.2.3 Coordination-insertion ROP of six-membered 
cyclic carbonates 
The pseudo-anionic ROP is often referred to as 
coordination-insertion ROP, since the propagation is thought 
to proceed by coordination of the monomer to the active spe
cies, followed by insertion of the monomer into the metal– 
oxygen bond by rearrangement of the electrons (Scheme 40). 

Scheme 39 Polymerization of DTC initiated with 1-methoxy-2-methyl-1-trimethylsiloxypropene in the presence of tetrabutylammonium fluoride. 

Scheme 40 Coordination-insertion ROP of six-membered cyclic carbonate. 
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The growing chain remains attached to the metal through an 
alkoxide bond during the propagation. The covalent metal alk
oxides with free p- or d-orbitals react as coordination initiators 
and not as anionic or cationic initiators. The ring cleavage during 
the polymerization of the cyclic carbonates in the presence of 
typical coordination catalysts was found to occur at the C(O)–O 
bond, resulting in the formation of metal alkoxide propagating 
species. The reaction is terminated by hydrolysis forming a 
hydroxy end-group. With functional alkoxy-substituted initia
tors, macromonomers with end-groups active in 
postpolymerization reactions are produced. 

4.12.3.2.3(i) Tin-based catalysts 
Tin(II) 2-ethylhexanoate, commonly referred to as stannous 
octoate (Sn(Oct)2), is the most frequently used catalyst in the 
ROP and copolymerization of cyclic heterocyclic monomers 
including cyclic carbonates due to a high activity as well as an 
approval by the American Food and Drug Administration 
(FDA) as a food additive. The mechanism of polymerization 
with its contribution has been widely discussed. Sn(Oct)2 is not 
thought to be the actual initiator since the molecular weight 
does not depend on the monomer/Sn(Oct)2 molar ratio. 

Investigations of the coordination-insertion mechanism 
have resulted in two slightly different reaction pathways. 
Kricheldorf and co-workers223,224 have proposed a mechanism 
in which the initiating alcohol functionality and the monomer 
are both coordinated to the Sn(Oct)2 complex during propaga
tion (Scheme 41, eqn [1]). Penczek and Duda groups have 
presented a mechanism in which the Sn(Oct)2 is converted 
into a tin alkoxide before complexation and ring-opening of 
the monomer (Scheme 41, eqn [2]).122,225–227 

The Sn(Oct)2 catalyst is an active transesterification agent, 
especially at high temperatures, and the resulting copolymers 
usually have a randomized microstructure.228 An increase in 
reaction temperature or reaction time increases the extent of 
transesterification reactions. 

Kricheldorf and Stricker229 presented results of ROP of TMC 
catalyzed with Sn(Oct)2 which enabled understanding the 
mechanistic aspects of the TMC polymerizations. The 

temperature range of 100–120 °C seems to play an important 
role as a borderline for the polymerization mechanism. At 
lower temperatures an alcohol-type initiator is needed for suf
ficiently rapid polymerizations. This initiator is incorporated 
into the chain and formed alkyl carbonate end-groups. Both 
initiation and propagation follow the pattern of the normal 
coordination-insertion mechanism (Scheme 42). At above 
120 °C the TMC can obviously undergo direct insertion into 
the Sn-O(O)CR bond. The consequences are PTMC chains 
having one octanoate ester end-group per chain. Furthermore, 
the molecular weight can be controlled via the M/I ratio and 
high-molecular-weight PTMC can be obtained with short reac
tion times at 160 °C. 

Applying Sn(Oct)2 as a catalyst, PTMC of exceptionally high 
molecular weight (Mn = 450 000) can be obtained by TMC 
polymerization at 130 °C for 3 days.230 To regulate the mole
cular weight of PTMC appropriate amounts of alcohol should 
be added as initiator (e.g., hexanol). 

Liao et al.231 applied microwave irradiation for ROP of TMC 
carried out in the presence of IL (1-n-butyl
3-methylimidazolium tetrafluoroborate, [bmim]BF4) using 
Sn(Oct)2 as a catalyst. In the presence of 5 wt.% of [bmim] 
BF4, PTMC with a molecular weight Mn = 36 400 was obtained 
after only 60 min. The Mn of PTMC synthesized in the presence 
of [bmim]BF4 was much higher than that obtained in bulk for 
the same reaction time. 

Other tin-based catalysts can also be applied for the poly
merization of six-membered cyclic carbonates. Kricheldorf and 
Stricker232 showed that Bu2Sn(Oct)2 could be used for the ROP 
of TMC. Its reactivity was comparable with that of Sn(Oct)2, 
but details of the initiation process and of the kinetic course of 
the polymerization were quite different. Polymerizations car
ried out below 100 °C were initiated by alcohols that 
accelerated the entire polymerization process and allowed for 
a control of the molecular weights. The resulting PCs contained 
alkyl carbonate end-groups derived from the initiator, but no 
octanoate end-groups. Above 120 °C the polymerizations pro
ceeded with rapid esterification of octanoate residues yielding 
PCs containing nearly stoichiometric amounts of octanoate 

Scheme 41 Mechanisms of coordination-insertion polymerization of six-membered cyclic carbonates. 
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Scheme 42 Polymerization of TMC initiated with Sn(Oct)2. 

Scheme 43 Polymerization of TMC initiated with Bu2Sn(Oct)2 in the presence of benzyl alcohol. 

end-groups. Model reactions between Bu2Sn(Oct)2 and benzyl 
alcohol suggested that no exchange occurs at temperatures 
below 60 °C. However, at 100 °C a slow esterification process 
yielding benzyl octanoate and Sn–OH groups takes place 
(Scheme 43). Bu2Sn(Oct)2 is a little less reactive than Sn(Oct)2, 
but polymerization of TMC can be carried out even at 80 °C. 

Kricheldorf’s group demonstrated that 2,2-dibutyl-2
stanna-1,3-dioxepane (DSDOP) could be used as cyclic initia
tor for the polymerization of TMC (Scheme 44).233,234 The 
polymerizations were either conducted in concentrated chlor
obenzene solution at 50 and 80 °C or in bulk at 60 and 120 °C. 

With monomer/initiator ratios < 100 the conversion was com
plete within 2 h at 80 °C and within 12 h at 50 °C. 

Variation of the reaction time revealed that the rapid poly
merization was followed by a relatively rapid (backbiting) 
degradation even at 80 °C. With optimized reaction time the 
molecular weight (Mn) roughly paralleled the monomer/initia
tor ratio and Mns up to 100 000 were obtained. In contrast to a 
classical living polymerization broader dispersity indexes 
(1.5–1.7) were found. In the case of neopentyl carbonate, 
rapid degradation and chain transfer reactions prevented the 
formation of high-molecular-weight polymers. 

Scheme 44 Polymerization of TMC initiated with 2,2-dibutyl-2-stanna-1,3-dioxepane. 
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Kricheldorf’s group reported that macrocyclic crystalline 
dibutyltin dicarboxylates (dibutyltin succinate (Bu2SnSuc) 
and adipate (Bu2SnAd)) could be prepared in high yields from 
Bu2SnO and respective dicarboxylic acid.235 It was found that 
these macrocycles initiated polymerization of TMC at 80 °C 
which proceeded faster than for Sn(Oct)2 or Bu2Sn(Oct)2. 
The resulting PTMC did not contain succinate or adipate 
groups, and the molecular weight (Mn) was independent of 
the monomer to initiator ratio (M/I). A complete esterification 
and incorporation of the dicarboxylic acids took place above 
120 °C, and the identification of CH2OH end-groups suggests 
that a ring-expansion polymerization proceeded via the inser
tion of TMC into the Sn–OCH2 bonds. 

The mechanistic aspects of the coordination-insertion poly
merization of six-membered neopentyl carbonate (DTC) 
initiated by tin(II) alkoxide-based catalysts were discussed by 
Rokicki et al.236 1H NMR and MALDI-TOF mass spectrometric 
analyses of the DTC polymerization products revealed that in 
the presence of the stannane catalyst macrocyclic oligocarbo
nates are formed predominantly (Scheme 45). It was found 
that the addition of a small amount of water or diol suppresses 
the macrocyclization and linear PCs could be obtained. The 
authors suggested a plausible mechanism of macrocyclization 
in which the reaction proceeds via orthocarbonate species. 
The reaction pathway involves monomer coordination through 
the oxygen atom of the carbonyl group (1), cleavage of the 
C(O)–O bond leading to orthocarbonate species (2), and then 
after the rearrangement, the formation of a new tin–alkoxide 
bond (3) (Scheme 45). 

4.12.3.2.3(ii) Al-based catalysts 
Due to high selectivity aluminum alkoxides are frequently used 
for obtaining well-defined PCs. The propagation reaction is 
much faster than transesterification in the ROP and molecular 
weight is very well controlled. There are a number of aluminum 
alkoxides which can be prepared by reaction of triethylalumi
num with selected alcohol ROH (Scheme 46). Thus, the choice 
of the end-group is very flexible. Usually an excess of 

Scheme 45 Formation of cyclic oligocarbonates in the polymerization of 
DTC initiated with a tin(II) alkoxide-based catalyst. 

Scheme 46 Reaction of AlEt3 with alcohols. 

triethylaluminum is used to form the monoalkoxide catalyst 
since the di- and trialkoxides aggregate and are less useful in the 
aliphatic PC or polyester synthesis. The groups involved in 
coordinative aggregation are not active in propagation. 
Significant advances in the understanding of the 
coordination-insertion ROP mechanism have been made 
through the kinetic studies by Duda and Penczek.237,238 

For safety reasons, residual aluminum must be removed 
from the material before use in food or biomedical applica
tions. Aluminum can be efficiently extracted by 
ethylenediaminetetraacetic acid (EDTA) complexation. 

The polymerization of neopentyl carbonate with tri-sec
butoxyaluminum (Al(Osec-Bu)3), diethyl zinc (ZnEt2), and 
dibutyldimethoxytin (Bu2Sn(OMe)2) in toluene as a solvent 
revealed a clear distinction between the aluminum- and 
zinc-based catalysts on the one hand and the tin-based catalysts 
on the other. For the tin-based catalyst, the rates of backbiting 
reactions (intramolecular transesterification) and intermolecu
lar transesterification reactions are as high as the rate of the 
propagation reaction, while for aluminum- and zinc-based 
catalysts, the rate of the propagation reaction is much higher 
than that of transesterification.200 Hence, within the scope of a 
kinetic treatment of the polymerization of DTC with 
Al(Osec-Bu)3 as a catalyst, only propagation reaction must be 
considered.239 

An interesting example of using an Al-based catalyst in ROP 
was reported by Carter et al.240 Catalysts of the formula AlEt3−x 
(OR)x, where  x =1–2; R = (CH2)2PhNO2, were efficient for the 
solution polymerization of TMC, and it was possible to obtain 
polymers with each chain terminated by a single nitrophenyl 
group (Mn = 9500) (Scheme 47). These nitro groups after reduc
tion under mild conditions afforded amino-terminated PCs. 

Florjanczyk et al.241 applied a commercially available 
methylaluminoxane/AlMe3 system for ROP of cyclic carbo
nates, ethers, and esters. The analysis of the end-groups by 
means of MALDI-TOF indicated that the polymerization was 

Scheme 47 Formation of amine-terminated poly(trimethylene 
carbonate). 
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Scheme 48 Polymerization of six-membered cyclic carbonates in the presence of methylaluminoxane/AlMe3 system. 

initiated by insertion of a monomer into the Al–O–Al bond, 
generating alkoxide species, which were active sites in the 
coordination-insertion polymerization. The final hydrolysis of 
Al–O bonds was accompanied by elimination of CO2 from the 
terminal carbonate units (Scheme 48). The polymerization of 
six-membered carbonates proceeded selectively, forming linear 
PC diols with high yields at moderate temperatures. 

It is worth mentioning that the interaction of oxiranes 
with aluminoxane electrophilic sites caused also the for
mation of cationic species, which initiated the 
polymerization of THF. To prove the formation of cationic 
species in those systems, triphenylphosphine was used for 
their trapping and identification by means of 31P NMR  
spectroscopy. 

Kuran and co-workers242 used catalysts prepared in the 
reaction of water with triethylaluminum or diethylzinc for the 
polymerization of DTC and TMC. The ROP of six-membered 
cyclic carbonates catalyzed with the above-mentioned com
pounds was an efficient method for the synthesis of low
molecular-weight PCs terminated from both sides by hydroxyl 
groups. The very low ether linkage content in the obtained 
macrodiols indicated that the propagation step occurred prac
tically without any decarboxylation. 

Darensbourg’s group and Yang et al. have reported the use 
of effective salen complexes of aluminum as catalysts for 
six-membered cyclic carbonate polymerization.243,244 

Yang et al.244 tested two aluminum complexes with salen 
ligands prepared from trimethyl aluminum (AlMe3), metha
nol, and (R,R)-N,N′-bis(salicylidene)-1,2-diaminocyclohexane 
as catalysts for the ROP of TMC and DTC as well as cyclic esters 
(Scheme 49). 

The synthetic results indicated that both metal complexes 
efficiently catalyzed ROP at 100 °C in an anisole solution, and 
2 showed much better controlled characteristics of ROP than 1 
(Scheme 49). 

Hovestadt et al.201 indicated that the polymerization of 
six-membered cyclic carbonates catalyzed with porphinatoalu
minum compounds like (TPP)AlOR (Scheme 50) exhibited a 
living character. 

Scheme 50 Porphinatoaluminium (TPP)AlOR) catalyst used for poly
merization of six-membered cyclic carbonates. 

Scheme 49 Aluminum complexes with salen ligands used for polymerization of six-membered cyclic carbonates. 
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4.12.3.2.3(iii) Biocompatible metal-based catalysts 
Taking into account that materials prepared from PTMC are 
mainly directed for use in medicine (tissue scaffolds, nerve 
regeneration) the catalyst applied for their preparation must 
not be toxic and harmful for a human being. Recently, special 
attention has been given to develop biocompatible 
metal-based catalysts, for example, calcium-based complexes 
for the ROP of cyclic carbonates or cyclic esters.210,245 

Darensbourg et al.246,247 reported that calcium, zinc, and 
magnesium complexes with tridentate Schiff base ligands 
showed good catalytic activity for ROP of TMC to produce 
high-molecular-weight polymers with narrow dispersity index 
(Scheme 51). In addition, these catalysts can be used for effec
tive copolymerization of TMC with L-LA. 

It is worth noticing that in these processes a cocatalyst must 
be present in the reaction system since these M(II) salen deriva
tives do not possess internal nucleophiles for the chain initiation 
step as is present in the M(III) derivatives, for example, (salen) 
AlCl.243 For this purpose the authors applied anions (e.g., N 3 

−) 
derived from μ-nitrido-bis(triphenylphosphine)+ (PPN+) or  
n-Bu4N

+ salts. It was shown that the catalytic activity depends 
on a metal used in the order Ca2+ � Mg2+ >C2H5Al

2+ >Zn2+. 
The optimal appeared to be a system containing a calcium(II) 
salen ligand with tert-butyl substituents in the 3,5-positions of 
the phenolate rings and an ethylene backbone for the diimine 
grouped together with PPNþN − (Scheme 52).3 

The kinetic studies revealed the polymerization reaction to 
be quasi-living. The activation parameters for the ROP of TMC 
catalyzed by (salen)Ca(II)/n-Bu4N

+Cl− in TCE were found to be 
ΔHp

0 = 20.1 � 1.0 kJ mol− 1 and ΔSp
0 = 128 � 3 J mol− 1 K. The 

ΔGp
0 value of 58.2 kJ mol− 1 observed for the calcium-catalyzed 

process was 24.5 kJ mol− 1 lower in energy than that for the 
reaction catalyzed by an aluminum derivative 
(82.7 kJ mol− 1).243 This is consistent with the latter process 
occurring much slower under similar reaction conditions. In 
both instances, these activation parameters are in accordance 
with a reaction mechanism involving the addition of a nucleo
phile to a metal-bound cyclic carbonate. The mechanism 
involves insertion of the monomer into the growing polymer 
chain by breaking the acyl–oxygen bond instead of the alkyl– 
oxygen bond (Scheme 53). 

Scheme 53 Insertion of the monomer into the growing polymer chain 
by breaking the acyl-oxygen bond. 

Also zinc lactates can be used as catalysts for ROP of 
TMC.248 To shorten the reaction time the polymerization was 
carried out under microwave radiation and afforded PTMC of 
high molecular weight (Mn = 75 400) after 30 min at 120 °C. 

4.12.3.2.3(iv) Immortal polymerization of cyclic carbonates 
Interesting results concerning ROP of TMC have been recently 
presented by Helou et al.249 The polymerization of six-membered 
cyclic carbonate carried out in the presence of binary catalyst 
system based on Coates’ zinc complex supported by a 
β-diiminate ligand and benzyl alcohol as a transfer agent indi
cated an immortal character. It was shown that this catalytic 
system is extremely effective; high amounts of TMC can be fully 
converted into PC in a controlled manner from very small cata
lytic amounts of the zinc complex combined with large quantities 
of benzyl alcohol under mild reaction conditions. 

The concept of immortal polymerization was first proposed 
and developed in the 1980s by Inoue for the ROP of oxiranes 
by an Al-porphyrin/alcohol system.250,251 In this type of poly
merization, the resulting polymers are characterized by a 
narrow molecular distribution, even in the presence of a 
chain transfer reaction, because of the reversibility, which 
leads to the revival of the polymers once dead. As a result, 
immortal polymerization can afford polymers with a con
trolled molecular weight. The compound that plays a leading 
role, in the case of Inoue’s system, is metalloporphyrin, in 
which the metal–axial ligand bond shows unusually high reac
tivity. Immortal polymerization was carried out in the ROP of 
oxiranes, by using an appropriate metalloporphyrin as the 
initiator and a protic compound acting as the chain transfer 
agent. 

Helou et al. revealed that TMC can be efficiently polymerized 
in bulk at 60–110 °C in the presence of [Zn(BDI){(SiMe3)2}] 
(BDI = CH(CMeNC6H3-2,6-iPr2)2) as the catalyst precursor and 

Scheme 51 Calcium, zinc, and magnesium complexes with tridentate Schiff base ligands used for polymerization of six-membered cyclic carbonates. 

Scheme 52 Formation of the complex of calcium(II) with the salen ligand in the presence of N − 
3 cocatalyst. 
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Scheme 54 Mechanism of immortal polymerization of TMC in the presence of the zinc-based binary catalyst. 

benzyl alcohol (BnOH) as the transfer agent, with an initial 
alcohol/zinc ratio varying from 0 to 50 and a monomer/zinc 
loading ranging from 500 up to 50 000.249,252,253 It was shown 
that this binary catalyst system was generated in situ, within  
15 min, and there was no need for the prior synthesis of this 
derivative, which is a significant advantage of this method 
(Scheme 54). 

The molecular weights determined by size exclusion chro
matography (SEC) were in quite good agreement with the 
calculated ones, assuming that all the added alcohol molecules 
contribute to the immortal polymerization. 

PTMC terminated with hydroxyl groups (HO-PTMC-OH) 
was synthesized according to the controlled immortal ROP of 
TMC under mild conditions (in bulk, 60 °C), using ZnEt2 or 
[(BDI)Zn(N(SiMe3)2)] (BDI = CH(CMeNC6H3-2,6-iPr2)2) as a  
catalyst precursor, in the presence of a diol HO-R-OH 
(R = (CH2)2 or CH2C6H4CH2; 0.5–10 equiv. vs. Zn) acting 
both as coinitiator and as chain transfer agent.253 The versatility 
of this immortal ROP also allowed the preparation of star 
polymers such as the glycerol-based PTMC(OH)3 (Scheme 55). 
Due to the renewable character of PPD or glycerol used as 
starting materials, and biometal zinc catalyst used in very 
small amounts, PTMC obtained according to this method 
can be considered a ‘green’ PC. 

Dobrzynski et al.254 tested less toxic metal acetylacetonates 
(Zn(II), Fe(III), and Zr(IV)) as efficient catalysts of trimethylene 
and neopentyl carbonate polymerization. The reaction carried 
out at 110 °C with the use of these catalysts was very rapid and 
of high yield. Using both zinc(II) and iron(III) acetylaceto
nates, as well as the zirconium(IV) one, at high temperatures 
it was possible to obtain PC of high molecular weight 
(Mn = 190 000). It should be underlined that zirconium deriva
tives are 10 times less toxic than their tin counterparts and 
Zr-containing drugs and cosmetics are accepted by the 
FDA.255 A disadvantage of this method may be a strong influ
ence of thermal degradation on the course of the reaction, 
particularly at 160 °C. The DTC polymerization proceeded 
much slower when catalyzed by iron and zinc acetylacetonates. 
The relation between the molecular weight of the PC and the 
conversion of the monomer is directly proportional, indicating 
the living polymerization mode. Dobrzynski explained the 
reason for low-molecular-weight PTMC formation at 110 °C 
when Zr(Acac)4 was used as a catalyst. In contrast to cyclic 
carbonates, at the stage of the initiation of lactide polymeriza
tion, the reaction of deprotonation of the monomer and charge 
transfer of the proton to the acetylacetonate ligand take place. 
As a result, the exchange of ligands with the release of free 
acetylacetone occurs. The complex obtained in this way is the 

Scheme 55 Preparation of glycerol-based poly(trimethylene carbonate) star polymer by the immortal polymerization of TMC. 
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Scheme 56 ε-CL acting as coinitiator in ROP of TMC in the presence of Zr(Acac)4. 

actual initiator of the polymerization. In the case of polymer
ization of TMC, the deprotonation of the monomer does not 
occur as easily as it does during the polymerization of lactide or 
glycolide (GL). The author indicated that when CL was added 
to the system containing TMC and Zr(Acac)4 CL monomer 
acted as a coinitiator in ROP of TMC and high
molecular-weight PTMC could be obtained at 120 °C 
(Scheme 56).256,257 

As was presented by Darensbourg et al.,258 chromium(III) 
Schiff base catalyst was also active in TMC polymerization. 
Moreover, chromium(III) salen derivatives in the presence of 
anionic initiators have been shown to be very effective catalytic 
systems for the alternating copolymerization of oxetane and 
carbon dioxide to provide the corresponding PC with a mini
mal amount of ether linkages. The best results were achieved 
for the salen ligand with tert-butyl groups in the 3,5-positions 
of the phenolate rings and a cyclohexylene backbone for the 
diimine along with an azide ion initiator (Scheme 57). 

For the reaction catalyzed by (salen)CrCl in the presence of 
n-Bu4N

+N3 
− as the initiator, both MALDI-TOF spectrometry 

and infrared spectroscopy revealed an azide end-group in the 

copolymer.259,260 The formation of the copolymer is shown to 
proceed in part by way of the intermediacy of TMC (pathway 2, 
Scheme 58), which was observed as a minor product of the 
coupling reaction, and by the direct enchainment of oxetane 
and CO2. 

The determined free energies of activation for these two 
reactions, namely 101.9 kJ mol− 1 for ROP of TMC and 
107.6 kJ mol− 1 for copolymerization of oxetane and carbon 
dioxide, support this conclusion. 

4.12.3.2.3(v) Rare earth catalysts 
A large variety of rare earth derivatives have been used to initiate 
ROP of cyclic carbonates. Their usually high reactivity must be 
emphasized, as exemplified by the polymerization of TMC with 
Ln(OAr)3 (Ln = Lanthanide = f-block elements) under mild con
ditions, in contrast to the long reaction time and high 
temperature required when tin-based or aluminum-based cata
lysts were used. As rare earth metals La (lanthanum), Ce 
(cerium), Nd (neodymium), Sm (samarium), Gd (gadolinium), 
Dy (dysprosium), Er (erbium), Yb (ytterbium), Sc (scandium), 
and Y (yttrium) are most often applied.261 

Scheme 57 Structure of salen-based catalyst. 
Scheme 58 Copolymerization of an oxetane and CO2 catalyzed by a 
(salen)CrCl catalyst. 
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Scheme 59 Polymerization of DTC via an acyl–oxygen bond cleavage in the presence of a lanthanide catalyst. 

ROP of cyclic carbonates using lanthanide alkoxide-based 
initiators is a relatively recent discovery. The first example of 
lactone polymerization by lanthanide alkoxide complexes was 
reported in a DuPont patent written by McLain and Drysdale in 
1991.118 Polymers of relatively high molecular weight and 
narrow dispersity index were formed. However, the disadvan
tage of these catalysts is the formation of macrocycles. 

Shen et al.262 first used lanthanide catalyst for the 
polymerization of TMC in 1996. Most often rare earth 
tris(2,6-di-tert-butyl-4-methylphenolate)s [Ln(OAr)3] iso
propoxide [Ln(OiPr)3] were used as single-component 
catalysts for the cyclic carbonate and lactone polymerization 
(Scheme 59).263–265 

The catalysts were highly active in both homopolymeriza
tions of DTC, TMC, and CL and random copolymerizations of 
DTC with CL and TMC. The polymerization of these mono
mers proceeded via the same route of an acyl–oxygen bond 
cleavage in heterocyclic rings (Scheme 59). The catalytic activ
ities of various Ln(OAr)3 systems decreased in the following 
order: La >Nd>Dy ≈ Y. 

al.266,267 Very recently, Zhang et investigated 
single-component rare earth aryl oxides substituted by various 
alkyl groups such as methyl, isopropyl, and tert-butyl used to 
initiate the ROP of neopentyl carbonate. The experimental 
results revealed that the catalytic activity of Ln(OAr)3 changes 
in good concordance with variation of ligands’ structure and 
number of alkyl groups on benzene ring. The greater the ability 
of electron donation of alkyl groups, the greater the catalytic 

activity. Moreover, the greater the number of substituted alkyls 
on benzene ring, the greater the catalytic activity. Thus, the rare 
earth tris(2,4,6-tri-tert-butylphenolate)s [Ln(OTTBP)3] exhibits  
greatest activity in all lanthanide aryl oxides. The catalytic activity 
was in the order La > Sm > Gd > Dy > Er, which is in accordance 
with the results obtained for one-component rare earth metal 
catalysts. 

Bisphenolate lanthanide (Ln = Nd or Yb) methoxide com
plexes (Scheme 60) were also active in ROP of cyclic carbonates 
as was revealed by Xu et al.268 

In polymer synthesis, calixarenes – cyclic phenol– 
formaldehyde oligomers – are rarely studied and reported. 
There are two main applications of calixarenes in polymer synth
esis: use of metal calixarene complexes as catalysts for 
polymerization and star-shaped polymers with a calixarene core. 

Calixarene complexes with lanthanides have been devel
oped to catalyze the homopolymerization of TMC and DTC. 
The complexes were synthesized from lanthanide isopropoxide 
and appropriate p-tert-butylcalix[n]arene (n = 4, 6, and 8). 
Based on the polar solvent effect, the end-group examination 
of the polymers, and NMR analyses of the growing chain, it 
could be concluded that the polymerizations of TMC and DTC 
initiated by p-tert-butylcalix[n]arene (n = 4, 6, and 8) complexes 
of Nd, La, and Y proceeded by a coordination-insertion 
mechanism.269–271 Gou et al.272 used scandium p-tert
butylcalix[6]arene complex as a single-component catalyst for 
ROP of cyclic carbonates. The polymerization of neopentyl 
carbonate using this complex proceeded under mild 

Scheme 60 Structure of bisphenolate lanthanide methoxide complexes active in ROP of cyclic carbonates. 
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conditions. Poly(neopentyl carbonate) with Mw = 33 700 and 
dispersity index of 1.21 was prepared. Kinetics study indicated 
that the polymerization rate was of first order with respect to 
both monomer and initiator concentrations, and the apparent 
activation energy of the polymerization was 22.7 kJ mol− 1. 
Instead of phenolate, Li et al.273 applied samarium thiolate 
derivatives as catalysts for neopentyl carbonate polymerization. 

Sheng et al.274 proposed to use the anionic lanthanide
sodium-2,6-di-tert-butylphenoxide complexes [Ln(OAr)4][Na 
(DME)3]·DME (Ln = Nd, Sm, or Gd; DME = dimethoxyethane) 
for the polymerization of cyclic carbonate (TMC) and lactone 
(CL). The anionic lanthanide complexes were synthesized by the 
reaction of anhydrous LnCl3 with 4 equiv. of sodium-2,6-di-tert
butylphenoxide in high yields. These complexes showed high 
catalytic activity in the ROPs of TMC and CL. The catalytic 
activity significantly depended on the lanthanide metals. 
The active order of Nd > Sm > Gd for the polymerization of 
TMC was observed. It is worth noting that the anionic complex 
was more efficient than the corresponding neutral complex, 
Ln(OAr)3(THF)2. 

Also other alkoxide clusters of lanthanide and sodium, 
Ln2Na8(OCH2CF3)14(THF)6, LnNa8[OC(CH3)3]10(OH), and 
[Ln2Na8(OCH2CH2NMe2)12(OH)2] (Ln = Sm, Y, Nd, Yb), were 
found to be highly active single-component catalysts for the 
ROP of TMC.275–277 These cluster activities were much higher 
than monometallic alkoxide lanthanides. Homoleptic lantha
nide amidinate complexes also indicated high activity for the 
ROP of TMC, giving polymers with Mw/Mn =1.41–1.73.

278–280 

There are two methods of obtaining a homoleptic guanidinate 
lanthanide complex. The samarium guanidinate complex [Sm 
{Ph2NC(NCy)2}3]·2C7H8 was synthesized by the metathesis 
reaction of lithium guanidinate with anhydrous samarium 
trichloride in a 3:1 molar ratio. The analogous complexes 
[Ln{Ph2NC(NCy)2}3]·2C7H8 [Ln = Yb, Nd] were synthesized 
by the insertion reaction of N,N′-dicyclohexylcarbodiimide 
into the Ln–N bond of [(THF)4Li][Ln(NPh2)4] in a 3:1 molar 
ratio in good yield. 

Palard et al.281 used samarium borohydride complexes 
[Sm(BH4)3(THF)3] for the ROP of TMC. This catalyst showed 
high activity to give high-molecular-weight PTMC with Mw/Mn 

ranging from 1.2 to 1.4 and with a regular structure without 
ether linkages (Scheme 61). The rare earth borohydride com
plex [Sm(BH4)3(THF)3] was an efficient initiator for the 
controlled ROP of TMC at ambient temperature to form 
α-formate-ω-hydroxy telechelic PTMC. 1H and 13C NMR ana
lyses, especially of the PC chain ends, idicated that the synthesis 
of such a formate end-functionalized polymer relies on the 
intrinsic reactivity of the samarium-bound borohydride ligand, 
which does not reduce the –O–C(O) – carbonyl and which is 
eliminated as BH3·THF (Scheme 61). 

Agarwal and Puchner282 used commercially available, easy 
to synthesize rare earth cyclopentadiene (CP3) complexes as 
catalysts for TMC and cyclic ester polymerization to afford 
high-molecular-weight polymers. Using these catalysts the PC 
was obtained in a quantitative yield with moderate dispersity 
index (1.6–2.1). Rare earth metal cyclopentadienyl complexes 
(LnCp3; Ln = Ce, Pr, Sm, Gd, and Er) irrespective of their size 
acted as ROP catalysts for TMC polymerization giving high
molecular-weight PTMC (Mn ≈ 20000) at 78 °C for 1 h. The 1H 
NMR spectrum of PTMC showed the presence of only two 
peaks at 4.2 and 1.95 ppm. The absence of peaks between 3.1 
and 3.3 ppm clearly indicated the absence of ether units which 
are generally formed as defects in the polymer structure by 
cationic polymerization of TMC by elimination of CO2. 

4.12.3.2.4 Enzymatic polymerization of aliphatic cyclic 
carbonates 
Many bacteria synthesize, accumulate, and deposit aliphatic 
polyesters in their cells. The high stereoselectivity of the enzy
matic synthesis produces as a rule polyesters with high 
crystallinity which have attracted a great deal of attention dur

81,283,284ing the last few years. The enzymatic ROP of 
δ-valerolactone (VL) and CL was first conducted using lipase 
as a catalyst.285 

On the other hand, it is known that the introduction of 
carbonate groups into the polymer chain leads to improving 
the mechanical properties of biodegradable polyesters.286 The 
carbonate linkage in the aliphatic polymer chain may be 
expected to be enzymatically hydrolyzable and more hydroly
tically stable than an ester linkage. The copolymerization of 

Scheme 61 Polymerization of TMC initiated with samarium borohydride complexes. 
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cyclic lactones and carbonates needs pure monomers and 
anhydrous conditions as well as organometallic catalysts, 
which must be completely removed before use in medical 
applications. 

In contrast to chemical methods, enzyme-catalyzed poly
merization of six-membered cyclic esters and carbonates seems 
to be the practicable method avoiding the above-mentioned 
difficulties. Kobayashi et al.287 for the first time have shown 
that lipase not only catalyzes the hydrolysis of esters and car
bonates288 but can initiate ROP. Enzymatic ROP of a 
six-membered cyclic carbonate, 1,3-dioxan-2-one, was investi
gated by using lipase as catalyst in bulk. 

Similarly, supported lipase derived from Candida antarctica 
catalyzes the polymerization to give the corresponding aliphatic 
PC. Bisht et al.289 have also directed studies on extending the use 
of lipase-catalyzed ROP to cyclic carbonate monomers. From 
several lipases screened for bulk TMC polymerization (70 °C, 
120 h), Novozym-435 (C. antarctica) gave almost quantitative 
monomer conversion (97%) and PTMC with a Mn =15  000  
(Mw/Mn = 2.2) and with no decarboxylation during propaga
tion. The lipases from Pseudomonas species (AK and PS-30) and 
‘porcine pancreas’ (PPL) also exhibited high monomer conver
sions (80%, 120 h) but gave lower molecular weight polymers 
with broad dispersity. Analyses by 1H NMR spectroscopy sug
gested that PTMC prepared by Novozym-435-catalyzed 
polymerization had terminal –CH2OH functionalities at both 
chain ends. Novozym-435-catalyzed TMC bulk polymerization 
at 70 °C has chain-type propagation kinetics. The highest PTMC 
molecular weight Mn = 24 400 was obtained by conducting the 
polymerization at 55 °C. The reaction temperature increase led 
to lower molecular weight (at 85 °C, 6000). Increasing the water 
content resulted in enhanced polymerization rates and 

decreased molecular weights. It is proposed that the polymeriza
tion rates increase due to an increase in the number of 
propagating chain ends.290 Separation of the oligomeric pro
ducts from the polymerizations of TMC in dried dioxane and 
toluene catalyzed by PPL led to the isolation of di- and triad-
ducts of TMC. 

Bisht et al.289 proposed a mechanism for chain initiation 
and propagation for lipase-catalyzed TMC polymerization, 
based on the symmetrical structure of these products and 
the end-group structure of high-molecular-weight chains 
(Scheme 62). 

In contrast to the results obtained by Bisht and co-workers, 
Matsumura et al.291 asserted that no polymerization of TMC 
took place when lipase Novozym-435 was used at 100 °C, 
while PPL showed the best results with respect to the monomer 
conversion and the molecular weight of the PC. TMC readily 
polymerized in bulk in the presence of PPL yielding a PC with 
Mw of up to 170 000 at 100 °C after 24 h. The enzymatic poly
merization of TMC was significantly enhanced by the 
immobilization of PPL on diatomaceous earth (Celite). 

This apparent contradiction is probably caused by the dif
ferent reaction temperatures applied and different water 
content.287 At 100 °C the lipase Novozym-435 seemed to be 
inactive and at lower temperatures (55–60 °C) exhibited the 
highest activity in the ROP of TMC among the tested enzymes. 

The higher activity of lipase Novozym-435 over PPL was 
also confirmed by Deng et al.292 in the study of lipase-catalyzed 
ring-opening copolymerization of CL and TMC. An increase in 
the lipase concentration in CL and TMC polymerization led to 
higher initial rates of conversion. In contrast, the Mn decreased 
at the same level of conversion with increasing catalyst 
concentration. 

Scheme 62 Mechanism of chain initiation and propagation for lipase-catalyzed TMC polymerization. 
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Scheme 63 Enantioselective hydrolysis of substituted cyclic carbonate in the presence of PPL and water. 

It is suggested that for higher activity some amount of water 
should be present in lipase.289,290,293 However, higher concen
tration of water and suitable pH leads to enantioselective 
hydrolysis of substituted cyclic carbonate. The reaction of a 
six-membered cyclic carbonate, 4-(2-benzyloxyethyl)-1,3
dioxan-2-one, with PPL in phosphate buffer containing 50% 
of iPr2O at 0 °C proceeded enantioselectively to afford opti
cally active (S)-4-(2-benzyloxyethyl)-1,3-dioxan-2-one and 
(S)-5-benzyloxypropane-1,3-diol (Scheme 63).288 

As earlier mentioned, catalytic activity of an enzyme can be 
increased by immobilization. According to Feng et al.,294 synth
esis of PTMC using PPL immobilized on silica particles gave 
polymers of Mn = 87 400 with Mw/Mn = 2.06. PPL and PPL 
immobilized on narrow distributed micron-sized glass beads 
were also employed successfully for the ROP of DTC.295 

Immobilized PPL exhibited higher activity than native PPL. 
Along with the increasing enzyme concentration, the molecular 
weight of resulting polymer decreased. Immobilized PPL 
showed outstanding recyclability even after the fifth recycle 
time for the synthesis of PDTC. The 1H NMR spectra showed 
no evidence of decarboxylation during the ROP. Similar results 
were obtained by the ROP of DTC with free and 
silica-immobilized PPL. Heating of the monomer with the 
immobilized catalyst (1 wt.%) at 120 °C for 4 days gave a 
polymer of Mn = 15 700 (Mw/Mn = 1.4) with 85% yield.296 

Even better results including higher molecular weight 
(Mn = 26 200, Mw/Mn = 1.33) and PC yield (97.6%) could be 
achieved by second recycling of supported catalyst. 

Large ring size cyclic carbonate cyclobis(decamethylene car
bonate) was also polymerized using Novozym-435 as a catalyst 
in toluene.297 Novozym-435 exhibited higher catalytic activity 
compared with Sn(Oct)2 and high molecular weight (Mn) up to  
54 100 was easily obtained. 1H NMR spectra clearly demon
strated the existence of a terminal hydroxyl group, suggesting 
that the trace water may act as a substrate in the initiation 
process during the polymerization. Also solid phase polymer
ization in the absence of toluene unexpectedly took place at 
75 °C below the melting point of macrocyclic monomer. 
Compared with six-membered TMC, much lower reaction 
activity was observed. 

In addition to homopolymers a number of copolymers of 
cyclic carbonates were synthesized by enzymatic ROP. Among 
them are amphiphilic block copolymers of PBTMC and PEG 
which were synthesized through enzymatic polymerization 
using immobilized porcine pancreas lipase (IPPL).298 The copo
lymerization of ω-pentadecalactone (PDL) and TMC was also 
studied by using lipase catalysts.299 Of the six lipases evaluated 
for PDL/TMC copolymerizations in toluene at 70 °C, an immo
bilized form of lipase-B from C. antarctica (Novozym-435) was 
preferred. Changing the PDL/TMC comonomers feed ratio 
from 1:10 to 10:1 (mol:mol) provided copolymers that ranged 

in Mn and PDL mol.% from 7300 to 25 200 and 28–88, respec
tively. It was also noticed that in contrast to the chemical 
catalyst systems, Novozym-435 catalysis showed that PDL 
was consumed more rapidly than TMC. Also copolymers 
from Novozym-435 catalysis were characterized by random 
distribution of the repeating units at extended reaction times. 
Enzymatic ring-opening copolymerization of 5-methyl-5
benzyloxycarbonyl-1,3-dioxan-2-one (MBC) with TMC per
formed in the presence of Pseudomonas fluorescens (AK) gave 
polymers of random distribution of repeating units.300 This 
copolymer was further used for the preparation of aliphatic 
PCs with pendant carboxylic acid groups. 

Poly(TMC-co-ethylene ethyl phosphate) was prepared by 
ring-opening copolymerization catalyzed by lipase enzymes 
(pancreas lipase, PPL and Candida rugosa lipase, CL) as catalysts 
in bulk at 100 °C with molecular weight (Mn) from 3200 to 
10 200.301 Degradation experiments showed that introducing 
phosphate groups into the TMC chain increases the hydrolysis 
rate of the copolymer. 

Taking into consideration that aliphatic PCs and poly 
(ester-carbonate)s seem to be potential biodegradable or 
bioabsorbable materials, special interest has been devoted to 
the so-called biocompatible initiators, which are part of the 
human metabolism. Hematin, an insoluble pigment formed 
from the breakdown of hemoglobin, is an example of an 
enzyme-type initiator used in the polymerization of heterocyc
lic monomers. In 1993, Kricheldorf and Boettcher302 used 
hematin in the polymerization of cyclic esters: L, L- and 
L,D-dilactides. Hematin was also utilized in the polymerization 
of TMC and DTC.212 The polymerization was conducted in 
bulk at 100 °C, but high yield and high molecular weights 
(up to 75 000) were obtained only for unsubstituted 1,3
dioxan-2-one. No polymerization was observed for the reac
tion carried out in toluene, even at 100 °C. The hematin 
molecule possesses two types of functional groups: the 
Fe–OH group and three carboxyl groups, which can react with 
cyclic carbonate. The postulated insertion mechanism involves 
initiation by the Fe–OH group and subsequent alkoxide for
mation with CO2 evolution (Scheme 64). 

From the point of view of biodegradability it is important 
that enzymes can be useful both in the synthesis of polymers 
and their degradation back to cyclic carbonate monomers. TMC 
was produced by the enzymatic degradation of PTMC using 
lipase as the chemical recycling product.303 The enzymatic 
degradation of PTMC having an Mn of 3000–48 000 using 
C. antarctica lipase (CAL) in acetonitrile at 70 °C afforded the 
corresponding cyclic monomer, TMC, in a yield of up to 80%. 
Thus the obtained TMC was readily polymerized again by 
lipase (Scheme 65). This method may be useful in establishing 
a novel methodology for sustainable polymer recycling. 
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Scheme 64 Postulated TMC polymerization mechanism involving initiation with the hematin Fe–OH group and subsequent alkoxide formation with CO2 

evolution. 

4.12.3.2.5 Polymerization of six-membered cyclic 
carbonates bearing functional groups 
Polymerization of six-membered cyclic carbonates bearing 
functional groups, due to great reactivity and lack of CO2 

elimination, is the preferable way for preparation of functiona
lized PCs. Table 2 collects recently synthesized cyclic 
carbonates with respective literature references. 

There are several methodologies used in the prepara
tion of functionalized six-membered cyclic carbonates. The 
first one uses 2,2-bis(hydroxymethyl)propionic acid as a
starting material304–307 or its longer chain analogs 
(Scheme 66).317 

e
g
p

Table 2 Chemical structures of six-membered cyclic carbonates bearing functional 
groups 

Chemical structure References 

1 

2 

304 

305 

3 306 

(Continued) 

Scheme 65 Lipase-catalyzed reactions of preparation of polycarbonates 
and their depolymerization. 

The ROP of cyclic carbonates initiated by enzyme or 
nzyme-like species in which PCs terminated by hydroxyl 
roups are obtained seems very attractive, especially for the 
roduction of polyurethanes for medical application. 
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Table 2 (Continued) 

Chemical structure References 

3074 

3085 

216,309,3106 

3087 

311,3128 

3139 

31410 

10311 

31512 

10313 

31614 

31515 

31516 

(Continued) 
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Table 2 (Continued) 

Chemical structure References 

31517 

19818 

31719 

31820 

308,31921 

30822 

32023 

32124 

32125 

322–32426 

32227 

Scheme 66 shows a method of synthesis of a versatile syn
thon for a family of functionalized carbonated monomers. In 
the first step the benzyl ester of 2,2-bis(hydroxymethyl) 
propionic acid is formed, which is then converted into cyclic 
carbonate with triphosgene. Debenzylation is performed using 
hydrogen with palladium catalyst. Two procedures for the cou
pling of cyclic carbonate bearing carboxylic group to alcohols 
are used: either direct coupling using dicyclohexane carbodii
mide (DCC) or conversion to the acyl chloride using oxalyl 
chloride followed by reaction with the alcohol or amine in the 

presence of base. The latter method has the advantage that the 
salt by-products are easily removed. Compared with methods 
wherein the functional group is attached prior to carbonate 
formation, the inverse sequence shown here more generally 
requires only a single unique reaction and purification step. 
Using these methods, a range of functional groups could be 
incorporated to generate new ROP carbonate monomers offer
ing opportunities for coupling via substitution, cycloaddition, 
and amide or disulfide linkages or for introducing strongly 
hydrophilic or hydrophobic groups (Table 2). 
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Scheme 66 Synthetic pathway towards 2,2-bis(hydroxymethyl)propionic acid-based functionalized cyclic carbonates. 

Scheme 67 Synthetic pathway towards glycerol-based functionalized cyclic carbonates. 

In the second methodology glycerol is used as a starting 
material. Differentiation of glycerol hydroxyl groups can be 
achieved by cyclic acetal formation (Scheme 67).216,308–313 

In this process benzaldehyde is commonly used in the 
reaction with glycerol. Acetal (5-hydroxy-2-phenyl-1,3
dioxan) can be isolated from a mixture of products by 
crystallization from cold ethyl ether. It crystallizes in the cis 
conformation. Then the secondary hydroxyl group can be 
transformed to the desired functional group. In the end, 
the protective acetal group is removed under acidic condi
tions and the cyclic carbonate is formed in the reaction with 
alkyl chloroformate. Because of the high reactivity of carbo
nate bonds in the cyclic structure, any further modifications 
should be carried out under mild reaction conditions.313 

This methodology was also used for other multihydroxyl 
compounds: 1,1,1-tris(hydroxymethyl)ethane, 1,1,1-tris 
(hydroxymethyl)propane, and pentaerythritol.198,314,316,318 

1,1,1-Tris(hydroxymethyl)ethane and 1,1,1-tris(hydroxy
methyl)propane were also used for direct carbonate bond 
formation with use of dialkyl carbonate followed by modifica
tion of the remaining hydroxyl group by esterification and 
carbonate or urethane bond formation (Scheme 68).103,315 

In another method alkyl malonates are used as starting 
materials (Scheme 69). This approach uses rather harsh reac
tion conditions. However, it allows the introduction of 
allyl-320,321 or hydroxyl-terminated308 substituents and further 
modification. 

Scheme 68 Synthesis of six-membered cyclic carbonates with ester 
group. 

Other cyclic carbonates were synthesized directly by a 
one-pot reaction from appropriate dihydroxyl com
pounds.322–324 

A number of functionalized PCs and copolycarbonates can 
be obtained by direct polymerization of cyclic monomers bear
ing functional groups. Among the functional side-chain groups 
introduced into PCs are carboxylic group and their derivatives, 
hydroxyl, allyl, acrylate, methacrylate, styrene, and stilbene 
derivatives, and even five-membered cyclic carbonates 
(Table 2). 

A series of COOH-functionalized PCs were synthesized via an 
organocatalytic ROP pathway under mild conditions.305 The poly
mers exhibited moderate molecular weight (Mw =3100–9700) 
and were very narrowly distributed (dispersity index = 1.07– 
1.15). Aliphatic amines with different chain lengths (triethylenete
traamine, tetraethylenepentamine, or pentaethylenehexamine) 
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Scheme 69 Synthetic path towards diethyl malonate-based functionalized cyclic carbonates. 

were then conjugated onto the PC backbone using N, 
N′-diisopropylcarbodiimide/N-hydroxysuccinimide (DIC/ 
NHS) chemistry. These amine-functionalized PCs could form 
nanoparticles upon simple dissolution in water and were able 
to condense DNA; therefore, they have the potential to be a useful 
nonviral vector for gene therapy. Polymers of similar properties 
capable of drug delivery and gene delivery were presented by 
Frechet’s group.304 The authors used the cyclic carbonate with 
pendant COOH group to build dendritic molecules which were 
then eventually reacted with the appropriate amine. They used 
DCC chemistry for this purpose. 

A simple way of preparation of PCs with side-chains termi
nated with hydroxyl groups is polymerization of cyclic 
carbonates bearing benzyl protecting group. The polymers 
were synthesized by ROP in bulk at 150 °C using aluminum 
isobutoxide [Al(OiBu)3], aluminum isopropoxide, and stan
nous octanoate as an initiator or by thermal polymerization 
of 5-benzyloxy-1,3-dioxan-2-one in the absence of any cata
lyst.216,309,310 In all cases polymerization resulted in high
molecular-weight PCs (Mn = 80 000). Subsequent catalytic 
hydrogenolysis resulted in functional poly(5-benzyloxy-1,3
dioxan-2-one). After deprotection the pendant hydroxyl 
group resulted in an enhancement of the hydrophilicity of the 
PC. Furthermore, an evaluation of the degradation and cyto
toxicity of synthesized polymers demonstrated better 
degradability compared with PTMC and similar toxicity com
pared with poly(lactide-co-GL). 

A similar effect was obtained by polymerization and deprotec
tion of 9-phenyl-2,4,8,10-tetraoxaspiro[5,5]undecan-3-one.318 

The poly(ester-carbonate)s were synthesized by the ROP of L-LA 
and functionalized pentaerythritol-based carbonate monomer 
with diethyl zinc as a catalyst (Scheme 70). The protecting ben
zylidene groups in the copolymer poly(L-LA-co-9-phenyl
2,4,8,10-tetraoxaspiro[5,5]undecan-3-one) were removed by 
hydrogenation with palladium hydroxide on activated charcoal 
as a catalyst to give a functional copolymer, poly(L-LA-co-5,5-bis 
(hydroxymethyl)-1,3-dioxan-2-one), containing pendant pri
mary hydroxyl groups. The cell morphology and viability on a 

copolymer film evaluated with ECV-304 cells showed that such 
poly(ester-carbonate)s derived from 9-phenyl-2,4,8,10-tetraoxas
piro[5,5]undecan-3-one are good biocompatible materials 
suitable for biomedical applications. 

Direct anionic ROP of six-membered cyclic carbonate bear
ing hydroxyl group, 5-hydroxyl-1,3-dioxan-2-one, was not 
effective in the preparation of PCs due to the preferable isomer
ization reaction to inert five-membered GC (Scheme 71).308 

However, six-membered cyclic carbonates bearing free hydroxyl 
group attached to the ring via aliphatic spacer yielded hyper-
branched PCs under anionic, coordination-insertion, or 
enzymatic ROP reaction conditions.308,313 

In many cases, reactive double bonds were introduced into 
the cyclic carbonate structure for subsequent cross-linking, 

reactions.307,311,312epoxidation, or addition Polymers of 
six-membered cyclic carbonate with pendant allyl ether group 

Scheme 71 Preferable isomerization reaction of six-membered cyclic 
carbonate bearing hydroxyl group to inert five-membered cyclic carbonate 
(a); formation of hyperbranched polycarbonates in case on monomers 
with hydroxyl group linked via a spacer (b). 

Scheme 70 Synthesis of poly(ester-carbonate)s by the ROP of L-LA and functionalized pentaerythritol-based carbonate monomer with diethyl zinc as a catalyst. 
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were synthesized by ROP in bulk at 120 °C. Two kinds of 
catalysts Sn(Oct)2 and IPPL on silica particles were applied. 
Postpolymerization oxidation reactions carried out with 
m-chloroperoxy benzoic acid afforded polymers with epoxide 
groups placed randomly along the backbone (random copoly
mer) or in every repeating unit (homopolymer). The 
epoxide-containing polymers could afford facilities for further 
modification. A functionalized cyclic carbonate monomer con
taining a cinnamate moiety, 5-methyl-5-cinnamoyloxymethyl
1,3-dioxan-2-one, was polymerized and copolymerized with 
L-LA with diethyl zinc (ZnEt2) as initiator/catalyst.

314 The 
cinnamate-carrying copolymer was further photo-cross-linked. 

In other works the authors performed the ring-opening 
metathesis polymerization (ROMP) of norbornene functional 
group with a typical ruthenium catalyst [bis(tricyclohexylpho
sphine)benzylidene ruthenium(IV) dichloride], to smoothly 
obtain the corresponding polyalkenamers.323,324 In addition, 
the Sc(OTf)3-mediated cationic ring-opening reaction of the 
cyclic carbonate moiety of polyalkenamer proceeded along 
with volume expansion or nearly zero volume shrinkage to 
yield the corresponding networked polymer. Introduction of 
styrene moiety into the cyclic carbonate structure (19, Table 2) 
gave opportunity for the anionic polymerization of a 
six-membered cyclic carbonate and the anionic depolymeriza
tion of the obtained polymer, radical cross-linking, and anionic 
decross-linking of the cross-linked polymer.317 The monomer 
5-ethyl-5-[(p-vinylphenyl)methoxymethyl]-1,3-dioxan-2-one 
(St6CC) underwent anionic polymerization with potassium 
tert-butoxide (t-BuOK) as an initiator in THF to afford the 
corresponding PC [poly(St6CC)]. It was confirmed that this 
polymerization was an equilibrium process by the relation
ships between the polymerization temperature and monomer 
conversion. Poly(St6CC) underwent anionic depolymerization 
with t-BuOK as a catalyst in THF at 20 °C for 24 h to recover 
St6CC in 60% yield. Treatment of poly(St6CC) with a radical 
initiator afforded the cross-linked polymer. Employment of 
styrene as the comonomer satisfactorily afforded the corre
sponding cross-linked polymer. It underwent anionic 
decross-linking with t-BuOK in THF at 50 °C for 24 h to afford 
a THF-soluble polymer. The yield of the THF-soluble part 
increased as the styrene composition in the cross-linked poly
mer increased. It was suggested that the decross-linking 
efficiency depended on the cross-linking density. 

In case of selective anionic ROP of a bifunctional cyclic 
carbonate consisting of both five- and six-membered rings a 
PC remaining a five-membered cyclic carbonate group in the 
side-chain (Table 2) has been afforded.321 The equilibrium 
nature of the polymerization allowed the efficient 

depolymerization of the polymer by a catalytic amount of 
DBU to recover the monomer in high yield, in which the 
five-membered cyclic carbonate ring also remained unreacted. 

4.12.3.3 Polymerization of Seven-Membered Cyclic 
and Larger Ring Size Cyclic Carbonates 

4.12.3.3.1 Polymerization of seven-membered cyclic 
carbonates 
The ROP of seven-membered cyclic carbonate (1,3-dioxepan
2-one, tetramethylene carbonate, TeMC), due to relatively high 
ring strain, proceeds easier than that of the six-membered one. 
However, the number of reports concerning the polymeriza
tion of seven-membered cyclic carbonate is rather limited, 
mainly because of difficulty in the synthesis of the monomer. 
In contrast to TMC, seven-membered TeMC is thermally 
unstable and difficult to isolate and purify. It is easier to obtain 
the double size cyclic monomer – cyclobis(TeMC) – than the 
monomeric form.325 It is worth to underline that the polymer
ization of seven-membered cyclic carbonate can be proceeded 
in a controlled manner. 

Several attempts have been made to achieve controlled ROP 
of six-membered cyclic carbonates by the combination of bulky 
substituents and Lewis acids.326–328 

Hayakawa et al.329 for the first time reported cationic ROP 
of seven-membered cyclic carbonates in 1997. Living ROP of 
the TeMC was achieved when the cationic zirconocene complex 
[Cp2ZrMe]+[B(C6F5)4]

¯ was used as a catalyst. The authors 
observed a linear relation between the conversion and mole
cular weight of the obtained polymer when the reaction was 
carried out at room temperature. The molecular weight distri
bution was maintained narrow during the polymerization. The 
authors claimed that the polymerization proceeds according to 
an active chain end (ACE) monomer mechanism (Scheme 72). 

Earlier, Kricheldorf et al. examined in detail the polymeriza
tion of lactones with several Lewis acids. The authors suggested 
that some metal bromides with vacant p- or d-orbitals react 
with lactones to give bromoalkanoic acids via complexation at 
the exo-cyclic oxygen and cleavage of the alkyl–oxygen bond. 
Especially in the cases of the metal bromide with energetically 
favorable d-orbitals like SnBr4 and ZnBr2, metal–oxygen bonds 
are formed leading to polymerization reactions via an insertion 
mechanism at 60 °C, where Mw/Mn of the obtained polymers is 
about 1.7.330 The same group investigated ROP of a TeMC 
using BCl3/HCl·OEt2 as an initiator system.331 It was found 
that the addition of HCl·Et2O promoted the polymerization 
even at low temperature (0 °C) to produce the corresponding 
PC with controlled molecular weight and narrow dispersity 

Scheme 72 Cationic polymerization of 1,3-dioxepan-2-one. 
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Scheme 73 Polymerization of TeMC initiated with BCl3/HCl⋅Et2O. 

index (Mw/Mn < 1.2), but relatively low molecular weight 
(Mn = 6600). The authors suggested that the presence of 
HCl·OEt2 may promote the sequential insertion reaction of 
TeMC between the boron-oxygen bond by the activation of the 
monomer and/or loosening the boron-carbonate bond by coor
dination to the carbonate oxygen in the polymer propagating 
end (Scheme 73). 

It was found that a titanium-based catalyst, 2,2′-methylene
bis(6-tert-butyl-4-methylphenolate)titanium dichloride, also 
initiated the living polymerization of TeMC to afford poly
mers with narrow molecular weight distributions 
(Scheme 74). The molecular weight of the poly(TeMC) 
obtained can be controlled by changing the initial cyclic 

Scheme 74 Structure of titanium catalyst. 

carbonate/catalyst mole ratio. It is characteristic that the PC 
macromolecules formed in the presence of this catalyst had 
hydroxytetramethylene terminal units at both ends.326,332 

Endo et al. also found that TeMC underwent polymerization 
according to an AM mechanism in the presence of alcohol and 
Brønsted acid as the initiator and activator, respectively 
(Scheme 75).333–335 

The first step consists of the protonation of the monomer 
carbonyl oxygen to produce the AM, which reacts readily with 
OH groups. The corresponding ring-opening reaction produces 
a linear carbonate with a terminal hydroxyl group. In the next 
step another activated molecule of cyclic carbonate reacts with 
a hydroxyl end-group leading to chain extension. The resulting 
PC has an R residue which is derived from the initiator alcohol 
and a hydroxyl group at the chain ends (Scheme 75). 

The authors have found that the ROP of TeMC initiated 
with H2O or a primary alcohol (e.g., butyl alcohol) in the 
presence other Brønsted acids such as HCl·Et2O proceeded 
without decarboxylation to give linear poly(TeMC) with 
Mn = 1000–10 000 and a narrow dispersion index (� 1.15). 
They postulated that the key feature of this polymerization is 
the appropriate acidity of the protonic acid, which should be 
not as high to polymerize the monomer by itself but sufficient 
to activate the monomer.333,334 

Scheme 75 Mechanism of AM polymerization of TeMC. 
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It is worth noticing that in contrast to a six-membered cyclic 
carbonate, the cationic polymerization of seven-membered 
cyclic carbonate leads to the corresponding polymer without 
ether linkages.101 The polymerization of TeMC carried out in 
the presence of typical cationic initiators like CH3OSO2CF3, 
C2H5OSO2CF3, HOSO2CF3, and SnCl4 proceeds at 20 °C 
about 100 times faster than that of TMC and is not accompa
nied by elimination of carbon dioxide. The decarboxylation, in 
the case of the polymerization of seven-membered cyclic car
bonate, may be suppressed, since the propagation reaction 
dominates over backbiting degradation. The activation energies 
in the polymerizations of TeMC and TMC were estimated to be 
6.27 and 8.52 kcal mol− 1, respectively.86,101 

Trifluoromethane sulfonic acid was also used as a catalyst in 
ring-opening copolymerization of a seven-membered cyclic 
carbonate and trioxane.336 However, the carbonate monomer 
was consumed faster than trioxane and the decarboxylation 
took place to afford corresponding polyacetal–PC type copoly
mers containing poly(oxytetramethylene) units. 

Similarly, the copolymerization of TeMC with glycidyl phe
nyl ether initiated by CH3OSO2CF3 yielded polymers rich in 
cyclic carbonate-derived units when compared with the corre
sponding feed ratio and containing oxytetramethylene units as 
a result of five-membered cyclic carbonate formation.337 

Similarly to TMC, TeMC undergoes spontaneous polymer
ization in bulk at above 100 °C affording the corresponding 
PC.212 

As far as anionic polymerization of seven-membered cyclic 
carbonate is concerned, it was found that a ring strained mono
mer easily undergoes ring-opening reaction. The 
polymerization of TeMC initiated with sec-BuLi and carried 
out in THF afforded the corresponding PC in a relatively high 
yield in a short time.100 It was shown that the polymerization 
carried out at higher temperature and with a lower initial 
monomer concentration led to a lower yield, lower molecular 
weight of the polymer, and a higher content of cyclic oligomers. 
These results can be explained by the formation of cyclic oligo
mers via backbiting reaction proceeding in addition to the 
propagation reaction, which is characteristic for equilibrium 

polymerizations. However, the relative polymerization rate of 
TeMC is about 35 times faster than that of TMC. This significant 
difference in the polymerization rates is caused by the larger 
ring strain. The negatively larger ΔHp for TeMC in comparison 
with that of TMC was estimated by the MO calculations.325 

Recently, Wu et al.108 have presented enzymatic polymer
ization of a novel seven-membered cyclic carbonate monomer, 
(5S,6S)-dimethyl-5,6-O-isopropylidene-1,3-dioxepin-2-one 
(ITC), derived from naturally occurring L-tartaric acid. The 
monomer was obtained in three steps (Scheme 76). 

The polymerization was carried out with four commercially 
available lipases (C. antarctica, CAL-B) immobilized on acrylic 
resin, Novozyme-435, P. fluorescens (AK), and Pseudomonas 
cepacia (PS-30) at 80 °C, in bulk (Scheme 77). 

The highest molecular weight (Mn = 15 500 with 
Mw/Mn = 1.7) of the optically active PC (½α� 20 ¼ þ77:8) was D 

obtained with immobilized C. antarctica lipase-B 
(Novozyme-435). Deprotection of the ketal groups caused 
minimal polymer chain degradation (Mn = 10 000, 
Mw/Mn = 2.0) and resulted in optically pure PC (½α� 20 ¼ þ56)D 

bearing two hydroxy functional groups in the polymer repeating 
unit. The presence of the pendant hydroxyl groups enhanced the 
biodegradability of the polymer. 

4.12.3.3.2 Polymerization of cyclobis(alkylene carbonate)s 
As was mentioned earlier (Section 4.12.3.3.1), it is more con
venient to obtain poly(TeMC) using cyclobis(TeMC) instead of 
its monomeric form: 1,3-dioxepan-2-one.325 Cyclobis(TeMC) 
is easy to isolate and purify by recrystallization. The polymer
ization with n-BuSnCl3 or Sn(Oct)2 as an initiator is usually 
carried out in bulk, because the polymerization in solution 
(CH2Cl2) at lower temperatures proceeds very slowly. The 
monomer’s high melting point (m.p. 172–174 °C) impels 
that the polymerization of cyclobis(TeMC) in bulk requires a 
high temperature (180 °C). However, despite high polymeriza
tion temperature no ether group formation was observed. In 
the case of using Sn(Oct)2 the 1H NMR studies revealed that 
these PCs contained octoate and OH terminal groups. 

Scheme 76 Synthesis of monomer, ITC derived from naturally occurring L-tartaric acid. 

Scheme 77 Enzymatic polymerization of ITC. 
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It is particularly interesting that poly(TeMC) crystallizes 
upon annealing, whereas PTMC does not crystallize despite 
higher concentration of polar carbonate groups. The suscept
ibility to degradation at relatively low temperatures is a second 
interesting feature of this aliphatic PC. The degradation to CO2 

and THF is complete at approximately 340 °C without leaving 
any residue. The material exhibiting such a complete degrada
tion at below 350 °C may be applied for the production of 
solid foams, when heated together with a thermostable 
polymer.338 

Similarly, cyclobis(hexamethylene carbonate), a dimer of 
nine-membered cyclic carbonate, was subjected to polymeriza
tion in bulk at 140 °C using BuSnCl3 or Sn(Oct)2 as a 
catalyst.102 The best results were obtained with BuSnCl3 afford
ing polymer yields up to 89% and weight-average molecular 
weight of Mw = 200 000. In all cases the Mw/Mn ratio was of the 
order of 2. DSC measurements showed that the PC rapidly 
crystallizes even at a cooling rate of 40 °C min− 1. 

Also Weilandt et al.106 have reported the synthesis, poly
merization, and copolymerization of cyclobis(hexamethylene 
carbonate) and its fluorinated analog using anionic initiators 
and tin-based catalysts such as sec-butyllithium (in toluene), 
dibutylmagnesium (in THF), and dibutyltin dimethoxide (in 
melt). The resultant poly(hexamethylene carbonate) with 
molecular weight of Mn = 48 000 (Mw/Mn = 1.7) was a semi
crystalline polymer with a melting point of 54 °C and a glass 
transition temperature of − 51.3 °C, while poly 
(2,2,3,3,4,4,5,5-octafluorohexamethylene carbonate) was 
obtained either as a semicrystalline material with molecular 
weight of Mn = 12800 (Mw/Mn = 1.94) and a melting point of 
40.8 °C or as an amorphous material with a glass transition 
temperature of − 39.8 °C. 

It was found that the other cyclic dimer, cyclobis(diethylene 
glycol carbonate), is more stable and easier to isolate than the 
corresponding cyclic monomer, similarly as in the case of cyclic 
carbonates derived from α,ω-dihydroxyalkanes with 6, 7, and 8 
methylene groups in a molecule. A comparison of the poly
merizations of cyclobis(diethylene glycol carbonate) in bulk 
conducted at 145 °C catalyzed by BuSnCl3, Sn(Oct)2, or  
Bu2SnO under similar conditions suggests that Bu2SnO 
appeared to be the most reactive catalyst, but Sn(Oct)2 is 
more attractive for preparative purposes because of higher 
molecular weights of the resultant polymers. Both 1H and 13C 
NMR spectra proved that all poly(diethylene glycol carbonate)s 
prepared possess an alternating sequence of ether and carbo
nate linkages. Despite a regular sequence, the amorphous 
character of poly(ethylene oxide-co-ethylene carbonate) was 
proven by DSC and WAXS measurements. The highest yields 
and molecular weights were obtained in the shortest time, 
whereas prolonged times caused rapid depolymerization. The 
thermal degradation of poly(ethylene oxide-co-ethylene carbo
nate) begun slowly at above 200 °C reached its maximum rate 
at 320 °C and yielded CO2 and 1,4-dioxane as the main degra
dation products (Scheme 78).104 

Polymerization of the largest (26-membered) cyclobiscar
bonate, cyclobis(decamethylene carbonate), was conducted in 
bulk at 120 °C with BuSnCl3 and Sn(Oct)2 as catalysts.

105 Both 
catalysts showed almost equal reactivities, but the highest 
yields (up to 98%) and the highest molecular weights (Mw up 
to 88 000) were obtained with BuSnCl3. Both catalysts yielded 
poly(decamethylene carbonate) not containing ether groups. 

Scheme 78 Thermal degradation of poly(ethylene ether-carbonate). 

DSC measurements revealed that poly(decamethylene carbo
nate) is a rapidly crystallizing material with Tm=67 °C. A 
comparison with PCs having less CH2 groups in the repeating 
unit demonstrated that the rate of crystallization increases with 
an increasing number of CH2 groups between carbonate 
linkages. 

As was earlier mentioned, 26-membered macrocyclic carbo
nate, cyclobis(decamethylene carbonate), was attempted to 
undergo ROP by lipase catalysis in toluene.297 Novozym-435 
exhibited even higher catalytic activity toward cyclic deca
methylene carbonate dimer polymerization compared with 
Sn(Oct)2, while high molecular weight (Mn) of 54 000 and 
yield of 99% were still achieved at ultra-low enzyme/substrate 
(E/S) weight ratio of 1/200. 

4.12.4 Copolymerization of Cyclic Carbonates 
with Other Heterocyclic Monomers 

4.12.4.1 Copolymerization of Five-Membered Cyclic 
Carbonates 

Five-membered cyclic carbonates such as ethylene and PCs, as 
earlier mentioned (Section 4.12.3.1), do not homopolymerize 
to afford poly(alkylene carbonate)s due to unfavorable ther
modynamic characteristics. However, they can undergo 
copolymerization with other more reactive heterocyclic mono
mers. It has been found that such carbonate monomers could 
undergo copolymerization with oxiranes in the presence of 
organometallic catalysts formed in the diethylzinc-phenol 
and/or polyfunctional phenol system.129,339 The authors pos
tulated that the initiation step of the copolymerization involves 
most likely the epoxide reaction. Zinc alkoxide species formed 
in this reaction can easily propagate the copolymer chain, 
coordinating and enchaining both the epoxide and cyclic car
bonate comonomers. However, in the case of cyclic carbonate, 
its ring opening may also proceed according to the reaction 
outlined in Scheme 79 (via alkyl-oxygen bond cleavage) lead
ing to decarboxylation. For the sake of clarity, participation of 
the adjacent zinc atom as the nucleophilic attack carrier is 
omitted. Thus, the poly(ether-carbonate)s obtained are charac
terized by a lower content of carbonate units with respect to 
ether units.129,340 
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Scheme 79 Ring opening reaction via alkyl-oxygene bond cleavage leading to decarboxylation. 

Scheme 80 Possible products of the reaction of five-membered cyclic carbonates with oxiranes in the presence of cationic initiator. 

Rokicki and Nguyen341,342 described that the reaction of 
oxiranes with five-membered cyclic carbonates in the presence 
of BF3·OEt2 as a cationic initiator led to spiroorthocarbonates, 
poly(ether-carbonate), or polyether, depending on the oxirane 
ring substituent. It was found that the copolymerization pro
ceeded through a trialkoxycarbenium cation stabilized by 
adjacent three oxygen atoms, being thermodynamically 
favored. A negative charge located on the oxygen atom of the 
carbonate carbonyl group is twice as large as that located on the 
oxygen atom of the oxirane, so the reaction with the carbonate 
monomer is more probable than that with the oxirane one. 
Trialkoxycarbenium ion (1, Scheme 80) can react according to 
three possible reaction pathways. 

When exo-cyclic carbon atom of 1 is attacked by oxirane the 
product with ether-carbonate group 2 is formed (reaction path
way a). On the other hand as a result of oxirane attack on 
endo-cyclic carbon atom of 1 both the ether group 3 and cyclic 
carbonate are formed (pathway b). The intramolecular reaction 
between the carbocation and an oxygen atom of linear ether 
leads to spiroorthocarbonate 4 (pathway c). It was shown that 
the reaction proceeded partially according to pathway a in the 
case of using cyclic carbonates bearing phenoxymethyl and 
chloromethyl substituents, but for other five-membered cyclic 
carbonates the reaction pathway b dominated. Due to higher 
stability of the trialkoxycarbenium cation the polymerization 
rate is slower than that of oxirane homopolymerization. 

Recently, a similar system was investigated by Cervellera 
et al.343 They copolymerized mixtures of diglycidyl ether of 
bisphenol A (DGEBA) or a cycloaliphatic epoxy resin with PC 
using lanthanide triflates or BF3·MEA as a cationic initiator and 
DMAP as an anionic initiator. However, they observed that the 
carbonate was not incorporated into the network and acted like 
a plasticizer, lowering the Tg values of the cured materials. The 
same authors also used 4-phenoxymethyl-1,3-dioxolane-2-one 
(PGEC) and aromatic five-membered cyclic carbonate, 1,3
benzodioxolane-2-one (CC), for copolymerization with 
DGEBA.344 Lanthanum(III) triflate used as cationic initiator 
allowed to copolymerize DGEBA with an aromatic 

five-membered cyclic carbonate, CC. However, PGEC remained 
entrapped in the cured material. The authors assigned the 
different reactivities of these two carbonates to the different 
electrophilicity of the carbonyl group. 

Evans and Katsumata345 showed that the copolymerization 
of EC and CL is possible when samarium(II) compounds were 
used as catalysts. In the presence of samarium complexes such 
as (C9H7)2Sm(THF)1.5, (C13H9)2Sm(THF)2, SmI2(THF)2, and 
(C5Me5)2Sm(THF)2 polymers containing EC units were 
formed. The copolymerization carried out in the presence of 
[(Me3Si)2N]2Sm(THF)2 afforded polymers with up to 
23.5 mol.% of EC content, but the molecular weights of 
these polymers were lower than those produced using the 
(C5Me5)2Sm(THF)2 catalyst. 

Copolymers of EC with CL or VL were also synthesized by 
Shirahama et al.346 using (C5Me5)2SmMe(THF) as catalyst. It is 
worth noticing that the copolymerization carried out using 
samarium catalyst yielded a polymer of really high molecular 
weight (Mn = 140 000). The EC/CL copolymers contained up to 
30 mol.% of carbonate units and were obtained in better yield 
compared with that of EC/VL copolymers. Chen and 
co-workers used another lanthanide such as neodymium tris 
(2,6-di-tert-butyl-4-methylphenolate) [Nd(DBMP)3] as  a  
single-component catalyst for EC/CL copolymerization.347 

Copolymers containing up to 22 mol.% of EC with high mole
cular weights (140 000) and moderate molecular weight 
distributions (Mw/Mn = 1.66–2.03) were obtained at room 
temperature. Compared with homopoly(CL), the copolymers 
with EC units exhibited increased glass transition temperatures 
(− 35.6 °C), reduced melting temperatures (44.5 °C), and 
greatly enhanced elongation percentage at break. It was found 
that the crystallinity of the copolymers decreased with the 
increasing EC molar percentage in the products. 

Höcker’s group reported that unreactive five-membered cyc
lic carbonates such as EC and PC can be successfully 
copolymerized with tetramethylene urea (TeU) to afford poly
urethanes.348–350 It is to be underlined that such polyurethanes 
were synthesized via nonisocyanate methods. The result of all 
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Scheme 81 Copolymerization of five-membered cyclic carbonates with tetramethylene urea leading to polyurethanes. 

copolymerization reactions was the polyurethane with alternat
ing carbonyl-amino-tetramethylene-amino and EC, or PC 
repeating units. The resulting polyurethane was characterized 
by relatively high molecular weight (� 20 000) and dispersity 
index of 2. According to the mechanism proposed by the 
authors, the butylmagnesium salt of TeU reacts with EC. The 
resultant butylmagnesium alkoxide reacts with another TeU 
molecule leading to an intermediate (Scheme 81). The inter
mediate adduct of EC and TeU represents an A–B-type 
monomer suitable for a polyaddition reaction. 

The polyurethanes with randomly distributed TeU–EC and 
TeU-PC units, containing up to 54 mol.% of PC repeating units, 
were obtained. Studies on the copolymerization of TeU with 
mixtures of EC and PC showed that the reactivity of EC is 
approximately 5 times higher than that of PC. The authors 
proposed a new mechanism for the copolymerization based 
on 1H NMR spectroscopic investigations of a blocked isocyanate 
model compound, indicating that the TeU ring is not opened to 
form an isocyanate under the reaction conditions applied. 

The same authors successfully copolymerized EC or PC with 
mixtures of TeU and γ-butyrolactone (BL) at 100 °C in the 
presence of Bu2Mg as a catalyst.351 From NMR spectroscopic 
data of the terpolymers obtained (8100 < Mn < 19 300) with up 
to 62.4 mol.% of BL, it was shown that the reactivity of the 
five-membered cycles used increases in the following order: 
EC � PC ≈ BL. 13C NMR spectroscopy revealed that TeU–EC 
or TeU–PC and TeU–BL units were randomly distributed in 
the polymer chain. 

4.12.4.2 Copolymerization of Six-Membered Cyclic 
Carbonates 

Six-membered cyclic carbonates easily copolymerize with differ
ent cyclic carbonates (five-, six-, and seven-membered) as well as 
with other heterocyclic monomers. The majority of copolymer
izations proceed according to the coordination-insertion or 
anionic mechanisms and most of the copolymers were obtained 
with the participation of TMC or neopentyl carbonate. 

4.12.4.2.1 Copolymerization of TMC and neopentyl 
carbonate with other cyclic carbonates 
As was mentioned in Section 4.12.4.1, six-membered TMC is 
more reactive, copolymerized with five-membered EC, but still 

the content of EC units in the resulting copolymer was rather 
small, not exceeding a few mol.%. 

TMC and DTC can be used for the copolymerization with a 
less reactive six-membered cyclic carbonate such as 5,5-diphenyl
1,3-dioxan-2-one.92 The copolymerization proceeded according 
to an anionic mechanism to afford a polymer containing 5,5
diphenyl-1,3-dioxan-2-one units, but in lower ratio than that in 
the monomer feed. DTC was also copolymerized with other 
six-membered cyclic carbonates to furnish random as well as 
block copolymers upon addition of the initiator (sec-butyllithium) 
to a mixture of the monomers or upon consecutive addition of the 
monomers to the initiator, respectively.198 

4.12.4.2.2 Copolymerization of six-membered cyclic 
carbonates with cyclic esters and ethers 
Aliphatic polyesters have a leading position among the various 
biodegradable polymers, due to the hydrolytic chain cleavage 
catalyzed by enzyme yielding hydroxyacids, which are in many 
cases metabolized. The modification of the properties of the 
brittle biodegradable polyesters such as poly(hydroxyalkano
ate), polylactide, and polyglycolide has been intensively 
investigated.291,352 

Usually biodegradable or biocompatible elastomers were 
introduced to toughen the brittle polyester. Maxon®, a bioab
sorbable suture material, is produced by the copolymerization 
of GL with approximately 32.5 mol.% of the softer TMC.353 The 
addition of TMC decreases the brittleness of pure polyglyco
lide. The incorporation of carbonate linkages into the polyester 
constitutes an additional route for improvement of the perfor
mance of polyesters. Because the carbonate linkages are more 
stable to hydrolysis in vitro (no autocatalytic effect of acid 
groups) the material has prolonged shelf life. However, the 
hydrolysis of the carbonate proceeds faster in vivo and the 
copolymer can be used as a bioabsorbable material.354,355 In 
relation to this, the copolymerizations of cyclic carbonates with 
lactones and lactides have been widely explored. Depending on 
the comonomer reactivity and reaction procedure, the copoly
merization may result in random or block copolymers. 

DTC has been copolymerized with CL, pivalolactone (PVL), 
[(R)-β-BL], and L,L-lactide (LLA). 

Höcker and co-workers used CL for the copolymerization 
with DTC. The reaction was carried out using sec-BuLi as an 
anionic initiator in toluene resulting in the formation of a 
copolymer containing carbonate and CL block fractions.91 It 
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was shown that the reactivity of the cyclic carbonate is higher 
than that of CL.356 

The copolymerization of a mixture of DTC and CL at low 
temperatures resulted in A–X–B-type copolymers, where A was 
a PDTC block, B a PCL block, and X a random DTC and CL 
block. As a consequence, DTC–CL and CL–DTC heterodiads 
were observed in the 13C NMR spectra. The concentration of 
heterodiads was seen to increase with temperature such that, at 
80 °C, a random copolymer was obtained. From a mechanistic 
point of view, the active species of each monomer would be 
eligible to react with both DTC and CL. In case of using Mg-, 
Al-, and Zn-based catalysts, transesterification plays a minor 
role, and the microstructure of the copolymers prepared is 
determined by the nucleophilicity of the active species and 
the electrophilicity of the monomer alone. For alkoxide 
(Li+, K+) initiators and Sn-based catalyst, transesterification 
takes place and determines the final polymer microstructure, 
besides the copolymerization parameters, especially at higher 
temperatures.357 

The copolymerization of DTC and CL was also initiated by 
polystyryllithium and lithium polystyrylethoxide, leading to a 
linear copolymer and a cyclic oligomer mixture.196 

The copolymerization of DTC with another four-membered 
cyclic ester, PVL, initiated with potassium dihydronaphthalide 
at − 10 °C in toluene afforded block copolymers in a yield of 
about 90% (Scheme 82).91,357,358 

The explanation for this block formation is based on the 
large difference in the rate of polymerization of DTC and PVL, 
combined with the incompatibility of the active species of 
homopolymerizations (potassium carboxylate, active with 

PVL, does not react with DTC). It is important that no transes
terification occurs between the ester and carbonate groups. 

The random copolymer of TMC with another 
four-membered cyclic ester, [(R)-β-BL], exhibits interesting 
properties (Scheme 83).359 The presence of ester segments 
susceptible to enzymatic hydrolysis causes that such poly 
(ester-carbonate) containing even 80% of TMC easily under
goes biodegradation, while pure PTMC does not degrade under 
the same conditions. 

The sequential copolymerization of DTC and LLA revealed 
different polymer microstructures, depending on the order in 
which the monomer was polymerized first.357,360 When LLA 
was polymerized first, a random copolymer was formed, 
whereas the addition of LLA to a ‘living PDTC resulted in a 
block copolymer. The copolymerization of a mixture of LLA 
and DTC also resulted in a random copolymer. Based on these 
results, the following mechanism was proposed by the authors. 
The PLLA active centers are well stabilized by the adjacent 
carbonyl group (enol formation) and by the formation of a 
five-membered cyclic complex including the metallic species. 
After reaction of the PLLA active centers with DTC, the newly 
formed active site has a reduced capability of stabilization 
(Scheme 84). 

The most electrophilic species in the system capable of 
reacting with the active centers is the ester group of a 
LLA–LLA diad in the polymer chain. Hence, by this reaction, 
the active LLA site is regenerated and an LLA–DTC–LLA triad is 
formed. 

Poly(1,4-dioxan-2-one-co-TMC) can also be included to the 
group of synthetic biodegradable carbonate copolymers. 

Scheme 82 Copolymerization of DTC with four-membered cyclic ester initiated by potassium dihydronaphthalide. 

Scheme 83 Random copolymerization of TMC with four-membered cyclic ester leading to polymer susceptible to enzymatic hydrolysis. 

Scheme 84 Sequential copolymerization of LLA and DTC. 
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Scheme 85 Copolymerization of 1,4-dioxan-2-one and TMC initiated with Sn(Oct)2. 

Polymers with different compositions were synthesized by 
copolymerizations of 1,4-dioxan-2-one (DON) with TMC at 
120 °C in the presence of Sn(Oct)2 (Scheme 85).361 

These copolymers can be used as a matrix for a sustained 
drug delivery system. 

4.12.4.2.3 Copolymerization of six-membered cyclic 
carbonates with cyclic anhydrides 
PTMC degrades slowly in aqueous solution, showing little 
molecular weight loss, sample weight loss, or change in mor
phology after several months which may not be desirable for 
use in medical implants and for drug delivery applications.355 

In contrary, poly(adipic anhydride) (PAA) attracts increasing 
attention as a new biomaterial due to its rapid degradation 
rate.362 Ring-opening copolymerization of TMC with cyclic 
anhydrides is a feasible method to adjust the degradation rate 
of PTMC and to enhance polyanhydride mechanical strength. 
Attempts were made to alter the chemical composition of 
PTMC by copolymerization of TMC with adipic anhydride 
(AA). TMC and AA were copolymerized in bulk and solution 
with aluminum isopropoxide, Sn(Oct)2, n-BuLi, BF3·OEt2, and  
Et3N as catalysts to obtain block copolymers and random copo
lymers.363 No formation of a copolymer was detected, although 
the synthesis conditions were varied over a broad range in terms 
of temperature (0–100 °C), solvent, reaction time, and type of 
initiator. No peaks from AA–TMC or TMC–AA heterolinkages 
were detected in 13H NMR spectra. FTIR analysis sustained that 
the product consists of a mixture of homopolymers rather than a 
copolymer. 

Polymerizations of TMC with sebacic anhydride or AAs 
were also studied at 180 °C with quinoline and BF3·OEt2 as 
catalysts. Either most of the TMC did not react or incomplete 
homopolymerization of TMC was observed.364 

Several polymerizations of TMC with succinic anhydride 
(SA) or glutaric anhydride (GA) were conducted in bulk.364 

All experiments based on SA failed; however, polymerization 
of TMC and GA was successful when quinoline, 
4-(N,N-dimethylamino)pyridine, or BF3·OEt2 were used as 

catalysts. It was shown that the reaction proceeded with CO2 

evolution. MALDI-TOF mass spectra revealed the formation of 
cyclic oligoesters by backbiting degradation. However, the 
main chain of the copolymer did not contain anhydride 
bonds. The monomer mixtures containing an excess of TMC 
yielded poly(ester-co-carbonate)s with number-average mole
cular weights up to 16 000. Analogous poly(ester-co-carbonate)s 
were obtained from TMC and 3,3′-tetramethylene GA. 

Recently, Ling et al. revealed that a THF-soluble block copo
lymer of neopentyl carbonate with AA containing 64.7/35.3 
DTC/AA in molar ratio with Mn of 123 000 and Mw/Mn of 1.64 
could be synthesized at 25 °C in 32 min when the lanthanum 
tris(2,6-di-tert-butyl-4-methylphenolate) catalyst was used365 

(Scheme 86). Copolymers with AA block from 8.5 to 50.8% 
were prepared by changing the solvent and feeding ratio of 
DTC/AA. 

4.12.4.2.4 Copolymerization of six-membered cyclic 
carbonates with N- and P-containing heterocyclic monomers 
In the 1980s, it was reported in the patent literature that lac-
tams can be anionically copolymerized with cyclic carbonates 
to give a polymer containing urethane and ester groups besides 
carbonate groups.366 Similar groups were identified when PCs 
were treated with ε-caprolactam in the presence of sodium 
lactamate.367 In the early 1990s, Wurm et al.368 found that 
the copolymerization of DTC with ε-caprolactam afforded a 
copolymer with alternating ester and urethane groups. From 
mechanistic investigation it was revealed that the polymer is 
formed in two reaction steps: first the PC is formed, then 
insertion of the ring-opened lactam moiety into the carbonate 
group occurs, which leads to ester and urethane groups 
(Scheme 87). 

Similarly, the copolymerization of equimolar amounts of 
DTC with TeU in the presence of sec-butyllithium, dibutylmag
nesium, or diethylzinc as a catalyst in melt and in solution with 
N,N′-dimethylpropylene urea as a solvent at 120 °C resulted in 
an almost alternating copolymer (Scheme 88).348 

Scheme 86 Copolymerization of adipic anhydride with DTC. 
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Scheme 87 Copolymerization of ε-caprolactam and DTC leading to the copolymer with carbonate, ester, and urethane groups. 

Scheme 88 Copolymerization of tetramethylene urea with DTC leading to the alternating copolymer. 

In contrast to the copolymerization with EC (see Section 
4.12.3.1), it was revealed that sequences of the PC are formed 
first. Later, when TeU is consumed, the concentration of carbo
nate groups in the polymer decreases and that of urethane 
group concentration increases.349 After 24 h both monomers 
were consumed. Bu2Mg initiates the polymerization of DTC, 
which is followed by a transfer of the active species to cyclic 
urea. This nucleophilic TeU species reacts with a carbonate 
moiety of the PC chain, resulting in chain cleavage and forma
tion of two ACEs. The intermolecular reaction of these two 
fragments generates a new molecule in which a TeU is inserted 
formally into a DTC–DTC diad with the formation of two 
urethane groups. At the same time a new TeU active species is 
generated by the deprotonation of TeU. In contrast, the copo
lymerization of DTC with TeU in the presence of 
dibutyldimethoxytin, tris(sec-butoxy)aluminum, or tetrakis 
(iso-propoxy)titanium as a catalyst leads to copolymers with 
carbonate, urea, and urethane groups.348 The polyurethane 
obtained in such a way is an amorphous material with 
Tg = 23.3 °C. 

High-molecular-weight poly(ester-urethane)s with an Mw 

of 103 000 were also produced by the enzymatic ROP of the 
cyclic ester-urethane monomer.369 However, this method did 

not involve polymerization of TMC, but its reaction with ali
phatic diamine and then enzymatic cyclization followed by 
lipase-assisted ROP of cyclic macromonomer (Scheme 89). 

It is known that poly(phosphoester)s have a great potential 
as a class of biomedical polymers because of their promising 
applications in tissue engineering and controlled drug 
release.370 The ROP is one of the methods to get high
molecular-weight poly(phosphoester)s. The synthesis of poly 
(2-hydro-2-oxo-1,3,2-dioxaphosphorinane) and its applica
tion as a drug carrier was reported, in the 1970s, by 
Kaluzynski et al.371 Recently, a new type of synthetic biodegrad
able copolymer has been synthesized by ring-opening 
copolymerization of TMC with 2-hydro-2-oxo-1,3,2
-dioxaphosphorinane (TMP) in the presence of Al(iBu)3 as a 
catalyst (Scheme 90(a)).99 The highest molecular weight of the 
random copolymer was up to 16 000. Conversion studies 
showed that the composition of the copolymer is in agreement 
with the feed composition at high conversions, since TMC is 
more reactive than TMP. 

Also, the novel enzymatic ring-opening copolymerization 
of ethyl ethylene phosphate (EEP) and TMC was performed in 
bulk at 100 °C using PPL or C. rugosa lipase to yield random 
copolymers having molecular weights ranging from 3200 to 
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Scheme 89 Enzymatic ROP of a cyclic ester-urethane monomer obtained from cyclic carbonate and diamine. 

Scheme 90 Copolymerization of TMC with TMP in the presence of Al(i Bu)3 as a catalyst (a); enzymatic ring-opening copolymerization of EEP and TMC 
in the presence of PPL or C. rugosa lipase. 

10 200 (Scheme 90(b)).301 The degradability of the copoly
mers was improved by the introduction of an EEP unit to the 
copolymer chain. 

4.12.4.2.5 Cyclic carbonate block copolymers 
Nowadays, block copolymers and terpolymers containing PC 
segments are of interest of many research groups producing 
biomaterials of special applications. Changing the composi
tion of polymeric blocks as well as the block length, it is 
possible to tune the properties of the polymeric material such 
as biodegradation rate, hydrophilic–hydrophobic balance, and 
temperature sensitivity. 

Copolymers containing aliphatic PC blocks can be synthe
sized according to two main strategies. The first one consists of 
sequential monomer polymerization proceeding without 
transformation of the active center. To obtain the copolymer 
of narrow molecular weight distribution, the order in which the 
monomers are introduced into reaction system must be 

adjusted to their reactivity. Additionally, the nature of the 
active center must be chosen in such a way to eliminate or 
reduce transesterification as well as backbiting reactions. 

It was found that ROP of TMC (first step) and LLA (second 
step) allowed for the preparation of A–B–A triblock copoly
mers without significant transesterification. The optimization 
of the temperature and reaction time were decisive for the 
success of this approach.372 

The PC block copolymer can also be obtained using the 
macroinitiator which constitutes one of the blocks. For the 
polymerization of cyclic carbonates, hydroxyl telechelic poly
mers usually are used. First, hydroxyl terminal groups are 
transformed into alkoxide ones to initiate the anionic ROP. 
The monofunctional macroinitiators result in A–B or A–B–C 
block copolymers and the difunctional macroinitiators in 
B–A–B block copolymers, where A represents the macroinitiator 
block, B the PC block(s), and C other polymeric blocks. 
Copolymerization also can proceed in the presence of 
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insertion-coordination catalysts. Difunctional macroinitiators 
based on PEO,205,373–380 PTHF,204 and PDMS206 were applied 
for the ROP of cyclic carbonate. 

Hyun et al.182 have decribed synthesis of PTMC–PEG– 
PTMC triblock and methyl polyethylene glycol 
(MEPEG)–PTMC diblock copolymers according to the cationic 
polymerization mechanism using PEG or monomethoxy-PEG 
and HCl·OEt2 as an initiation system for TMC polymerization. 

The syntheses of triblock PEG–CL–TMC copolymers 
{methoxypoly[(ethylene oxide)-b-(CL)-b-(trimethylene carbo
nate)]} were reported by Ould-Ouali et al. and Danhier and 
co-workers.381,382 These copolymers spontaneously formed 
micelles and significantly increased the solubility of poorly 
water-soluble drugs. 

Feijen’s group synthesized carbonate block copolymers by 
the ROP of DL-lactide (DLLA), CL, and TMC in the presence of 
zinc bis-[bis(trimethylsilyl)amide] (97%) and monomethoxy 
polyethylene glycol (mPEG, 5800 and 1200) at room tempera
ture.383 In this case zinc bis[bis(trimethylsilyl)amide] combined 
with mPEG initiated the ROP of heterocyclic monomers with 
high conversion, affording block copolymers of controlled 
molecular weight and low dispersity index. Due to its high 
activity and low toxicity the zinc-based catalyst could be attrac
tive for the synthesis of copolymers for biomedical applications. 
A similar catalytic system but based on calcium bis[bis(tri
methylsilyl)amide] was presented also by Feijen’s group.384 

Hydroxytelechelic PCs are valuable building blocks to 
access linear A–B–A triblock copolymers incorporating a soft 
PC segment, such as for instance in PC/polyester, PC/polypep
tide, or PC/polyurethane architectures.385–388 

The synthesis of temperature-responsive poly[(TMC)-b
(L-glutamic acid)] copolymer was investigated by Sanson and co
workers.389 PTMC–PGA diblock copolymer was synthesized by 
ROP of γ-benzyl-L-glutamate N-carboxyanhydride initiated by a 
primary amine end-functionalized PTMC macroinitiator. 

Krogman et al.390 presented the synthesis of blocked poly 
(phosphazene-b-carbonate)s. First, amino-terminated PTMC 
was synthesized via ROP. In the synthesis of block copolymers 
of polyphosphazenes linked to PCs the amino terminus was 
used to form a covalent link to poly(dichlorophosphazene). 

Triblock copolymers containing TMC segments and behav
ing like a thermoplastic elastomer were presented by Feijen’s 
group.385,391 Such materials were prepared by sequential ROPs 
of TMC and L-LA as well as TMC and D-LA under argon at 
130 °C using 1,6-hexanediol and Sn(Oct)2 as an initiator/ 

catalyst system. First, a hydroxyl group-terminated PTMC was 
synthesized. These polymers containing polylactide blocks 
long enough to crystallize exhibited good tensile strenght and 
excellent resistance to creep. In equimolar blends of these 
enantiomeric copolymers, stereocomplexation between the 
enantiomeric polylactide segments occurred. Due to the 
enhanced phase separation, the specimens of stereocomplex 
had better resistance to creep than the enantiomeric block 
copolymers. 

It is worth mentioning that instead of homopolymers also 
random copolymers may constitute the blocks. Feijen’s group 
used a hydroxyl group-terminated random copolymer – poly 
(TMC-co-caprolactone) – instead of homopolycarbonate.392 

Especially interesting properties exhibited triblock poly 
{[(CL)-co-(TMC)]-b-(ethylene oxide)-b-[(CL)-co-(TMC)]} 
(PCTC–PEG–PCTC) obtained by Park et al.393 By incorporating 
up to 25–40 wt.% of the TMC comonomer in the poly(CL) 
block, the resulting PCTC–PEG–PCTC triblock copolymer 
achieved sol stability while keeping the thermogelling property 
in a physiologically important temperature range of 10–50 °C. 
Thermogelling aqueous solutions of biodegradable polymers 
can be used as an implantable depot for sustained drug release 
and tissue engineering. The aqueous polymer solution was a 
low viscous sol at room temperature (20 °C) and formed a gel 
at body temperature (� 37 °C). The authors assumed that the 
copolymerization of the TMC and CL would increase the amor
phous character of the material and thus avoided the 
precipitation problem shown in the previously prepared 
PCL–PEG–PCL triblock copolymer aqueous solution. The 
PCTC–PEG–PCTC triblock copolymer was prepared according 
to a classical mode – by random ring-opening copolymeriza
tion of CL and TMC in the presence of PEG as a macroinitiator 
and Sn(Oct)2 as a catalyst. 

The first example of biodegradable segmented copolymers 
introduced in 1980s as a monofilament suture was Maxon™ 
(Syneture), also containing a random poly(TMC-co-GL) middle 
block. The copolymer was prepared by ring-opening copoly
merization of GL and TMC, the final composition being 
defined by a 67.5 wt.% of GL (Scheme 91).394 

The synthesis of amphiphilic diblock copolymers with var
ious block compositions on the basis of poly(2-ethyl
2-oxazoline) (PEtOz) as a hydrophilic block and PTMC as a 
hydrophobic block was reported by Kim et al.395 TMC was 
polymerized in the presence of hydroxyl-terminated PEtOz 
and Sn(Oct)2 in chlorobenzene under reflux for 39 h. 

Scheme 91 Biodegradable segmented copolymers of TMC and glycolide. 
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Scheme 92 Chemoenzymatically synthesized degradable triblock copolymers (PTMC-b-PECA-b-PTMC). 

Kaihara et al.396 described chemoenzymatically synthesized 
degradable triblock poly[(TMC)-b-(ethylene oxide-co-cyclic 
acetal)-b-(TMC)] (PTMC-b-PECA-b-PTMC) (Scheme 92). 
Cyclic acetal was introduced into a PEG segment as a degrad
able segment to impart a pH-dependent degradation nature 
and to prevent the formation of acidic degradation products. 
Amphiphilic polymeric micelles were successfully prepared 
from such a triblock copolymer. 

According to the second method of carbonate block copoly
mer synthesis, sequential monomer polymerization is 
proceeded with transformation of the active center. The block 
copolymers are prepared in three steps. First, the polymerization 
of one monomer is carried out. After complete conversion of the 
first monomer the transformation of active centers is performed, 
and the initiation of the polymerization of the second monomer 
is proceeded. For example, this approach was applied for obtain
ing poly(styrene-b-neopentyl carbonate).203 After completion of 
the styrene living polymerization, carbanionic centers were 
transformed into alkoxide ones via reaction with EO and then 
the ROP of neopentyl carbonate polymerization was performed. 
In the case of block copolymers of methyl methacrylate with 
neopentyl carbonate living PMMA, prepared according to GTP, 
was used as a macroinitiator for DTC polymerization. A silyl 
keteneacetal active center was transformed to an alkoxide 
one.222 Depending on the functionality of the macroinitiator 
(A) used for cyclic carbonate polymerization, two types of 
block copolymers can be obtained: A-B or B-A-B. 

An inverse manner of copolymerization was proposed by 
Watanabe et al.397 First, they polymerized TMC using 4-(chlor
omethyl)benzyl alcohol (CBA) as an initiator and DBU as an 
organocatalyst. The benzyl chloride group was involved in the 
incorporation of dithiocarbamate for pseudo-living radical 
polymerization of vinyl monomers. The authors applied 
N-isopropylacrylamide, acrylamide glycolic acid, and 
2-hydroxyethyl methacrylate as vinyl monomers for the second 
step of copolymerization (Scheme 93). The resulting block 

copolymers were water soluble due to incorporation of hydro
philic segment into hydrophobic PTMC. 

The synthesis of multiblock cyclic carbonate copolymers 
was presented by Kricheldorf and Rost.398 First, telechelic ran
dom copolymers were prepared by copolymerization of CL and 
TMC in bulk using bismuth(III) hexanoate [Bi(OHex)3] as an  
initiator. A-B-A triblock copolymers were synthesized by chain 
extension of these random copolymers with L-LA. Finally, the 
triblock copolymers were transformed into multiblock copoly
mers by chain extension with 1,6-hexamethylene diisocyanate. 
It is worth mentioning that all three synthetic steps were per
formed in a ‘one-pot procedure’. 

Kricheldorf’s group also proposed another approach to 
multiblock copolymers of TMC and LLA synthesis.234 

Sequential copolymerizations of TMC and LLA were performed 
with 2,2-dibutyl-2-stanna-1,3-oxepane as a bifunctional cyclic 
initiator. The cyclic triblock copolymers were transformed 
in situ into multiblock copolymers by ring-opening polycon
densation with sebacoyl chloride (Scheme 94). 

4.12.4.2.5(i) Nonlinear carbonate block copolymers 
As Hyun has recently revealed, the precise nature of the block 
copolymer architectures plays an important role in determining 
their hydrophilic–hydrophobic properties – nonlinear asym
metric (AB2- or  AB3-type) block copolymers exhibit different 
micellization behavior compared with the corresponding lin
ear AB diblocks.399 Taking the above into account Zhang et al. 
prepared the Y-shaped (AB2-type) amphiphilic copolymers of 
PEG with TMC, PEG-b-(PTMC)2. The block copolymer was 
synthesized by the ROP of TMC with dihydroxy-modified 
monomethoxy-PEG [mPEG(OH)2] initiator using ZnEt2 as a 
catalyst.400 First, a dihydroxy functional ROP macroinitiator 
was synthesized by esterification of acryloyl bromide with 
mPEG, followed by Michael addition using excess of diethano
lamine (Scheme 95). 
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Scheme 93 Preparation of polycarbonates with dithiocarbamate groups for pseudo-living radical polymerization of vinyl monomers. 

Scheme 94 Sequential copolymerizations of TMC and LLA with 2,2-dibutyl-2-stanna-1,3-oxepane as a bifunctional cyclic initiator. 

Scheme 95 Synthesis of Y-shaped amphiphilic PEG(PTMC)2 block copolymers via ROP of TMC using mPEG with bishydroxyl end-groups as 
macroinitiator and ZnEt2 as a catalyst. 
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A series of Y-shaped amphiphilic PEG(PTMC)2 block copo
lymers were obtained via ROP of TMC using this mPEG with 
bishydroxyl end-groups as macroinitiator and ZnEt2 as a cata
lyst. It was shown that the Y-shaped copolymer mPEG(PTMC)2 

could self-assemble into micelles in aqueous medium and the 
critical micelle concentration values of the micelles decreased 
with an increase in the hydrophobic PTMC block length of 
mPEG(PTMC)2. 

4.12.4.2.5(ii) Star-shaped carbonate block copolymers 
Morinaga et al.401 reported star-shaped, amphiphilic block 
copolymers prepared by the polymerizations of TMC initiated 
with a three-armed, PEG-based surfactant (Tween 20) without 
any catalysts. The metal- and solvent-free polymerization was 
proceeded at 150 °C to afford star-shaped poly[(ethylene 
oxide)-b-(TMC)] with a sorbitan monolaurate core of molecu
lar weights of 4500–11 900 in good yields (Scheme 96). 

Similar star-shaped poly[(TMC)-co-(CL)] and its block 
copolymers with lactide/GL were investigated by Joziasse 
et al.402 When dipentaerythritol was used as a six-functional 
initiator, cross-linked rubbers were obtained, swelling in 
chloroform. Star-shaped lactide/GL block copolymers with a 
poly[(TMC)-co-(CL)] rubber core based on D-sorbitol exhibited 
good mechanical properties. 

4.12.5 Polymerization of Cyclic Thiocarbonates 

The polymerization of ethylene monothiocarbonate (1,3
oxathiolan-2-one) was carried out in the presence of metal alkyls 
such as ZnEt2 or CdEt2 and metal alkoxides like Mg(OCH3)2, 
Al(OBu)3, or Ti(OBu)4. The polymerization with these catalysts 
was accompanied by carbon dioxide elimination and the 

polymers obtained appeared to be poly(ethylene sulfide-mo
nothiocarbonate)s. The content of ethylene monothiocarbonate 
(oxycarbonylthioethylene) units and ethylene sulfide (thioethy
lene) units in the produced polymers depended on the catalysts 
used, but all the polymers yielded from the ethylene monothio
carbonate polymerization at 80 °C contained less than 50 mol.% 
of monothiocarbonate units.403 As compared with the EC poly
merization, the ethylene monothiocarbonate polymerization 
with coordination catalysts proceeds easier and also may involve 
decarboxylation to a lesser extent. The decarboxylation during the 
ethylene monothiocarbonate polymerization seems to involve 
the metal–monothiocarbonate species that are analogous to 
those formed in the system with EC. However, the ethylene 
monothiocarbonate decarboxylation leads to metal thiolate spe
cies, which may be outlined schematically as in Scheme 97. 

The metal thiolate species are more reactive toward coordi
nating the monothiocarbonate monomer during the 
polymerization (Scheme 98) than the corresponding metal 
alkoxide species operating in the EC polymerization. 

The relatively highest efficiency of the diethylcadmium cat
alyst in the ethylene monothiocarbonate polymerization (at 
80 °C), as regards the high content of ethylene monothiocar
bonate units in the polymer obtained, results probably from 
the softness of both cadmium and sulfur atoms fitting one to 
the other, to participate in the covalent bonding. Thus, decar
boxylation occurs to the lowest extent. Moreover, the 
propagation according to Scheme 99, involving the formation 
of the cadmium–sulfur bond leading to the metal thiolate 
species of relatively high activity, occurs more likely than that 
which might involve the formation of the less reactive metal 
alkoxide species. 

1,3-Dioxane-2-thione (trimethylene thiocarbonate (1), 
Scheme 99) was prepared by the reaction of PPD with 

Scheme 96 Star-shaped, amphiphilic block copolymers prepared by the polymerizations of TMC initiated with a three-armed PEG-based surfactant. 

Scheme 97 Decarboxylation during the ethylene monothiocarbonate polymerization in the presence of the metal alkyls and metal alkoxides. 
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Scheme 98 Polymerization of ethylene monothiocarbonate in the presence of metal thiolates. 

Scheme 99 Cationic polymerization of 1,3-dioxane-2-thione. 

thiophosgene and a tertiary amine.404 This monomer is unstable 
at > 25 °C due to spontaneous oligomerization. Its cationic 
polymerization in chloroform yielded a relatively high
molecular-weight poly(trimethylene thiocarbonate). IR, 1H, 
and 13C NMR spectroscopy proved that the oligomers of the 
spontaneous polymerization and the polymers resulting from 
the cationic polymerizations possess the structure of a poly 
(mercaptopropanol carbonate), poly(MPOC) (2, Scheme 99). 
All attempts to prepare a polythiocarbonate of isomeric structure 
(3, Scheme 99) by anionic polymerizations failed. In contrast to 
the amorphous PTMC, the poly(MPOC) proved to be a rapidly 
crystallizing polymer. The cationic polymerization of substituted 
six-membered cyclic monothiocarbonates such as 5,5-dimethyl
1,3-dioxane-2-thione has also been performed, yielding the cor
responding poly(monothiocarbonate)s of the same chain 
structure.34 

Similarly, anionic polymerization of six-membered cyclic 
thiocarbonate derivatives, 5,5-(bicyclo[2.2.1]hept-2-en-5,5
ylidene)-1,3-dioxane-2-thione and 5,5-(bicyclo[2.2.1]heptan
5,5-ylidene)-1,3-dioxane-2-thione, initiated by DBU afforded 
poly(MPOC) derivatives.405 It is worth mentioning that those 

polymers were characterized by a significant 12.3 and 12.6% 
volume expansion during polymerization, respectively. 

The cationic ROP of a seven-membered cyclic monothio
carbonate, 1,3-dioxepan-2-thione, produced a polymer 
through the selective isomerization of thiocarbonyl to a carbo
nyl group as well.406 The molecular weights of the polymer 
could be controlled by the feed ratio of the monomer to the 
initiators or the conversion of the monomer during the poly
merization, although some termination reactions occurred 
after the complete consumption of the monomer. 

In contrast to five-membered cyclic carbonates, dithiocarbo
nates undergo cationic ROP to afford corresponding poly 
(dithiocarbonate)s without evolution of gaseous com
pounds.407,408 A five-membered cyclic dithiocarbonate 
containing a benzyloxymethyl group exhibits interesting fea
tures.409 The monomer, 5-benzyloxymethyl-1,3-oxathiolane
2-thione, subjected to cationic polymerization initiated by 
CF3SO3H or  CF3SO3CH3 at 60 °C afforded corresponding poly 
(dithiocarbonate) with Mn =9000–25000 in 60–100% yields 
(Scheme 100). The narrow dispersity of the poly(dithiocarbo
nate)s (1.09–1.29) and the Mn increase in direct proportion to 
monomer conversion indicate living cationic polymerization 
based on neighboring group participation. The formation of a 
carbenium cation stabilized by neighboring benzyloxymethyl 
group participation, as observed by NMR spectroscopy, might 
result in the living polymerization.409 

4.12.6 Polymerization of Macrocycles 

4.12.6.1 Polymerization of Macrocyclic Aromatic Carbonates 

Aromatic PCs are produced technically from bisphenols via 
transesterification or interfacial phosgenation. In addition, 

Scheme 100 Cationic polymerization of 5-benzoxymethyl-1,3-oxathiolane-2-thione. 
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Scheme 101 Polymerization of macrocyclic aromatic carbonates. 

ROP in the melt and solid-state polymerization has been 
developed. 

Reactions of ROP can be divided into three groups: those 
with large reaction exotherms, such as epoxide of large ring 
strain polymerization; those with moderate exotherms, such as 
ε-caprolactam or TMC polymerization; and those that are dri
ven by entropy, rather than enthalpy, such as certain cyclic 
siloxane polymerizations and the polymerizations of oligo
meric aromatic cyclic carbonates described in this chapter.1 

Molecular simulation studies on certain cyclic monomers 
have been carried out by Stewart.410 He verified that cyclic 
dimer (Scheme 101, n = 1) is a tightly packed molecule with a 
ring strain of 16 kcal mol− 1. However, the cyclic tetramer of 
48-membered ring size (Scheme 101, n = 3) is already stress 
free and the polymerization of such molecule is driven solely 
by entropy. It is also characterized by a large (12 Å) cavity 
inside the ring. 

Due to their low molecular weight, the cyclic oligomeric 
carbonates have melt viscosities significantly lower than that of 
conventionally prepared PCs. This lowered melt viscosity is one 
of the most useful properties in several applications. At their 
melting point the mixture of cyclic oligomers have significant 
flow and have a greater penetration and wetting of fibers in 
composite applications. There also exists a great potential for 
the preparation of inorganic organic hybrid materials starting 
with these cyclic aromatic carbonates. 

Fundamental studies on the polymerization of BPA cyclic 
oligomers have been reported by Evans et al.411 As a starting 
material they used cyclic oligomers of Mw = 1300 determined 
by GPC with the dispersity index of 1.5. Blank experiment of 
polymerization performed in glass tubes at 300 °C under nitro
gen without addition of catalyst showed modest increase in 
molecular weight up to 17 000. However, the addition of var
ious catalysts (lithium stearate and Tyzor AA) yielded very 
high-molecular-weight PCs (Mw = 117 000–300 000). HPLC 
of the fraction soluble in acetone indicated that only 0.25% 
of cyclic monomers remained after polymerization. The heat 
measured with DSC was found to be − 1.2 kJ mol. This slight 
exotherm can be correlated to the release of ring strain in 
opening the previously mentioned cyclic dimer. Thus, in gen
eral, the reaction seems to be driven by entropy toward 
formation of linear PC. 

Moreover, the dispersity index of the polymers approxi
mately equals 2.0, which indicates that ring-chain and chain– 
chain equilibration are achieved during the polymerization. 
Total equilibration is a result of nearly equal energies of the 

attack on a monomer ring and a carbonate bond in a polymer 
chain. Due to the size and conformation of the monomer, very 
few rings are present at equilibrium. 

The ROP of BPA-based cyclic carbonates has some of the 
characteristics of a living polymerization.1 Upon initiation, the 
propagation reactions continue until all the cyclic monomers 
are consumed and the chain ends remain active. Addition of 
additional portions of a cyclic monomer gives continued reac
tion and a higher molecular weight as the ratio of monomer to 
initiator increases. Moreover, the molecular weight of the poly
mer can be controlled by use of bisphenols or diphenyl 
carbonate as chain transfer agents. 

Stewart has studied the melt polymerization of BPA cyclic 
oligocarbonates using a rheokinetic method.412 The reactor 
was equipped to measure changes in melt viscosity as the 
reaction proceeded. Despite the fact that melt viscosity is a 
function of many variables, it was possible to obtain the rela
tive polymerization rates by plotting the viscosity (stirrer 
torque) as a function of time over the portions of curve where 
steepest increases were seen. The relative reaction rates for 
sodium phenoxide-initiated polymerization were measured at 
five temperatures, in order to construct the Arrhenius plot. The 
activation energy calculated from the plot (12.5 kcal mol− 1) 
corresponded with the activation energy typical for diaryl car
bonate transesterification.413 Since the activation energy of 
viscous flow of PC resin is about 23.4 kcal mol− 1, it can be 
concluded that the polymerization of cyclic oligomers is not 
limited by the diffusion of the reactive end-groups in the poly
mer melt. In fact, each phenoxide active end-group is 
surrounded by large excess of carbonate groups coming from 
cyclic monomers, as well as linear PCs. In such an environ
ment, transesterification reactions are indiscriminate and do 
not require diffusion over long distances. High
molecular-weight PCs with dispersities lower than those 
obtained by conventional methods were obtained by Keul 
et al.208 Polymerizations were performed in THF solution, 
using potassium dihydronaphthylide as the initiator. 

The cyclization and polymerization procedures developed 
and optimized for the BPA system are fairly general and have 
been successfully applied to a variety of other bisphenols.16 

Functional groups such as ester, amide, ketone, sulfone, and 
urethane have been incorporated into the PCs via the cyclic 
oligomer approach. Brunelle and Shannon414,415 reported the 
synthesis of a number of such cyclic monomers and their sub
sequent polymerization yielding high-molecular-weight PCs. 
In all cases the reported carbonate functionality played a critical 
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Scheme 102 Spirobiindane bisphenol-based cyclic carbonate. 

Scheme 103 Direct copolymerization of macrocyclic carbonates with cyclic dimethylsiloxane. 

role in cyclic oligomer formation and further in ROP. There 
were also some bizarre structures, such as spirobiindane 
bisphenol, used for the preparation of cyclic oligomers 
(Scheme 102).416 This rigid molecule favored the formation 
of cyclic structures, which were isolated with 95% yield. 
Moreover, the polymerization of such a monomer gave PCs 
of increased glass transition temperature up to 200 °C. The 
drawback of the rigid structure of the bisphenol was the higher 
amount of cyclic products at equilibrium; however, it was 
eliminated by copolymerization of spirobiindane bisphenol 
cyclic carbonate with a regular, BPA-based one. 

There are numerous reports of the uses of cyclic oligo
meric carbonates for copolymerization. Evans and 
Carpenter417 reported the preparation of PC/PDMS copoly
mers (Scheme 103). Two approaches were used in the 
preparation of the copolymers: the first one used direct reac
tion of macrocyclic carbonates with cyclic siloxanes, the 
second one reaction of hydroxy-terminated linear PCs with 
chlorosilane-terminated PDMSs. 

In case of direct copolymerization (Scheme 103) only 
52–58% of the siloxane was incorporated into the polymer 
structure. The PC glass transition temperature (148 °C) was 
not altered by incorporation of siloxanes. Alternatively, either 
‘living’ PC or ‘living’ polysiloxane was used to initiate ROP of 
cyclic siloxane or cyclic carbonate, respectively. Block copoly
mers were obtained by ROP of cyclic carbonate with BPA, 
which resulted in hydroxy-terminated PCs, followed by reac
tion of chlorosilane-terminated polysiloxane. Block 
copolymers showed good optical clarity and lowered glass 
transition temperature (110 °C). 

Besides siloxane copolymers, poly(phenylene oxide)/PCs,418 

epoxide/PCs,419 polyimidecarbonates,420 polyamidecarbo
nates,421 polyurethanecarbonates,422 and copolymers with 
aliphatic lactones such as pivalactone and CL were also 
reported.423 

Cyclic carbonate chemistry has also proven to be useful for the 
preparation of branched or cross-linked polymers. First branched 
(hyperbranched) PCs were synthesized by Bolton and Wooley.424 

In one of the published methods of synthesis of hyperbranched 
PCs they used chloroformate-type 1,1,1-tris(4-hydroxyphenyl) 
ethane (THPE)-based monomers (Scheme 100).13 The authors 
synthesized hyperbranched aromatic PCs by the polymerization 
of A2B and  AB2 monomers, which involved the condensation of 
chloroformate (Scheme 104) functionalities with tert
butyldimethylsilyl-protected phenols (Scheme 104), facilitated 
by reactions with silver fluoride. 

The same structure of THPE was used as initiator for ROP of 
cyclic aromatic carbonates by Krabbenhoft et al.425 The poly
merization in the system containing 0.3–1.5 mol.% of THPE 
resulted in branched resins with enhanced shear sensitivities by 
as much as 660% when compared with linear PC. 

Cross-linked aromatic PCs could be obtained from cyclic 
oligomers according to three methods. The first one, presented 
by Rosenquist, is based on the application of biscyclic carbo
nate (1, Scheme 105) containing two eight-membered rings.426 

Mixtures of small amounts of the biscyclic carbonate with cyclic 
oligomers were polymerized to give highly cross-linked PC 
resins characterized by low swelling factor (5.5%) using only 
2% of cross-linking agent. The second method utilized 
multifunctional epoxy compounds. One of the most effective 
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Scheme 104 Chloroformate monomers used in the synthesis of hyperbranched polycarbonates. 

Scheme 105 Biscyclic cross-linking agents for aromatic cyclic carbonates. 

Scheme 106 Mixed type macrocyclic oligocarbonates. 
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were copolymers of glycidyl methacrylate/styrene resins. The 
third method uses oligomeric oligocarbonates based on tri- or 
tetraphenols such as resorcinol sulfide (2, Scheme 105) as  
cross-linkers.427 Again ROP of cyclic oligomers with addition 
of such compounds yielded highly cross-linked PCs. 

The preparation of nonlinear optical (NLO) PCs via macro
cyclic prepolymers has the advantage that the low viscosity 
oligomer mixtures make reactive processing possible. The con
version of macrocycles to polymer occurs with nonvolatile 
by-products or very little change in volume and can be done 
simultaneously with electric field poling and, if desired, che
mical cross-linking. Kulig et al.428 prepared such PCs based on a 
triphenyloxazole monomer (1, Scheme 106). This monomer 
contained a required NLO material-conjugated system with 
electron donating and accepting groups. Moreover, it showed 
good thermal stability to withstand ROP conditions 
(15–30 min at 250 °C) and structural similarity to BPA. The 
cyclic oligocarbonates were obtained from the corresponding 
bis(chloroformates), which were prepared by the reaction of a 
bisphenol molecule with phosgene. Attempts to prepare the 
homopolymer produced intractable materials. Therefore, a 
mixture of BPA and triphenyloxazole derivative was used in 
the reaction feed (1, Scheme 106). ROP yielded polymers of 
Mw = 69 000. The Tg of the final polymer could be controlled by 
the molar ratio of the triphenyloxazole to BPA. The incorpora
tion of triphenyloxazole increased the Tg of copolycarbonate 
up to 214 °C (30 mol.% of oxazole). 

Another NLO chromophore based on 4-N, 
N-dimethylamino-4′-nitrostilbene which contained bisphenol 
functionality for PC preparation was synthesized in the same 
manner (2, Scheme 106).429 It was used to make macrocyclic 
carbonate oligomers and the oligomers were converted to PC 
via ROP in solution. 

4.12.7 Conclusions 

PCs are usually synthesized by a step-growth process, that is, 
polycondensation, from phosgene or its derivatives and dihy
droxy compounds. Instead of phosgene’s method dialkyl- or 
diphenylcarbonate can also be applied for PC production. The 
ROP of cyclic carbonates is an alternative method for the 
synthesis of both aliphatic and aromatic PCs. A comparison 
of these two methods is in favor of chain-growth process. The 
polycondensation affords rather limited molecular weight 
polymers, while high-molecular-weight PCs can be prepared 
in the ROP of cyclic monomers. 

Cyclic carbonate monomers with a variety of functional 
groups have been prepared and polymerized by means of 
ROP. Not only the polymer microstructure and architecture 
but also the molecular weight and molecular weight distribu
tion may be well controlled. A variety of carbonate copolymers 
comprising blocks of different chemical structures were also 
prepared. By changing the chemical character of the blocks as 
well as block lengths mechanical as well as chemical and bio
chemical properties can be tuned in accordance with target 
applications. The unique property of six- and seven-membered 
cyclic carbonates concerning volume expansion during poly
merization additionally makes this class of compounds 
valuable prospective monomers. Recent developments in orga
nocatalysts for the ROP of cyclic carbonate allow processes, 

which proceed without transesterification, to create polymers 
that are metal-free and, therefore, good candidates for biome
dical and microelectronic applications. 
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4.13.1 Introduction 

Cyclic amines and cyclic sulfides represent two large families of 
monomers. The variety of structures, and hence variety of phy
sical properties of the corresponding polymers, stems from the 
variation of ring size and from the possibility of placing one or 
more substituents on the heterocycle. In the case of sulfides, 
this is only possible on carbons; in the case of amines, sub
stituents can be added to nitrogen as well. 

Three- and four-membered cyclic amines and sulfides pos
sess high ring strains ranging from 80 to 100 kJ mol− 1. From 
these high values it can be deduced on thermodynamic 
grounds that the polymerizations of these monomers should 
lead to high conversions. The five- and six-membered rings 
have ring strains in the order of 0–20 kJ mol− 1, which is not 
sufficient for polymerization. 

The possibility of preparing well-defined polymers from 
these monomers depends on the operating polymerization 
mechanism, more particularly on control of the initiation reac
tion and the occurrence or absence of transfer and/or 
termination reactions. In this chapter, the mechanism of poly
merization of different monomer types will be described, with 
emphasis on control of the polymer structures formed. This 
control applies not only to molecular weight and molecular 
weight distribution (MWD) but also to the stereochemistry and 
the nature of the polymer end groups. 

4.13.2 Cyclic Amines 

The three- and four-membered rings (aziridines and azetidines) 
of this group can be polymerized by cationic initiators. Anionic 

polymerization has not been reported and is probably impos
sible. The five-membered ring, pyrrolidine, and the six-
membered ring, piperidine, have not enough ring strain to be 
polymerizable. 

The polymerization mechanisms display different character
istics depending on the presence or absence of a substituent on 
the nitrogen atom, that is, whether the monomer is a tertiary or 
a secondary amine. Furthermore, as in most cationic ring-
opening polymerizations (ROPs), the presence of substituents 
on the carbon atoms of the monomer plays a role in its 
‘polymerizability’. 

4.13.2.1 Aziridines 

4.13.2.1.1 Ethylenimine 
The polymerization of the parent compound of this group, 
ethylenimine, has been known since the early 1940s,1 and the 
polymer, polyethylenimine (PEI), is produced commercially in 
several countries. The polymerization mechanism is compli
cated due to the occurrence of transfer of a proton from the 
active species to other amino functions present in the reaction 
mixture. As a consequence, the first reaction products are oli
gomeric compounds. The usual initiation reaction is 
protonation of the monomer. If an alkylating agent is used as 
initiator, very soon the initiation reaction becomes protonated 
due to this proton transfer, as shown in Scheme 1. 

The oligomers formed in the first stages of the polymeriza
tion can react in three ways: 

1. After protonation of the aziridine end group, a new mono
mer molecule can be added to form the linear n + 1 mer 
(Scheme 2). 
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Scheme 1 Polymerization of ethylenimine: initiation, propagation and transfer to monomer. 

Scheme 2 Polymerization of ethylenimine: re-activation of terminal aziridine polymer end group. 

Scheme 3 Polymerization of ethylenimine: formation of linear and branched units. 

2. One of the linear amine functions reacts with an aziridi
nium ion, for example, the protonated monomer, to 

form a linear or a branched (tertiary amine) structure 

(Scheme 3). 
3. The amino function of the terminal tertiary aziridine reacts 

as a nucleophile with an aziridinium ion to produce a 

quaternary aziridinium ion. This will eventually react with 

an amine also producing a branched (tertiary amine) struc
ture (Scheme 4). 

The final polymer has a highly branched structure containing 
primary, secondary, and tertiary amines (see below) and prob
ably also a small fraction of quaternary ammonium ions 
formed when a tertiary amine reacts with an aziridinium ion. 

By this reaction an unreactive cation is formed which means 
that it is a termination reaction. 

The concentrations of the oligomers formed in the first 
stages of the polymerization have been monitored.2 The results 
are shown in Figure 1. 

Linear polyethylenimine (LPEI), which contains only sec
ondary amino functions, has been prepared in different ways. 
The one most used is the hydrolysis of poly(N-acyl ethyleni
mine), which is obtained by cationic polymerization of the 
corresponding N-alkyl or aryl oxazoline3 (see Chapter 4.24),4 

(Scheme 5). This type of polymerization exhibits living char
acteristics so that polymers with controlled molecular weight 
and narrow distribution can be obtained. Consequently, the 
LPEI obtained from such a polymer will also have a 

Scheme 4 Polymerization of ethylenimine: formation of quaternary aziridinium ion. 
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R
 O 

Scheme 5 Polymerization of N-alkyl oxazoline and subsequent hydrolysis to LPEI. 

well-defined structure. The hydrolysis of the N-acyl-PEI can 
occur in alkaline or in acidic medium.5 

Two other methods for the synthesis of LPEI have been 
described. The first method6 starts from ethylenimine and pro
ceeds in two steps. The first step is the preparation of a mixture 
of low-molecular-weight oligomers containing predominantly 
dimer and trimer as described above. The second step is the 
proton-initiated head-to-tail coupling of these oligomers in the 
presence of a well-specified amount of water. The role of water 
is to form a crystalline hydrate with the polyamine as soon as it 
is formed, thus preventing the reaction between the aziridi-
nium ions in solution and the secondary amino functions in 
the polymer chain, which is the main cause of the branching 
(Scheme 6). 

The last method7 consists of polymerizing an N-substituted 
aziridine in which the substituent can be removed after the 
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Scheme 6 Formation of LPEI by head-to-tail coupling of ethylenimine 
oligomers. 
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Scheme 7 Polymerization of N-(a-tetrahydropyranyl) aziridine and subsequent hydrolysis to LPEI. 

polymerization. Such a monomer is N-(α-tetrahydropyranyl) 
aziridine. The tetrahydropyranyl group is removed by 
acid-catalyzed hydrolysis (Scheme 7). 

The last two methods have the inconvenience that they start 
from EI monomer that is not easily available due to its high 
toxicity. Therefore, the most used route for the LPEI synthesis is 
via polyoxazoline. 

The physical properties of branched PEI and LPEI are quite 
different. The linear polymer is crystalline (m.p. 58.5 °C) and 
forms several crystalline hydrates with water, whereas the 
branched polymer is amorphous. In contrast with the branched 
form, LPEI is insoluble in cold water but dissolves above its 
melting point. 

The microstructure of PEI, more particularly the relative 
amounts of primary, secondary, and tertiary amino functions, 
can be deduced from 13C-NMR spectroscopy. In the spectrum 
of a branched PEI polymer, eight lines can be distinguished 
according to the nature of the neighboring amino functions.8,9 

The spectrum of LPEI shows only one peak. The constitution 
of the polymers has also been analyzed by 15N-NMR 
spectroscopy.10 

The Mark–Houwink molecular weight–viscosity relation for 
LPEI in methanol at 25 °C has been determined.11 

½η� ¼ ð  1:04Þ � 10−2M� 0:95
w 

The high value of the exponent in the equation indicates that in 
this solvent the polymer has a relatively rigid structure. This is 
in contrast with the values of < 0.5 determined for the branched 
polymer,12,13 indicating a compact structure. 

4.13.2.1.2 C-substituted aziridines 
The polymerization of 2-methylaziridine (propylenimine) has 
been reported briefly.14 The structure of the polymer may be 
expected to be complicated by the presence of head-to-tail, tail
to-tail, and head-to-head diads, tacticity, and branching. Linear 

head-to-tail polypropylenimine has been produced by isomer
ization polymerization of 4-methyloxazoline followed by 
hydrolysis.15 Starting from optically active monomer, pure 
head-to-tail, isotactic, optically active polypropylenimine was 
obtained.16 The 13C-NMR spectrum of this polymer exhibited 
only three signals17 (Scheme 8). 

The polymerization of 2-phenylaziridine with several initia
tor systems has been described. The corresponding polyamines 
had relatively low molecular weights. The kinetics of the poly
merization were studied with perchloric acid and methyl 
triflate as initiators.18 

4.13.2.1.3 N-substituted aziridines 
The polymerization of N-substituted aziridines is less compli
cated than that of the N-unsubstituted monomers. The active 
species are quaternary aziridinium ions so that proton transfer 
is not possible. The propagation is a nucleophilic attack of the 
monomer nitrogen on the α-carbon of the aziridinium ion. 

The nitrogens of the formed polymer can perform the same 
reaction, which leads to an unreactive quaternary ammonium 
ion so that this reaction is a termination. As a consequence, the 
polymerizations of N-alkylaziridines usually stop at limited 
conversions. This was first observed for the polymerization of 
N-methylaziridine by Jones et al.19 The maximum conversions 
are determined by the concentration of initiator and by the 
ratio of the rate constant of the propagation over the rate 
constant of the termination reaction. This ratio, kp/kt, has 
been taken as a measure of the living character of the polymer
ization.20 From kinetic studies and from molecular weight 
determinations, it was deduced that this termination is predo
minantly intramolecular, that is, the terminated polymer 
chains contain a cyclic, nonstrained ammonium ion as an 
end group (Scheme 9). 

As shown in Table 1, the ratio kp/kt dramatically increases 
with the bulkiness of the N substituent. Also, the introduction 

Scheme 8 Synthesis of isotactic, optically active polypropylenimine. 

Scheme 9 Intramolecular termination reaction in the polymerization of N-substituted aziridines. 
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 Table 1 Values of kp/kt for the polymerizationa of 
N-alkylaziridines 

kp/kt 
 1R1 R2 R3 (l mol− ) References 

C2H5 H H 6 22 
CH(CH3)2 H  H  20  22 
C(CH3)3 H  H  12 000   22,23 
CH2C6H5 H  H  85  22 
CH2CH2C6H5 H  H  14  22 
CH2CH2CN  H  H  82  22 
CH2C6H5 CH3 H 1 100 20 
CH2CH2C6H5 CH3 H 10 000 20 
CH2CH2CN CH3 H ∼5 000 20 
CH2C6H5 CH3 CH3 0 21 

a Polymerizations carried out in CH2Cl2 with Et3OBF4 as initiator at 20 °C.  

of a substituent on a ring carbon results in a marked increase of 
the living character. If two substituents are present on one of 
the ring carbons, the monomer becomes unreactive for (homo) 
polymerization.21 

Due to ‘steric shielding’ of the amino functions in the poly
mer chains by their own and two adjacent t-butyl groups, the 
polymerization of N-t-butylaziridine (TBA) has a very high 
kp/kt ratio so that this polymerization may be regarded as 
being a ‘temporary living’ one.22,23 This means that, although 
there is a termination reaction, its rate is so slow compared with 
the rate of the propagation that, at almost quantitative conver
sion, almost every polymer chain in the reaction mixture still 
contains an active species. The shielding effect is illustrated in 
Scheme 10. 

Thus, end-capping and coupling reactions of living polyTBA 
can be carried out successfully, provided these reactions are 
done immediately after the polymerization. These reactions 
can be performed by addition of a nucleophilic reagent. 
Table 2 gives an overview of end-capping reactions that have 
been performed leading to various end group-functionalized 
polyTBAs or, in case of macromolecular nucleophiles, to graft 
or block copolymers. 

N 

N 

N 

kp 

kt 

N 

N 

Scheme 10 Schematic representation of ‘steric shielding’ in TBA 
polymerization. 

Another method for the synthesis of block copolymers is the 
sequential monomer addition method. In this method, the 
polymerization of TBA is initiated by the cationic living chain 
end of another cationic polymerization. This has been carried 
out with perchlorate-terminated polystyrene31 and with catio
nic living polyTHF as the initiating polymer. The polyTHF can 
be mono-, di-, or trifunctionally living leading to AB, BAB, and 
three-arm star-shaped block copolymers, respectively.32 

The copolymerization of polyTBA macromonomers with 
hydrophilic and hydrophobic comonomers has been 
reported.29 

TBA is easily obtained in a two-step reaction from N-t-butyl
2-aminoethanol.23 PolyTBA is a crystalline polymer with a 
melting point of 142 °C. It is soluble in aqueous acid. 

Also the bicyclic aziridine monomer, 1-aza-[1,3,0]
bicyclohexane, has been reported to give a living polymeriza
tion.33 Polymerization of one enantiomer of this monomer, 
synthesized from L-proline, leads to the corresponding chiral 
polymer34 (Scheme 11). 

When the polymerization of N-substituted aziridines is 
initiated with a proton acid having a nonnucleophilic anion, 
a nonnegligible fraction of cyclic oligomers is formed.35 This is 
due to the fact that the secondary amino head group formed by 
the proton initiation is more reactive toward an aziridinium 
ion than is a tertiary amino function. The probability that this 
reaction occurs intramolecularly is highest when the secondary 
amine and the aziridinium end group are separated by three 
monomer units, leading to cyclic tetramer. The intermolecular 
reaction results in a coupling between two polymer molecules, 
leading to higher molecular weights than calculated from 
monomer consumption and initiator concentration. 
Moreover, the molecular weight of the polymer continues to 
increase after all monomer is consumed36 (Scheme 12). 

In the case of TBA, the only cyclic oligomer formed is the 
pentamer. 

If the initiating acid has an anion with a nucleophilicity 
equal to or higher than the nucleophilicity of the monomer, 
such as a halide, and if the reaction is carried out in a nonpolar 
solvent, the main reaction product is the corresponding N,N′
dialkylpiperazine,37 formed as in Scheme 13. 

In a polar solvent, the intermediate alkyl halide is not 
formed and the end product is the polymer. 

The synthesis and polymerization of 2-(1-aziridinyl)ethyl 
methacrylate has been reported. This monomer can be poly
merized via the methacrylate group or via the aziridine group 
leading to cross-linkable polymers38 (Scheme 14). 

Poly-N-(2-aminoethyl)aziridine has been prepared by poly
merization of the corresponding formamide derivative 
followed by hydrolysis39 (Scheme 15). 

4.13.2.2 Azetidines 

4.13.2.2.1 Azetidine 
The polymerization of this four-membered secondary amine is 
similar to the polymerization of ethylenimine.40 In the first 
stages of the polymerization, oligomeric products are formed 
due to the possibility of transferring a proton from the original 
active species to monomer. In the case of azetidine, this transfer 
is even more pronounced than in the case of ethylenimine 
because the basicity of the monomer is higher than that of a 
substituted azetidine. When all monomer has reacted, 70% of 
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Table 2 End-capping reactions of living polyTBA 

Terminator End group Remarks References 

⊖OH 

NH3 

RNH2 

RCOOH 

H

H2NCH2CH2OH 

NaOCH2CH2NH2 

H2N–polyethyleneoxide–NH2 

HOOC–polybutadiene–COOH 

Macromonomer 

Macromonomer 

Macromonomer 

Macromonomer 

Macromonomer 

Macromonomer 

Macromonomer 

Macromonomer 

ABA block copolymer 

ABA block copolymer 

24 

24 

24 
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26 

27 

28 

25 

25 

25
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Terminator End group Remarks References 

HOOC COOH 

HOOC COOH
 

O O Star-shaped polymer 

Star-shaped polymer 

24
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 O 
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N 
N n 

Scheme 11 Polymerization of 1-aza-[1,3,0]-bicyclohexane. 

the reaction mixture consists of dimer. This dimer has two 
nucleophilic sites that can react with an activated (protonated) 
azetidine group: the primary amine, leading to a linear struc
ture, and the tertiary, leading to a quaternary azetidinium ion 
(Scheme 16). 

Scheme 12 Intra- and intermolecular end group coupling in proton-initiated polymerization of N-alkyl aziridines. 

Further reaction of the quaternary azetidinium ion with any 
amine leads to a tertiary amine. Another route to a tertiary 
amine group is attack of a secondary amine in a polymer 
chain on an azetidinium ion. Finally, a polymer containing 
20% primary, 20% tertiary, and 60% secondary amino func
tions is formed. 

Linear polytrimethylenimine has been synthesized by iso
merization polymerization of 1,3-oxazine to the corresponding 
N-formyl polytrimethylenimine, followed by hydrolysis41 

(Scheme 17). 
The linear polymer is a crystalline solid with melting point 

between 74 and 84 °C, depending on the content of water of 

Scheme 13 Cyclic dimer formation in acid catalyzed polymerization of N-alkyl aziridines. 
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Scheme 14 Two modes of polymerization of 2-(1-aziridinyl)ethyl methacrylate. 

N NN n npolymerization hydrolysis 

O N NHO N 2
HH 

HH 

Scheme 15 Synthesis of poly-N-(2-aminoethyl)aziridine. 

Scheme 16 Proton-initiated polymerization of azetidine. 

Scheme 17 Synthesis of linear polytrimethylenimine. 

(c) 2013 Elsevier Inc. All Rights Reserved.



O 

O 
N R  

O N R 
+ HO + CH3OH 

O 

AIBN 

O 
n 

O 

N 

R 

ROP of Cyclic Amines and Sulfides 317 

crystallization. The branched polymer is a noncrystallizable 
viscous material. 

4.13.2.2.2 N-substituted azetidines 
As with the aziridines, the polymerization of N-alkyl-substituted 
azetidines is not complicated by proton transfer and the 
mechanism can be described by initiation, propagation, and 
termination. Three monomers have been studied in detail: con
idine (1-azabicyclo[4.2.0]octane), 1,3,3-trimethylazetidine, and 
N-phenylazetidine (NPA) (Figure 2). 

Conidine contains a chiral carbon atom and can be sepa
rated into its enantiomers. The polymerization of an 
enantiomer leads to polymers having a strong optical rotation 
of a sign opposite to that of the monomer.42 These results show 
that the attack of monomer occurs exclusively at the methylene 
carbon atom of the azetidinium ion. The polymers are crystal
line with a melting point of 94 °C. The mechanism of 
polymerization of conidine has been studied for polymeriza
tions initiated with the tertiary or quaternary ammonium salts 
derived from the monomer by reaction with a proton acid or an 
alkyl halide. Kinetic studies led to the conclusion that with the 
quaternary ammonium salt initiators, the concentration of the 
active species remained constant during the polymerization 
and the degrees of polymerization were proportional to the 
conversion. Therefore, it was concluded that this polymeriza
tion shows a living behavior.43 The nature of the active species 
in the polymerization of conidine has been discussed, more 
particularly the reactivity of the ion pairs and the free ions.44 It 
was found that, in nitrobenzene solution, the rate constant of 
propagation by free ions was equal to that of propagation by 
ion pairs for a variety of counterions. 

N N 

N 

Conidine 1,3,3-Trimethylazetidine N-phenylazetidine 

Figure 2 Structure of conidine, 1,3,3-trimethylazetidine, and NPA. 

The living character of the polymerization of 1,3,3
trimethylazetidine was demonstrated by kinetic measure
ments45 and confirmed by 1H-NMR spectroscopy.46 With this 
method it was possible to detect the concentration of the active 
chain ends during and after the polymerization: the active 
species concentration remained constant even after all mono
mer was consumed. 

Comparison of the polymerization behavior of 
1-methylazetidine with that of 1,3,3-trimethylazetidine shows 
the importance of the gem-dimethyl substituents in the 
3-position. With the former monomer, a termination reaction 
occurring between the active species and an amino function of 
the polymer, leading to branched or macrocyclic ammonium 
salts, was observed,47 whereas with the latter this termination is 
virtually nonexistent as a consequence of ‘steric shielding’ of 
the amino functions in the polymer chain. 

The polymerization of NPA with methyl triflate as initiator 
follows a similar mechanism with a predominantly intermole
cular termination reaction by nucleophilic attack of the 
polymer nitrogens on the active species.48 At 30 °C, the ratio 
kp/kt is approximately 30. 

NPA reacts with living polyTHF to produce an 
azetidinium-terminated polymer that can be used as macroini
tiator for the polymerization of NPA whereby THF–NPA block 
copolymers are formed.48 Due to the intermolecular termina
tion, the end products have branched structures. 

N-phenylazetidinium ions react with nucleophilic reagents 
such as carboxylate anions to form the corresponding 
amino-ester derivatives. This reaction has been used extensively 
by the group of Tezuka to produce a large variety of cyclic and 
polycyclic polymer structures by the so-called electrostatic self 
assembly – covalent fixation method.49,50 

N-alkyl-3-azetidinols, obtained from epichlorohydrin 
and a primary amine, have been polymerized to low
molecular-weight hydroxy-substituted polyamines.51 

Transesterification of an azetidinol with methyl acrylate or 
methacrylate leads to the corresponding azetidinyl esters 
which can be polymerized or copolymerized with other 
vinyl monomers to produce reactive, cross-linkable poly
mers52 (Scheme 18). 

Scheme 18 Synthesis and free radical initiated polymerization of azetidinyl acrylate. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.13.3 Cyclic Sulfides 

4.13.3.1 Thiiranes 

The parent compound, thiirane (ethylene sulfide), produces a 
crystalline polymer with a melting point of 205 °C that is 
insoluble in most solvents.53 As a consequence, the polymer
izations of this monomer are heterogeneous and mechanistic 
studies are difficult. The most studied monomer is methylthiir
ane (MT) often referred to as propylene sulfide. However, other 
substituted thiiranes have also been described extensively in 
the literature. The polymerizations can occur by cationic, anio
nic, coordinative, and ‘monomer insertion’ mechanisms. 

4.13.3.1.1 Cationic polymerization 
The cationic polymerization of thiiranes is initiated by proton 
acids, Lewis acids, and alkylating agents.54 The counterions of 
the cationic propagating species must have a nucleophilicity 
lower than that of the monomer in order to prevent termina
tion reaction with the counterion. Typical nonnucleophilic 
counterions are tetrafluoroborate, hexafluorophosphate, tri
fluoromethanesulfonate, and perchlorate. 

The propagation reaction is a nucleophilic attack of the 
monomer on the thiiranium ion (ring substituents omitted) 
(Scheme 19). 

The polymerization is characterized by a rapid (temporary) 
termination reaction occurring between the active species and a 
sulfide function in the polymer chain. This termination appears 
to be reversible so that these terminated groups are ‘dormant’ 
rather than ‘dead’ species.54,55 The reinitiation reaction can 
result in the same starting structures; however, as shown in 
the next scheme, it is equally possible that a neighboring sul
fide of another polymer chain produces the thiiranium ion. In 
that case, polymer P1 is connected to P2 and the active species is 

Scheme 19 Propagation reaction in cationic ROP of thiiranes (ring 
substituents omitted). 
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transferred to polymer P3 (counterion and substituents 
omitted) (Scheme 20). 

This leads to broadening of the MWD of the polymers. 
If the termination occurs with a sulfide of the same polymer 

chain, the subsequent reinitiation results in the formation of a 
cyclic oligomer. With most monomers, a mixture of cyclic 
oligomers is formed but the most abundant are the dimers 
and the 12-membered tetramers, which are formed as in 
Scheme 21(substituents omitted). 

The degradation of polythiiranes leads not only to cyclic 
oligomers but also to seven-membered trithiepane rings, that 
is, rings containing a disulfide bond, whereby an olefin is 
eliminated. The mechanism proposed for this trithiepane for
mation from poly(trans-2,3-dimethylthiirane) is as shown in 
Scheme 22.56 

The stereochemistry of this reaction has been studied in 
detail and has led to the elucidation of the reaction mechanism 
of the degradation to trithiepanes. 

Finally, in cases where the thiiranium ions can form 
stabilized carbenium ions (e.g., phenylthiirane and 
2,2-dimethylthiirane), isomerized five-membered cyclic dimers 
(1,3-dithiolanes) have been found. These are formed by a 
mechanism including a hydride transfer in the carbenium ion 
intermediate.57 

This cyclic oligomer formation continues after all monomer 
has been consumed. Therefore, the final end product of the 
cationic ‘polymerization’ of thiiranes consists of a mixture of 
low-molecular-weight polymer and cyclic degradation 
products. 

These degradation products are also obtained when poly
thiiranes, prepared by other polymerization mechanisms, are 
treated with cationic (photo-)initiators.56 The degradations 
occur rapidly at room temperature. The kind of oligomers 
formed depends on the nature of the monomer and on the 
concentration of the initiator. At high initiator concentrations, 
the smaller rings, that is, dimer or trithiepane, are favored and 
at lower concentrations, the larger rings, mainly tetramer, are 
favored.58 

The occurrence of the intermolecular termination followed 
by reinitiation is the reason why the formation of block 

Scheme 20 Termination and re-initiation in cationic ROP of thiiranes (counterion and ring substituents omitted). 
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Scheme 21 Formation of cyclic tetramer in cationic ROP of thiiranes (counterion and ring substituents omitted). 

Scheme 22 Formation of trithiepane in cationic ROP of thiiranes. 

copolymers of different thiiranes by sequential monomer addi
tion is not possible: these reactions are so rapid that a 
scrambling of the two monomer units along the polymer 
chains occurs during the polymerization of the second 
monomer.59,60

The cationic polymerization of 9-carbazolylmethyl- and 
10-phenothiazinylmethyl thiiranes initiated by several photo-
initiators has been reported.61 Here also, the end products were 
a mixture of low-molecular-weight polymers and cyclic 
oligomers. 

4.13.3.1.2 Anionic polymerization 
The anionic polymerization of thiiranes had been studied in 
detail during the 1960s and 1970s by Boileau, Sigwalt, and 
their co-workers.53,62,63 Thiirane and various substituted thiir
anes, especially MT, have been polymerized to high
molecular-weight polymers by various anionic initiators. The 
active species of the polymerization are of the thiolate type 
(Scheme 23). 

The attack of the thiolate ion on the monomer proceeds 
exclusively at the methylene carbon so that the polymers are 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 23 Propagation reaction in anionic ROP of MT. 

pure head-to-tail structures. There is no stereoselectivity in the 
propagation step, so that polymers with a random Bernoullian 
tacticity are obtained. 

With a number of initiators, such as naphthylsodium, the 
polymerizations were found to be of the living type. With this 
particular initiator, the degree of polymerization was governed 
by the equation 

2½M� 
DPn ¼ ½ln� 

indicating that in this case the polymer chains grow at both 
chain ends. The initiation reaction was proposed to consist of a 
desulfurization process producing ion radicals that combine to 
form dithiolates.64 

A detailed kinetic study of monofunctionally growing poly
merization obtained by initiation with carbazylsodium 
permitted the calculation of the propagation rate constants 
and of the thermodynamic parameters for propagation via 
free ions and ion pairs. It was found that the free ions are 
about 1000 times more reactive than the ion pairs.65 

However, when the sodium counterion was complexed by 
cryptants, the ion pair rate constant was found to be a factor 
of about 3 higher than the rate constant for free ions, resulting 
in a global rate constant increasing with living end 
concentration.66 

The anionic polymerization of thiiranes is also initiated by 
tertiary amines, of which 1,4-diazabicyclo[2.2.2]octane 

n S 
SR3NR3N + R3N 

S S n 
S 

(‘DABCO’) is the most effective.67 The polymerization is 
believed to occur through zwitterionic structures (Scheme 24). 

PolyMTs containing thiol groups at both chain ends have 
been prepared by polymerization of MT in the presence of a 
dithiol as transfer agent68 and trifunctional polymers were 
obtained with a trithiol.69 

With some anionic initiators, such as lithium alcoholates, 
zinc thiolates, and triethylaluminum, the polymers contain 
considerable fractions of disulfide linkages with the formation 
of the corresponding olefin.70–72 

Quaternary ammonium salts of thioacids or dithioacids 
have also been used as initiators but the initiation is slower 
than the propagation, resulting in broad polydispersities and 
uncontrollable molecular weights.73 

The thiolate function being the active species of the poly
merization, it is evident that thiolates should be the ideal 
initiators. This has been investigated by Nicol et al.74 who 
described the polymerization of MT initiated by various 
mono- and dithiolates. The deprotonation of the thiols was 
accomplished by addition of a strictly stoichiometric amount 
of a bulky strong organic base: 1,8-diazabicyclo[5,4,0]undec
7-ene (DBU) (Scheme 25). 

The polymerizations were found to be of the living type 
producing polymers with molecular weights that were in accor
dance with the used monomer/initiator ratios. 

It was found that the thiolate end group reacts with disul
fide functions which results in a transfer reaction.75 This 

Scheme 24 Anionic ROP of thiiranes initiated by a tertiary amine. 

Scheme 25 Anionic polymerization of MT initiated by in situ formed thiolates. 
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Figure 3 Structure of (NMTPP)ZnSPr. 

transfer reaction occurs not only with low-molecular-weight 
disulfides (leading to a decrease of the molecular weight) but 
also with disulfide functions present in the polymer chains, 
leading to a broadening of the MWD. Low-molecular-weight 
disulfides may be present in the polymerization mixture as a 
result of oxidation of the initiating thiol. Therefore, several 
authors describe the use of protected thiols which are depro
tected just before polymerization. Examples are the use of 
thioester, which is transformed into thiolate by the addition 
of sodium methanolate, and the ring opening of cyclic dithio
carbonates by an amine (see below). 

A special kind of living polymerization of MT was 
developed by Inoue et al. Using (N-methyl-5,10,15,20-tetra
phenylporphinato)zinc propanethiolate ((NMTPP)ZnSPr) as 
initiator, polymers with predictable molecular weights and 
with Mw/Mn values of 1.1 were obtained76 (Figure 3). 

In the presence of a thiol such as propanethiol or thiophe
nol, this polymerization exhibits ‘immortal’ character, that is, 
the number of polymer molecules exceeds that of the initiator 
molecules without affecting, however, the narrow MWD. This 
was attributed to an exchange of the thiol end groups of the 
polymer chains with the thiolate active species occurring at a 
rate that is much higher than the propagation rate. 

Since the anionic polymerization of thiiranes can be of the 
living type, it is possible to prepare block copolymers by the 
sequential monomer addition method. Thus, various AB and 
ABA block copolymers of thiirane, MT, and 2,2-dimethylthiir
ane have been obtained by adding the thiirane to a solution of 
a mono- or bifunctional anionic living polymer. With the 
(NMTPP)ZnSPr initiator, MT–methyloxirane block copolymers 
were obtained by first polymerizing the thiirane and then the 
oxirane, the second-stage polymerization starting on irradia
tion with visible light.77 Table 3 gives a survey of block 
copolymers that have been obtained via sequential anionic 
polymerization. 

Napoli et al.84 developed a ‘one-pot’ synthetic method for 
the preparation of amphiphilic polyethylene glycol 
(PEG)-b-polymethylthiirane (PMT) block copolymers. Their 
method implies initiation of the MT polymerization by in situ 
generated PEG thiolates, obtained from the corresponding 
thioacetate PEG end group. Symmetric ABA triblock copoly
mers were obtained by exposing the thiolate-terminated 
diblock copolymers to air, to achieve disulfide linking. 
Asymmetric ABA triblock copolymers were generated by chain 
coupling by Michael-type addition of the thiolate terminal 
groups of PMT with PEG monoacrylates. 

Table 3 
anionic 

Thiirane block 
polymerizations 

copolymers formed by sequential living 

First monomer 
Second 
monomer 

Number 
of 
blocks References 

MT 
Styrene 
Methyl 
methacrylate 
Oxirane 
Styrene 
α-Methylstyrene 
Methyl 
methacrylate 
Isoprene 
Butadiene 
Oxirane 

MT 
HydroxyMT 

Thiirane 
Thiirane 
Thiirane 

Thiirane 
MT 
MT 
MT 

MT 
MT 
2,2
Dimethylthiirane 

Methyloxirane 
MT 

3 
2,3 
2,3 

2 
2,3 
3 
2,3 

2,3 
3 
2 

2 
2,3 

78 
79 
79 

80 
78,79 
79,81 
79 

82 
82 
80 

77 
83 

The synthesis of star-shaped polythiiranes, based on the liv
ing anionic polymerization mechanism, has been reported by 
several authors. Nicol et al.85 reported the synthesis of 
star-shaped PMT by polymerization with tri- and tetrathiol 
initiators and by end-capping of monofunctionally living poly
mers with tetrakis(bromomethyl)naphthalene. The latter 
method produced mixtures of di-, tri-, and tetra-arm polymers. 
Suzuki et al.86 described the formation of star-shaped PMT by 
using trifunctional thiol 2 that was formed in situ from a tri(cyclic 
dithiocarbonate) 1 and an amine, as shown in Scheme 26. 

The initiator system 2a/DBU was formed by addition of DBU 
([2a]/[DBU] = 1:1), which leads to the thiolate/thiol equilibrium 
through proton exchange. The polymerization of MT using this 
initiator system was carried out in DMF at 0 °C and was 
quenched by 1-(chloromethyl)naphthalene, which has been 
reported to be effective for termination of thiirane polymeriza
tion. With a feed ratio of [MT]0/[2a/DBU]0 =30,  the  reaction  was  
complete within 5 min to afford the corresponding star-shaped 
polymer the number-average molecular weight (Mn) and  MWD  
(Mw/Mn), which were 3500 and 1.05, respectively. 

Recently, the same group reported the synthesis of 
star-shaped poly(phenoxymethyl thiirane) using the same 
methodology.87 

Wang et al.88 reported the synthesis of a series of initiators 
characterized by the presence of one, two, three, or four thioa
cetates, which, when deprotected with sodium methanolate, 
produce the corresponding number of thiolates. These initiat
ing systems were used to produce linear monofunctional or 
difunctional growing polymers and three-arm or four-arm 
star-shaped thiol-terminated PMTs. In the same paper, the 
synthesis (and some properties) of star-shaped amphiphilic 
block copolymers based on PMT and PEG are described. In a 
subsequent paper by the same group, the role of disulfides in 
MT polymerization and the methods to minimize their pre
sence and their effect on the final polymer structures are 
described.89 

The thiolate chain ends in thiirane polymerizations are 
unreactive toward hydroxyl groups and even toward water, 

(c) 2013 Elsevier Inc. All Rights Reserved.



O	 O 
H H 

  

  

  

N O O N 
N N R N N RH2N R

S S
O O	 THF, rt, 24 h S S

O N O HS O N O SH
 

S S
 

HS
 
R =  a:
 S S OO 

or 

b: (CH2)17CH3 NHS R 

1 2 2a (79%) 
2b (63%) 

1 R' HN R) DBU (1.0 equiv. to 2) S 
DMF, −78 °C, 30 min S O On/3 

2) S S S
n N N 

O S 
S R′ 

0 °C, 2 h	 R NH O N O n/3

3) R'X (15 equiv to 2) 
NEt3 (3 equiv to 2) 
rt,1h 

S 
R' 

Cl n/3 /3

R′X =  , CH3I 

S O
 
S
 

NH
 

R
 

3 

322 ROP of Cyclic Amines and Sulfides 

Scheme 26 Formation of star-shaped PMT by using a trifunctional thiol. 

and it is, therefore, possible to produce living polymerizations 
in the presence of alcohols and in aqueous medium. It is also 
possible to polymerize hydroxyl-containing monomers such as 
hydroxymethyl thiirane (HMT) in a living fashion.90 Block 
copolymers of MT and HMT could be prepared by sequential 
monomer addition on the condition that the PHMT was the 
first sequence.83 

‘Living’ emulsion polymerization of MT in water, initiated 
by the system propane-1,3-dithiol/DBU, has been reported, but 
the polymerization stopped at limited conversions producing 
polymers with molecular weights lower than predicted from 
the used Mo/In ratios.91 Although these observations are in 
contradiction with a living mechanism, it was shown, by 
end-capping reactions, that all polymer chains conserved thio-
late anions as end groups. The limited conversions were 
attributed to physical causes rather than to chemical. 

A similar chemistry was applied by Morinaga et al.92 to use 
human hair, which contains thiol functions, in combination 
with DBU to graft-polymerize MT. 

Other examples of functionalized monomers are polyox
yethylene (POE) chains linked to the thiirane with 
monothioacetal or ester functions (macromonomers),93 POE 
chains containing a thiirane group at both chain ends (bis
macromonomer),94 and stilbene mesogen and other side 
chain liquid crystalline-substituted thiiranes.95,96 

The polymerization of 2,3-epithiopropyl methacrylate 
either by (controlled) free radical polymerization or by anionic 
ROP has been described97 (Scheme 27). 

End-capping of monofunctionally or bifunctionally living 
polyMT with 2-(bromoacetoxy)ethyl methacrylate leads to the 
corresponding polyMT mono- or α,ω-dimethacrylate.98 The 
latter has been photo-polymerized to yield materials with con
trolled cross-linking densities. 

4.13.3.1.3 Coordinative polymerization 
Mono- or unsymmetrically substituted thiiranes exist as two 
enantiomers. The polymerization of a racemic mixture can 
occur in different ways: 

1. Both enantiomers are incorporated randomly in the poly
mer chains leading to atactic polymers. 

2. Stereoselective propagation leading to	 a mixture of two 

enantiomeric polymer chains, that is, a mixture of poly-R 

and poly-S chains. This propagation is called 

enantiosymmetrical. 
3. The propagation rate constant for one enantiomer is larger 

than that of the other enantiomer. This type of propagation 

is called stereoelective or enantioasymmetrical. This type 

leads to optically active polymers and to an enrichment of 

(c) 2013 Elsevier Inc. All Rights Reserved.
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crystallinity are observed when dihydroxyl compounds are 
used.100 PolyMT with high stereoregularities are obtained 
with cadmium tartrate as initiator. The high-molecular-weight 
compounds have a melting point of 53–54 °C and contain 
more than 85% isotactic triads.101 

When an optically active alcohol is used for the preparation 
of the initiator, the polymerizations become of the enantioa
symmetrical type. The system diethylzinc/(R)-(-)-3,3-dimethyl
1,2-butanediol (1:1) has a high stereoelective nature for the 
polymerization of MT.102 

Other thiiranes that have been polymerized with stereose
lective and/or stereoelective initiator systems include 
isopropylthiirane,103 t-butylthiirane,104 and cis- and trans-2,3
dimethylthiirane.105,106 The polymerization of t-butylthiirane 
gives pure isotactic chains with most stereospecific initiators. 
An exceptionally high stereoelection was observed in the poly
merization of methyl- or ethylthiirane with optically active 
atropisomeric initiator systems. For example, zinc (S)-1,1-bi
2-naphtholate gave an r-value of 15–20.107,108 At 67% conver

Scheme 27 Two modes of polymerization of 2,3-epithiopropyl 
methacrylate. 

one of the enantiomers in the residual monomer mixture. 

The enantiomeric composition of the polymer is then gov

erned by the equation 

d½R� ½R� ¼ r 
d½S� ½S� 

where r is the ratio of the propagation rate constants for the 
R enantiomer and the S-enantiomer. 

The anionic polymerizations of racemic mixtures of thiiranes 
described above generally lead to atactic polymers. When one 
pure enantiomer is polymerized, the asymmetric center remains 
unchanged and the resulting polymer is isotactic. This polymer is 
optically active and has quite different physical properties 
compared with the atactic analog. Isotactic polyMT, for example, 
is a crystalline material with a melting point of up to 63 °C,53 

whereas the atactic polymer is an amorphous material. 
A number of initiating systems have been found to produce 

enantiosymmetrical polymerizations, leading to a racemic 
mixture of poly-RR and poly-SS. Typical initiators are the reaction 
products of alkylmetal compounds with water or with an alcohol. 
Thus, Machon and Sigwalt99 have shown that the system diethyl
zinc/water produces crystalline polyMT. From comparison of the 
crystal structure of the crystalline fraction of the polymer with that 
of pure isotactic optically active polymer, it was proposed that the 
crystalline fraction obtained with that system consists of two 
kinds of optically active crystallites of RR and SS types. 

Also diethylzinc/alcohol systems are efficient initiators 
giving high-molecular-weight polymers. High degrees of 

sion a residual monomer with an optical activity of 
[α]D24 = 51.77° (neat, 1 dm) was obtained (Scheme 28). 

Most of the stereoselective initiators are heterogeneous 
systems that have a low efficiency, and therefore a precise 
control of molecular weight and polydispersity is not 
possible. A number of stereoselective and stereoelective 
polymerizations of MT have also been studied in a homoge
neous phase using chiral cadmium thiolates of cysteine esters 
and cadmium carboxylates of cysteine and methionine 
(Figure 4). 

The most studied of these was the (S)-cysteine derivative 
with R = isopropyl. The polymerization of MT with this initia
tor is of the living type.109 The molecular weights obey the 
relationship DP = [M]/[Cd], showing that the main propaga
tion is taking place on one valency of cadmium. The 
stereospecificity appears only for molecular weights higher 
than 6000 and also depends on the temperature. The stereo
specific propagation is proposed to involve cadmium thiolates 
associated with ‘dimeric species’ and coordinated by both the 
monomer and an oligomer or polymer chain.110 By means of 
13C-NMR studies it was found that during the stereospecific 
polymerization of MT in homogeneous phase initiated by bis 
(isopropyl-(S)-cysteinato)cadmium, an interconversion 
between active sites occurred, leading to the formation of 
stereoblocks with an estimated DPn of 12–14

111 (Scheme 29). 
Enantiomer-selective polymerization of RS-(phenoxy

methyl)thiirane with ZnEt2/L-α-amino acid has been 
reported.112 The S-enantiomer was consumed preferably and 
isotactic-rich polymers were obtained. With ZnEt2/L-Leu, a high 
enantiomer selectivity (r = 5.36) was observed. 

Scheme 28 Formation of Zn-(S)-1,1-bi-2-naphtholate. 
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Figure 4 Structure of a cadmium thiolate of cysteine ester and a 
cadmium carboxylate of methionine. 

4.13.3.1.4 Other ROP mechanisms for thiiranes 
Acyl-group transfer polymerization of thiiranes using car
boxylic acid derivatives and quaternary onium salts is a 
relatively new method for controlled polymer synthesis from 
various thiiranes.113 In this mechanism, an acyl-group is trans
ferred in each propagating step to give the corresponding 
polythiirane with an S-acyl end group (Scheme 30). 

When the acyl transfer polymerization method was used 
with a cyclic dithioester as initiator, cyclic polysulfides are 
obtained114 (Scheme 31). 

A similar mechanism operates when dithioester such as 
benzyl dithiobenzoate (BDB) or benzyl 1-pyrrolecarbodithio
ate (BPC) is used as initiator, resulting in a polysulfide 
terminated with a RAFT (reversible addition fragmentation 
chain transfer) agent (Scheme 32). 

RAFT polymerization of styrene or dimethylacrylamide with 
the same compounds in conjunction with AIBN as initiator 
leads to the corresponding polymers provided with end groups 
that are capable of initiating the MT polymerization with the 
formation of well-defined block copolymers115 (Scheme 33). 

Recently, the same group reported the ‘living’ insertion 
polymerization of MT with p-tolylcarbamothioate (PTCT) as 
initiator and tetrabutylammonium chloride as catalyst116 

(Figure 5). 

4.13.3.2 Thietanes 

4.13.3.2.1 Cationic polymerization 
The mechanism of the cationic polymerization of thietanes 
differs from the mechanism described for the thiiranes by the 
fact that the reaction between the active species and a sulfur 
atom of the polymer chain appears to be irreversible so that it is 
a real termination reaction. As a consequence, the polymeriza
tions of thietanes stop before all monomer is consumed and 
there is no formation of cyclic oligomers.117 The maximum 
conversions obtained depend on the amount of initiator used 
and on the ratio of the rate constant of propagation, kp, to the 
rate constant of the termination reaction, kt (Scheme 34). 

The ratio kp/kt has been taken as a measure of the living 
character of the polymerization.118 This ratio is greatly affected 
by the presence and the nature of substituents on the thietane 
ring. Substituents decrease the reactivity of the active species 
toward the sulfide function but, as shown in Table 4, this 
decrease is more pronounced for the termination reaction 
than for the propagation reaction. Thus, thietane polymerizes 

Scheme 29 Stereoblock formation in the polymerization of MT initiated by cadmium thiolate of isopropyl cysteine. 

Scheme 30 Acyl transfer polymerization of thiiranes (the dotted line designates the cycloaliphatic monomer cyclohexene sulfide). 

(c) 2013 Elsevier Inc. All Rights Reserved.



 2 
m

m
1 

    

O O S 
S 

O 
O O 

O O OTBAC 
m nO + 

90 °C for 24 h O S
O O 

S 

S SS O S S 
PPS O 

S 
S 

Cyclic dithioester 
m = m1 + m2 

Cyclic polymers 

O 

Scheme 31 Formation of cyclic polythiirane by acyl transfer polymerization. 

  

 

(a) 

 

S 
S 

S S 
BDB/AIBN MT,TPPC m m S

Ph-Cl, 60 °C, 24h NMP, 50 °C, 20h 
n 

PolySt Poly(St-b-MT) 

(b) 
S 

S 

S N O S
PBC/AIBN MT, TPPC S m Nm nN 

Ph-Cl, 60 °C, 2.5 h NMP, 50 °C, 24h 
N O N O 

PolyDMAm Poly(DMAm-b -MT) 

ROP of Cyclic Amines and Sulfides 325 

S 

  

S 
S (Ph)4P+X– 

+ S
R S 

NMP, 50 °C, 24 h R S
n 

MT PolyMT 

R = : BDB 

N 
: BPC 
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Scheme 33 Formation of poly(St-b-MT) and poly(DMAm-b-MT) using RAFT strategy. 
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Figure 5 Structure of PTCT. 

at a high rate but the polymerization stops at low conversions, 
whereas 3,3-diethylthietane polymerizes very slowly but to 
almost quantitative conversions. This behavior has been 
explained by steric shielding of the sulfide functions by two 
adjacent substituted units in the polymer chain, which reduces 
the nucleophilic reactivity of the sulfide compared with the 
sulfide in the monomer. 

The occurrence of a termination reaction in the thietane 
polymerization leads to the formation of branched polymer 
structures, and therefore it is not possible to control the mole
cular weight or the MWD, except for the 3,3-diethyl derivative, 
which shows a relatively high living character. 

The occurrence of an intermolecular termination reaction in 
the polymerization of thietane has been used to prepare 
star-shaped segmented copolymers.119 Oxonium ions are 
excellent initiators for the polymerization of cyclic sulfides 
and therefore addition of thietane to a living polyTHF solution 
results in the formation of a block copolymer. Since the thie
tane polymerization gives the termination reaction described 
above, the end result of this sequential monomer addition is a 

Scheme 34 Propagation and termination in the cationic ROP of 
thietanes. 

Table 4 Ratio of rate constants for propagation and 
termination for the polymerization of various thietanes117 

Maximum conversion 
Monomers (%)a kp/kt 

S 

. 

S 

CH

19 1.1 

22 2.4 

3 

72 28 

96 450 

a m0 = 1  mol l− 1 [In] = 0.02 mol l− 1 in CH2Cl2 at 20 °C. Initiator: Et3OBF4. 

structure consisting of a branched polythietane core with a 
linear polyTHF shell (Scheme 35). 

If the polymerization of the THF was initiated by a bifunc
tional initiator, such as trifluoromethane sulfonic acid 
anhydride, the addition of thietane leads to a segmented poly
mer network consisting of linear polyTHF segments connected 
to each other by branched polythietane segments.119 

Similar results have been obtained by combining the living 
cationic polymerization of vinyl ethers and the ROP of thie
tane.120 In this case, the thietane acts as growing species 
stabilizer for the vinyl ether polymerization by reversible for
mation of an α-alkoxy-thietanium ion. This ion can, however, 
also be attacked at an endocyclic methylene by another thie
tane molecule leading to an alkyl-thietanium ion. This ion is 
incapable of reacting with a vinyl ether but is the active species 
for the thietane polymerization. Also in this case the end pro
duct is a star-shaped segmented polymer. 

Scheme 35 Formation of star-shaped segmented copolymers by sequential polymerization of THF and thietane. 
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4.13.3.2.2 Anionic polymerization 
Thietane121,122 and 3,3-dimethylthietane123,124 have been 
polymerized to high-molecular-weight polymers by initiation 
with naphthylsodium or butyllithium. The polymerizations 
were shown to occur with carbanions as active species (instead 
of thiolate as in the case of thiiranes). 

4.13.3.3 Cyclic Disulfides 

The polymerization of cyclic disulfides to polydisulfides has 
been reported in the 1940s and 1950s. In some cases the poly
merizations occur spontaneously.125 Tobolsky et al.126 reported 
that 1-oxa-4,5-dithiacycloheptane and 1,3-dioxa-6,7
dithiacyclononane are polymerized by cationic initiators such 
as sulfuric acid or boron trifluoride. Davis and Fettes127 reported 
the anionic polymerization of various cyclic disulfides. In the 
same period it was also described that cyclic disulfides can 
copolymerize with vinyl monomers such as styrene and butyl 
acrylate with AIBN as initiator.128 That the incorporation of the 
disulfide was due to copolymerization and not by chain transfer 
was established by comparing the thermal polymerization of 
styrene in the presence of dibutyl disulfide and in the presence 
of 1-oxa-4,5-dithiacycloheptane. In the first case, the polymer 
contained 2 sulfur atoms per macromolecule as a result of 
transfer reactions and in the second case 4–20 sulfur atoms 
depending on the ratio of monomers. 

More recently, the polymerization of several cyclic disul
fides has been investigated by Endo et al. The thermal 
polymerization of 1,2-dithiane (DT) did not proceed at mono
mer concentrations below 4.0 mol l− 1. The polymerization was 
inhibited by addition of radical inhibitors, indicating that the 
propagation proceeds by a radical intermediate. The molecular 
weight of the polymers increased with reaction time. It was 
proposed that the cyclic polymer is formed mainly by 
back-biting reaction mechanism during the polymerization 
(Scheme 36).129 

The bulk polymerization of DT proceeds readily without 
initiators above its melting point, giving a polymer in high 
yield. The molecular weight of polymers obtained could be 

Scheme 37 Two mechanisms for the formation of thiol terminated poly 
(DT). 

controlled by the addition of benzyl mercaptan (BM). The 
13C- and 1H-NMR spectra suggest that the poly(DT) has a 
macrocyclic structure in contrast to the linear polymers that 
were obtained from polymerization in the presence of thiols. 
Redox reactions could be used to transform the linear in cyclic 
structures and vice versa (Scheme 37). 

When the polymerization of DT was performed in the pre
sence of cyclic poly(oxyethylene) (CPO), the product included 
a catenane structure of cyclic poly(DT) and CPO entangled 
with each other. It was concluded that the poly(DT) obtained 
from polymerization of DT includes a polycatenane 
structure.130 

Copolymerization of lipoic acid (LPA) and DT to high
molecular-weight polymers has been reported by the same 
group.131 Also in this case, the formation of polycatenane 
structures was postulated (Scheme 38). 

The polymerization of o-xylylenedisulfide (XDS) proceeds 
at temperatures above the melting point of XDS to give high
molecular-weight polymers132 (Figure 6). 

S 

S 
S 

S 

S S 

S 
S 

S 
S 

S 

S 
S 

S 

S 

S 

S 

S 

Back-biting 

(main route) 

Intramolecular 
coupling 

Scheme 36 Free radical polymerization DT leading to cyclic polymers. 
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Scheme 38 Copolymerization of LPA and DT. 

Figure 6 Structure of XDS. 

The polymers were characterized to have cyclic structures 
containing polycatenane structures in contrast to the linear 
structures obtained in the presence of thiol-containing chain 
transfer compounds. 

4.13.4 Conclusions and Outlook 

Polymeric amines in general continue to attract attention in 
many application fields and several of these products are com
mercially available. In recent years polyamines have found new 
applications as gene transfer agents due to the fact that they 
form interpolymer complexes with nucleic acids. PEI 
(branched as well as linear) is one of the most studied poly
mers in this field. It seems, however, that the pure polyamines 
have several drawbacks and in the latest developments the 
polyamine is modified with other polymers, such as PEG. 
Moreover, it is of importance to be able to introduce targeting 
groups on these macromolecules.133 Therefore, any method 
that produces well-defined polyamine structures containing 
appropriate functional groups for coupling with other polymer 
chains or with targeting groups is of potential interest in these 
applications. 

Poly(alkylene sulfides) such as those obtained by ROP do 
not, at the authors knowledge, have widespread applications. 
However, recently there seems to be some interest in such 
polymers for biological applications.134 Here also, the interest 
stems from the fact that different types of well-defined poly
mers with well-defined functional end groups as well as 
polymers with functional groups substituted on the polymer 
chain can be prepared by relatively simple synthetic techniques. 
ROP is such a technique. ROP of cyclic disulfides by free radical 
mechanism has recently gained interest for the production of 
cyclic polymers containing polycatenane structures. 
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4.14.1 Introduction 

Among the heterocyclic compounds able to polymerize, lac-
tams represent one of the most versatile families of monomers. 
At present, their ring-opening polymerization (ROP) constitu
tes a very relevant method for the obtainment of polyamides 
and copolyamides entailing a wide range of properties, 
covering a large number of applications, and having a crucial 
industrial interest. 

Indeed, even without taking into account the additional 
contribution of ring substituents, the ring size as such strongly 
affects not only the lactam reactivity but also the final character
istics of the resultant polyamide; in this respect, the broad range 
of their behaviors goes from a close similarity with polypeptides 
for polyamides derived from four-membered lactams to the 
analogy to polyolefins for polyamides obtained from higher 
members of the lactam series (e.g., 13-membered lactams). 

Before the late 1930s of the last century, the entire class of 
lactams did not play a role whatsoever in the chemical industry; 
neither seemed to offer any interesting problem in the domain 
of scientific research. Carothers,1 in his famous 1931 work on 
ring formation and polymerization, for the first time made an 
extensive and critical investigation on the transformation of 
cyclic monomers, especially lactones, into linear polymers. He 
pointed out that, differently from lactones, the five- and 
six-membered lactams, that is, 2-pyrrolidone and 2-piperidone, 
were entirely stable substances. On these grounds, the latter 
lactam resulted quite in counterposition to the easily polymeriz
able oxygen isologue. Starting from the above misleading 
findings, Carothers accepted without much hesitation the 
odd result found together with Berchet2 that also the 
seven-membered ε-caprolactam (CL) was not polymerizable, 
even in the presence of catalysts. 

The recognition of the first lactam polymerization should 
undoubtedly be attributed to Schlack,3 who polymerized CL 
using the hydrochloride of ε-aminocaproic acid, replaced by 
small amounts of water later on, as initiator for the industrial 
production of polyamide 6 (PA6) for fibers, which started in 
1940s in Germany. Since then, the large-scale manufacture of 
the most important lactam-based polyamide, that is, poly(CL) 
(PCL), commercially named PA6, has been mostly carried out 
by what has been identified as the hydrolytic process.4 It is 
worth to emphasize here that the hydrolytic mechanism, 
apart from the initiation step involving the water-catalyzed 
opening of the lactam ring and the subsequent polyreactions, 
is also based on polycondensation steps. As a consequence, it 
cannot be regarded as strictly pertinent to a neat ROP process 
and will not be deepened in the present chapter. Actually, the 
water-initiated polymerization is only one of the possible 
routes to convert some lactams to polyamides inasmuch that 
the presence of an initiator is essential, with the spontaneous 
polymerization being presumably attainable only at very high 
temperatures and for a limited number of lactams. Indeed, due 

to the amphiprotic character of the amide group, the lactam 
ROP may be initiated by a base (anionic process), or an acid 
(cationic process), or simply water (hydrolytic process). Besides 
the ionic routes, the enzymatic polymerization of 
four-membered lactams has also been recently accomplished 
for the preparation of poly (β-peptides), that is, unsubstituted 
and substituted polyamide 3. 

At the end of the 1930s, the cationic polymerization as well 
has been attempted by Schlack,5 who discovered that anhy
drous hydrogen chloride was capable of initiating the 
polymerization of CL. However, for reasons unknown at that 
time, the acid-initiated reaction did not yield high-quality PA6 
and was therefore considered to be of no interest for commer
cial purposes. As a matter of fact, the cationic mechanism of 
lactam polymerization has always found very limited applica
tions, if any, not only because of the low conversions and the 
low molar masses of the resultant polyamides but also for the 
extensive occurring of side reactions. 

The anionic polymerization of lactams has been discovered 
shortly after the cationic polymerization by Joyce and Ritter,6 who 
in 1941 patented the conversion of CL to PA6 in the presence of 
alkali or alkaline earth metals. The reaction was named ‘rapid 
polymerization’ by Joyce and Ritter in view of the fact that 
equilibrium conversion could be attained in a few minutes. 

Unlike the abandoned cationic process, the anionic 
ring-opening polymerization has soon been able to develop 
several industrial strategies in many fields where hydrolytic poly
amides, namely hydrolytic PA6, could not enter because of their 
inferior mechanical properties and unsuitable synthetic condi
tions. Indeed, anionic ROP of lactams has shown to be the most 
versatile process for obtaining, with almost no by-products, 
polyamides and copolyamides characterized by distinctive prop
erties. Moreover, the possibility of performing polymerization 
by the activated anionic mechanism by using activators in com
bination with initiators, soon after Joyce and Ritter’s discovery,  
allowed to pursue very fast reaction kinetics at lower tempera
tures and reach very high monomer conversions, as well as 
higher molar masses and higher crystallinity of the resultant 
PA6. 

In more recent years, anionic ROP of CL has also enabled to 
perform polymerizations directly in the mold and has been 
found uniquely suited to form thermoplastic composites, 
such as fiber-reinforced products, by in situ reaction injection 
molding (RIM) and pultrusion processes. The low viscosity and 
the low melting temperature of the monomer (�70 °C) let to 
run the reaction at low polymerization temperatures (below Tm 

of PA6), allowing for a superior fiber wetting and impregnation 
of reinforced PA6. Additionally, recent studies support the idea 
that anionic polymerization of some lactams can be efficiently 
carried out not only in the bulk but also in dispersion, emul
sion, and suspension, allowing for a convenient production of 
polyamides as fine powders and opening new fields of applica
tion (e.g., powder coating and cosmetics). In general, for its 
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versatility, the anionic mechanism of lactam polymerization 
looks very appealing and still continues to attract the interest of 
many research groups from both academia and industry. 

In the last decades, excellent general reviews have been pub
lished on the ROP of lactams,7–10 with specific attention to their 
anionic polymerization. Besides, it is worth mentioning here 
some surveys on PCL by Reimschuessel,11,12 including outlines 
of industrial processes and description of all kinds of polymer
ization mechanisms (i.e., hydrolytic, cationic, and anionic). 

4.14.2 Lactams and Their Polymerizability 

4.14.2.1 Lactam Family 

4.14.2.1.1 Overview 
Lactams (contraction of lactone + amide) are the cyclic amides 
of aliphatic amino acids and form an extensive homologous 
series of monomers, showing a large variety of unsubstituted 
examples whose size so far ranges from 4 to 21 ring atoms. 
They consist of a polar amide group and a nonpolar hydro
carbon moiety formed by a sequence of –(CH2)– groups. 

The various members may be characterized by either the 
number of ring carbon atoms, n, or the ring size, n + 1, and are 
usually symbolized as Ln: 

In this respect, nonuniform notation rules still exist and 
some authors identify n with the total number of ring atoms. 
Therefore, it must always be clarified which type of notation is 
used. Greek prefixes are often used in trivial names and define 

how many carbon atoms apart from the carbonyl moiety are 
present in the ring. Thus, excluding the carbonyl, in β-lactam, 
there are two other carbon atoms (four ring atoms in total); in 
γ-lactam, three carbon atoms; in δ-lactam, four carbon atoms; 
in ε-lactam, five carbon atoms, and so on up to L9 
(θ-pelargonolactam). Then after, a generic denomination of 
ω-lactam is adopted. Hence, ω-laurolactam may be referred 
to, instead of L12, C12-lactam or 13-membered lactam. The 
synthesis, structure, and properties of lactams have been exten
sively studied and reviewed.8,13,14 

The lactam family may be very widely extended if members 
carrying substituents on C and/or N atom are considered. 
Moreover, a large variety of other types of lactam analogues 
exist: heteroatom-containing lactams (e.g., oxalactams), dilac
tams (containing two amide groups per ring), bicyclic lactams 
(bislactams, containing two lactam rings bound together by 
simple linkage or bivalent groups, and bridgehead bicyclic 
lactams), thiolactams, bicyclic oxalactams, etc. Apart from 
their industrial utilization for the production of a few aliphatic 
polyamides (PA6 from L6, PA12 from L12, PA4 from L4, in 
decreasing order of relevance), some lactams find very signifi
cant applications in medicine, in particular for antibiotics 
preparation (β-lactam antibiotic chemistry).15 Indeed, the 
β-lactam ring is a part of the structure of several antibiotic 
families, mainly the penicillins, cephalosporins, carbapenems, 
and monobactams. Substituted β-lactams have recently arisen a 
lot of interest centered on the synthesis of β-polypeptides (PA3 
family),16 which exhibit an important biological activity. 

4.14.2.1.2 Nomenclature 
Several systems of chemical nomenclature are adopted to des
ignate lactams. The most common systems are reported in 
Table 1, referred to the family of unsubstituted lactams from 
3 to 15 ring atoms. Accordingly, the five-membered lactam may 
be identified by its trivial names as γ-butyrolactam or 

Table 1 Nomenclature of the principal unsubstituted lactams 

IUPAC organic nomenclature 
Ring 

Symbol size Trivial name Official Heterocyclics a 

L2 3 α-Acetolactam Ethane-2-lactam Aziridin-2-one 
L3 4 β-Propiolactam Propane-3-lactam Azetidin-2-one 
L4 5 γ-Butyrolactam Butane-4-lactam 2-Pyrrolidinone 

α-Pyrrolidone 2-Pyrrolidone 
L5 6 δ-Valerolactam Pentane-5-lactam 2-Piperidinone 

α-Piperidone 2-Piperidone 
L6 7 CL Hexane-6-lactam azepan-2-one 
L7 8 ζ-Enantholactam Heptane-7-lactam azocan-2-one 
L8 9 η-Capryl lactam Octane-8-lactam azonan-2-one 

η-Caprylolactam 
L9 10 θ-Pelargonolactam Nonane-9-lactam 
L10 11 ω-Caprinolactam Decane-10-lactam 
L11 12 ω-Aminoundecanoic acid lactam Undecane-11-lactam 
L12 13 ω-Lauryl lactam Dodecane-12-lactam 

ω-Laurolactam 
L13 14 ω-Aminotridecanoic acid lactam Tridecane-13-lactam 
L14 15 ω-Aminotetradecanoic acid Tetradecane-14-lactam 

lactam 

a Nomenclature adopted by Chemical Abstracts. 
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α-pyrrolidone, by the IUPAC nomenclature as butano-4-lac
tam, or by the IUPAC heterocyclic nomenclature as 
2-pyrrolidone or pyrrolidon-2-one. The seven-membered lac-
tam may be named as CL, hexano-6-lactam or hexahydro
2H-azepin-2-one, etc. 

In the present chapter, the trivial nomenclature will be gen
erally preferred, with the exemption of the smaller rings up to 
L5, which will be identified by the IUPAC heterocyclic system. 
It is convenient to divide lactams into three groups entailing 
similar properties. Thus, aziridin-2-one, azetidin-2-one, 2
pyrrolidone, and 2-piperidone are grouped as ‘lower lactams’, 
CL, ζ-enantholactam, and η-caprylolactam are classified as 
‘medium-sized lactams’, and all the other higher sized lactams 
are considered as ‘higher lactams’. 

All ‘lower lactams’ have strained rings but with some differ
ences among them: aziridin-2-one and azetidin-2-one are 
highly strained, while 2-pyrrolidone and 2-piperidone have 
weakly strained rings. The stability of the highly strained lac-
tams may be increased by substitution; in fact, aziridin-2-one is 
known only in the substituted form. 

4.14.2.1.3 Structure and properties 
A distinctive aspect characterizing lactams is the high mobility 
of the electronic structure of their amide group, resulting from 
several factors: π-electron delocalization, rearrangement of 
electron lone pairs on both heteroatoms, inductive effects, 
changes in atomic hybridization, dipole–dipole interactions, 
and hydrogen bond formation. 

The amide group is traditionally described in terms of reso
nance between Lewis structures: 

O 

C N

O 

C N

O 

C N

1 2 3 

½1� 

In general, only the first two structures (1 and 2) have been 
taken into consideration.17 However, by calculations of C, N, O 
electron densities of planar and twisted amides, it has been 
shown18,19 that while distortion of the amide linkage intro
duces large variations in the C–N bond length, the bond length 
of the carbonyl group is hardly changed. Thus, the third reso
nance structure (3) has been introduced in order to rationalize 
these results, with the two ionic structures becoming the pre
dominant ones in representing the amide group. Furthermore, 
the methylene groups (as well as methyl groups) linked to 
nitrogen and carbonyl can enhance the resonance stabilization 
by hyperconjugation with C=O and C=N bonds. The hypercon
jugation effects have also been invoked to justify the higher 
stability of N-alkyl-substituted lactams, for example, N-methyl
CL,20 as compared to their unsubstituted counterparts. 

The polarity of the amide bond and also the interaction of 
the 2pz electrons of N with the π-electrons of the carbonyl group 
are functions of the ring size and are manifested by different 
ionization potentials obtained by photoelectron (PE) spectro
scopy.21,22 The map of the spatial electron distribution of 
N-methylacetamide, obtained by CNDO/2 (COMPLETE 
NEGLECT OF DIFFERENTIAL OVERLAP – SECOND 
VERSION) and ab initio molecular orbital calculations,23 has 

already evidenced that the lone pair on the oxygen atom in the 
amide group is predominant, with the lone pair on nitrogen 
being involved in the delocalized π system, thus a nonbonding 
orbital. This result has also given a quite a good explanation for 
the higher basicity of oxygen, as compared with nitrogen. 

However, contrary to unstrained lactams and amides, it has 
been demonstrated by ab initio molecular orbital calculations 
optimized at the 6-31G* level that the protonation site is a 
function of the distortion of the amide linkage.24 Indeed, in 
aziridin-2-one (4) and in bridgehead bicyclic lactams, for 
example, 1-azabicyclo[2.2.2]octan-2-one (2-quinuclidone) 
(5) and 1-azabicyclo[3.3.1]nonan-2-one (6), N-protonation is 
favored over O-protonation. In particular, in 5, N-protonation 
is favored by 100 kJ mol−1: 

NH

O

N 
N

O4 5 O 6

Of interest is the prediction that N-protonated aziridin-2
one spontaneously undergoes ring opening giving a linear 
aminoacylium ion. Conversely, for azetidin-2-one, the 
O-protonated form is more stable than the N-protonated one 
even if the energy gap is reduced. 

In the conventional less strained lactams, protonation of the 
oxygen atom or its coordination to Lewis acids raises the elec
trophilicity of both the carbonyl and the carbon atom linked to 
nitrogen (Cω), and increases the nucleophilicity of the carbon 
linked to the carbonyl (Cα); accordingly, the nucleophilicity of 
nitrogen is decreased. The O-protonated amide group is char
acterized by a lower energy compared to the N-protonated one; 
consequently, O-protonation is preferred as the initiation step 
in the cationic polymerization (see Section 4.14.5). 

The sp2 hybridization of nitrogen and carbonyl carbon and 
the partial double bond character of the C–N bond, derived 
from the delocalization of the nitrogen lone pair electrons (pz 
electrons) into the π system of C=O, require a coplanar displa
cement for all atoms connected to C and N of the amide group 
(six atoms, in total). Twisting or other distortion of the amide 
group inhibits this delocalization and thus modifies 
the electronic structure and the chemical properties of the 
group, such as, for example, the spectroscopic properties.25 

Out-of-plane deformations of the amide group from the 
stable planar form involve the pyramidalization of the amine 
group and/or twisting around the CO–N bond, which may be 
accompanied by pyramidalization of the carbonyl carbon 
atom. The structure and properties of nonplanar amides and 
lactams have been recently reviewed.26 

The overlap of the p-π electrons in the O–C–N system 
brings about the high rotational barrier around the C–N 
bond, resulting in the two possible configurational isomers: 
cis (7) and trans (8): 
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+ ΔH 

Figure 1 Conversion from the less stable cis-amide to trans-amide, with liberation of enthalpic energy (approx. 6 kJ mol−1). 

Cis-amide group is �6 kJ mol−1 less stable than trans-amide 
group,7 that is, the trans configuration results to be thermody
namically preferred. As a matter of fact, the configuration 
adopted by the amide group in lactams strictly depends on 
their size,27–29 since the physical capability of ring closure 
and the imposed ring strain must also be taken into account 
and balanced with previous considerations. In linear polya
mides, the amide group can adopt the more stable trans form; 
thus, the ROP of the lactams having cis-amide group implies 
the conversion from a cis to a trans displacement (Figure 1). 

In small lactam rings, the amide group is constrained to 
adopt exclusively the cis form. Indeed, in lower lactams and up 
to the eight-membered ζ-enantholactam, only the cis isomer is 
present. The amide group can adopt the more stable trans form 
only when the ring is large enough to accommodate a torsion 
angle of approximately 180° around one of its bonds. 
The crossover point occurs at the nine-membered ring, 
ζ-caprylolactam, which exhibits a transoid-amide form in the 
crystalline state and an equilibrium mixture of cis and transoid 
form in solution, in approx. 4:1 ratio, with the cis isomer form 
having the lowest energy (�4 kJ mol−1).27,30 The transoid form 
is a distorted structure midway between cis and trans, derived 
from the impossibility for this ring size to adopt a strainless 
planar trans configuration. 

Discrepancies between the configurations found in the crys
talline state and in solution are attributed to the possibility of 
the molecule to be, in the crystal, more energetically stabilized 
by hydrogen bonding. Indeed, while the cis form of 
η-caprylolactam is favored in dilute solution, the trans form 
originates a more stable crystal structure where hydrogen 
bonds link molecules to each other building infinite chains. 

In the ‘higher lactams’, the constraint of the hydrocarbon 
moiety becomes less and less significant. Thus, the thermody
namically more stable (by �10 kJ mol−1) trans configuration is 
preferred. The lactam population having the cis form decreases 
with the increasing ring size, not considering the effect of 
N-substitution, which may alter the configuration. 

For example, the 10-membered θ-pelargonolactam in solu
tion at 25 °C consists mainly of the trans isomer with only 5– 
10% of the cis isomer,31 while in crystals, it exists as a mixture 
of cis and trans isomers.27 Conversely, in solutions of the 
11-membered lactam, only the trans isomer is present.32 

Interestingly, in protonated lactams, the amide configuration 
is sometimes different from that of the neutral lactams, as 
shown by the analysis of the hydrochlorides.27 Drastic is the 
effect of protonation on η-caprylolactam, which changes its 
configuration from the nonplanar transoid form to a nearly 
planar cisoid form. 

The amount of energy relative to the difference between cis-
and trans-amide, released in the conversion from the 

cis-lactams to the trans-amide of the polymer chain, signifi
cantly contributes to the Gibbs energy of polymerization. In 
fact, the main driving force in the polymerization of the 
unstrained 2-piperidone is given by the enthalpic factor related 
to the above transformation and its polymerization enthalpy 
has been estimated33 to be –7.1 kJ mol−1, not very far from the 
value of approx. –6 kJ mol−1, attributed to cis–trans isomeriza
tion. The maximum strain energy should be released in the 
polymerization of bicyclic and tricyclic lactams with the nitro
gen at the bridgehead (tertiary amides), in which the amide 
group is inevitably distorted and less stabilized. 

It is noteworthy that in N-alkyl-substituted lactams, the 
resonance stabilization of the amide group is the same as in 
the open polymer chain, irrespective of the ring size. As a 
consequence, the polymerization enthalpies of the 
N-substituted lactams up to ζ-enantholactam are �6 kJ mol−1 

lower than those of unsubstituted ones.7 For instance, the ΔHp 

values of CL and N-methyl-CL are –15.9 and –9.6 kJ mol−1, 
respectively (a difference of 6.3 kJ mol−1), and those of 
ζ-enantholactam and N-methyl-ζ-enantholactam are –22.6 
and –16.3 kJ mol−1 (again a difference of 6.3 kJ mol−1).8 On 
the contrary, for higher lactams displaying trans-amide groups, 
similar polymerization enthalpies for unsubstituted and 
N-substituted lactams are observed. 

The overall lactam ring conformation varies greatly as a 
function of the length of the hydrocarbon sequence, as 
well.21,28,29 In the strained lactams, that is, aziridin-2-one and 
azetidin-2-one, the ring is planar34 with distortion of the amide 
group. The aziridin-2-one ring is highly strained (the calculated 
ring strain being 171 kJ mol−1) and has been predicted, by 6
31G* ab initio molecular orbital calculations, to have a pyrami
dal nitrogen and only 53.2 kJ mol−1 of ‘operational’ 
resonance.24 The azetidin-2-one ring (Figure 2) is less strained 
(�109–121 kJ mol−1)35 and has been estimated to have an 

Figure 2 Molecular structure of azetidin-2-one. 
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Figure 5 Molecular structure of CL, extended chair conformation. 

Figure 3 Molecular structure of 2-pyrrolidone. 

Figure 4 Molecular structure of 2-piperidone, extended chair (envelope) 
conformation. 

‘operational’ and ‘pure’ resonance energies of 80.4 and 
104.3 kJ mol−1, respectively. For comparison, the ‘operational’ 
and the ‘pure’ resonance energies of acetamide have been 
reported24 to be 85.8 and 111 kJ mol−1, respectively. 

Since the highest resonance stabilization may be achieved 
only when the amide group is planar, any departure from 
planarity results in a higher polymerizability. On the other 
hand, the preference for coplanarity may render the lactams 
less stable, introducing some strain into their rings. Contrary to 
three-and four-membered lactams, the five-membered 
2-pyrrolidone is only slightly strained and shows a nearly 
planar conformation (Figure 3).36 The impossibility to adopt 
a fully planar conformation, as it would impose more strain, 
results in a lower resonance stabilization. 

The cis-amide group of the six-membered 2-piperidone can 
easily attain a planar conformation. This lactam displays a 
nearly strainless ring and for the most part assumes a distorted 
chair conformation, due to the tendency of the amide group to 
planarity, and for a minor part an extended chair (envelope) 
conformation (Figure 4).14,21 

The most commonly used lactam, CL, exists in only a single 
conformation (an extended chair type), in both solution37 

and crystals38 (Figure 5), while the eight-membered 
ζ-enantholactam (Figure 6), as already mentioned the highest 
lactam constrained in the cis form only, may adopt two different 
conformations39 (boat type and puckered ring in crystals).14 

Going on in the homologous series, the number of existing 
conformations increases. For example, by X-ray analysis, the 
crystals of the nine-membered ζ-caprylolactam show two con
formers with the cis-amide (puckered and boat type) and two 

Figure 6 Molecular structure of ζ-enantholactam, a cis conformer. 

Figure 7 Molecular structure of ζ-caprylolactam: (a) a transoid confor
mer and (b) a cis conformer. 

conformers with a transoid-amide group30 (Figure 7). In solution, 
a mixture  of  cis and trans isomers with two trans conformations 
has been observed by dynamic nuclear magnetic resonance 
(NMR) spectroscopy.40 The 10-membered θ-pelargonolactam 
has been reported to exist, in the crystalline state, in six trans 
conformers,41 and 11-membered and 14-membered lactams 
have been reported to exist, in solutions, in several trans confor
mers.42 Potentially, the amide group displays three nucleophilic 
sites, O, N, and C in α position to carbonyl (Cα), and two 
electrophilic ones, C of carbonyl and C linked to nitrogen (Cω), 
which all together give rise to a number of possible reaction 
routes. As a consequence, lactams are weak acids in terms of – 
NH and very weak acids relative to –CαH, with the acidity of CαH 
being extremely low.14 

The values of the amide –NH acidity (in terms of pKa) for 
the most relevant lactams are given in Table 2, where a few 
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Table  2 Some physical properties of  the most relevant  lactams 

Dipole moment  

(μ)b 

Permittivity  H-bond  energy  

Monomer  Dimer  (εr) (kJ  mol−1) 

Amide  Acidity Melting point  Boiling  point c Basicity 

Code  Lactams configuration (pKa)a (D) e f  (°C)  (°C) Cis  Trans  (pKa) 

L3 Azetidin-2-one Cis 22.7g – –  34.8 – – – –0.96 

L4 2-Pyrrolidone Cis 24.5 3.55 2.2  22.3  27.1 (31 °C)  25.9  245 34.9 – 0.65 

N-MeL  – – 23.6 – –24  203 – – – 

4 

L5 2-Piperidone Cis 26.7 3.83  2.4  16.1 17.5 (45 °C)  38 256 30.5 – 0.18 

N-MeL  – – – – – 225 – – 

5 

L6 CL  Cis 27.2 3.88  2.6  13.5 13.1 (120 °C), 69.2  263 29.7 – 0.46 (0.27)h 

12.5  (150 °C)  

N-MeL  N-Methyl-CL – 4.23 – 21.3 – – 249 – – 

6 

L7 ζ-Enantholactam Cis  27.2 3.86 2.5  12.1 – 37.1 – 29.1 (15.5) 0.38 (0.42)h 

L8 η-Caprylolactam  Cis + transoid 27.3 3.85 – 27.0 – 73 – 29.5 (21.1) 0.18 (0.37)h 

L9 θ-Pelargonolactam  Trans (+cis)  – 3.79 – – – – – 16.0 

L10 ω-Caprinolactam  Trans 26.9 3.78 – 70.1i  – 162 – 16.0  (0.57)h 

L12 ω-Laurolactam  Trans 27.2 3.64 – 70.2i  35 (160 °C)  153 – 15.7  (0.52)h 

N-MeL  – – – 12.6 – – – 

12 

L16 ω-hexadecanoic  Trans – – – –  – 124 – 

acid lactam  

L20 ω-Icosanoic  acid  Trans – – – – – 83 – 

lactam 

a  Measured  in DMSO by a spectrophotometric  method.
 

b  In benzene  at  25  °C (values in Debye). 
 

c  At 760 Torr. 
 

d  Data  from Wan, P.; Modro, T. A.; Yates, K. Can. J. Chem. 1980,  58, 2423.43
 

e At 100 °C. 
 

f In molten lactams  (at  different temperatures). 
 

g  Estimated  from pKa of 3,3-dimethylazetidin-2-one. 
 

h  Data  from Huisgen, R.; Brade, H.;  Walz, H.; et  al. Chem. Ber.  1957,  90, 1437.44
 

i Extrapolated value.
 

N-MeLn,  N-methyl lactam. 
 

Data from  Sekiguchi,  H.  In Ring-Opening  Polymerizations;  Ivin,  K. J.;  Saegusa, T.,  Eds.;  Elsevier: London,  UK,  1984; Vol.  2, Chapter  12,  p  809;8  Šebenda, J.  In  Comprehensive Polymer Science; Eastmond, G.; Ledwith, A.; Russo, S.; Sigwalt,  P., Eds.; Pergamon
 

Press:  Oxford, UK,  1989;  Vol. 3,  Chapter 35, p  511;9  Puffr, R. In  Lactam-Based Polyamides; Puffr, R.;  Kubánek,  V., Eds.;  CRC Press: Boca  Raton,  FL, 1991; Vol.  1, Chapter 1, p 1.14
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physical properties have also been collected. It can be observed 
that the highly strained rings show a higher acidity than do 
medium-sized and higher lactams (displaying similar pKa data) 
and that the cis or trans configuration has no influence on this 
property. 

Due to their –NH acidity, lactams can react with strong 
bases, giving the corresponding lactam salts that may be more 
or less dissociated, for example, in alkali metal cations and 
lactam anions, the latter being the active species initiating the 
anionic lactam polymerization (see Section 4.14.7). Lactams 
are weak bases, protonated by strong protic acids, and their 
basicity can be estimated from the values of the conjugate acid 
using different methodologies, which can originate contra
dictory data, as often obtained.43,44 With the exemption of 
aziridin-2-ones and some other highly strained lactams, as 
previously mentioned, protonation occurs essentially at the 
oxygen atom since N-protonation would destroy the reso
nance stabilization.45 Not considering the basicity value 
calculated for azetidin-2-one, 2-pyrrolidone has been shown 
to be the least basic and 2-piperidone the most basic of the 
series (Table 2). The values for larger lactams are close to 
those for linear amides (the pKa of N-ethylacetamide is 
reported to be  –0.49).43 

Lactams, as weak bases, may act as hydrogen-bonding 
acceptors with weak protic acids and as Lewis acid acceptors 
with strong dissociated acids, forming various types of mole
cular complexes.8,14 The amide group itself may function as 
both proton donor and proton acceptor (with the oxygen of the 
carbonyl); hence, in the absence of stronger electron donors or 
hydrogen acceptors, lactams form hydrogen-bonded structures 
by self-association. Lactams with cis configuration mainly form 
cyclic dimeric associates, while trans-lactams can form only 
linear chain structures (Scheme 1). 

The energy of formation of intermolecular H bonds for the 
cis-lactams is higher than those for trans-lactams, the average 
values being �30.7 and 16.7 kJ mol−1, respectively (Table 2). In 
addition to self-association, lactams may form molecular com
plexes with various hydrogen donor molecules (e.g., water, 
alcohols, amines, phenols, carboxylic acids, inorganic acids, 
hydrogen halides, and halogenated hydrocarbons). By using 
the oxygen atom as donor, lactams may form complexes with 
polar molecules (e.g., I2, Br2, ICl, and SO2) and coordination 
compounds with inorganic salts where lactams form the ligand 
field surrounding the metal cation, with the latter behaving as 
the acceptor. In this respect, the number of lactam complexes 
that have been synthesized and fully characterized is remark
ably large, since the cation of almost any element can be 

coordinated to the lactam carbonyl giving rise to very ample 
possibilities.14 Relevant effects of complexes between CL and 
LiCl46 and CL and CaCl2

47 in both the anionic polymerization 
of the above lactam and the properties of the resultant PA6 
have been found by Russo et al. and will be summarized later 
on (Section 4.14.10). 

Compared to other homologous series of monomers, lac-
tams possess high values of dielectric permittivity (εr), largely 
varying as a function of ring size (Table 2). It is useful to 
mention here that in lactams containing a cis-amide group, a 
great change of permittivity occurs during polymerization as a 
consequence of the transformation from cis to trans configura
tion; this change may imply differences in polymerization 
kinetics and can be employed in monitoring the course of the 
polymerization.48 

In the lactam series, melting temperatures vary as a function 
of ring size in a nonuniform manner, as evident from Tm data of 
Table 2. These latter data show the lowest value for 2-piperidone 
(25.9 °C) reaching a maximum for L10, ω-caprinolactam 
(162 °C), and then decreasing down to 83 °C for L20. The rather 
low melting points of the main lactam rings enable to perform 
bulk polymerization, for example, by the anionic route, at tem
peratures well below the melting point of the resultant 
polyamide. 

4.14.2.2 Polymerizability 

Polymerizability, which should properly be considered a ther
modynamic parameter related to Gibbs energy change, is 
sometimes associated with the polymerization rate, or with 
the ability to polymerize in milder conditions, or with the 
capacity to give high polymer yields. Such ambiguity arises 
from the actual fact that the change in Gibbs energy cannot 
be the only criterion to describe the aptitude of cyclic mono
mers, namely lactams, to polymerize. 

As a matter of fact, the change of Gibbs energy is only 
connected to the difference of thermodynamic stability 
between the monomer ring and the linear chain, regardless of 
the various ring-opening mechanisms; a negative value of ΔGp 

points to whether lactam polymerization is possible and not 
that it really occurs, since other types of hindrances may take 
place, such as the absence of a suitable reaction pathway or the 
existence of more favorable competitive reactions. Therefore, it 
is obviously affirmed that the thermodynamic polymerizability 
is a necessary but not sufficient prerequisite and cannot be 
separated from the kinetic feasibility. On the basis of these 
two complementary aspects, it must be remarked that the 

H O H N N C 
2 

C C N 
O H O 

N H 

N H N H O Cn 
O C N H O C 

n – 2  O C

Scheme 1 Hydrogen-bonded structures of cis- and trans-lactams by self-association. 
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kinetic polymerizability of lactams states the ease or the diffi
culty to transform a cyclic monomer into a linear chain unit in 
specific polymerization conditions, defining the chemical reac
tivity of the monomer in a selected elementary reaction. 
Unfortunately, the ring-opening mechanisms are more than 
one; thus, more than one polymerization rates exist for each 
specific lactam. The actual capability to polymerize is primarily 
a function of the type of initiation (e.g., hydrolytic, anionic, or 
cationic) and involves many parameters. The slower cationic 
and hydrolytic polymerizations give rise to a wider range of 
reactivities than does the fast anionic polymerization. The 
initiation type may have some relevance to the conformation 
of lactam ring, the main factor related to its reactivity; for 
example, the conformation of the lactam anion in anionic 
polymerization may differ from that of the protonated lactam 
in cationic polymerization, resulting in a different reactivity 
order. Moreover, when considering, for instance, the activated 
anionic polymerization (Section 4.14.7.4), in addition to ring 
strain and substitution as well as acidity and permittivity of 
monomer and its polymer, the nucleophilicity of the lactam 
anion and the electrophilicity of the N-acyl lactam (activator) 
must also be included. The correlation of all these parameters is 
extremely difficult and only partial data may be obtained under 
specific conditions. 

Additionally, even when both the thermodynamic and the 
chemical feasibilities are assured, the conversion to polymer 
may not occur because of other competitive reactions that 
are more favored thermodynamically or kinetically (e.g., 
N-substituted aziridin-2-ones decompose before 
polymerizing). 

The chemical, thermodynamic, and kinetic aspects of lac-
tam polymerizability have been the subjects of many papers 
mainly published in the 1960s and 1970s.9,33,49–54 Remarkably 
elegant has been the study of Korshak et al.,33 who intended to 
examine the general capability of lactams to polymerize as a 
function of their structure, by both a thermodynamic and a 
kinetic approach. However, being fully aware of the many 
reasons previously mentioned, it can now be concluded that 
it is impossible to define a generally applicable classification of 
the chemical reactivity of lactams toward ROP; as a matter of 
fact, no more attempts on this issue have been made in recent 
years. For all these reasons, just a few indications on the ther
modynamic feasibility connected to the ring structure and only 
some general kinetic considerations will be hereafter reported. 

4.14.2.2.1 Thermodynamic feasibility 
The main relationship in lactam polymerization is the equili
brium established between the monomer and the open-chain 
amide groups [2]: 

+ HN HN CO CO
x 

HN CO 
x +1 ½2� 

The displacement of this equilibrium strongly depends on 
not only ring size and substituents but also the type of initia
tion and the reaction conditions. In other words, residual 
monomer concentration, often interpreted as equilibrium 

monomer concentration [Me], is always present in ROP. This 
concentration may be an extremely small value in nonequili
brated polymers, obtained by very fast, kinetically controlled 
polymerization processes (e.g., in the activated anionic poly
merization of CL, Section 4.14.10). 

Assuming that all open-chain trans-amide groups are of the 
same reactivity, thermodynamic parameters have to be consid
ered independent of the reaction mechanism and the 
polymerizability may be described considering the equilibrium 
between monomer opening into a linear chain and its 
reforming. 

The molar Gibbs energy change accompanying the incor
poration of a mole of lactam monomer in the polymer may be 
expressed as55 

ΔGp ¼ ΔG0 ½ � ¼ ΔH0 − RT ln M ½3�− RT ln M − TΔS0 ½ �p p p 

Thus, ΔGp and ΔHp can be calculated starting from the [M] 
values. At equilibrium (ΔGp = 0, i.e., when polymerization is 
completed), the monomer concentration is given by ! 

ΔHp
0 ΔS0pM ¼ − ½4�½ � expe RT R

At standard conditions, lactams for which ΔH0 > 0 and p 

ΔS0p < 0 cannot be converted into linear macromolecules. In 
the case that both enthalpy and entropy terms are negative, 
namely for the five- and six-membered lactams, formation of 
high polymer cannot occur at or above a limiting polymeriza
tion temperature (ceiling temperature, Tc) [5]: 

ΔH0 

Tc ¼ p ½5� 
ΔS0 þ ½ �R ln Mp 0 

where [M]e = [M]0, initial monomer concentration. 
Significantly low is the so-called ceiling temperature of the 

six-membered 2-piperidone (Tc = 60 °C). Equilibrium mono
mer concentration can be obtained by analyzing the 
equilibrated polymer, but reliable [M]e data are effectively 
accessible only in a few cases. For instance, the polymerization 
of 2-pyrrolidone cannot be regarded as an equilibrium reaction 
due to the irreversible crystallization during polymerization; 
thus, only a so-called limiting polymerization temperature has 
been kinetically extrapolated by experimental data. By this way, 
the actual temperature limit has been found to depend upon 
the type of initiation, being �66 °C for its nonactivated anionic 
polymerization and �76 °C for the activated anionic 
polymerization.56 

In Table 3, some examples of equilibrium monomer con
centrations at the polymerization temperatures are reported for 

unsubstituted and substituted CL and substituted 
ζ-enantholactam.57 It is notable that the presence of substitu
ents generally shifts the polymer–monomer equilibrium to 
higher Me values. 
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Table 3 Equilibrium monomer content (bulk 
polymerization) 

[M]e 
a,b 

Lactam (mol kg−1) 

CL 0.72 
α-Methyl-CL 0.81 
β-Methyl-CL 1.51 
δ-Methyl-CL 1.76 
N-Methyl-ζ-enantholactam 1.35c 

a Data from Šebenda, J. In Lactam-Based Polyamides; Puffr, R.;
 
Kubánek, V., Eds.; CRC Press: Boca Raton, FL, 1991; Vol. 1,
 
Chapter 2, p 29.57
 
b At 250 °C.
 
c At 260 °C.
 

Table 4 Equilibrium monomer concentration calculated at 25 °C 

Ring [M]e at 25 °Ca,b 

size Lactam (mol l−1) 

5 2-Pyrrolidone 6.3 
6 2-Piperidone 1.2 
7 CL 2.4 � 10−3 

8 ζ-Enantholactam 1.4 � 10−5 

9 η-Caprylolactam 4.3 � 10−9 

10 θ-Pelargonolactam 4.0 � 10−8 

11 ω-Caprinolactam 3.6 � 10−7 

13 ω-Laurolactam 8.2 � 10−8 

a Calculated from the equation ln½ �M ¼ ΔH0=RT −ΔS0=R .e p p 
b Data from Korshak, V. V.; Kotel’nikov, V. A.; Kurashev, V. V.; et al. Russ. Chem. Rev. 
(Engl. Transl.). 1976, 45, 853; Usp. Khim. 1976, 45, 1673.33 

Me values, calculated from eqn [4] at 25 °C for the most 
relevant lactams, are listed in Table 4. Considerably higher  
values are shown for 2-pyrrolidone and 2-piperidone (Table 4). 

4.14.2.2.1(i) Enthalpy of polymerization 
The ΔHp of cyclic compounds is always associated with the 
strain of their rings; additionally, in the case of lactam mono
mers, other factors must be taken into account. The sources of 
ring strain in lactams are as follows: 

•	 angular strain (bond angle distortion), accompanied by 

bond stretching or compression; 
•	 repulsion between eclipsed hydrogen atoms or substituents 
on neighboring atoms (conformational strain, bond torsion, 
and bond opposition) and interaction of atoms/substituents 
in different parts of the cycle (transannular strain); 

• amide deformation; 
•	 different resonance stabilization of monomer and polymer 
due to uneven conjugation or hyperconjugation; 

•	 difference between the energies of hydrogen bonds or dipole– 

dipole interactions in the monomer and the polymer. 

These additional factors may account, at least in part, for the 
lower (i.e., less negative) enthalpies of polymerization of the 
lactam rings compared to those of the corresponding 

cycloalkanes (e.g., –4.6 kJ mol−1 for 2-pyrrolidone and 
–21.2 kJ mol−1 for cyclopentane).33 

Assuming that the enthalpy change is almost equivalent to 
the internal energy of lactam monomer and due to the fact that 
in polymerizations at normal pressure, the PΔV term in 
ΔH = ΔU − PΔV is negligible, it is reasonable to consider the 
heat of polymerization as a measure of the strain energy of 
the ring. However, it is worth underlining that in some cases, 
ΔHp does not reflect the actual ring strain, since polymerization 
does not necessarily release all the strain of the cyclic monomer 
(e.g., in highly substituted lactams). 

Lactam polymerizations usually imply a volume contrac
tion and, at very high pressures, the effect of the PΔV term on 
equilibrium cannot be neglected. Lactams that have a low Tc or 
are prevented from polymerizing at normal pressure for ther
modynamic reasons can polymerize at high pressures. Tc 
increases with pressure in accordance with the Clausius– 
Clapeyron equation.58 

Since the ΔHp may be obtained in different ways (e.g., 
measured by calorimetric techniques, estimated by comparing 
the experimental combustion heats of lactams and of the cor
responding polymers in the amorphous state, or calculated 
from the enthalpies of cyclization), discordant data are found 
in literature. For instance, values reported for the enthalpy of 
CL polymerization range from –13.833,59 to –15.4 kJ mol−1.7,60 

The polymerization heats of the most representative lactams 
have been collected in Table 5. The data vary with ring size 
from practically 0 up to the most negative value attributed to 
substituted azetidin-2-ones, for example, –81.9 kJ mol−1 for 
3,3-methyl-butyl-azetidin-2-one.61 Indeed, aziridin-2-ones 
cannot polymerize and the ΔHp data for unsubstituted azeti
din-2-one are not available. 

With increasing ring size, the heat of polymerization (abso
lute values) goes through a minimum for the five-membered 
lactam, reaches a maximum for the nine-membered lactam, 
and again approaches zero for larger lactams (12- and 
13-membered lactams) (Figure 8). 

The high ring strain is the cause of the high (i.e., more 
negative) enthalpies of substituted azetidin-2-ones. 
Conversely, its absence is the origin of the low values encoun
tered for 2-piperidone and 2-pyrrolidone and large lactams. In 
the nine-membered η-caprylolactam, the transoid-amide 
reduces the resonance stabilization and a higher enthalpy is 
found. 

4.14.2.2.1(ii) Entropy of polymerization 
The entropy of polymerization depends on the difference 
between the probability of monomer existence in the cyclic 
form and that in the form of repetition unit of the linear 
polymer. As in all cyclic monomer polymerizations, the 
decrease in translational entropy is in part counterbalanced 
by the increase in rotational and vibrational entropy acquired 
in the conversion of a strained ring into a more or less flexible 
monomer unit inside the polymer chain. For this reason, the 
absolute value of the entropy of polymerization for the 
seven-membered CL is rather low.7,53 

Beyond the four- and five-membered lactams, the highest 
rigidity is expected for medium-sized rings (8–11 ring atoms). 
In these latter cases, the enhanced flexibility of the open-chain 
monomer unit inside the polymer results in a large increase in 
the rotational and vibrational entropy. 

(c) 2013 Elsevier Inc. All Rights Reserved.



Ring-Opening Polymerization of Cyclic Amides (Lactams) 341 

Table 5 Thermodynamic data of unsubstituted lactams 

Monomer 
Ring 
size 

ΔH ° p 

(kJ mol−1) 
ΔS ° p 

(J °K−1 mol−1) 
ΔG ° p 

(kJ mol−1) References 

3,3-Methyl-butyl-azetidin-2 4 –81.9 61 
one 

2-Pyrrolidone 5 –4.6 –30.5 4.6 8, 33 
0.4 –30.1 9.4 55, 62 

2-Piperidone 6 –7.1 –25.1 0.4 8, 33 
–7.1 –27.6 1.1 55, 62 

CL 7 –13.8 4.6 –15.1 8, 33, 63 
(–13.3)a 64 

–15.4 57 
ζ-Enantholactam 8 –22.6 16.7 –27.6 8, 33 

–21.8 57 
η-Caprylolactam 9 –35.1 (41.8)b (–47.7)c 8, 33 

–32.7 57 
θ-Pelargonolactam 10 –23.4 (62.8)b (–42.3)c 8, 33 
ω-Caprinolactam 11 –11.7 (83.7)b (–36.8)c 8, 33 
ω-Aminoundecanoic lactam 12 2.1 (104.6)b (–29.3)c 8, 33 
ω-Laurolactam 13 –2.9 (125.5)b (–40.6)c 8, 33 

(13.4)a 53 

a Calculated from [M]e.
 
b Extrapolated data.
 
c Calculated using extrapolated entropies.
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Figure 8 Heat of polymerization of unsubstituted lactams as a function 
of their size (from data in Table 5). 

Indeed, the entropy of polymerization increases roughly 
linearly from the five-membered to the eight-membered lactam 
together with the decreased rigidity of the monomer (Table 5). 
It must again be emphasized here that many methods exist for 
determining the polymerization entropy33 and they provide 
discordant values to be found in the literature. Calculated ΔS° 

p

from the absolute entropy values of monomer and polymer 
derived from specific heat measurements at low temperature 
have shown63 negative entropies only for 2-pyrrolidone 
and 2-piperidone and a linear increase passing from the 
five-membered to the eight-membered lactam.7,53 Notably, 
these values are of the same order as those of cycloalkanes 
(Figure 9). 

However, it is worth noting that incongruent data have been 
often reported for the entropy of polymerization: for example, 
the calculated ΔS° 

p for CL was found to be 4.6 J K−1 mol−1, but a 

Figure 9 Entropy of polymerization as a function of ring size for 
unsubstituted lactams (○) and cycloalkanes (●). Reproduced from 
Sekiguchi, H. In Ring-Opening Polymerizations; Ivin, K. J.; Saegusa, T., 
Eds.; Elsevier: London, UK, 1984; Vol. 2, Chapter 12, p 809.8 

value estimated64 from the monomer–polymer equilibrium 
has been found to be equal to 13.3 J −1 

– K mol−1 (Table 5). 
An attempt to obtain the entropy of polymerization 

for 9–13-membered lactams has been accomplished by operat
ing a linear extrapolation of the values for 5–8-membered 
lactams,62 which stay on a straight line, but the results are over
estimated and, thus, not very reliable. These data revealed a very 
sharp increase of ΔS with ring size and are significantly higher 
compared to those obtained by using equilibrium monomer 
concentration. For example, for ω-laurolactam, a value of 
13.4 J K−1 mol−1 has been found from the monomer–polymer 
equilibrium, while a value of 125.5 J K−1 mol−1 has been derived 
by extrapolation.53 

In any case, it can be asserted that the entropy change 
becomes progressively more important with the increasing 

(c) 2013 Elsevier Inc. All Rights Reserved.
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ring size. It is noteworthy to underline that ΔSp may be more 
favorable in copolymer formation, that is, in the copolymeriza
tion of lactams. Indeed, a lactam may be copolymerized even at 
a temperature at which homopolymerization cannot proceed. 
This is the case of the copolymerization of 2-pyrrolidone 
and CL.65 

4.14.2.2.1(iii) Gibbs energy 
The ΔGp values calculated from the enthalpy and entropy data 
in Table 5 have been plotted to give the approximate trace of 
Figure 10. The Gibbs energy change varies from a small positive 
value (five-membered ring) and a value close to zero 
(six-membered ring) to negative values, reaching a minimum 
for the nine-membered lactam. For five- and six-membered 
lactams, both the enthalpic and entropic terms are negative; 
consequently, their polymerization is favorable from the 
enthalpic standpoint, but not on entropic grounds; the loss of 
translational degrees of freedom is not well balanced by the 
gain in rotational and vibrational motions in the polymer. For 
seven- and eight-membered lactams, the main contribution to 
ΔGp comes from the enthalpy factor, while for 9-, 10-, and 
11-membered lactams, the contributions of ΔHp and ΔSp are 
approximately the same. For 12- and 13-membered lactams, 
the enthalpy change is negligible and the entropic factor gov
erns the Gibbs energy. 

Taking into account thermodynamic factors only, one may 
conclude that lactams having ≥ 7 ring atoms are allowed to 
polymerize. The small positive values of ΔGp for the polymer
ization of 2-pyrrolidone and 2-piperidone are surely due to the 
large errors in the determination of the thermodynamic char
acteristics, since these two lactams, although long believed 
to be unable to polymerize, can do it under anionic 
conditions66–69 (Section 4.14.11). Taking into account only 
the Gibbs energies discussed above, it is possible to set up a 
theoretical series of thermodynamic feasibilities as a function 
of the ring size: 

9 > 10 > 13 > 11 > 12 > 8 > 7 >> 6 � 5 
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4.14.2.2.2 Kinetic aspects 
A few attempts have been made8,9 to describe the kinetic 
polymerizability of lactams, but rather poor results have 
been obtained and contradictory conclusions on reactivities 
and, in particular, on substituent effects have been pub
lished.49,50,70–73 Sekiguchi and Coutin51 proposed a 
criterion for estimating the chemical polymerizability of 
lactams under anionic conditions, modifying an idea of 
Carothers,74 who suggested that polymerizability and rate 
of hydrolysis for a cyclic monomer should run parallel (in 
this parallelism, the acid-catalyzed hydrolysis would simu
late cationic ring opening and the base-catalyzed hydrolysis 
would simulate the anionic ring opening).8 They hypothe
sized, for the activated anionic mechanism, that the kinetic 
polymerizability, identified with the propagation rate, 
might be described by a parameter π, which  was assumed  
proportional to the rate constant of the base-catalyzed 
endocyclic hydrolysis of the N-acyl lactam and inversely 
proportional to the rate constant of lactam hydrolysis 
(this latter supposed to be inversely proportional to the 
basicity of lactam anion). However, scarce and doubtful 
results have been achieved on these grounds. 

As previously mentioned, the complexity of the aspects 
influencing contemporarily and differently the course of 
lactam polymerization, in particular under anionic condi
tions, makes impossible to discriminate between the lactam 
structural properties (e.g., ring size and substitution) and all 
other factors. Thus, only limited comparisons under a 
restricted range of polymerization conditions can be 
accomplished. 

The order of reactivities as a function of ring size, derived 
from the thermodynamic feasibility, is often modified for the 
same monomer in a quite different manner, depending on 
the type of initiation. The slower cationic (Section 4.14.5) 
and hydrolytic polymerizations (Section 4.14.4) give rise 
to a wider spread of reactivities than does anionic 
polymerization. 

Figure 10 Free-energy change for the polymerization of unsubstituted lactams as a function of the ring size (data from Table 5). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Generally speaking, the chemical structure of a lactam 
monomer influences the kinetic possibilities of polymerization 
by several aspects, such as the following: 

1. configuration of the molecule (e.g., presence of cis- or trans 

isomers); 
2.	 resonance stabilization of amide group (presence of meso

meric, inductive, and hyperconjugation effects); 
3. basicity and acidity; 
4. permittivity and polarity (e.g., presence of hydrogen bonds 

and dipole–dipole interactions); and 

5. substitution (position and nature of substituents). 

Surely, five- and six-membered lactams are much more reactive 
in the anionically initiated mechanism (Section 4.14.7.1), 
where a nucleophilic attack on the lactam ring is implied, as 
compared to the polymerization in the presence of water or 
acids, involving an electrophilic attack and proceeding at a 
significantly lower rate. 

In the anionic polymerization, the monomer structure may 
have indirect effects as well, influencing, for example, the 
dielectric properties of the reaction medium and, thus, the 
course of the polymerization. Since lactam monomers and 
the resultant polyamides have polar amide bonds, their bulk 
polymerization rate is strongly affected by the changes in 
medium permittivity during polymerization. In anionic 
polymerization, high dielectric permittivities strongly favor 
the dissociation of the lactam salt (initiator) releasing the free 
lactam anion (Section 4.14.7.1). 

The permittivity of lactams with less than ten ring atoms is 
lower than that of the corresponding polyamides48 owing to 
the different configuration of the amide group: cis form in 
lactams and trans form in the polyamide.75 This effect, for 
example, is important in the case of CL where polymer permit
tivity is much higher than that of monomer; this have been 
invoked to explain the increasing polymerization rate, 
expressed by an auto acceleration in the propagation step of 
anionic polymerization in bulk. On the contrary, for the 
13-membered laurolactam, the two dielectric permittivities 
are almost identical (Figure 11) and the autoacceleration effect 
is not shown. 

The much higher permittivity of 2-pyrrolidone compared 
to 2-piperidone (Table 2), combined with the lower 
resonance stabilization of the amide group deriving from 
the not fully planar conformation, is the main factor con
tributing to its higher reactivity, although the six-membered 
lactam is, thermodynamically speaking, slightly more 
polymerizable. 

In higher lactams (carrying a trans-amide group), the ring 
strain is considerably reduced and the reactivity of their amide 
group is similar to that of the polymer chain (e.g., the acidity of 
the higher lactams is equal to that of a linear amide group). As a 
consequence, the rate of the propagation reaction may be 
reduced. Hence, ω-laurolactam, thermodynamically expected 
to be more polymerizable than the medium-sized lactams 
(seven-, eight-, and nine-membered rings), is less reactive 
than CL. 

Strained lactams (in particular, azetidin-2-one rings) are 
much more acidic than the corresponding linear amide; thus, 
in all reactions involving the lactam anions, the equilibrium is 
shifted to the side of these latter species.9 
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Figure 11 Dielectric permittivity (ε) of lactams (•) and the corresponding 
polyamides (°) as a function of the molar mass M. Reproduced from 
Šebenda, J. In Comprehensive Polymer Science; Eastmond, G.; 
Ledwith, A.; Russo, S.; Sigwalt, P., Eds.; Pergamon Press: Oxford, UK, 
1989; Vol. 3, Chapter 35, p 511.9 

4.14.2.2.2(i) Substitution effects 
Lactam polymerizability is significantly affected by the num
ber, size, and location of substituents, acting in general 
differently on kinetic and thermodynamic factors. Substituted 
lactams generally show lower reactivity as compared to the 
corresponding unsubstituted ones, due to the steric hindrance 
at the reaction site. This fact has allowed the synthesis of highly 
strained aziridin-2-one rings, in contrast to the unsubstituted 
aziridin-2-one, which is too reactive to be isolated. Starting 
from the isolation of the first α-lactam, 1-tert-butyl-3-phenyla
ziridin-2-one (9)76 

a number of aziridin-2-ones have been isolated. A structural 
requirement for the existence of an α-lactam is the presence of a 
bulky substituent (e.g., tert-butyl, trityl, and 1-adamantyl) on 
nitrogen and the ability to sterically shield the carbonyl group, 
to slow down the rate of nucleophilic reaction, and thus to 
stabilize the lactam from a kinetic point of view. 

4.14.2.2.2(i)(a) C substitution Kinetically speaking, the 
presence of substituents on the methylene groups in the lactam 
ring may drastically decrease their reactivity since they can both 
modify the electron density of the amide group, that is, its 
nucleophilicity, and create steric hindrance. Substituents affect 
polymerizability in a complex manner since not only their 
position but also their size and polarity play an important 
role.7 From a thermodynamic point of view, substituents affect 
both the enthalpy and the entropy of polymerization, essen
tially due to conformational effects. Although the enthalpy and 
the entropy of a lactam are little influenced by C substitution, 
the presence of substituents creates new interactions in the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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linear monomer unit of the polymer, which may result in a 
higher enthalpy of the latter and a reduced |ΔHp| value.

77 Also 
from an entropic standpoint, substituents significantly reduce 
the possibility of free rotation in the polymer chain. In this 
respect, substituents facilitate ring closure, shifting the mono
mer–polymer equilibrium toward the monomer side; these 
effects are relevant in the case of small rings, that is, for the 
five- and six-membered lactams.8 

2-Pyrrolidone and 2-piperidone entirely lose their capabil
ity to polymerize even in the presence of only one alkyl 
substituent at the ring carbon atom. However, C substitution 
does not prevent them from copolymerizing.8 Thus, 
C-methyl-substituted 2-pyrrolidones may be copolymerized 
to a certain extent with 2-pyrrolidone, being mainly incorpo
rated as chain terminators.78,79 

Since C-alkyl substitution enhances ring closure, the poly
merizability of a given lactam is expected to decrease with the 
increase of substituent length. However, steric repulsions 
between large substituents and ring atoms (transannular inter
actions) may result in a relatively higher polymerizability. For 
example, on the basis of the equilibrium polymer content, the 
following order of polymerizability for ε-alkyl-substituted CL 
has been reported:7 

unsubstituted ε-caprolactam > ε-methyl- ≅ ε-hexyl - > ε-ethyl
>> ε-dodecyl-ε-caprolactam 

In the case of 3,3-dialkyl-substituted azetidin-2-ones 
(α,α-disubstituted β-lactams), other factors must be taken into 
account to explain, in some reaction conditions, the favorable 
effect of bulky substituents. Indeed, contrary to previously 
published data,70 the propagation rate constant in the anionic 
polymerization of 3-alkyl-3-methyl-azetidin-2-one, conducted 
in dimethyl sulfoxide (DMSO) at 22 °C using potassium (or 
tetramethylammonium) 2-oxopyrrolidin-1-ide and N-acetyl
2-pyrrolidone, has been found to be approximately twofold 
enhanced by increasing the length of R from methyl to 
n-butyl71,72 (following the order shown in Scheme 2 and 
being in any case much lower than that for the 4,4-dimethyl 
derivative). 

This effect, not encountered in other lactams (e.g., CL and 
2-pyrrolidone) or in lactones, has been attributed to the large 
hydrophobic R group that inhibits the contact, or intimate 
ion-pair formation, between the counter ion (K+ or Me4N

+) 
and the lactam N anion. Such phenomenon occurs in 
polar DMSO solvent, where the 3-butyl-3-methyl-substituted 
lactam may probably exist as an almost free ion 
having enhanced reactivity. Indeed, subsequent studies73 

conducted in tetrahydrofuran (THF) revealed, as expected, a 
decrease in the polymerization rate with the size of 
substituents. 

From a kinetic standpoint, the rate-determining step in the 
ROP mechanisms is more sensitive to steric effects in the 

Figure           
as a function of the position of the methyl substituent. The dashed line 
represents the unsubstituted lactam. Reproduced from Šebenda, J. In 
Comprehensive Chemical Kinetics; Bamford, C. H.; Tipper, C. F. H., Eds.; 
Elsevier: Amsterdam, The Netherlands, 1976; Vol. 15, Chapter 6, p 379.7 

vicinity of the amide group (i.e., substituents at the Cα and Cω 

atoms), while, thermodynamically speaking, the Gibbs energy 
of polymerization is more affected by the substitution on the 
mid-chain methylene groups, favoring ring closure. An exam
ple of this fact is given by the monomer–polymer equilibria of 
the methyl-substituted CL isomers,7,53 as illustrated in 
Figure 12. The α-methyl- and the ε-methyl-ε-CL show a lower 
polymerization rate but a more negative Gibbs energy (i.e., a 
higher equilibrium polymer yield) as compared to 
γ-methyl-CL. Moreover, α,α-dimethyl- and ε,ε-dimethyl deriva
tives are also polymerizable. Namely, the γ-position (position 
4) is very sensitive to the increase of the substituent size; thus, 
γ-n-propyl-, γ-phenyl-, γ-n-heptyl-CL show an extremely low 
reactivity or do not polymerize.7 

The influence of substituents on the Gibbs energy of poly
merization decreases with increasing ring size, becoming 
negligible for higher lactams. It is noteworthy that substitu
tion of both hydrogen atoms in the vicinity of the carbonyl 
group prevents, in the anionic polymerization, the rise of 
secondary reactions that destroy active species. This fact is 
a prerequisite for maintaining a steady concentration of 
growth centers and obtaining a quasi-living polymerization 
(see Section 4.14.11.4). 

4.14.2.2.2(i)(b) N-substitution The most important fea
ture related to N-substitution is the impracticality of the 
anionic polymerization, because of the obvious impossibility 
of forming the lactam anion. Consequently, polyamides from 

12 Equilibrium polymer content for methyl-CL isomers at 250 °C

<  

Scheme 2 Order of propagation rate constants for disubstituted b-lactams. 
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N-substituted 2-pyrrolidone and 2-piperidone cannot be 
obtained. N-substituted lactams are more or less easily poly
merized through the cationic or acidolytic mechanism80 

(Sections 4.14.5 and 4.14.6). 
N-substitution affects polymerizability of the cis-lactams 

much more than does C-substitution. The largely reduced reac
tivity given by substituents with +I effect on nitrogen has been 
attributed to the loss of resonance stabilization50 and the cis 
character of the amide bond.81 

As a consequence, the influence of N-substitution also 
decreases with increasing ring size. The more strained and 
reactive four-membered rings (N-substituted azetidin-2-ones) 
are still able to polymerize, while the five-, six-, and 
seven-membered lactams generally do not polymerize. 
Actually, the polymerization feasibility of N-methyl-CL, at 
very low temperature, has not been completely excluded, 
while it has been ruled out for N-methyl-2-piperidone.80 

For larger lactams, N-substitution does not prevent 
polymerization; thus, the 8-membered up to 13-membered 
lactams are polymerizable by the acidolytic and/or hydrolytic 
route (e.g., N-methyl-η-caprylolactam and the N-alkyl-ω
laurolactams are hydrolytically polymerizable).61 

4.14.3 Outline of Lactam Polymerization Routes 

The ROP of lactams is based on reversible transamidation/ 
transacylation reactions in which the ring amide groups are 

converted into linear ones. Due to the amphoteric character 
of the amide group, the cleavage of the amide bond may 
proceed by both nucleophilic and electrophilic attack in a 
number of different transamidation reactions (e.g., aminolysis, 
acidolysis, and transacylation). Indeed, lactams are versatile 
monomers that may be polymerized by various polymeriza
tion routes with different initiation and propagation 
mechanisms, namely solvolytic (hydrolytic, acidolytic, and 
aminolytic), anionic, and cationic. Moreover, even within the 
same process, polymerization mechanisms and kinetics are 
functions of the type of initiating species. 

The opening of the lactam ring by cleavage of the 
resonance-stabilized amide group is achieved by hydrolysis 
or, more easily, by ionic reactions, using lactam anions or 
protonated lactams. The basic polymerization reactions for 
lactams having the hydrogen at the amidic nitrogen 
(N-unsubstituted lactams), in relation to the cationic, hydro
lytic, and anionic initiation, are summarized in Scheme 3. 

Looking at these reactions, a specularity between the anio
nic and the cationic mechanism is observable. Different from 
conventional ionic polymerizations, the growth center in catio
nic and anionic lactam polymerizations is always neutral, and 
it is the lactam monomer that carries the ionic charge. Such 
polymerizations follow what is sometimes referred to as ‘acti
vated monomer mechanism’,82 since the reactive species are 
lactam cations/anions, thus activated monomers. However, in 
order to avoid misunderstandings, it must be well clear that 
this definition has nothing to do with the term activated 
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Scheme 3 Opening of the lactam ring by cationic, hydrolytic and anionic initiation mechanisms. 
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anionic polymerization, which designates a mechanism imply
ing the use of activators (Section 4.14.7.4). 

Propagation proceeds essentially by acylation reactions 
between a nucleophile (donor) and the cyclic carbonyl group 
of the lactam or the N-acylated lactam (acceptor). Depending 
on the type of initiation (e.g., hydrolytic, cationic, and anio
nic), different donors and acceptors may be involved. Some 
examples are summarized in Table 6, where the main reacting 
donor–acceptor pairs are related to the various polymerization 
mechanisms. 

The order of reactivity of the most important species, as 
nucleophilic agents (with respect to oxygen or nitrogen 
atom), is given below (Scheme 4):8 

and the order of the carbonyl acylating strength is 
(Scheme 5) 

Not all these active species can coexist simultaneously. 
However, more than a single type of propagation reactions is 
possible with a given initiator. In general, under specific poly
merization conditions, one of the many feasible reactions 
predominates. The most probable acylation reactions occur 
by consuming the most reactive species in the system (the 
most nucleophilic ones and those with the highest acylating 
ability). Actually, the anionic mechanism that involves the 
strongest nucleophile and the most powerful acylating agent 
is characterized by the highest propagation rate. 

Due to the reversibility of the transamidation/transacyla
tion reactions involved in lactam polymerization, several 
equilibria of linear chains, cyclic molecules, and initiators are 
established. Linear polymer chains are thermodynamically in 

equilibrium with monomer (monomer–polymer equilibrium) 
and with cyclic structures in general (ring-chain equilibria). 

The ring-chain equilibria are governed by the ability of the 
chain segments and the active species to achieve the favorable 
conformation for ring closure. Indeed, backbiting reactions 
involving the active terminal group (–COOH, –NH2, RCO–, 
RNH–, etc.) as well as intramolecular transamidations give rise 
to monomer, cyclic dimer, or higher cyclic oligomers (an exam
ple of backbiting is illustrated in Scheme 6). 

The reaction of an initiator with an amide group of the 
polymer chain, instead of that of the monomer, may result in 
the breaking of the macromolecule. Intermolecular transami
dations can also modify the length of the polyamide chains and 
may generate cyclic structures. These exchange reactions result 
in a modification of the molar mass distribution. 

4.14.4 Hydrolytic Polymerization 

The term hydrolytic polymerization refers to the polymeriza
tion initiated by water or other substances able to generate 
water at the reaction conditions. Namely, the above term is 
widely adopted for the production, at 240–300 °C, of PCL 
(PA6) and poly(ω-laurolactam) (PA12). 

The hydrolytic route is the most important industrial pro
cess for the production of the above polyamides, due to the 
severe drawbacks that have characterized so far both anionic 
and cationic polymerizations. They have made almost impos
sible for the latter routes to be employed in various fields, for 
example, for textile uses. The mechanism and kinetics of the 

Table 6 Principal nucleophiles and acylating species involved in the different types of polymerization 

HN CO CO N CO 

O A 

CO N C  

O A 

HN C

O 

N C 

Acylating species 
(acceptor) 

Nucleophile 
(donor) 

Anionic Anionic 

—NH2 Hydrolytic, Anionic, cationic Cationic, hydrolytic 
aminolytic 

Cationic Cationic, hydrolytic 
HN CO 

–COOΘ Hydrolytic, 
acidolytic 

A, Proton or Lewis acid. 
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Scheme 4 Order of nucleophile reactivity. 

Scheme 5 Order of carbonyl acylating strength. 

Scheme 6 Examples of the backbiting reaction. 

water-initiated polymerization have been studied in detail in 
the past decades and are now well established.7,11,12,54,83,84 

More recently, the investigations have been focused on both 
the modeling and the optimization of the industrial polymer
ization process for PA685–87 and the modeling of its higher 
cyclic oligomer formation.88 In recent years, some studies on 
novel polymerization processes for synthesizing hydrolytic 
PA6, for example, by microwave irradiation, have been 
reported. The ring opening of CL has been performed in a 
microwave oven89 in the presence of ω-aminocaproic acid as 
initiator for periods of 1–3 h at temperatures varying from 250 
to 280 °C. 

Both unsubstituted and substituted lactams may be poly
merized by the hydrolytic process, provided that the monomer 
ring size is ≥ 7. Smaller rings, such as those of 2-pyrrolidone 
and 2-piperidone, are not polymerizable by the hydrolytic 
mechanism and, because of this, the above lactams have been 
long believed to be not polymerizable. 

4.14.4.1 Reaction Mechanism 

Since the hydrolytic polymerization proceeds as both a step
wise addition and a condensation reaction, it cannot be 
classified as pure ROP and will not be treated in detail in the 
present chapter. Only the most relevant aspects of the reaction 
are hereafter briefly reported. 

The water-initiated polymerization is governed by three 
main equilibrium reactions: 

HN CO + H2O H2N COOH
½6� 

1. Hydrolytic ring opening, with formation of the	 ω-amino 

acid: 

At high temperatures, the lactam amide is hydrolyzed to 

give the ω-amino acid [6], which then acts as the initiator. 
Of course, the introduction of a preformed ω-amino acid at 
the very beginning of the polymerization achieves the same 

results. This ring-opening reaction is endothermic and, thus, 
favored by a temperature increase.90 

The same reaction, at a later stage, is catalyzed by the 

carboxyl groups. Indeed, the ring-opening step may be con
sidered an autocatalytic process in which the catalytic 
function is exerted by the carboxyl groups. The overall rate 

constant, therefore, is given by the rate constant of the 

uncatalyzed reaction plus that of the catalyzed reaction. 
The above polymerization may also be initiated by the 

addition of phosphoric acid or its alkylammonium salts, 
as will be mentioned later on. 

The acid-catalyzed hydrolysis of the amide group takes 
place after protonation of the oxygen atom [7]. The 

rate-determining step is the attack of water and the 

formation of a tetrahedral intermediate; then, rapid 

N-protonation and C–N bond cleavage occur:57 
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2. Condensation	 between amine-terminated and 

acid-terminated chains with formation of amide groups 

(polycondensation reactions): 

This reaction contributes to the increase of polymer chain 

length. In this respect, the presence of water negatively 

affects the obtainment of high molar masses and must be 

removed in the final steps of polymerization. The condensa

tion reactions occur even in the solid state and allowing 

their occurrence is an easy method to increase polyamide 

molecular masses. In that case, the rate-controlling step is 

the diffusion of reactive end groups. 
3. Stepwise addition of lactam molecules to either amine or 

carboxyl groups (aminolytic and acidolytic polyreactions): 

NH2 + HN CO NH CO NH2 

½9� 

COOH + HN CO CO NH COOH 

½10� 

It has been proven that the polyreaction occurs mainly at amine 
end groups and the reaction can be catalyzed by the carboxyl 
groups.91 In reaction [9], a tetrahedral intermediate, similar to 
that occurring in the acid-catalyzed hydrolysis, is involved (see 
Section 4.14.5.1.1, Scheme 7). Intermediate amidine groups 
may also be generated. As a matter of fact, amidines are 
reported to be present in the polymerization of CL and 
η-caprylolactam initiated by the corresponding amino acids.92 

In the simplified reaction schemes given above, the forma
tion of cyclic oligomers has not been considered, although it 
plays an important role in the industrial production of PA6. 
Namely, the cyclic dimer formation and its relevance in both 
the polymerization process and the properties of the resultant 
polyamide cannot be neglected.93 

Since the dimer is the major component among the 
cyclic by-products, in addition to the aforementioned reac
tions, other equilibrium reactions have to be considered as 
well: the ring opening of the dimer to (aminocaproyl)ami
nocaproic acid (hydrolytic ring opening) and the 
polyreactions, involving the dimer instead of the lactam. 

The contribution of the individual processes to the overall 
lactam consumption depends on both the type of monomer 
and the reaction conditions. In CL polymerization, the stepwise 

addition is prevailing94 and only a small fraction of the mono
mer is incorporated in the polymer chain through hydrolysis 
and subsequent condensation. 

The reaction is often carried out in the presence of car
boxylic acids and/or primary amines (e.g., acetic acid and 
hexane-1,6-diamine), which act as chain length regulators. 
Consequently, the concentration of functional end groups is 
modified. 

4.14.5 Cationic Polymerization 

The cationic ROP of unsubstituted lactams has been studied in 
detail, mostly by Rothe et al.95 –97	 and Bertalan et al., 98–101

between the late 1960s and the late 1980s of the past century, 
essentially for mechanistic purposes only, since this type of 
polymerization found very limited applications in practice. At 
present, cationic polymerization is considered industrially 
unimportant among the various lactam polymerization pro
cesses and has been nearly abandoned. However, it is 
interesting to point out that, contrary to the anionic route, 
which obviously is possible only for N-unsubstituted lactams, 
both N-unsubstituted and N-substituted lactam may be poly
merized by the cationic process. Indeed, this latter has been 
successfully employed for the polymerization of several 
N-substituted lactams.80 

The cationic polymerization is initiated under anhydrous 
conditions by species capable of being coordinated by the 
lactam molecule to give a lactam cation, which is the reactive 
species in the polymerization. A variety of compounds may be 
used as cationic initiators operating with different action 
mechanisms: strong protic inorganic acids100 and their salts 
with ammonia or primary and secondary amines,99 Lewis 
acid and metal halides (e.g., AlCl3, TiCl4, WCl4, WCl6, FeCl3, 
CaCl2, and CrCl3), carbenium ions80 (e.g., Ph3C∙AsFe6 and 
PhCO∙SbFe6), salts of complexing cations (e.g., (RCOO2) 
Zn), phosphoric and metaphosphoric acids, arsenic acid, sul
fonic acids (e.g., CF3SO3H), acyl chlorides, and carboxylic 
acids102 (giving rise to what is referred to as acidolytic poly
merization, Section 4.14.6). 

4.14.5.1 Reaction Mechanism 

The reaction mechanisms can be very complex since they are 
functions of both the initiating system and the lactam substitu
tion. Among the various mechanisms, the polymerization 
initiated by protic inorganic acids, such as hydrogen chloride 
or bromide, will be those mainly considered and described in 
detail in the present section. 

Strong protic acids act through an easy protonation of the 
lactam amide group, while several metal halides, such as chro
mium, iron, aluminum, tungsten, and calcium chlorides, can 
form complexes with lactams.8 It has been assumed that the 
O-coordination with Lewis acids activates lactam 
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polymerization similarly to the initiation with strong protic 
acids, yielding to a similar mechanism.80 

Polymerization initiated by phosphoric or metaphosphoric 
acid, or their alkylammonium salts, in the absence of water, 
proceeds probably through a hydrolytic mechanism. Indeed, 
phosphoric acid at the polymerization temperatures undergoes 
dehydration and the lactam amide group is then hydrolyzed.8 

The resultant diphosphoric acid catalyzes both hydrolysis and 
propagation. 

4.14.5.1.1 N-unsubstituted lactams 
Two potential sites of protonation exist in unsubstituted 
amides: the nitrogen atom and the oxygen atom. Protonation 
occurs preferentially at the oxygen (structure 11), but a small 
amount of N-protonated lactam (structure 10) is present. 

It is generally assumed that a tautomeric equilibrium [11] 
between the two protonated forms is established, shifted to the 
oxygen-protonated one: 

OH 
H2N CO HN C ½11� 

10 11 

In fact, although nitrogen would be inherently more basic 
than oxygen, there is an important contribution from three 
resonance structures in O-protonation [12], particularly the 
form 14 with the double bond between C and N: 

Due to the lack of resonance stabilization, the 
nitrogen-protonated lactam has a high acylating capability 
and is the most active species capable of reacting with a lactam 
molecule at the nitrogen atom. 

4.14.5.1.1(i) Initiation 
In a reaction mixture where the initiators are strong acids, such 
as HCl, the strongest nucleophile is the monomer. Indeed, the 
neutral lactam is more nucleophilic than the chlorine anion; 
thus, initiation occurs by attack of the monomer on the 

N-protonated amide. Fast acylation of the monomers with 
the protonated lactam results in the formation of aminoacyl 
lactam cations as ammonium salts [13]: 

Indeed, in the above reaction, N-acylated lactams with 
amine hydrochloride terminal groups are generated. 
According to the most probable mechanism,103 the reaction 
involves several steps: attachment of N atom to the posi
tively charged C, proton transfer from one to the 
other N, and ring opening with proton transfer from –OH 
to –NH+

3. 
Bertalan98,100,104 was the first to suggest the formation of a 

tetrahedral intermediate via stereoelectronic control: the 
nucleophile approaches the protonated amide group perpen
dicularly to its plane so that the lone pair orbitals of the amide 
heteroatoms are oriented antiperiplanar to the direction of the 
newly formed C–N bond. 

Mechanisms based on tetrahedral intermediates apply 
well for protic acid-initiated polymerization, amine 
salt-initiated polymerization, and also for hydrolytic poly
merization, being in good agreement with experimental data. 
The existence of a tetrahedral intermediate implies a two-way 
reaction (Scheme 7), which fully accounts for the formation 
of amidine groups (reported as positively charged amidine 
hydrochloride). If cleavage of the carbon–nitrogen bond 
takes place, the lactam monomer is incorporated in the 
polymer chain (pathway 14); if cleavage of carbon–oxygen 
bond occurs, amidine groups 16 are formed and water is 
split off (pathway 15). 

This two-way cleavage of the tetrahedral intermediate may 
be well explained by the theory of stereoelectronic effects:105 

The protonated N-(aminoacyl)lactam 15 is characterized 
by two reactive sites: the N-acyl lactam group and the ammo
nium ion. As a consequence, it can participate in chain 
growth reactions that pertain to two different propagation 
mechanisms. 

4.14.5.1.1(ii) Propagation 

4.14.5.1.1(ii)(a) Chain growth by acylation The ammo
nium cation 15 is involved in the equilibrium reaction [16], 
due to proton transfer to monomer with regeneration of the 

HN C 
+ 

OH 

HN CO 

N CONH3 CO 

HN C 

OH 

HN CO 

HN C HN CO 

[14] 

15 

+ H2O [15] 

16 

Scheme 7 Formation of a tetrahedral intermediate in the initiation reaction. 

(c) 2013 Elsevier Inc. All Rights Reserved.



OH OH 

HN C HN C NH2+ NH2 

NH3 CO NH [18] 

17 

NH HN C + H2O [19]

18 

OH 

CO NH3 CO CO HN C NHHN N 2 CO N CO 
+ + ½16�

15 

OH 

HN C NH2 CO N CO 
+ NH3 CO NH CO N CO ½17� 

HN CO NH3 CO NH 
+ 

OH 

HN C 
+ 

CO N CO 

½20� 
NH2 CO NH CO N CO 

350 Ring-Opening Polymerization of Cyclic Amides (Lactams) 

protonated lactam plus an electrically neutral molecule carry-
ing the amine end group: 

minant concentration of the neutral monomer, thus shifting 
the equilibrium in reaction [16]. 

The formation of a certain amount of protonated lactam is 
allowed by the higher concentration of monomer, despite the 
higher  basicity o f t he amine  group compared to lactam amide.  
Since the neutral amine group is the strongest nucleophile, it 
is immediately acylated by the lactam cations, thus incorpor
ating one more monomer unit and giving rise to a chain 
growth by acylation [17]. As such, the propagation may pro
ceed in a manner similar to the initiation step, by nucleophilic 
attack of the primary amine group on the protonated 
monomer: 

A complete agreement does not yet exist about the pathway 
of this reaction. In fact, some authors support the addition of 
the neutral lactam to the ammonium cation, justified by the 
higher basicity of –NH2, as compared to lactam amide group. 
However, it seems reasonable to take into account the predo-

Actually, the reaction mechanism to be considered is more 
complex if, in analogy to the initiation reaction (Scheme 7), 
the participation of a tetrahedral intermediate is taken into 
account (Scheme 8). In fact, in this case also, the two-pathway 
decomposition of such intermediate results in the formation of 
either the protonated (aminoacyl)lactam (17) or the 
N-acylamidine groups (18). 

Bertalan et al.100 considered the reactions [18] and [19] 
to occur between neutral lactams and terminal ammonium 
groups (–NH+

3), but giving the same products. The 

ammonium site undergoes proton exchange with the 
monomer, as in reaction [16], reforming the neutral 
amine group [20] that can react again with lactam cations, 
similarly to [17]: 

Scheme 8 Formation of a tetrahedral intermediate in the propagation reaction. 
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The above reactions attain equilibrium very rapidly. 

4.14.5.1.1(ii)(b) Chain growth by aminolysis The second 
propagation mechanism is characterized by the interaction of 
the N-acyl lactam moiety with the neutral or the protonated 
amine group, linking two polymer molecules (aminolysis of 
aminoacyl lactam). Indeed, protonation of the N-acyl lactam 
moiety in the already formed polyamide molecule provides a 
strong acylating group (19), which can react with the terminal 
amine groups of another chain: 

Actually, this acylation reaction may involve the endo- as 
well as the exocyclic carbonyl of the terminal acyl lactam; con
sequently, two propagation pathways are possible. Moreover, 
since the bimolecular aminolysis of N-acyl lactam may be sche
matized via formation of a tetrahedral intermediate, four 
pathways [21]–[22]–[23]–[24] are possible and amidine struc
tures (21, 23) may be obtained as well (Scheme 9). 

These reactions destroy amine groups, which are regener
ated by the initiation equilibrium of disproportionation 
between lactam and protonated amide [13]. The sequence of 
the disproportionation reaction [13] and the bimolecular ami
nolysis [21] contributes to the total lactam consumption with 
the formation [25] of new aminoacyl lactam molecules 
(20).57,106 Hence, the incorporation of lactam units into the 
polymer chain proceeds by the reaction of a protonated lactam 
with amine groups [18] as well as by the sequence of reactions 
[13] and [21]. 

In the literature, in this case also, the detailed description of 
this type of reaction, in relation to the nature and the role of the 
species involved, has not been unanimous. Sekiguchi8 

described this reaction as occurring between neutral amine 
groups and neutral acyl lactams. Rothe and Bertalan97 

assumed, as reported here in Scheme 9, the bimolecular con
densation of neutral amino groups and protonated N-acyl 
lactams, entailing the two possible tetrahedral intermediates 
and the corresponding elimination products, even taking into 
account the imide groups in the polymer chain. Bertalan 
et al.,100 in their study on the mechanism and kinetics of CL 
cationic polymerization, regarded reactions [23] and [24] as 
occurring between neutral N-acyl lactams and terminal ammo
nium groups (–NH+

3). Additionally, the reaction between 
neutral amine groups and N-acyl lactam was taken into account 
as well, yielding amide groups plus neutral lactams (instead of 
protonated lactams) together with amidines plus water. 

4.14.5.1.1(iii) Deactivation of the active species 
In spite of the fact that the cationically activated polymeriza
tion reactions proceed at high rates, they generally stop at 
rather low conversions and low molar masses, indicating the 
relevant presence of side reactions with deactivation of the 
active species. 

For instance, in the case of CL, the initially fast cationic 
polymerization slows down well before reaching the mono
mer–polymer equilibrium. Namely, after a short reaction time, 
particularly at temperatures above 200 °C, both ammonium 
and acyl lactam groups disappear, resulting in a large decrease 
of the polymerization rate. 

It has been reported107–109 that all basic groups are essen
tially represented by the strongly basic amidine functions, while 
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Scheme 9 Possible propagation pathways and structures originated therefrom in lactam cationic polymerizations. 
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primary amine groups are practically absent. Protonated ami-
dine groups, described by the two resonance forms 

are assumed to be generated, together with water, by the 
dehydration of the tetrahedral intermediate, as illustrated in 
the Schemes 7–9. 

Furthermore, polymer amide and imide (diacylamines) 
groups may undergo reaction with terminal NH2 as well, 
according to the same reaction pathways depicted in 
Schemes 8 and 9, respectively. The result is the formation of 
amidine and acylamidine structures (24 and 25) inside the 
polymer chain, representing points of branching: 

C NHNH C NHNCO 

24 25 

Due to their high basicity, amidines are capable of neutra
lizing the acidic initiator and deprotonating the lactam 
cations, strongly reducing the formation of new propagation 
centers. Moreover, the terminal amidine groups (18) are  
unable to react with the monomer and, therefore, stop the 
chain growth. Consequently, the rate of polymerization, espe
cially at low initiator concentrations and high temperatures, is 
reduced long before the monomer–polymer equilibrium is 
attained. 

In addition, irrespective of the fact that polymerization has 
started under anhydrous conditions, water is always generated 
during amidine formation. Water may give rise to hydrolytic 
reactions, in particular with acyl lactams and acylamidine struc
tures, yielding carboxylic end groups (Scheme 10), which take 
part in the polymerization process as well. 

As a result, polymerization does not stop completely 
because of the water and the carboxylic acid groups formed, 
which are capable of initiating a new slow polymerization. 
Indeed, the time–conversion curve exhibits an inflexion point 
that more or less corresponds to the highest concentrations of 
amidine groups, coinciding with the minimum concentration 
of amine groups. For example, carboxylic groups may react 
rapidly with amidine structures restoring the catalytically active 
strong acid and increasing again the rate of the polymerization 
process: 

Consequently, different active species and more than a 
single polymerization mechanism are operating in the second 
stage of the cationic lactam polymerization. 

4.14.5.1.2 N-substituted lactams 
Polymerization of N-alkyl lactams,80 as already mentioned not 
polymerizable anionically, can be accomplished cationically by 
protic and Lewis acids, carbenium and oxocarbenium salts of 
complex acids, primary and secondary amines, and water. 

As compared to the acidolytic, aminolytic, and hydrolytic 
routes, entailing the same reactions involved for unsubstituted 
lactams (excluding amidine formation), the polymerization 
initiated by protic acids, such as HCl, differs for the most 
part. The most relevant aspects characterizing the cationic poly
merization of N-substituted lactams are, as said already, the 
absence of the detrimental formation of amidines and a much 
simpler mechanism compared to that pertaining to 
N-unsubstituted lactams. 

4.14.5.1.2(i) Initiation 
The free lactam cannot be acylated to give the (aminoacyl) 
lactam owing to the N-substituent. On the other hand, the 
anion of the initiating acid (e.g., Cl−) can undergo acylation 
by the O-protonated lactam giving rise, for example, as 
described in reaction [31], to the acyl chloride of the amino 
acid: 

Scheme 10 Formation of carboxylic end groups by hydrolytic reactions. 
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The formation of the aminoacyl chloride represents the 
kinetically controlling step of the process. 

4.14.5.1.2(ii) Propagation 
Propagation then proceeds by fast bimolecular condensation, 
similar to the bimolecular aminolysis previously described, 
with a molecule acting as the acceptor and the other as the 
donor [32]: 

The regenerated hydrogen chloride enters again into the 
initiation reaction [31]. Besides this main growth reaction, 
other competitive propagations are present.80 In fact, the acyl 
chloride group may react directly with the lactam monomer; in 
this case, the aminoacyl chloride acts as the acceptor and the 
monomer as the donor [33]: 

Additionally, the O-protonated lactam may undergo a 
nucleophilic attack [34] by the terminal nitrogen of the 
amino acid (the donor), this reaction nonetheless being an 
order of magnitude slower than the condensation of the ami
noacyl chlorides [34]: 

It is worth underlining that, depending on polymeriza
tion time and temperature, the added HCl may result 
differently distributed in –COCl groups or in acid–base 
equilibria to give –NHR·HCl [34] and –NRCO·HCl [32]. 
Hence, not every initiator molecule, in contrast to what 
happens in the acidolytic polymerization, necessarily yields 
a polymer chain. 

4.14.6 Acidolytic and Aminolytic Polymerizations 

Lactam polymerizations initiated under anhydrous conditions 
by carboxylic acids and primary/secondary amines are referred 
to as acidolytic or aminolytic polymerizations, respectively. 
Actually, these terms do not clearly identify different polymer
ization mechanisms, since their basic reactions simultaneously 
participate in the cationic and the hydrolytic processes. 

The conversion–time curves of amine- and carboxylic 
acid-initiated polymerization of CL have been reported to 

show a sigmoidal shape analogous to that given by water initia
tion.102 The curves exhibit an initial period during which the rate 
of conversion increases up to a maximum and, afterward, is 
constant for some time before decreasing (Figure 13). 

Acidolytic polymerization is a very slow process, with acids 
being less efficient than amines in initiating the polymeriza-

tion. When CL and monocarboxylic acids are considered, the 
reaction rates have been proven to be inversely proportional to 
the pKa of the acid. By extrapolating the experimental data, it 
has been suggested that acids having pKa higher than 6–7 are 
not effective in initiating the polymerization.102 

The acylation of the monomer by carboxylic acid (acid
olysis), or of the protonated monomer by carboxylate anion, 
is assumed8,80 to proceed via a transient four-center inter
mediate. The subsequent acyl exchange and opening of the 
lactam ring, by splitting of the CO–N bond, gives rise to an 
amide group and a terminal carboxylic group (reaction [35]): 
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Figure 13 Acidolytic and aminolytic polymerization of CL conducted at 
230 °C. Initiator: RNH −1

2, benzylamine (0.106 mol kg ) and RCOOH, 
caproic acid (0.120 mol kg−1). Reproduced from Šebenda, J. In 
Lactam-Based Polyamides; Puffr, R.; Kubánek, V., Eds.; CRC Press: Boca 
Raton, FL, 1991; Vol. 1, Chapter 2, p 29.57 

Chain growth then proceeds by reaction of lactam units 
with the polymer carboxylic groups (reaction [36]): 

It is remarkable that in polymerizations initiated by car
boxylic acids, the acid is incorporated in the polymer chain, 
differently from the reaction initiated by strong acids, where the 
strongest nucleophile is the amide group. An alternative 
mechanism involving the formation of a mixed anhydride of 
the acid and the amino acid and subsequent intramolecular 
rearrangement has been hypothesized.7 This reaction pathway 
has been invoked in order to account for the experimental data 
showing the presence of basic groups (i.e., amine groups) in 
polymers of seven-, eight-, and nine-membered lactams.110,111 

The proposed mechanism,54 indeed, implies the formation of 
anhydride functionality and a terminal amine group: 

As soon as basic amine groups are produced, the aminolytic 
polyreaction between the –NH2-terminated chain and the 
monomer, described in [9], may compete with the acidolytic 
reaction as propagation reaction. To a minor extent, the anhy
dride would also contribute to chain growth by bimolecular 
aminolysis: 

A detailed investigation110 on the polymerization of 
ε-capro-, ζ-enantho-, η-caprylo-, and ω-lauro lactam initiated 
by aliphatic carboxylic acids has shown that propagation pre
vailingly proceeds via the reaction of the lactam with the 
carboxyl group and that CL polymerization is characterized 
by an induction period, unlike the polymerization of eight-, 
nine-, and thirteen-membered lactams. It has been proven that, 
with the exemption of CL, the reaction rate of the first lactam 
with the initiating carboxylic acid is the same as the rate of 
further lactam molecules to the carboxylic groups of the poly
mer. On the contrary, in the case of the seven-membered 
lactam, the first reaction proceeds much slower than the reac
tions of the second and further molecules. For instance, in 
lauric acid-initiated polymerizations, the ratio of the rate con
stants relative to eqns [35] and [36], kn/k1, has been found to be 
8.4 for the seven-membered lactam and 1.1 and 1.0 for the 
eight- and nine-membered lactams, respectively. This can be 
rationalized by the statement that in the case of trans-lactams, 
the rates of initiation and propagation are comparable, while 
for cis-lactams (i.e., CL), they are not. 

The presence of the induction period with CL has also been 
explained57 by taking into account two propagation reactions, 
the acidolysis (reaction [35]) and the reaction with amine 
groups (reaction [9]), and has been related to the formation 
of basic groups. As a matter of fact, the generation of amine 
groups increases to a certain level but with very different rates. 
In the case of ε-capro-, ζ-enantho-, and η-caprylolactam, their 
concentration attains a constant level at low conversion and the 
aminolytic polyreaction becomes significant with increasing 
extent of polymerization. On the other hand, in the 
seven-membered lactam, due to the existence of the induction 
period, the formation of basic groups proceeds even at 50% 
conversion.110 

Namely, the acidolytic polymerization of η-caprylolactam 
at 220–280 °C not only proceeds at high rates, much higher 
than that shown by CL, but also is a little dependent on the 
acidity of the initiator. Since the hydrolytic process proceeds at 
comparable rates, the major contribution to monomer con
sumption has been attributed to the acidolytic reaction [35], 
neglecting reaction [9].112 

(c) 2013 Elsevier Inc. All Rights Reserved.
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N-substitution slows down the polymerization rate even in 
the acidolytic mechanism, as a consequence of the lower rates 
of transacylation of the lactam as compared to the linear amide, 
due to the insufficient flexibility of the lactam ring in the 
formation of the activated complex. Only N-benzoyl lactams, 
together with highly strained rings, raise the rate of acidolytic 
polymerization by more than three orders of magnitude.80 

The polymerization initiated by amines is faster than the 
acidolytic process remaining, in any case, rather slow.113 For 
example, the polymerization of CL at 230 °C, initiated by 
benzylamine (0.106 mol kg−1), is faster than that initiated by 
caproic acid (0.120 mol kg−1), affording the conversions of 
70% and 20%, respectively, after 50 h (Figure 13).83 

The initiating activity of amines increases linearly with their 
pKb, but it is also a function of their structure (e.g., secondary 
amines are less efficient than primary amines). The aminolytic 
polymerization proceeds by nucleophilic attack of the amine 
group on the lactam molecule: 

The anionic route is the fastest process for producing poly
amides, its activation energy being rather low. In bulk 
polymerizations, the lower temperature limit is the lactam 
melting temperature, together with the solubility limit of the 
polymer into the molten monomer. The anionic synthesis, 
performed in molten lactam, may be accomplished either 
below or above the melting point of the polymer (i.e., 220 °C 
for PA6 and 185 °C for PA12). In the first conditions, the 
reaction mixture, initially liquid, turns turbid at the cloud 
point and then solidifies in the course of the polymerization. 
The beginning of solidification is considered the moment at 
which the growing chains attain a critical length that enables 
their crystallization, forming spherulites insoluble in the 
monomer. 

The anionic process is the only method allowing the ROP of 
the stable five- and six-membered lactam rings, 2-pyrrolidone 
and 2-piperidone. Obviously, as already mentioned, only 
N-unsubstituted lactams can be polymerized by the anionic 

However, the process is not so simple, implying several 
types of reactions. The aminolytic CL polymerization exhibits 
an induction period and its initial rate is proportional to the 
amine concentration, while the maximum rate of polymeriza
tion is proportional to the square root of the amine 
concentration. The decomposition of the tetrahedral inter
mediate in this case as well as in the cationic and hydrolytic 
polymerization, affords amidine and water. The presence of the 
induction period has been assumed to be associated with slow 
amidine formation, while the progressive increase of the poly
merization rate has been related to the further contribution of 
the formed carboxylic groups.57 

4.14.7 Anionic Polymerization 

After the early description of Joyce and Ritter,6 Hanford and 
Joyce114 were the first to discuss in 1948 the mechanism of the 
anionic polymerization of lactams assuming a chain growth via 
amide anions, which had to be abandoned later on. Only in the 
early 1960s of the last century, the teams of both Wichterle 
et al.115 and Champetier and Sekiguchi116 established the true 
mechanism involved in these lactam polymerizations. 

Since then, the anionic polymerization of lactams has been 
studied in depth and excellent and exhaustive works have been 
published; among them are the fundamental reviews of 
Šebenda, Sekiguchi, and Reimschuessel, already mentioned in 

7–9,12,117part in Section 4.14.1. 

mechanism because of the required presence of the hydrogen 
atom on the amide group. 

A great confusion sometimes arises from the literature owing 
to the nonuniform terminology adopted for the various reactive 
species. Thus, the terms catalyst, cocatalyst, chain initiator, initia
tor, coinitiator, precursor, activator, coactivator, and accelerator 
are indifferently used. In the present chapter, the notation ‘initia
tors’ will be used for identifying the ionic lactam salts (i.e., the 
alkali metal lactamates) capable of starting the anionic polymer
ization of lactams in suitable conditions. Their ‘precursors’ will 
be the basic compounds (e.g., the alkali metals) capable of 
producing the initiators, while the term ‘activators’ will be used 
to denote the species, acting as the source of nonionic growth 
centers able to run the polymerization in more favorable condi
tions (high rates and lower temperatures). 

4.14.7.1 Reaction Mechanism 

The anionic polymerization of lactams is initiated, under anhy
drous conditions, by generation of the lactam anion. Any 
strong base capable of producing the N anion of lactam may 
be effective in initiating polymerization. The polymerization 
process carried out in the presence of initiator only, that is, a 
basic substance providing the lactam anion, is regarded as 
‘nonactivated polymerization’ (or ‘nonassisted polymeriza
tion’), while polymerization process carried out by adding an 
activator (e.g., N-acyl lactam) is designated as ‘activated poly
merization’ (or ‘assisted polymerization’). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.14.7.1.1 Preinitiation 
This step involves the formation of the free lactam anion by 
ionization of the alkali metal salt of the lactam (lactamate), 
generally produced by treatment of the lactam with a strong 
base, such as an alkali metal M [41] (see Section 4.14.7.2): 

where [ML]0 is the initial lactamate concentration. 
The contribution of the free lactam anion increases with 

temperature, starting to be predominant above 150 °C. Only 
at higher temperatures, the alkali metal lactamates can be 
considered completely dissociated. When the lactamate is 
weakly dissociated, the concentration of active species [L−] 

The negative charge in the lactamate and in the free lactam 
anion is, as in the case of the lactam cation, delocalized on the 
amide group in virtue of the resonance stabilization by con
jugation with the carbonyl group. The lactamate acts as the 
source of free lactam anion, which is the active species of the 
polymerization. The concentration of such free lactam anion is 
a function of the dissociation constant of the lactam salt [42] 
and [43], being equal to the concentration of this latter only 
under conditions of complete dissociation: 

 
½  

d
½ �L− Mþ�  

K ¼ ½43� 
ML 

Lactamates, and also the salts of polymer amide groups, 
may be involved in complex equilibria with formation of var
ious aggregates, ion pairs, free ions, and triple ions.9 In virtue of 
this fact, the dissociation constant must take into account the 
participation of the various types of ions. Thus, the concentra
tion of the free lactam anion [L−] may be written as 

2 

½ �L−
K¼

� 1=2 

Kd ½ML� d Kd 
−0 þ  

4 

�
 

 
½44

2
�

may be approximated to vary with the square root of the salt 
concentration,118 as in [45]: �1=2

L− ≈ Kd ML ½45�½ � ½ �0 

In the molten lactam medium, without other solvating or 
complexing species, the lactamate dissociation depends on 
both the lactam properties (i.e., acidity, dielectric permittivity, 
donor–acceptor capability, substituents) and the electroposi
tivity of the metal as well (Section 4.14.7.2). For example, 
higher lactam permittivity, such as in ω-laurolactam as 
compared to CL, makes easier the salt dissociation 
(see Table 7).119 

4.14.7.1.2 Initiation in nonactivated polymerization 
The lactamate (i.e., the lactam anion) is a very strong 
nucleophile (see Scheme 4). Thus, it is easily acylated by 
the lactam, although the acylating ability of the latter is 
poor, with the amide group being stabilized by resonance. 
The lactam anion reacts with the monomer by a 
ring-opening transamidation reaction forming N-acyl lactam 
structures carrying primary amine anions (disproportionation 
reaction). 

Assuming a free ion mechanism,117 the imide anion is 
formed, in the first slow step, by nucleophilic attack of the 
lactam anion on the carbonyl of the lactam molecule, via 
formation of a tetrahedral intermediate [46]: 

Table 7 Dissociation constants (Kd) of lactam salts in their respective lactams with different acidity (pKa at 25 °C) and 
relative permittivity (ε) 

–LogKd 

Ring 
size Lactam pKa εr(T) 

T 
( °C) Li+ L− Na+ L− K+ L− Me3N

+ L− References 

5 
6 

7 
13 

2-Pyrrolidone 
2-Piperidone 

CL 
ω-Laurolactam 

24.5 
26.7 

27.2 
27.2 

27.10 
17.49 
13.14 
12.55 
35.00 

31 
45 
120 
150 
160 

7.5 
4.25 

3.89 
6.31 
3.98 
2.38 

0.80 
3.58 
4.44 
3.73 

3.35 

14 
14, 57 
14, 57 
14, 57 
14, 57 
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The amine anion is highly reactive, unlike the lactam anion, 
as it is not stabilized by resonance, and rapidly undergoes 
proton exchange with a lactam molecule, yielding an imide 
dimer (N-acyl lactam) and regenerating a lactam anion [47]: 

The result of these two combined reactions is the dispro
portionation between two amide groups (present in lactam and 
in lactam anion) to give an amine and an acyl lactam moiety 
(in the N-acyl lactam species). Since the neutralization reaction 
is extremely fast, the initial rate of disproportionation may be 
written as 

d NH½ 2� � �1=2 
vd ¼ ¼ Kd L ½ � ½48�½ � Kd ML 0dt ¼ Kd L ½ �½ � L−

The rate of disproportionation depends on several factors: 
nature of counter ion and reaction medium, lactam ring size, 
substituents, and structure of the resulting linear monomeric 
unit. An N-substituted lactam, for instance, may react with the 
lactam anion with a rate significantly higher than that of the 
initial reaction [46], depending on the size and the electrophi
licity of the substituent (e.g., N-benzoyl lactams are very 
reactive). As a consequence, specific types of N-substituted 

lactams are used as activators in the activated anionic polymer
ization (see Section 4.14.7.4). 

On this basis, the N-acyl lactam (imide dimer) formed in 
[47] is highly reactive toward the lactam anion and represents 
the initiating species necessary for the onset of the polymeriza
tion. In fact, while the amide linkage in the lactam monomer is 
not sufficiently reactive (i.e., not enough electron deficient), the 

rate is observed. As a consequence, the use of rather high 
reaction temperatures (255–285 °C) is required and only the 
more reactive lactams, such as CL, undergo polymerization by 
strong bases alone in a nonactivated process. As a matter of fact, 

the formation of the imide growing centre is the controlling 
step of the polymerization process. In this respect, the nonacti
vated polymerization can be considered as having an 
autocatalytic character.48 When an acyl lactam is added at the 
very beginning of the polymerization, the induction period is 
absent7 and the anionic ROP can be performed at much lower 
temperatures (e.g., for CL at 130–180 °C) 

4.14.7.1.3 Propagation 
The N-acyl lactam embodies the strongest electrophilic group 
in the system and the most susceptible site to be attacked by the 
nucleophilic lactam anion. Thus, the neutral N-acyl lactam acts 
as the growth centre at the chain end. Propagation proceeds, 
according to the free ion mechanism, by repeated nucleophilic 
attack of the lactam anion on the endocyclic carbonyl of the 
imide group, via formation of the tetrahedral bicyclic inter
mediate [49]: 

In contrast to the imide anion formed at the slow initial 
stage [46], the amide anion is more stable and reaction [49] is 
appreciably faster. The polymer amide anion participates in the 
ionization equilibrium with the lactam molecule, thus regen
erating the lactam anion [50]: 

The combination of these two reactions results in the incor
poration of a monomer unit into the polymer and the 

presence of the exocyclic carbonyl group in the N-acyl lactam 
increases the electron deficiency of the amide group and, thus, 
the acylating ability. 

Since the concentration of imide dimers builds up slowly, 
an initial induction period of very low, if any, polymerization 

regeneration of both the active end group and the lactam 
anion. As soon as the polyamide chain is formed, additional 
reversible reactions occur. The polymer amide groups may be 
involved in disproportionation reactions as well, forming acyl 
lactams and amine end groups [51]: 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Furthermore, the presence of amide N anions along 

the polymer chain, derived from equilibrium reactions 
with lactam anions in the strongly basic medium 
[52], may produce diacylamines [53] and polymer branch
ing [54]: 

Transacylation reactions between polymer amide anions 
and acyl lactams (N-acylations) (Scheme 11) may cause depo
lymerization or incorporation of a lactam unit when the 
exocyclic [55] or the endocyclic carbonyl groups [56] are 
involved, respectively. 

4.14.7.1.4 Role of counter ion 
The nature of counter ion does affect not only the degree of 
dissociation of the corresponding lactamates but also the whole 
polymerization rate, entering in the propagation reactions and 
influencing also the extent of side reactions.120 Indeed, aside 
from the free ion mechanism described above, alternative pro
pagation pathways have been proposed involving the cation 
participation in ion pairs and complexes: the lactamolytic 
mechanism put forward by Sekiguchi116,121,122 and the 
ion-coordinative mechanism suggested by Frunze et al.12 3,124 

The lactamolytic mechanism (Scheme 12) assumes a trans
fer of the alkali metal cation from the activated monomer 
species to the imide group at the end of the growing chain 
and its coordination to the carbonyls of the imide [57]. The 
reaction proceeds via formation of an alokoxide-type anion by 
nucleophilic attack of the lactam anion on the endocyclic car
bonyl, proton exchange with monomer, and, as the final step, 
rearrangement with ring opening [58]. Sekiguchi derived this 
mechanism from some experimental evidences. Indeed, he 
studied the conductivity behavior of the polymerization mix
tures of CL,125 2-piperidone, and 2-pyrrolidone126 and found 

Scheme 11 Transacylation reactions between polymer amide anions and acyl lactams. 

Scheme 12 Propagation pathways based on lactamolytic mechanism. 
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that, after the addition of N-acyl lactams to the lactam salts, the 
conductivity increased for CL and 2-piperidone and decreased 
for 2-pyrrolidone. The increase in conductivity has been attrib
uted to a higher concentration of free ions resulting from 
reaction [57]. The coordination of the cation would increase 
the concentration of the free lactam anion and enhance the 
reactivity of the imide group to nucleophilic attack [58]. 

Since the ion-pair bonding is fairly weak, lactams with high 
dielectric permittivities (e.g., 2-pyrrolidone) are incapable of 
forming the complex by reaction [57]. Moreover, every condi
tion entailing a high degree of dissociation of the lactam salts 
determines this reaction to be less and less important.8 However, 
there are probably no simple relationships between conductivity 
and interaction of lactamates with growing centers, since dissim
ilar behaviors have been observed for different lactams.9 

Frunze et al.123 proposed the participation of ion pairs of 
lactam salts in the propagation step and suggested an 
ion-coordination mechanism. According to this mechanism, a 
complex between the lactamate and the two carbonyl groups of 
the growing center is formed (Scheme 13). 

The contribution of free lactam anions and ion pairs would 
vary as a function of reaction conditions, nature of counter ion, 
and structure of monomer and chain end. The mechanism 
hypothesized by Frunze et al.123 is somehow similar to that 
suggested by Sekiguchi, from which it differs by the fact that it 
does not necessarily assume free lactam anions besides ion 
pairs. Arguments may be formulated in support of each 
mechanism. However, both of them have some difficulties to 
accommodate all the observed phenomena in a satisfactory 
way. For instance, as a matter of fact, the occurring of side 
reactions greatly alters the course of the polymerization reac
tion, also preventing the formation of living polymers, which 
would be implied by all assumed mechanisms. 

In any case, it may be asserted that free ions play a decisive 
role at high temperatures and in media of high permittivity, 
while at low temperatures and in low polar media, the involve
ment of ion pairs is more influential. A significant increase in 
dissociation (i.e., conductivity) and in the rate of polymerization 
of some lactams has been observed8 by addition of the cryptand 
Kryptofix[2.2.2], namely 4,7,13,16,21,24-hexaoxa-1,10-diazabi
cyclo[8.8.8]-hexacosane (26) to 2-pyrrolidone and 2-piperidone: 

This effect has been shown to be more effective in media 
of low permittivity, which are more sensitive to a gain in 
dissociation. Indeed, addition of cryptand has only doubled 
the rate of polymerization for 2-pyrrolidone,127 while it has 
enhanced the rate by two orders of magnitudes for 2-piper
idone.126 The same influence has been found in the anionic 
polymerization of CL conducted in THF at low temperature 
(25 °C).128 

4.14.7.2 Side Reactions 

Due to the high reactivity of the species involved in the anio
nic polymerization, a series of side reactions can take place, 
namely when using high polymerization temperatures and 
long polymerization times. The lactam anion and the propa
gation centers, N-acyl lactams and diacylamines, can initiate a 
variety of reversible and irreversible side reactions in which 
both the growth centers and the monomer anions are con
sumed. The strongly basic conditions, as described in this 
section, promote polymer branching and β-keto compounds, 
yielding to a considerable number of side products and chain 
irregularities. 

The presence of side products and structural irregularities 
in the final polymer can be monitored by UV spectrophoto
metry, as most of them are able to strongly absorb in the UV 
region. As pointed out by Šebenda,117 in  the case of anionic  
PCL, the absorption maxima in the ultraviolet region 
between 250 and 300 nm are directly proportional to the 
total amount of products derived from the imide groups. 
Namely, most of the irregular structures arising from keto 
compounds are responsible for the UV absorption in that 
region. Therefore, an easy method to have a rough idea of 
the extent of side reactions in the anionic polymerization of 
CL is to measure the UV absorption spectra of anionic PA6, 
as often adopted in the literature.46,129 It is worth emphasiz
ing here that the fast kinetics involved in the activated 
anionic polymerization of CL at low temperatures, when 
adopting the ‘very fast’ activating compounds explored in 
the last two decades, is capable of drastically limiting the 
formation of by-products. In this case, indeed, the UV spectra 
performed on formic acid solutions of anionic PCL samples 
have shown the structural irregularities to be almost 
absent.130 

The origin and the evolution of structures derived from side 
reactions have been extensively reviewed by Šebenda,7 studying 
essentially the polymerization of CL in slow activated condi
tions. A survey of them is hereafter reported. 
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Scheme 13 Propagation pathway based on the ion-coordinative mechanism. 
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Scheme 14 Formation of carbanions. 

4.14.7.2.1 Formation of carbanions 
The acidity of the hydrogen atoms in α position, to the carbo
nyls of the imide group in the N-acyl lactam growth center, is 
comparable to that of hydrogen in the amide group. As a 
consequence, in the presence of a strong base (e.g., the lactam 
anion), the ring imide group (27) having at least an α-hydrogen 
to carbonyl, after the established equilibrium with the lactam 
anion (Schemes 14), can undergo Claisen-type condensation 
reactions, similar to the condensation of esters and ketones. 

Analogous behavior is given by diacylamine branching 
points (28), as shown in [61]. The concentration of these 
carbanions is low. Nevertheless, C-acylations and, only in 

Scheme 15 C-acylation reactions on the exocyclic carbonyl group. 

Scheme 16 C-acylation reactions on the endocyclic carbonyl group. 

some specific cases, O-acylations9 are competitive reactions 
with regard to the propagation step [49]. 

4.14.7.2.2 Formation of β-ketoimides and β-ketoamides 
As shown in Scheme 14, three types of acid hydrogens exist, 
yielding to three reactive sites for C-acylation. In this respect, 
two are the most relevant carbonyl sites: the exo- and the 
endocyclic carbonyl in N-acylated lactams (29 and 30), 
respectively, not considering the branched structure (31). 
As a result, six (in total) or, more probably, four possibilities 
arise, originating six (four) different β-ketoimide structures. 

The C-acylation reactions on the exo- and endocarbonyls 
are illustrated in Schemes 15 and 16, respectively. In the 
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case of CL, the acylation of the exocyclic methylene on the 
endocyclic carbonyl has been reported to be the fastest.131 

Reactivities of the different acid methylenes and those of 
carbonyls are related to many factors:9,127 the lactam prop
erties (e.g., ring size and substituents), the presence and the 
nature of activator, the initial ratio of initiator and activator 
concentrations, the permittivity of the reaction medium, 
and the reaction temperature. The nature of counter ion 
may play an important role too. 

The concentration of the keto groups in the polyamide 
depends on the initial concentrations of the catalytic com
ponents (and, thus, on the basicity of the medium), 
temperature, and the polymerization time. In the anionic 
polymerization of CL at high temperatures (250–280 °C), it 
has been reported132 that approx. 0.5–1 keto groups per 
activator molecule (N-benzoyl-CL) are formed very quickly. 
At a low effective basicity, the majority of keto groups are 
formed during the first minutes, while at higher medium 
basicity, most of the keto groups are formed in the latter 
stages of the process. 

For the activated polymerization of CL, conducted in THF at 
25 °C (using equimolar concentration of potassium 
ε-caprolactamate and N-propionyl-CL (EtCOCL)), it has been 
found131 that the rates of C-acylation ([62], [63], [65], [66]) are 
comparable to those of propagation [49] and the rates of 
N-acylation ([55], [56]) are slightly lower. 

Indeed, the overall activation energies of polymerization 
and C-acylation reactions have been estimated to be very 
close (40 and 30 kJ mol−1, respectively) 

Neutral β-ketoimides are strong acylating agents and may be 
involved in a number of complex reactions, acting as growth 
centers and leading to either branched or linear chains. 
β-Ketoimides may be converted to β-ketoamides 
(2-oxoamides), by nucleophilic attack of the N anion on the 
carbonyl of the imide group, following the general scheme of 
eqn [68]: 

β-Ketoimides and β-ketoamides decrease the concentration 
of active species present in the initiating system. The formation 
of a ketoimide structure by the Claisen-type condensation reac
tion consumes two molecules of the initial growth centers 
(N-acyl lactams). Moreover, both β-ketoimides and 
β-ketoamides having an α-hydrogen are many orders of magni
tude more acid than the amide groups, due to the high 
resonance stabilization given by conjugation with two carbo
nyls. Thus, they contribute to a decrease in the concentration of 
lactamates (Scheme 17) 

The final result is a decrease in both active species and the 
polymerization rate. As a consequence, a decrease in the rate of 
the imide C-acylation is observed as well. Indeed, C-acylations 
are initially very fast, until subsequent side reactions start to 
consume the β-ketoimides and a temporary equilibrium is 
attained. 

The presence of ketoimide/ketoamide groups has been 
demonstrated using model experiments and also isolation of 
aminoketones formed by total hydrolysis of the polymer. It is 
noteworthy that α,α-disubstituted lactams, lacking α-hydrogens, 
cannot undergo this type of secondary reactions. In the case of 
α-monosubstituted lactams, the pattern of side reactions is fairly 
different: for example, the ketoimide structures obtained by the 
Claisen-type condensation (see 32 and 35 in Schemes 15 and 
16) have no acid hydrogens; thus, the concentration of lactam 
anions is decreased at a lower rate. 

4.14.7.2.3 Condensation and decomposition of β-keto 
compounds 
Like other β-carbonyl derivatives, the β-ketoimides and 
β-ketoamides are very reactive under basic conditions and at 
high temperatures, and are considered as the key intermediates 
in a series of complex secondary reactions with formation of 
water, carbon dioxide, ketones, amines, and rather stable het
erocyclic structures (Scheme 18).9 Indeed, condensation 
reactions involving β-ketoamides [72] may lead to uracil struc

In the case of reaction with the lactam anion, the N-acyl 
lactam growth centre is regenerated [69]: 

tures (38), while β-ketoimides may give hydroxypyridinone 
structures (39) [73]. It is remarkable that these heterocyclic 

Scheme 17 Reaction of b-ketoimides and b-ketoamides with lactamate anions. 
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Scheme 18 Condensation and decomposition reactions of b-ketoimides and b-ketoamides. 

compounds may act as branching and cross-linking points. On 
the other hand, the thermal [74] or base-catalyzed decomposi
tion [75] of β-ketoamides can afford ketones and isocyanates. 
Isocyanates may act as efficient precursors yielding, in subse
quent reactions, additional growth centers, such as N-acyl 
lactams (see Section 4.14.7.5). 

4.14.7.2.4 Hydrolytic reactions 
An important consequence of these side reactions is the pre
sence of water, irrespective of the fact that anionic 
polymerization starts in anhydrous conditions. Water is able 
to hydrolyze N-acyl lactams, β-ketoamides, β-ketoimides, and 
the imide branching points via fast base-catalyzed reactions.7 

During these hydrolytic reactions, carboxylates, amine 

groups, ketones, carbon dioxide, and carbonate are formed 
(Scheme 19). 

4.14.7.3 Initiators 

The lactam anion in the form of lactam salt (lactamate) can be 
obtained by in situ reaction with alkali metal compounds, or 
prepared ex situ and then introduced in the polymerization 
mixture. Some confusion may arise about the terms often 
used in the literature to identify the various compounds men
tioned in previous sections (initiators, or catalysts, or 
precursors). In this chapter, we prefer to consider the lactamate 
as the true initiator and the alkali metal compound as the 
precursor. A great number of precursors are able to generate 

Scheme 19 Hydrolytic reactions as a consequence of side reactions. 
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Scheme 20 Initiator precursors. 

lactamates (Scheme 20) and have been widely described in the 
literature,8,10 essentially with reference to the polymerization 
of CL. 

As already highlighted in the partial list of Scheme 20, 
various groups of compounds may act as precursors:8 alkali 
metals; alkali metal hydrides, oxides, hydroxides, alkoxides, 
halides, carbonates; alkali metal salts of organic acids; 
alkyl aluminums; alkali aluminum hydrides and their 
alkoxides; quaternary ammonium salts; guanidium salts of 
lactams, etc. 

The nature and concentration of the initiator play a crucial 
role in the nonactivated anionic polymerization, where the 
growing centers are formed in the slow reaction [46] between 
the monomer and the lactam anion bringing about the pre
sence of some induction periods. On the other hand, the 
evaluation of the specific action of a given initiator in the 
activated lactam polymerization is more complex, since it can
not be taken in consideration apart from the activator used. It is 
necessary to consider here the dual system initiator/activator. It 
seems that the activation energy for the anionic ring-opening 
polymerization of CL is almost independent of the activator 
used,133–135 whilst it is probably a function of the initiator 
nature. 

At high temperatures (150–200 °C), the initial rate of 
activated polymerization of CL is proportional to the concen
tration of free lactam anions, increasing with the square root 
of the dissociation constant (Kd) of the lactamate.57 For alkali 
metal lactamates, the value of Kd increases as a function of the 
electronegativity of cation. At higher temperatures (above 
200 °C), the dissociation of the alkali metal lactamates (e.g., 
caprolactamates) is considered complete; consequently, the 
rate of polymerization becomes independent of the nature 
of the cation. Cations of transition metals (e.g., Cr3+) and  
other metals (e.g., Al3+), exhibiting high values of electrone
gativity, have very low dissociation constants. Thus, the 
corresponding lactamates hardly dissociate even at high 
temperatures. 

Accordingly, the activity of the alkali metals follows the 
order of electropositivity, with the only exception of Li: 

Naþ < Liþ < Kþ < Csþ; and Me4Nþ 

In fact, lithium, despite its highest ionization energy, 
shows46 a higher activity than does sodium as lactamate 
in initiating CL anionic polymerization. All quaternary 
ammonium salts of a given lactam exhibit more or less 

the same activities, decreasing only slightly with the 
increasing dimensions of the alkyl and/or phenyl substitu
ents, due to restricted mobility and decreased ionization 
potentials:8 

Me Nþ ≥ Et NþMe PhNþ  Bu Nþ  ðPhCH ÞEt Nþ 
4 4 3 > 4 > 2 3

The use of sodium salt of the lactam (e.g., Na 
ε-caprolactamate) has been the most common choice of 
initiator in lactam polymerization and the most widely 
reported in literature. In order to prepare the sodium salt, it 
is possible to have the monomer reacting with Na metal or 
with strong bases yielding lactamates in irreversible (with 
NaH) or reversible reactions (e.g., with CH3ONa, 
t-C4H9ONa, and NaOH). The use of the strong hydride NaH 
is the fastest way, implying only liberation of molecular 
hydrogen from the reaction mixture [76]. The u se of alkoxides  
and hydroxides requires the removal of alcohol or water by 
distillation: 

It has been reported136 that in the nonactivated polymeriza
tion of CL, the sodium salt (CLNa) prepared in situ by reaction 
of the lactam with sodium methoxide (CH3ONa) is less active 
than the sodium caprolactamate prepared ex situ. 
Heterogeneous precursor/initiator systems may be used and 
have been experimented. A potassium–graphite intercalate 
(KC24) has been compared to the potassium caprolactamate, 
showing that the nonactivated polymerizations with KC24 
were slower, proceeded with an induction period, and gave a 
polyamide with low molar mass.137 

The organomagnesium compounds, that is, the Grignard 
reagents, proved138–140 to be very effective in the deproto
nation of the lactam monomer giving rise to lactam 
magnesium bromides. They have been specifically tested 
in the activated polymerization and copolymerization of 
CL using ‘fast’ N-acyl lactam activators.141 In recent years, 
CL magnesium bromide (CLMgBr) has been used more and 
more as initiator, for a variety of reasons, the most relevant 
being its stability and ease of handling as compared to 
sodium metal or sodium hydride as precursors of NaCL. 
Moreover, its lower nucleophilicity related to the MgBr+ 

cation ends up in a better processability window, lower 
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level of side products, and marked suppression of cycliza
tion reactions during polymerization that, in addition, is 
less sensitive to the presence of water. For these reasons, 
lactam magnesium bromides are widely adopted in RIM 
(referred to as Nylon-RIM),142 reactive extrusion,143 and 
centrifugal molding.144 

CLMgBr can be easily prepared in laboratory by reaction of 
the lactam with ethylmagnesium bromide: 

HN CO 
+ 

N C  

O 

MgBr C2H5MgBr + C2H6 

½77� 

Due to their large use, both ClNa and CLMgBr are, at the 
present time, commercially available. Explanation of the activ
ity of CLMgBr takes into account the capability of MgBr+ to be 
coordinated to the growing center (N-acyl lactam, see Section 
4.14.7.1.4) and form a complex with the polymer functional 
groups. Indeed, the complex formation between magnesium 
cations and amide anions in the polyamide chain minimizes or 
prevents cyclic oligomer formation, presumably hindering 
some polymer chain conformations favorable to the cyclization 
reaction. Namely, the formation of cyclic dimer is strongly 
limited or suppressed.145 Studies on model compounds146 

seem to support the formation of coordination sites stable up 
to 200 °C. The coordination capability of some counterions 
and the complex formation between them and the monomers, 
on the one hand, or between them and the growing chains, on 
the other hand, have already been suggested in 
literature.46,51,122,147 

Chemistry and kinetics of adiabatic homopolymerization 
and copolymerization of CL using CLMgBr, in combination 
with isophthaloyl-bis-caprolactam as activator, has been stu
died in depth.140,148 It has been shown148 that the value of the 
activation energy for homopolymerization using CLMgBr is 
much lower than that using sodium caprolactamate (30 vs. 
73–61 kJ mol−1). 

By varying the lactamate counterion in the polymerization 
of CL, a comparison regarding the formation of side products 
has been made.9 At high temperatures, the content of diami
noketone units formed during C-acylation side reactions is 
almost the same for sodium, potassium, and lithium 
ε-caprolactamate but much lower when CLMgBr has been 
used (Table 8). 

When the presence of side reactions has been studied10 in the 
two systems, CLNa/N-benzoyl-CL and CLMgBr/N-benzoyl-CL 
with or without the addition of α,ω-dibenzamido-poly 
(propylene oxide) (PPO), it has been shown that, in the absence 
of PPO, the content of side structures using CLMgBr is slightly 
less as compared to CLNa, while in the presence of 20 wt.% of 
polyether, the side reactions are almost completely suppressed. 

More recently, sodium bis(2-methoxyethoxy) aluminum 
hydride (NaAlH2(OCH2CH2OCH3)2, structure 40, available 
in toluene solution under the commercial name of 
Synhydride©), has been extensively used in replacement of the 
more dangerous lithium aluminum hydride as reduction agent 
in the chemical industry and, specifically, in the polymeriza
tion of CL at temperatures below 170 °C: 

Table 8 Content of the diaminoketone units anionic PA6 
 prepared at 225 °C with 0.051 mol kg−1 of various lactamates and 

 0.153 mol kg−1 of N-benzoyl caprolactam 

Diaminoketone units 
(mol kg−1) 

Lactamate CLK CLNa CLLi CLMgBr 
0.044 0.043 0.040 0.019 

Data from Šebenda, J. In Comprehensive Polymer Science; Eastmond, G.; 
Ledwith, A.; Russo, S.; Sigwalt, P., Eds.; Pergamon Press: Oxford, UK, 1989; 

 Vol. 3, Chapter 35, p 511.9

CHCH2 2

H 
Na 

CH3 O O 
Al 

CH3 O O H 

CH2 CH2 

40 

Synhydride 

While other strong bases, such as LiAlH4 and BuLi, behave 
similarly to NaH in the deprotonation of monomer, yielding 
the classical anionic mechanism previously illustrated, lithium 
dialkoxyaluminum hydrides behave differently. The anion 
obtained by the reaction of CL with lithium dialkoxyaluminum 
hydrides is less nucleophilic than the classical lactamate 
anions.149,150 A new mechanism has been suggested151 for 
this type of polymerization where different active species are 
involved. 

According to the proposed mechanism (see Scheme 21), 
the reaction of CL with sodium dialkoxyaluminum hydride 
gives rise to the sodium lactamate and dialkoxyaluminum 
hydride AlH(OR)2 [78]. Then, the reduction of the carbonyl 
function by the latter produces the sodium salt of 2
(dialkoxyaluminoxy)-l-azacycloheptane (41) [79].  The  
initiation [80] in the presence of N-acyl lactam (in activated 
polymerization) proceeds by nucleophilic attack of the acylated 
carbonyl leaving the 2-(dialkoxyaluminoxy)-l-azacycloheptane 
moiety at the chain end (42). After proton exchange with 
the monomer [81], the reduction of the lactamate anion 
immediately proceeds by displacement and concerted transfer 
of both the hydride and dialkoxyaluminum groups from the 
terminal function [82]. Following this process, the initiating 
species 41 is regenerated, while an acyl lactam function is 
reformed at the chain end (43). This pathway has been regarded 
as a new propagation step, but it is still open to discussion. 

A similar mechanism has been encountered with the 
family of initiating species derived from metal dialkylalumi
num hydrides and strong bases (NaH, BuLi) associated with 
reducing agents [R2AlH, R2BH, RMgBr, R = a lkyl].152 A few  
nonionic bases have been reported to initiate the ROP of 
lactams via the anionic mechanism. Pentamethylguanidine, 
in combination with the N-benzoyl lactam activator, is able 
to start polymerization of CL and η-caprylolactam.153 

Differently from what occurs using standard initiating 
systems, an induction period is observed. At 175 °C, the 
polymerization rates are appreciably lower than those 
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Scheme 21 Mechanism of e-caprolactam anionic polymerization initiated by Synhydride. 

found in the activated polymerization of these lactams 
initiated by their alkali metal salts. 

The unconventional nonionic species, poly(aminopho
sphazene)s (e.g., P4-t-Bu, 44) and the bicyclic ‘superbase’ 
protophosphatranes, N[CH2CH2N(CH3)]3P (45), discovered 
recently,154,155 have been reported to mimic the classical strong 
base precursors in lactam polymerization with the added 
advantage of the tolerance to moisture:156 

A detailed investigation on the ROP of CL using a poly 
(aminophosphazene) (the P4-t-Bu 44) carried out using 

solid-state cross-polarization magic angle spinning 13P NMR 
(CP-MAS) showed the conversion to the protonated form of 
P4-t-Bu and the similtaneous formation of the CL anion 
(46):156 

4.14.7.4 Activated Anionic Polymerization 

The use of strong bases alone is a limiting factor in the anionic 
lactam polymerization since high polymerization tempera
tures and relatively slow reaction rates are necessarily 
implied; side reactions are, therefore, unavoidable. 
Moreover, only the more reactive lactams, such as CL and 
ζ-enantholactam, readily polymerize in nonactivated reaction 
conditions. The less reactive lactams, such as 2-pyrrolidone 
and 2-piperidone, are much harder to polymerize because the 
formation of the imide dimer is more difficult. These limita
tions can be overcome if the imide is generated by reaction of 
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the lactam with an acylating agent (e.g., an acyl chloride, 
anhydride, isocyanate, or monocarbodiimide). 

When N-acyl lactam structures are introduced in the system 
from the very beginning of the reaction or formed in situ from 
appropriate precursors, the anionic polymerization is defined 
‘activated’; the rate of the initiation step is much higher and the 
reaction temperature can be considerably lowered. 

Indeed, as already described, reaction [49] is much faster 
than reaction [46] by virtue of the higher reactivity of imide as 
compared to the amide group. When introducing N-acyl lactam 
activators, reaction [46] is no longer necessary and an immedi
ate chain initiation is obtained: 

Monomer conversion increases with the concentration of 
the activator, provided that a suitable initiator concentration is 
chosen.144,148,157,158 A relevant difference between nonacti
vated and activated processes pertains to molar masses and 
their distribution. In the nonactivated polymerization, the 
number of growth centers and polymer chains increases as 
long as lactam anions are present. Since the growth centers 
formed at the very beginning attain a higher molar mass com
pared to those formed in the final stage, the molar mass 
distribution is expected to be quite broad. At sufficiently high 
temperatures, at which the lactamates are completely disso
ciated, the final molar mass is the consequence of both the 

polymerization–depolymerization equilibrium and the pre
sence of side reactions, approaching a value proportional to 
the square root of initiator concentration.7 

In the activated polymerization, the number of polymer 
chains (N) is determined by the concentration of the activator, 
with the formation of additional growth centers by dispropor
tionation being much slower [46]. In theory, apart from some 
deviations caused by reversibility of the reaction, the number of 
polymer chains would be equal to the number of activator 
molecules. For CL, this number can be expressed in mol kg−1 

and calculated by 
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Figure 14 Anionic polymerization of CL with sodium caprolactamate 
(0.083 mol kg−1) at 160 °C (curve 1) or with equimolar concentration of 
sodium caprolactamate and N-acetyl-caprolactam (0.0177 mol kg−1) at  
100 °C (curve 2). Reproduced from Šebenda, J. In Comprehensive 
Chemical Kinetics; Bamford, C. H.; Tipper, C. F. H., Eds.; Elsevier: 
Amsterdam, The Netherlands, 1976; Vol. 15, Chapter 6, p 379.7 

Indeed, apart from some specific effects linked to the differ
ent nature of R substituents in the acylated lactam, reaction 
[83] is the same as reaction [49]; consequently, the activator 
addition allows to avoid the slow self-initiation step, obtaining 
immediately the fast propagation reaction. In other words, the 
initiation of activated polymerization corresponds to the fast 
propagation step in the nonactivated lactam polymerization. 

Working in milder conditions for shorter times brings about 
the relevant advantage to reduce or even minimize the side 
reactions, yielding more regular macromolecular chains. Of 
course, the structural quality of the resultant polymer is also a 
function of the specific type of activator used (Section 4.14.7.5). 

In the activated anionic ROP of CL in the bulk, the short 
cycle times make the reaction amenable to RIM processing 
(Section 4.14.13.3). Furthermore, fast polymerization condi
tions more advantageously offer the possibility of operating in 
quasi-isothermal conditions using, for instance, emulsion or 
suspension processes where a good dispersion of the reaction 
heat can be easily achieved (Section 4.14.13.2). 

As mentioned above, in the activated anionic ROP of lac-
tams, the induction period is suppressed and the polymerization 
rates are enhanced,7 as shown for CL in Figure 14. The rate of the 
reaction between the N-acyl derivatives and the corresponding 
lactamates significantly varies as a function of the lactam ring 
size. There is, for example, a remarkable difference between the 
activation energies relative to the reaction of CL derivatives and 
those pertaining to higher lactams.131 The parameters of the 
Arrhenius equation for the overall consumption of 
N-propionyl lactam in the reaction with the potassium salt of 
the given lactam, with reference to CL, η-caprylolactam, and 
ω-laurolactam, are reported in Table 9.127 

In general, in CL polymerization, an equivalent concentra
tion of activator (A) (N-acyl lactam or N-carbamoyl lactam) 
and initiator (I), in terms of its functional groups, is the best 
compromise among polymerization rate, overall conversion, 
degree of polymerization, high polymer yield, and polyamide 
properties (see Section 4.14.10.3). 
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Table 9 Activation energy (E) and pre-exponential factor (A) for 
the overall consumption of N-propionyl lactam (for L6, L9, and 
L12) in the given reaction with the potassium salt of lactams, at 
equimolar concentration (0.70 mmol l) 

Ea 
(kJ mol−1) A 

CL 40 2.8 � 104 

η-Caprylolactam 107 1.2 � 1016 

ω-Laurolactam 103 9.1 � 1015 

Data from Coutin, B.; Sekiguchi, H. J. Polym. Sci. Polym. Chem. 1977, 15, 
2539.127 

N ¼ 10 ⋅ y=DP⋅113 ½85� 
or 

N ¼ 10 ⋅ y=Mn ½86� 
where y is the polymer yield (in %), Mn is the number-average 
molar mass (in g mol−1), DP is the degree of polymerization, 
and 113 is the CL molar mass. 

Actually, the polyamide molar masses are almost always 
higher than the predicted values. This is mainly due to the 
lowering of the number of growth centers due to side reactions 
and to the cross-linking between polymer chains, for example, 
by Claisen-type condensation reactions, which are more and 
more relevant as the medium basicity and the polymerization 
temperature increase.129 In Figure 15, taking the ‘slow’ acti
vated anionic polymerization of CL as an example, the number 
of polymer molecules formed per initial activator molecule, 
[N]/[A]0, is plotted as a function of the initiator (sodium 
ε-caprolactamate) concentration. This ratio has been found 
always to be lower than unity, that is, polymer molar masses 
are higher than expected on the basis of the above assumption, 
sharply decreasing with the increasing basicity of the reaction 

[N
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A
] 
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Figure 15 Number of polymer molecules (N) formed per activator 
molecule (A), as a function of initiator concentration, in the polymerization 
of CL conducted at 155 °C using equimolar concentrations of sodium 
ε-caprolactamate (I) and AcCL (A). Reproduced from Alfonso, G. C.; 
Chiappori, C.; Razore, S.; Russo, S. In Reaction Injection Molding, 
Polymer Chemistry and Engineering; Kresta, J. E., Ed.; ACS Symposium 
Series No. 270; American Chemical Society: Washington, DC, 1985; 
Chapter 11, p 163.129 

medium.129 The dependence of the [N]/[A]0 ratio on [I] is a 
straight line, which when extrapolated gives the theoretical 
value of 1 at the origin. 

A peculiar situation is met in the polymerization at tem
peratures below the melting point of the polyamide when 
depolymerization and side reactions are largely reduced and 
the disproportionation reaction is appreciably slower. In this 
case, even at equimolar concentrations of initiator and 
activator, the polymerization proceeds essentially by the reac
tion of lactam anions with a constant number of growth 
centers, resulting in a narrower molar mass distribution 
(Mw/Mn < 2).159 Moreover, since bifunctional activators may 
be safely used under specific conditions without any formation 
of cross-linked structures, very high molar masses can be 
obtained.140,159,160 

Of course, the monomer conversion, the degree of poly
merization, the molar mass distribution, the presence of side 
reactions, and, thus, the microstructure of the resultant 
polymer, as already mentioned, are strictly related to the 
nature of the activator used (Section 4.14.7.4). It has been 
estimated that the rates of the first steps of propagation, 
C-acylation, and N-acylation of polymer amide groups 
(Section 4.14.7.2) depend on the nature of the exocyclic 
acyl group (i.e., the type of N-acyl lactam). In fact, it 
has been found131 that, in CL polymerization in THF  
at 25 °C using an equimolar concentration of potassium 
ε-caprolactamate and EtCOCL (0.081 mol l−1), the initial 
rate of propagation is 8.9 � 10−6 mol l−1 s−1, that of  
C-acylation is 4.7 � 10−6 mol l−1 s−1, and that of N-acylation 
is 3.0 � 10−7 mol l−1 s−1. On the contrary, when using 
N-benzoyl-CL (0.055 mol l−1) instead of EtCOCL, both the 
initial propagation and the N-acylation reactions are signifi
cantly faster, by two orders of magnitude, being 2.3 � 10−4 

and 2.9 � 10−5 mol l−1 s−1, respectively, while the rate of 
C-acylation remains lower (4.0 � 10−7 mol l−1 s−1). 

The introduction of ‘very fast’ activators, that is, N-carbamoyl 
lactams, in the above system (Section 4.14.7.5.3) has allowed 
to drastically reduce the polymerization time:157,160 by choos
ing the appropriate initiator/activator ratio, 20–30 s is 
sufficient to reach polymerization completion with the attain
ment of a very high polymer yield. The overall polymerization 
time is obviously linked to the concentration of the specific 
activator used. Working at low temperatures for shorter times 
brings about the relevant advantage of reducing or even mini
mizing the side reactions, yielding more regular PA6 chains 
when compared to the use of slow activators.160 The activated 
anionic polymerization, taking place in very short times, has 
also opened other opportunities in the vast panorama of 
polymer modifications. In recent years, attempts have 
been made to use this polymerization technique for the 
preparation of compatibilized blends of PA6 with other 
polymers (in situ polymerization and in situ compatibiliza
tion), as well as grafted copolymers starting from premade 
polymers with pendant functionalities such as ester, imide, 
maleic, or isocyanate groups acting as macroactivators 
(see Section 4.14.7.5.5).  The main  role of  these  functional  
groups on the macroactivator chain is to act as growing cen
ters, forming N-acyl lactams by reaction with the lactam 
monomer and, subsequently, producing a graft copolymer 
that may be used as compatibilizer. 
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4.14.7.5 Activators 

4.14.7.5.1 Overview 
As mentioned in the previous section, an activator has the 
function to increase the polymerization rate supplying from 
the very beginning of the polymerization reaction the nonionic 
growth centers that start a faster initiation [83]. The activator 
significantly influences not only this initiation step but also the 
overall course of the polymerization and the whole polymer
ization rate. 

As a matter of fact, the effects triggered by the activator 
are complex and hardly predictable a priori. Surely,  remain
ing linked to the growing polymer chain, it can affect the 
reaction medium (e.g., its dielectric permittivity, and the 
dissociation of the initiator) and can change its basicity 
during polymerization favoring or limiting the side reac
tions (e.g., Claisen-type condensation and transamidation 
reactions, causing branching and cross-linking). All charac
teristics of the resultant polyamide can be considered 
strictly dependent on the nature and concentration of the 
activator or, better, of the dual system initiator/activator, 
influencing the polymer yield, the molar mass distribution, 
the presence of structural irregularities, the extent of 
cross-linking, the degree of crystallinity, and, as in the case 
of PA6, the polymorphism. 

The number of possible activators for the lactam anionic 
polymerization is extraordinarily large. In Scheme 22, some 
examples of the various types of activators are reported. The 
activators can be monofunctional or multifunctional and can 
be divided in two main categories: 

1.	 Direct activators. Compounds bearing the N-acyl lactam 

structure, that is, N-acyl-substituted lactams with electrone

gative substituents capable of increasing with the acylation 

ability of the endocyclic acyl group. Direct activators are 

essentially the N-acyl lactams (of general structure 47) and 

N-carbamoyl lactams (48). 
2.	 Precursors. Substances forming the N-acyl lactam function

ality in situ by the reaction with lactam or lactam anion, thus 

generating the growth centers (e.g., anhydrides, acyl halides, 

esters, and isocyanates). 

It is noteworthy that, very often, the CL derivatives 
(e.g., N-acyl-CLs) are employed as activators also in the 

The number of polymer molecules that are formed (N) 
differs substantially for each specific activator, being much 
lower than the expected value of 1, due to the 
reduction of growth center concentration caused by 
side reactions (Section 4.14.7.2) When the polymerization is 
carried out below the polyamide melting temperature, this 
decrease of growth centers takes place for the most part at the 
beginning of the process, in the homogeneous stage. In CL 
polymerization initiated by 0.044 mol kg−1 of sodium 
ε-caprolactamate, [N]/[A]0 is 0.82 with benzoyl-CL (BzCL) 
and 0.091 with phenyl-carbamoyl-CL (PCCL).9 

4.14.7.5.2 N-acyl lactams 
The N-acyl lactams (47), e.g., N-acetyl-CL (AcCL), N-propionyl-
CL (EtCOCL), and N-bis-isophthaloyl-CL (IPBCL), are the first 
type of activators that have been used and their role on chemistry 
and kinetics has been examined in depth, essentially in the 
anionic polymerization of CL, in combination with 
sodium ε-caprolactamate or CLMgBr as initia
tor.127,131,133,134,138,140,144,148,161–163 Obviously, the structure 
of the N-acyl lactam has a relevant influence on the polymeriza
tion rate, the side reactions, and the polymer yield. Typically, the 
activation energy for CL polymerization is about 70 kJ mol−1.10 

Highly electronegative substituents (e.g., benzoyl) increase 
the reaction rate of the lactam anion, while bulky acyl (e.g., 
2,2-dimethylpropanoyl) groups decrease the reaction rate due 
to steric hindrance. For example, in CL polymerization, the rate 
of the reaction [83] with BzCL proceeds 40 times faster than 
that with EtCOCL. 

4.14.7.5.3 N-carbamoyl lactams 
By far, the N-carbamoyl lactams (48) have proved to be the 
most efficient activators among those investigated, acting much 
more rapidly than do the N-acyl lactams.160 A reason is the 
acidity of the carbamoyl group, significantly higher than that of 
lactam. Examples of monofunctional activators are PCCL and 
cyclohexyl carbamoyl-CL (CCCL), and examples of bifunc
tional ones are isophorone-bis(carbamoyl-CL) (IBCCL), 
4,4′-methylene-bis(cyclohexyl carbamoyl-CL) (MBCCL), 2,4
toluene-bis(carbamoyl-CL) (TBCCL), and hexamethylene
1,6-bis (carbamoyl-CL) (HBCCL) (see Scheme 22). 

The N-carbamoyl lactam can be prepared by reaction of 
lactam (generally CL) with carbamoyl precursors, e.g., the cor
responding isocyanates [87]: 

homopolymerization of other lactams (e.g., ω-laurolactam). 
The activity of the activators based on N-substituted lactams 
generally increases with the increasing electronegativity 
of the substituent and is decreased by steric effects 
(Figure 16). 

For instance, CCCL can be easily synthesized by reacting 
cyclohexyl isocyanate with CL under reflux in boiling anhy
drous toluene and then removing the solvent by vacuum 
distillation. It is important to take into account that, contrary 
to the thermally more stable N-acyl-CLs, N-carbamoyl-CLs are 
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Scheme 22 Some examples of activators and precursors. 

cleaved to give again free isocyanates and CL upon heating at 
160–180 °C.164,165 

Actually, it must be remarked that the isocyanate precursors 
(monofunctional, bifunctional, and also the trimer, PIT) can be 

used even directly without previous blocking with lactam, as 
they can react in situ with the monomer.138 The propagation 
reaction using N-carbamoyl derivatives differs from that with 
N-acyl lactams in the first step (eqns [88] and [89]): 
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Figure 16 Effect of substituents in some N-acyl lactam (plain line) and 
N-carbamoyl lactam (dashed line) activators in the polymerization of CL 
with equimolar concentration of sodium ε-caprolactamate 
(0.0177 mmol kg−1). Reproduced from Šebenda, J. In Comprehensive 
Polymer Science; Eastmond, G.; Ledwith, A.; Russo, S.; Sigwalt, P., Eds.; 
Pergamon Press: Oxford, UK, 1989; Vol. 3, Chapter 35, p 511,9 with little 
modifications. 

In fact, the resulting polyamide chain has a propagating end 
with an N-acyl lactam moiety and the other end with the 
structure of a disubstituted urea. On the contrary, using 
N-acyl lactams, the end groups are amides. 

In general, aliphatic N-carbamoyl lactams (or aliphatic iso
cyanates) are more efficient activators than are their aromatic 
counterparts, using alkali metal ε-caprolactamates as initia
tors.10 The cyclohexyl isocyanate and CCCL are indeed 
considered among the fastest ones. 

The carbamoyl lactams can be successfully used in the ‘very 
fast’ anionic polymerization performed at relatively low tem
peratures, below the melting point of the resultant polyamide, 
in quasi-adiabatic or quasi-isothermal conditions (see Section 
4.14.10 for the synthesis of PA6). 

Several aliphatic carbamoyl-CLs are very fast activators and 
are able to reduce the polymerization time to less than 60 s for 
CL, even down to 18 s,166 when the reaction conditions are 
optimized. With bifunctional activators, the increase of activa
tor concentration brings about an increase of polymerization 
rate and conversion, as well as a major content of the 
cross-linked fraction.157,167,168 

Indeed, at temperatures exceeding 160 °C, the deblocking 
reaction takes place, resulting in free isocyanate groups that can 
react with an amide functionality in the polymer chain to form 
a branch point (Scheme 23). Although these types of reactions 
occur for both mono- and difunctional carbamoyl-CL activa
tors, the effect is more significant with difunctional activators 
owing to the fact that all chain ends remain active after 

Scheme 23 Deblocking reaction and branch point formation. 
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branching enabling a further branch growth and a second 
branching reaction, resulting at the end in a 3D network 
structure. 

The cross-linked fraction in anionic PA6 (determined as the 
percentage of polymer insoluble in 2,2,2-trifluoroethanol) 

solid compound commercialized by DSM and generally used 
as chain extender, coupling, and cross-linking agents.169,170 

At temperatures around 100 °C, carbonyl bis-caprolactam 
can react with a primary amino group to give CL and 
N-carbamoyl-CL:171 

O O O

 

O O
CN N + R NH2 R NH N + HN ½90� 

100 °C 
O 

increases with the increasing concentration of the bifunctional 
activator and with the [A]/[I] ratio, for example, when using the 
system HBCCL/CLNa. At the concentration ratio 0.60/0.30 
(in mol.%), �85% of cross-linked PA6 has been found, while 
at 0.45/0.90 and 0.15/0.60, the values were 9.7% and 3.5%, 
respectively.157 

CCCL has been found to be particularly suitable for the 
anionic polymerization of CL in isothermal conditions at 
150–170 °C, resulting in a PA6 in very high yields and almost 
completely free of structural defects (Section 4.14.10).130 

Indeed, the UV absorbance of PA6 prepared using CCCL as 
activator has shown a much lower content of structural irregu
larities and side products compared to those synthesized with 
other N-carbamoyl-type activators (Figure 17). 

4.14.7.5.4 Precursors and special activators 

4.14.7.5.4(i) Carbonyl bis-caprolactam 
An isocyanate-free route to obtain carbamoyl derivatives 
implies the use of carbonyl bis-caprolactam (CBC®), a nontoxic 

The carbonyl bis-caprolactam has been successfully 
employed for the first time as activator in CL polymerization 
in the 1990s by Mateva et al.172 –174 in combination with 
sodium ε-caprolactamate as initiator, for the production of 
PA6 and its copolymers. CBC capability as coupling agent 
also allows the preparation of hybrids, for example, inserting 
polyhedral oligomeric silsesquioxanes (POSS) in the PA6 
matrix (POSS-PA6) by anionic polymerization.175 

4.14.7.5.4(ii) Carbon dioxide 
Carbon dioxide too has been used as activator in anionic 
lactam polymerization. In particular, it has been success
fully employed in the polymerization of 2-pyrrolidone by 
Roda et al.176,177 The introduction of gaseous CO2 into the 
polymerization feed containing monomer and initiator 
causes the formation of two possible carboxylate growth 
centers, an N-carboxylate or an O-carboxylate (carbonate) 
[91], being not yet clarified which one has to be considered 
the most probable: 
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Figure 17 UV absorbance at the band maximum (270–280 nm) for polyamide samples polymerized using the following: ■, CCCL; ♦, HBCCL; ●, MBCCL; 
and ▲, IBCCL. Reproduced from Ricco, L.; Russo, S.; Orefice, G.; Riva, F.  Macromolecules 1999, , 7726.13032

(c) 2013 Elsevier Inc. All Rights Reserved.



OOC O N CO CONCO 
+ 

½94� 

O CO O CO N COHN CO 

x y 

Polyester block Polyamide block 
57 

O 
+ 

O 

R2OR1R1 C N CO + ½92�COO R2 NC 

OO 
R2OCO CO +C NR1 NHR1 NH C O R2 + N 

O 

R1 N C N CO + R2OH 

372 Ring-Opening Polymerization of Cyclic Amides (Lactams) 

N C N CO N C N CO N C N CON C N CO 

53 54 55 56 

4.14.7.5.4(iii) N-iminolactams 
Lactam anionic polymerization can be accelerated also by the 
addition of N-iminolactams (50), which have proved to exert a 
more efficient activity compared to carbon dioxide. A number 
of derivatives containing the acylamidine structure have been 
synthesized and tested, such as 1-(1-pyrrolin-2-yl)-2
pyrrolidone (53), 1-(1-azacyclohept-1-en-2-yl)-2-pyrrolidone 
(54), 1-(1-azacyclohept-1-en-2-yl)-1-azacycloheptan-2-one 
(55), and 1-(1-azacyclonon-1-en-2-yl)-2-pyrrolidone (56): 

All of them have been studied in the anionic polymeriza
tion of CL, initiated with alkali metal lactam salts,178 and have 
found a more suitable application in the polymerization of 
2-pyrrolidone at 30–50 °C, initiated by potassium 2-oxopyrro
lidin-1-ide.179,180 

4.14.7.5.4(iv) Carbamates 
Carbamates (49) can also be used as activators, yielding the 
N-carbamoyl lactam structure by reaction with lactamate 
(Scheme 24). The reaction has shown to hold an activation 
energy of 90 kJ mol−1, comparable to that of N-acyl lactam and 
an order of magnitude lower than that of N-carbamoyl 
lactams.10 

4.14.7.5.4(v) Esters and lactones 
Aliphatic and aromatic esters show an activation effect in the 
anionic lactam polymerization161,181 through a fast acylation 
of the lactam anion (already at 150 °C) with the formation of 
the corresponding N-acyl lactam growth center and of an 
alkoxy anion as by-product [92]. The reaction is followed by 
neutralization of the alkoxy anion [93]: 

COR2O + HN N CO + R2OH 

½93� 

Similarly, lactones behave as efficient activators [94],182 

generally more active than the linear esters, with an apparent 
activation energy of about 80 kJ mol−1: 

However, it must be taken into account that, in this case, the 
N-acyl lactam moiety acts as a growth center for the lactam 
polymerization, while the oxy-anion can initiate the lactone 
polymerization. Indeed, some lactones behave as activators if 
present at concentrations of up to 5 mol.%, while they act as 
comonomers at higher concentrations yielding copolymers 
poly(ester-co-amide)s (57) (Section 4.14.12.3): 

It has been demonstrated181 that δ-valerolactone (VLO) and 
ε-caprolactone (CLO) are converted into the corresponding 

Scheme 24 Reaction of carbamates and lactamates. 
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homopolymers in the first stage of the polymerization process 
and it is the ester group of the polyester chain that reacts with 
CL generating the growth centers for the formation of polya
mide chains. Indeed, it is possible to accomplish the CL 
polymerization in the presence of poly(ε-caprolactone), acting 
with the esters groups in the macromolecular chain acting as 
indirect activators via transacylation reactions:183 

As a matter of fact, urea moieties, as already mentioned, 

echanisms are possible. In the first route (Scheme 25), 

are present in anionic polymerizations activated by 
N-carbamoyl lactams or their precursors and in the synth
esis of block copolymers when NH2-terminated 
prepolymers are functionalized by isocyanates. When the 
substituted ureas are used as activators, two initiation 
m

With VLO and CLO, the polymerization has been shown181 

to proceed via a pseudo-living character (proved by the linear 
dependence of the degree of polymerization on the degree of 
conversion) and has been explained by the unusual balance 
between growth center formation, chain propagation, and side 
reactions. It has been calculated that less than 15% of the 
originally introduced lactone was responsible for the growth 
center formation. 

A different behavior is correlated with the use of γ-butyrolac
tone, which does not homopolymerize and acts as a classical 
activator leading to a slower polymerization, lower polymer 
yield, and lower degrees of polymerization, mainly due to the 
presence of side reactions and the absence of transacylation 
reactions.181 

It is noticeable that using the above lactones (e.g., VLO and 
CLO) as activators in the polymerization of CL, high degrees of 
conversion and high degrees of polymerization are achieved 
even for a 10-fold excess of activator over initiator (e.g., 
CLMgBr).181 

4.14.7.5.4(vi) N,N′-disubstituted ureas 
Disubstituted ureas (51), such as N,N′-diphenylurea (DPU), 
N-butyl-N′-phenylurea, and N,N′-dibutylurea, can be present 
in the anionic polymerization of CL either as additional acti
vators referred to N-acyl lactams or as individual activators.184 

the thermal dissociation of the urea gives amine and iso
cyanate, followed by addition of the latter to lactam: 

while in the second route (Scheme 26), the urea directly 
produces acylation of the lactam (or the lactam anion): 

The number of reactions involved by N,N′-disubstituted 
ureas in the anionic polymerization of CL is relevant and 
their effects on the resulting polyamide are complex. The rate 
of the urea-activated process is an order of magnitude lower 
than that activated by N-acyl lactams. 

It has been found184 that in the case of CL, using its sodium 
salt as initiator and ureas as activators, the polymerization rate 
increases with the increasing relative acidity of the latter. The 
acidities of the dialkylureas are similar to that of the monomer, 
while those of aromatic ureas are much higher. Thus, the poly
merization rates change following the sequence: N,N′
diphenylurea > N-phenyl-N′-butylurea > N,N′-dibutylurea. 

It is remarkable that, contrary to what typically happens 
when using N-acyl lactams and N-carbamoyl lactams, the num
ber of polymer chains formed from each urea molecule has 
been found to be in all cases higher than unity, being approxi
mately 1.3, thus showing that additional growth centers are 
generated. 

Interesting results have been attained using urea as an addi
tive in the anionic polymerization of CL activated by AcCL: a 
strong acceleration of the polymerization rate has been 

Scheme 25 Thermal dissociation of substituted ureas and subsequent blocking of isocyanate group. 
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Scheme 26 Direct acylation of lactam or lactamate by substituted ureas. 

(c) 2013 Elsevier Inc. All Rights Reserved.



NHC NH R NH C O CH2 CH O CH2 CH O C R NH C COOC N N 

O O CH3 n CH3 O O 

60 

R R 

Liquid system Na N NNaNa 
OO OR N C R N C 

N NN 
R N C N R + 

58 

RInitiation 
R 

N
H NNa 

O HN C OHN CO N CO  N C+ R58 + N 
N CH2 C N CO  R 

5 

Na 59 

R
Propagation 

HN CONNa H O +HN N CCO N CO 
59 + + N CH2 N CO  CR 

5 

H 
N CO  R – 

N 
H O

N C 
N CH2 NH COC N CO  R 

5 

H 

374 Ring-Opening Polymerization of Cyclic Amides (Lactams) 

observed, more than would have been expected from their 
independent activity. This synergistic effect has been ascribed 
to both the suppression of side reactions by controlling the 
system basicity (due to the urea intrinsic acidity) and the for
mation of additional growth centers.184 

4.14.7.5.4(vii) Carbodiimides 
Carbodiimides (52) have been used in a stable liquid system185 

in which the activator (e.g., the N-cycloalkyl carbodiimide, 
CHCDI) and the initiator (e.g., sodium ε-caprolactamate) are 
present in an aprotic solvent (e.g., 4,4,5-trimethylimidazolidin
2-one) and mixed with the monomer during processing. Such a 
system has the major advantage of permitting prolonged sto
rage of the reactants and is particularly well suited for the liquid 
molding of polyamide composites. It has been successfully 
employed in the polymerization of ω-laurolactam (Section 
4.14.11.3).186 

The reaction between the above carbodiimides and the 
sodium caprolactamate takes place in part in the liquid system, 
producing a resonance-stabilized guanidine anion (Scheme 27). 
In the initiation of the polymerization, the guanidine anion 
reacts with the lactam monomer by a proton exchange reaction 

giving the lactam anion, the actual polymerization initiator. 
Then, acylation of lactamate occurs, causing cleavage of the 
CO–N bond with ring opening and reformation of the N 
anion in the guanidine derivative. The strong resonance stabili
zation of N anions favors the addition of monomer. Then, 
repeated proton exchange reactions and nucleophilic additions 
constitute the subsequent propagation step. 

4.14.7.5.5 Macroactivators 
When a functional group capable of behaving as an activator or 
a precursor is linked to a polymer chain, the latter is identified 
as macroactivator or polymeric activator. The anionic polymer
ization of lactams using macroactivators is a suitable method 
for the synthesis of block copolymer (Section 4.14.12.4) incor
porating, for example, soft blocks in the main polyamide block. 
Hydroxy-terminated polymers, such as polyethers (e.g., PPO) 
with terminal –OH groups, can be reacted with diisocyanates 
(e.g., isophorone diisocyanate) leaving a free isocyanate group 
linked to the polymer. This isocyanate-terminated polymer can 
be used directly as macroactivator or may be previously 
blocked by reaction with CL to obtain the carbamoyl lactam 
derivative (60): 

Scheme 27 Reaction pathway of the carbodiimide – sodium caprolactamate liquid system. 
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Following a similar approach, various polymeric activators 
bearing pendant functionalities can be synthesized in order to 
give rise to graft copolymers. For example, a macroactivator 
with pendant ester,187,188 or imide,189 or isocyanate,190 or 
maleic anhydride groups191 can be prepared in order to obtain 
the growth of grafted polyamide chains onto the macroactiva
tor backbone. In another example, in order to obtain a 
PS-g-PA6 graft copolymer, a macroactivator formed by an 
isocyanate-bearing polystyrene (PS) backbone has been pre
pared using a copolymer of styrene and 3
isopropenyl-α,α-dimethylbenzene isocyanate, synthesized by 
radical polymerization.192 To overcome the drawbacks asso
ciated with to the use of isocyanates, the synthesis of a 
macroactivator with pendant N-carbamoyl lactam moieties 
seems a better method. Following this approach, poly(methyl 
methacrylate) (PMMA)- or PS-based macroactivators have 
been prepared by copolymerization with comonomers bearing 
N-carbamoyl caprolactam functionalities (61):193 

achieved.204 The synthesis has been conducted in toluene at 
90 °C using Cal-B, immobilized on Novozyme 435 [97]: 

Linear poly(β-alanine) of low molar mass has been 
obtained. The rather low-average DP of the polymer (DP = 8) 
has been related to its poor solubility in the reaction medium. 
The proposed mechanism (Scheme 28) involves the participa
tion of water. Indeed, although the reaction is carried out under 
essentially anhydrous conditions, water is never removed com
pletely, as it is always present as the structural water of the 
enzyme. 

4.14.8 Enzymatic Polymerization 

Poly(β-alanine) (PA3) cannot be obtained by chemically 
initiated ROP of the unsubstituted azetidin-2-one (β-lactam), 
but only by anionic isomerization polymerization of acryla
mide.194 The latter synthesis, however, generally leads to 
structurally irregular polyamide 3.195 On the contrary, the 
polymerization of β-lactams may be accessible by novel enzy
matic routes. 

Enzymatic polymerization has emerged in the last few 
decades as a field of considerable interest and commercial 
promises. It proceeds with high regio-, enantio-, and chemos
electivity under relatively mild conditions. So far, enzymes 
have been used to synthesize polyesters, polysaccharides, 
polycarbonates, polyphenols, polyanilines, vinyl polymers, 
and poly(amino acid)s.196,197 Namely, the lipase B of 
Candida antarctica (Cal-B, a serine hydrolase) immobilized 
on polyacrylic resin (Novozyme 435) has proven to be a 
very versatile catalyst in terms of reaction conditions and 
acceptance of various substrates. For example, this enzyme 
has been successfully used to synthesize polyesters.198–202 

However, little has been reported so far on the synthesis of 
polyamides catalyzed by enzymes.203 

The enzyme-catalyzed ROP of azetidin-2-one to give 
unbranched poly(β-alanine) has only recently been 

The polyamide formation initially follows the enzymatic 
acylation of Ser105 by β-lactam. The reaction of the 
acyl-enzyme intermediate with water releases β-alanine, and 
the reaction with the growing oligomer yields poly 
(β-alanine). It has been shown that this mechanism is applic
able only to ß-lactam and not to ß-alanine polymerization.205 

4.14.9 Spontaneous Polymerization 

The spontaneous polymerization of lactams, also referred to as 
‘autopolymerization’, identifies the process in which no initia
tor is intentionally added. It has been observed to occur only at 
high temperatures and proceed at very low reaction rates. 
Purified anhydrous CL has been reported to start a slow poly
merization after heating for a considerable time above 
250 °C.206 

The same is valid also for η-caprylolactam at 240 °C207 and 
ω-laurolactam at 280 °C.208 The polymerization mechanism 
has not been completely clarified and many doubts yet remain 
on the consistency of the hypothesis that has been postulated. 
Amine groups and structures easily hydrolyzable to carboxyl 
groups (e.g., imides) have been found to be present in the 
polymerization product.207 A considerable amount of cyclic 
oligomers have also been detected. Aminoacyl lactams, formed 
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Scheme 28 Reaction pathway in the enzymatic formation of poly(b-alanine) from unsubstituted azetidin-2-one. 

by a disproportionation reaction similar to that occurring in 
the cationic polymerization, have been assumed to be pre
sent.209 Polymerization has been suggested to proceed by 
bimolecular aminolysis of aminoacyl lactams and/or aminoly
sis of lactams. The intramolecular cyclization of the aminoacyl 
lactams has been assumed to give rise to the cyclic oligomers. 
The activation energies for the autopolymerization of CL, 
η-caprylolactam, ω-laurolactam, and for the autocopolymeriza
tion of the pair CL–ω-laurolactam have been calculated.210 

However, it must be underlined that a small amount of 
water still remains in lactam monomers even after a drying 
procedure. This content of residual water may be the agent 
able to initiate lactam polymerization.211 

4.14.10 Anionic Polymerization of CL 

4.14.10.1 Overview 

The anionic lactam polymerization will be herein described 
with reference to the most important and most studied mem
ber of the class, CL. Since its discovery, CL anionic 
polymerization has been explored in depth under a great vari
ety of experimental conditions that very strongly affect the 
development of the reaction and the characteristics of 
the resultant polymer. The complexity of the role played by 
the various reacting species and their mutual influence, 
together with the effects of both the polymerization tempera
ture and the reaction rate on kinetic evolution and established 
equilibria, has not enabled so far to draw a clear and general 
picture of CL anionic polymerization, especially when it is 
carried out in bulk. A first classification of its polymerization 
can be based on the overall kinetics of the reaction, which can 
be depicted as ‘very fast’, ‘fast’, or ‘ slow’ depending on some
what arbitrary evaluations. Generally speaking, it can be 
assumed that a ‘very fast’ polymerization reaches completion 
in less than 60 s, while a ‘slow’ process can take several minutes 
and even some tens of them. ‘Fast’ polymerizations are those 
running for intermediate times, that is, �1–2 min. Several fac
tors can influence the polymerization rate of CL in the bulk: 

(1) nature of activator and its concentration; (2) nature and 
concentration of initiator; (3) initial polymerization tempera
ture T0; and (4) isothermal, nonisothermal, or adiabatic 
conditions, with the specific temperature profiles of these lat
ter. ‘Very fast’, ‘fast’, or ‘ slow’ processes, on the other hand, 
strongly affect structure and properties of the resultant anionic 
PA6. Namely, a proper choice of the initiating pair (activator 
and initiator), together with suitable experimental parameters 
(T0 ≤ 170 °C, quasi-isothermal conditions), allows to obtain 
PCL almost completely free of structural defects, such as 
branching or cross-linking, and color centers. 

The activated polymerization of CL, carried out in the 
bulk, can run almost adiabatically due to the high rates 
and the poor heat exchange with the surroundings. A 
temperature rise of up to 52 °C is theoretically predicted 
and experimentally observed when polymerization starts at 
150–155 °C and is followed by crystallization.11 In 
quasi-adiabatic conditions, with ‘very fast’ activators and a 
starting temperature of �155 °C (increasing up to �205 °C), 
low residual monomer content, low cyclic oligomers, and 
high molar masses of the resultant polyamide have been 
achieved.160 Since the occurrence of side reactions, such as 
Claisen-type condensations (Section 4.14.7.2), is not only 
caused by the strong basicity of the reaction medium 
but also highly favored by the temperature increase due to 
the lack of dispersion of the polymerization heat, much 
more interesting results have been obtained by the 
‘very fast’-activated polymerization run in quasi-isothermal 
conditions.130 

Indeed, in quasi-isothermal polymerization processes car
ried out at relatively low temperatures (150–160 °C) with ‘very 
fast’ activators, the presence of side reactions is minimized. 
A comparison of different polymerization processes, using 
various types of activators is shown in Table 10. The polymer
ization times and the UV absorbances (Section 4.14.7.2) of  
polymers synthesized using various types of activators 
(i.e., slow, fast, and very fast) are reported. 

The high reaction rates derived from the use of ‘very fast’ 
activators made it possible to realize a quasi-isothermal 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 10 Polymerization times and UV absorbances referred to PCL synthesized under different polymerization conditions 

Activator (A) [I] b [A] 

Type of Polym. Polym. (mol/ 
Process activity Name Temperature (°C) Time (s) Absorbance a 100 mol CL) References 

Hydrolytic 270 8.4 � 105 0.044 160 
Anionic quasi-adiabatic Slow AcCL 155 → 205 356 1.160 0.2 0.6 160 
Anionic quasi-adiabatic Very fast CCCL 155 → 205 36 0.520 0.6 0.6 160 
Anionic quasi-adiabatic Fastc HBCCL 155 → 205 60 0.6 0.3 157 
Anionic quasi-adiabatic Fastc HBCCL 155 → 205 24 0.9 0.45 157 
Anionic quasi-isothermal Slow AcCL 160 ~300 0.940 0.8 0.8 160 
Anionic quasi-isothermal Slow PIT 160 160 0.500 0.8 0.8 160 
Anionic quasi-isothermal Very fast CCCL 160 ~30 0.071 0.8 0.8 160 
Anionic quasi-isothermal Very fast CCCL 160 d 0.070 0.6 0.6 160 
Anionic quasi-isothermal Very fast CCCL 160 d 0.141 0.6 1.0 160 
Anionic quasi-isothermal Very fast CCCL 170 d 0.129 0.6 0.6 160 
Anionic quasi-isothermal Very fast CCCL 180 d 0.211 0.6 0.6 160 
Anionic quasi-isothermal Very fastc HBCCL 155 d 0.069 0.6 0.3 130 
Anionic quasi-isothermal Very fast CCCL 155 d 0.039 0.6 0.6 130 

a Optical density at lmax in the region 270–280 nm.
 
b Initiator (I): NaCL.
 
c Bifunctional.
 
d Overall experiment time set at 600 s. AcCL, N-acetyl-CL; CCCL, cyclohexyl carbamoyl caprolactam; HBCCL, hexamethylene-1,6-bis-carbamoyl caprolactam; PIT, phenylisocyanate
 
cyclic trimer.
 

polymerization of CL in suspension or in emulsion with a good 
dissipation of the reaction heat. This topic will be described in 
detail in Section 4.14.13.2. 

Furthermore, the fast cycle times of the activated anionic 
ROP made this latter amenable to RIM processing, where the 
anionic PCL and its copolymers have foreseen for several years 
the potential for their most widespread industrial applications 
(Section 4.14.13.3). In the following sections, a description of 
what now appears well established will be provided, with some 
specific mention of the most reliable kinetic approaches to 
describe anionic bulk polymerization of CL, as well as the 
relevant role of initiator and activator concentrations in terms 
of monomer conversion, high polymer yield, content of cyclic 
oligomers, and side products. Namely, the formation of cyclic 
oligomers and higher cyclic species during the anionic poly
merization will be described in detail in the light of very recent 
findings. 

4.14.10.2 Kinetic Approaches in the Bulk Polymerization 

As shown in other sections of the present chapter, the anionic 
ROP of CL in the bulk involves a great number of reversible and 
irreversible reactions (including side reactions) in which, 
depending on the chosen experimental conditions, the active 
species are continuously destroyed and reformed. Therefore, 
any kinetic approach, based on an oversimplified scheme of 
the reaction chemistry involved in order to model the poly
merization pattern, will lead to very questionable conclusions. 

So far, after many attempts to apply mechanistic models to 
interpret anionic polymerization kinetics of CL with very lim
ited success,148 the above models have been almost completely 
abandoned in favor of phenomenological approaches, among 
which the most successful has been the autocatalytic model of 
Malkin et al.212 

Malkin’s model has been put forward to describe the non-
isothermal kinetics of both CL and ω-laurolactam anionic 
polymerizations in bulk, monitoring the temperature rise 
inside the reactor. The heat balance is given by the following 
differential equation: 

dT UA ΔHp dλ þ ðT − TwÞ þ ¼ 0 ½98� 
dt cm c dt 

where T is the temperature inside the reactor; Tw is the wall 
temperature; U is the overall heat transfer coefficient; A is the 
surface of the reactor available for heat exchange; c is the 
specific heat of the reacting system; m is the total mass; ΔHp is 
the enthalpy of polymerization (−140 kJ kg−1 for CL); and λ is 
the degree of conversion. 

Hence � ��� � �
dλ c dT ðT − TwÞ ¼ − þ ½99� 
dt ΔHp dt τ 

τ (= cm/UA) is the time constant of the system and is evaluated 
from a separate set of experiments. For strictly adiabatic condi
tions, the term (T – Tw) of eqn [99] is equal to zero. Applied to 
both nonisothermal and quasi-adiabatic polymerization con
ditions, Malkin’s model fits a more or less large amount of data 
for the activated CL polymerization in bulk, on the basis of the 
following equation: 

2dλ A bλ½ �¼ k ð1 − λÞ 1 þ exp − 
Ea ½100� 

dt M A RT½ �  ½ �  

where [A] is the activator concentration; [M]0 is the initial 
monomer concentration; Ea is the activation energy 
(63 � 6 kJ mol−1); k is the front factor reflecting the reaction 
rate; and b is the autocatalytic term characterizing the intensity 
of the self-acceleration effect during chain growth. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Both k and b depend on the chosen activator. For λ << 1, that 
is, at the initial stage of polymerization, the value of k can be 
easily evaluated. Namely, Macosko et al.135 have found that 
Malkin’s model was in very good agreement with their data for 
both neat CL polymerization and its copolymerization with 
16 wt.% of OH-terminated poly(propylene oxide) (PPG) 
end-capped with hexane-1,6-diyl diisocyanate (HDI). 

A summary of Macosko’s results is given in Table 11, 
adapted from Reference 213, while Figure 18, also taken
from Reference 213, shows the adiabatic temperature rise 
data for the block copolymer formation and the excellent 
agreement with Malkin’s model. The additional temperature 
rise at longer times is due to polymer crystallization, under
lining that the two phenomena, polymerization and 
crystallization, can be kept well separated by choosing 
proper experimental setup, thus, avoiding any superposition 
effect. 

The analysis of the thermal balance in transient conditions 
can be performed with acceptable accuracy on the basis of the 
simple equation [99] only when the Biot number, a dimension
less parameter used in transient heat transfer calculations, is 
much smaller than 1.214 In that case, heat conduction inside 
the body is implied to be much faster than convection away 
from its surface, and thermal gradients in the body are negligible. 

The autoacceleration in the activated anionic polymeriza
tion of CL has been tentatively attributed, as already mentioned 
(Section 4.14.2.2.2), to the much higher dielectric permittivity 
of the resultant polymer (PA6), as compared to that of the 
monomer.75 This difference is not present in the anionic poly
merization of ω-laurolactam. The permittivity difference seems 

 

to be linked to the different configurations of the amide group 
in the monomer (cis) and in the polymer (trans) for lactams 
having less than ten ring atoms. 

4.14.10.3 Role of Activator and Initiator Concentrations 

In the anionic ROP of CL, the influence of activator and initia
tor concentrations [A] and [I], respectively, as well as their ratio 
[A]/[I], has been extensively explored by Russo et al. both in 

129,215 
‘slow’ and ‘very fast 157,160 

’ polymerizations. Regardless 
of the chosen conditions, a 1:1 equivalent ratio between the 
functional groups of the activator and the initiator has always 
been found as a necessary prerequisite for optimizing high 
polymer yield and properties, as well as minimizing the forma
tion of oligomers and side products. 

As an example, kinetic data obtained from ‘slow’, 
quasi-adiabatic CL polymerization, using N-acetyl-CL as acti
vator and sodium ε-caprolactamate as initiator, are given in 
Table 12 taken from Reference 129, in terms of overall poly
merization time tp and the initial as well as the maximum rate 
of polymerization. For [A] = [I], an asymtotic decrease of tp 

down to slightly more than 3 min for I = 0.9–1.5 mol. % was 
observed. 

For the same ‘slow’ system and the same equimolar condi
tions, Figure 19, taken from Reference 215, shows additional 
data in terms of monomer conversion, high polymer yield, and 
content of both cyclic oligomers and side products. It is evident 
that the best balance is provided by A = I = 0.6–0.7 mol.% and 
that their nonequimolar ratios (filled circles in the figure) 
determine a lowering of the high polymer yield. 

Table 11 Kinetic constants for the polymerization of CL with sodium ε-caprolactamate (I) and HDI (A), with [I] = 2[A] 

T0 

( °C) 
M0 

(mol l −1) 
[I] = [NCO] 

l−1(mol ) 
Ea 
(kJ mol−1) 

k 
(l  mol−1 −1  s ) 10−8

b 
(mol l−1) 

ΔH 
(kJ mol−1) References 

Homopolymer 131 (139) 8.84 0.18 63.8 � 0.5 2.23 � 0.1 1.15 � 0.5 16 135, 213 
 Block copolymera 126 7.42 0.15 63.8 2.23 1.15 135, 213 

a PA6–PPO–PA6 copolymer. 

Figure 18 Adiabatic temperature rise in the anionic polymerization of CL followed by polymer crystallization. Initiator, sodium caprolactamate; 
bifunctional activator, HDI-end capped PPG (Mn � 2000), 16 wt.%. Dotted line is the temperature rise predicted using Malkin’s model with the kinetic 
constants of Table 11. Reproduced from Macosko, C. W. RIM Fundamentals of Reaction Injection Molding; Hanser Publication: Munich, Germany, 
1989.213 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 12 Polymerization time (tp) and initial and maximum polymerization rates (expressed by the 
derivative of monomer conversion λ) in runs with different concentrations of activator (AcCL) and initiator 
(CLNa) 

Initial rate Maximum rate 
[A]/[I] 
(mol/100 mol CL) 

Overall polym. time, tp 

(min) 
(dλ/dt) � 102 

(min−1) 
(dλ/dt)m � 101 

(min−1) 

0.3/0.3 12.05 1.95 3.38 
0.3/0.3 11.05 1.41 3.74 
0.5/0.5 8.10 3.39 5.17 
0.7/0.7 4.90 6.98 8.01 
0.7/0.7 5.40 7.40 8.28 
0.9/0.9 3.80 9.41 10.04 
1.2/1.2 3.70 19.28 13.64 
1.5/1.5 3.15 23.63 15.82 
0.6/0.4 6.50 3.69 5.69 
0.7/0.4 9.30 3.37 4.30 
0.8/0.4 7.85 4.54 5.06 
0.7/0.6 6.05 5.61 6.77 
0.8/0.6 5.60 7.10 6.90 
0.9/0.6 5.40 4.78 8.21 
1.0/0.6 3.95 8.64 9.43 
0.8/0.7 5.15 7.49 9.90 
0.9/0.7 5.70 6.11 7.77 
1.0/0.7 4.70 11.12 10.96 
0.7/0.9 5.15 8.57 8.48 
1.2/0.9 5.40 9.77 7.96 

Figure 19 Monomer conversion (λ), high polymer yield, and methanol extractable fraction (wt.%) as functions of initiator concentration ([I], in mol.% 
referred to 100 mol of CL); I, CLNa; A, AcCL. Figures near ● indicate the activator molar concentrations A, in mol. %, in nonequimolar experiments. 
Reproduced from Biagini, E.; Costa, G.; Russo, S.; et al. 215 Makromol. Chem., Macromol. Symp. 1986, 6, 207.

Analogously, UV-absorbing species, which can be con- the anionic PA6 samples prepared from nonequivalent con
sidered a useful indication of the relevance of side centrations of activator and initiator (Figure 20, lines a, b, 
reactions, are already present to a much greater extent in c, d).129 The red straight line in the same figure represents 

(c) 2013 Elsevier Inc. All Rights Reserved.
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(I = CLNa), on polymer UV absorbance at λ = 276 nm. (a) I = 0.4; (b)
 
I = 0.6; (c) I = 0.7; and (d) I = 0.9 mol. %. Reproduced from Alfonso, G. C.;
Chiappori, C.; Razore, S.; Russo, S. In Reaction Injection Molding,
 
Polymer Chemistry and Engineering; Kresta, J. E., Ed.; ACS Symposium

Series No. 270; American Chemical Society: Washington, DC, 1985;
 
Chapter 11, p 163.129
 

Effect of activator (AcCL) concentration, as constant I


 

 

UV absorption	 of anionic PA6 samples prepared with 
[A] = [I]. 

Similar results have been obtained157 in ‘very fast’ polymer
izing systems, using a bifunctional activator (HBCCL). For a 
molar ratio of [A]/[I] = 1:2 and I = 0.9 mol.%, tp as low as 24 s 
has been found (see Table 10). Obviously, by increasing the 
concentration of initiator, that is, by increasing the basicity of 
the medium, a higher extent of side reactions is observed 
(Figure 21).129 

4.14.10.4 Cyclic Oligomers and Cyclic Species 

Besides linear homologs and high polymer chains, in polycon
densation reactions and in the ring-opening polymerization of 
heterocyclic monomers, sizeable amounts of cyclic oligomeric 
species are frequently found in the polymerization products. 
Namely, in CL polymerization, the formation of low-mass 
cyclic species has great relevance in terms of reaction kinetics 
and mechanism, as well as polymer properties. Irrespective of 
the polymerization mechanism, the linear oligomer content is 
an order of magnitude lower than the corresponding value for 
each cyclic species and its formation is usually not taken into 
consideration.216 

In contrast to CL hydrolytic polymerization, in which a 
thermodynamic equilibrium is established in most cases 
among linear macromolecular chains, monomer, and higher 
(cyclic and linear) oligomers, the anionic route is very often 
under stringent kinetic control. In this respect, the residual 
monomer content, which is �7–8 wt.% in hydrolytic polymer
ization, can be far below the value predicted on the basis of 
thermodynamic considerations (�3 wt.%) and, depending 
on the reaction conditions chosen, found to be as low as 
�1 wt.%217 or even less,160 as shown in Figure 22. 

Figure 21 Optical density of PCL samples at 276 nm as a function of 
initiator concentration, in the case of [I] = [A]; I, CLNa; A, AcCL. 
Reproduced from Alfonso, G. C.; Chiappori, C.; Razore, S.; Russo, S. In 
Reaction Injection Molding, Polymer Chemistry and Engineering; 
Kresta, J. E., Ed.; ACS Symposium Series No. 270; American Chemical 
Society: Washington, DC, 1985; Chapter 11, p 163.129 
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Figure 22 Residual CL content (experimental points) and equilibrium 
monomer concentration ([M]eq, data from Reimschuessel, H. K. In 
Ring-Opening Polymerization; Frisch, K. C.; Reegen, S. L., Eds.; Dekker: 
New York, 1969; Chapter 7, p 303.11) as functions of 1/Tp. Reproduced 
from Russo, S.; Biagini, E.; Bontà, G. Makromol. Chem. Macromol. Symp. 
1991, 16048/49, 31.  

Analogously, as far as higher cyclic oligomers are concerned, 
the most relevant reaction parameters able to affect their for
mation are the following: 

1. quasi-adiabatic polymerization	 conditions or controlled 

polymerization temperature; 
2. ‘very fast’ or ‘slow’ activators; 
3. type and concentration of both initiator and activator; and 

4. stoichiometric ratio of their active groups. 
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Each of the above parameters, alone or in combination with 
some of the others, can widely modify the overall content of 
cyclic oligomers and their relative composition. As pointed out 
by Roda,10 when the total amount of extractables made of 
monomer, higher oligomers, and other low-mass species 
derived from side reactions (quite often present in anionic 
runs) exceeds 2–3 wt.%, both the processing and the end prop
erties of PCL are negatively affected. Under suitable conditions, 
the anionic polymerization of CL can be performed in such a 
way to keep the above amount below that limit, thus avoiding 
expensive post-treatments of PA6 purification. As mentioned 
above and described in detail in Section 4.14.7.2, several side 
products in more or less relevant amounts are usually formed 
during the anionic polymerization of CL and contribute to 
make the description of the whole polymerization process 
very complex. Indeed, the concurrent presence of side reactions 
can not only affect the isolation, detection, and proper evalua
tion of cyclic oligomers but also interfere with their formation 
and reactivity.7,9 It has been described in Section 4.14.7.2 that 
relevant amounts of low-molar-mass side species are produced 
if one or more of the following reaction conditions are estab
lished: (1) the reaction temperature exceeds �170 °C 
irrespective of the polymerization conditions (isothermal, non-
isothermal, or quasi-adiabatic runs); (2) the basicity of the 
reaction medium is too high due to the type and concentration 
of initiator; and (3) the polymerization rate is rather ‘slow’. At  
present, the prevailing opinion is that the production of side 
products can be strongly limited only when the anionic poly
merization of CL is carried out in the presence of both ‘very fast’ 
activators and quasi-isothermal conditions at Tp ≤ 170 °C (pre
ferably, at �150 °C). Only the data from the above set of 
reaction parameters allow to evaluate the absolute and relative 
amounts of the main polymerization products (linear PA6 
chains and rings) in a very accurate manner and in more detail, 
without the strong negative interference of side reactions. 

As will be seen in the following, even the most recent 
studies on cyclic oligomer formation in CL anionic polymer
ization have been quite often carried out without considering 
the drawbacks and limitations outlined above and caused by 
experimental conditions, far from the optimum, that have been 
chosen. Only a few studies on cyclic oligomer formation during 
the anionic polymerization of CL have explored the role of 
activators and initiators, with specific attention to the kinetics 
and mechanism of individual cycle formation.11,12,145,217 The 
above studies have attempted to correlate the extent of cyclics 
and some of the following parameters: (1) type and duration of 
the anionic polymerization (i.e., activated or nonactivated, 
‘very fast’, ‘fast’, or  ‘slow’); (2) thermal histories during and 
after polymerization (e.g., annealing temperatures and times); 
(3) crystallinity degree of the resultant polymer; and (4) cycli
zation constants from equilibrium considerations.218 

However, a further word of caution is necessary, as the various 
interpretations of the experimental results have been based so 
far on extraction procedures and extractable analyses that have 
been questioned in recent years.219 Following the recent find
ings of the latter researchers, the most widely used extraction 
techniques (by boiling water or boiling methanol) are not able 
to quantitatively remove the whole oligomeric fraction but 
only the lowest molar-mass species (monomer, dimer, and 
trimer). Of course, the extraction efficiency has been found to 
be progressively reduced as a function of the cycle size. 

Therefore, the content of cycles higher than the trimer, when 
evaluated by extraction techniques, can be underestimated and 
their relative ratios, namely those customarily referred to the 
cyclic dimer, affected by more or less relevant errors. Even the 
seldom used and time-consuming dissolution/precipitation 
methods do not allow a full recovery of cyclic oligomers except 
for cycles up to hexamer/heptamer. A sizeable amount of 
higher oligomers is retained, with the net result to remarkably 
affect conclusions and comparisons often present in the litera
ture (kinetically driven processes vs. thermodynamic 
equilibrium data; agreement or disagreement with Jacobson– 
Stockmayer theory,218,220,221 etc.). On these grounds, pub
lished data on cyclic oligomer formation during the anionic 
polymerization of CL, in addition to the role of the chosen 
conditions of synthesis (‘slow’ or ‘fast’ or ‘very fast’ polymeriza
tion, quasi-adiabatic vs. quasi-isothermal conditions), are also 
strongly dependent on the analytical procedure used (extrac
tion, dissolution/precipitation, direct high-performance liquid 
chromatographic (HPLC) methods without sample isolation, 
etc.), as well as the upper limit of ring size chosen by the 
analytical setup. 

No studies able to draw a general and conclusive picture of 
the relevant aspect of cyclic oligomer formation have been 
published so far. Ueda et al.217 performed an HPLC analysis 
only up to the cyclic hexamer, after a ‘slow’ activated anionic 
polymerization carried out for very long times (between �6.5 
and 60 h) at 150 °C in conditions approaching the isothermal 
ones, followed by boiling water extraction for 5 h. Roda’s 
group145 performed a ‘very slow’ nonactivated polymerization 
at 190 °C for times between �3 and 400 h in quasi-isothermal 
conditions, followed by repeated boiling methanol extraction 
and HPLC analysis up to the pentamer only. In previous years, 
Russo’s group carried out both a ‘slow’ anionic polymerization 
of CL in quasi-adiabatic conditions215 (initial Tp 155 °C; final 
Tp �205 °C) and a ‘fast’ one in quasi-isothermal conditions at 
160 °C, in bulk and in suspension, followed by boiling water 
extraction and HPLC up to the nonamer.160 Most of the above 
studies and the few others already existing in the literature have 
shown a monotonic decrease of the individual cyclic oligomer 
content from the dimer to the highest species detected. 
However, in more recent years, when the new analytical proce
dures enabling to determine the exact content of individual 
oligomers have been applied to anionic PCL, a completely 
different trend has been found, at least for quasi-isothermally 
synthesized polymers.222,223 Instead of a regular, monotonic 
decrease of the cyclic oligomer content as a function of its size, 
it has been found223 that, as given by the matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) spectrum 
of Figure 23 for a specific sample of anionic PCL, a sharp 
increase in the higher oligomer content from the hexamer up 
to the undecamer occurs with a maximum for this latter. After 
this maximum, higher cyclic oligomers up to (CL)19 have been 
detected and their content follows a more or less regular 
decrease. 

The cyclic undecamer (molecular mass 1244,8), present as 
the most abundant species in MALDI-TOF, has also been 
detected by Size Exclusion Chromatography (SEC) 
(Figure 24) as the maximum of a distinct peak in the low
molar-mass region, well separated from the high polymer 
trace. HPLC analysis of the cyclic oligomer fraction up to the 
undecamer for another anionic PA6 sample not previously 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 23 MALDI-TOF spectrum of an anionic PCL sample in the low-molar-mass region. The series of peaks at m/z values n113 + 23 corresponds to the
 
Na+ ions of the cyclic oligomers (Cx). Reproduced from Ricco, L.; Casazza, E.; Mineo, P.; et al. Macromolecules 2008, 41, 3904,223 with little modification.
 

Figure 24 SEC trace of an anionic PCL sample. Reproduced from Casazza, E.; Ricco, L.; Russo, S.; Scamporrino, E. Macromolecules 2007, 40, 739.222 

washed with methanol confirms the presence of unpredicted 
high concentrations of cyclics with a peak maximum corre
sponding for this sample to the nonamer, as given in 
Table 13 and Figure 25. 

The series of intense peaks at m/z values n113+ 23 in 
MALDI-TOF spectrum corresponds to Na+ ions of cyclic oligo
mers of PA6 from hexamer (peak at m/z 701) up to 
nonadecamer (at m/z 2170). Peaks due to species with higher 
molar mass are also present, but with very low intensity. The 
peaks indicated in the spectrum with # (at m/z values 
n113 + 39) are due to cyclic oligomers detected as K+ species. 

From the above data it is evident that, depending on the 
experimental conditions chosen for the anionic polymeriza
tion, the low-molar-mass peak, always present in anionic PA6 
at 2–3 wt.% concentration and made of macrocycles from the 
octamer up to approx. (CL)25, has a maximum that can be 
slightly displaced toward other mass values. The finding of 
the above peak just in recent years is probably linked to the 
experimental difficulties in the realization of SEC analyses of 

Table 13 Cyclic oligomer content Mx in an anionic PCL 
sample, obtained by HPLC measurements 

Mx Mx 

x (wt.%) (mol/100 mol of PCL repeating units) 

1 1.51 1.515 
2 0.40 0.200 
3 0.13 0.042 
4 0.09 0.023 
5 0.08 0.017 
6 0.11 0.018 
7 0.11 0.016 
8 0.19 0.023 
9 0.27 0.030 
10 0.09 0.009 
11 0.09 0.008 

Reproduced from Casazza, E.; Ricco, L.; Russo, S.; Scamporrino, E. 
Macromolecules 2007, 40, 739.222 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 25 MALDI-TOF spectrum of the low-molar-mass species separated from the high polymer fraction in an anionic PCL. Reproduced from 
Casazza, E.; Ricco, L.; Russo, S.; Scamporrino, E. Macromolecules 2007, 40, 739,222 with little modifications. 

PCL, which were strongly affecting its molecular characteriza
tion for decades. Only in the last few years, the SEC problem of 
PA6 was satisfactorily solved by some groups, as described in 
Reference 159. For comparison, it may be useful to state that 
SEC analysis of hydrolytic PCL does not show any low
molar-mass peak but a relatively large plateau on the lower 
mass side of the high polymer peak. Future studies on the 
nature of this plateau, the masses of which more or less corre
spond to the anionic peak found by Russo’s group, may be 
attempted in order to evaluate analogies and differences 
between the two mechanisms of ROP of CL. At present, thanks 
to MALDI-TOF data on ‘fast’ anionic PCL in quasi-isothermal 
conditions222,223 without any previous oligomer separation 
from the high polymer fraction, together with SEC and HPLC 
results, it has been possible to find out a regularly decreasing 
trend of cyclic oligomer content up to the hexamer, together 
with a previously unknown peak made of macrocyclics rising 
from (CL)7–9 up to (CL)20–25 and with a maximum positioned 
as a function of the reaction parameters. 

Among the first members of the cyclic oligomer series (up to 
the hexamer), which can be safely considered almost exempt 
from the extraction and/or analytical biases mentioned above, 
it may be interesting to describe how the cyclic dimer content 
depends on the different mechanisms of polymerization and 
the experimental conditions chosen. As compared to hydrolytic 
polymerization,12 the cyclic dimer content in the extractables, 
derived from a ‘slow’ adiabatic polymerization,215 increases 
from 10.2 wt.% (hydrolytic) to 23.5–44.5 wt.% depending 
on the experimental conditions, while in ‘fast’ quasi-
isothermally polymerizing systems,222 it has an intermediate 
value (17.2 wt.%). Referring to higher cyclics in the different 
experimental conditions of CL anionic polymerization, for 
instance, to the cyclic trimer, the (CL)3/(CL)2 molar ratio in 
‘fast’ quasi-isothermal polymerizing systems222,223 is almost 
the double (0.21), as compared to the ‘slow’ ones, either 

quasi-isothermal217 (0.13) or quasi-adiabatic220 (0.09–0.12). 
The corresponding value of the same ratio in hydrolytic poly
merization, as given by Reimschuessel,11,12 is 0.46. It is evident 
that the anionic polymerization of CL favors the cyclic dimer 
formation over higher cyclic oligomers. (CL)2 is a very stable 
compound with a melting temperature (347 °C) much higher 
than that of the other cyclic homologs, a very poor solubility in 
most solvents, and strong intermolecular hydrogen bonds 
between NH protons and CO groups in the solid state.15,16 Its 
formation in the anionic polymerization of CL is suspected to 
follow a different mechanism as compared to that of higher 
oligomers, as its final content in the reaction product is strongly 
influenced by activator and initiator concentrations, unlike 
those of the other cyclic oligomers.224,225 

Ueda et al.217 have recently suggested, as the most probable 
mechanism of cyclic oligomer formation in anionic PCL pre
pared by activated polymerization, a unimolecular backbiting 
reaction, depicted in Scheme 29,223 as follows: an ionized 
amide bond is produced by proton abstraction along the poly
amide growing chain, which is a highly probable event 
especially in the latter stages of anionic polymerization, 
invoked also to explain transamidation reactions, branching, 
and cross-linking, if any. If chain conformation allows the –Nθ 

– 
anion to approach its chain end (cyclic imide), it is possible to 
envisage its nucleophilic attack on the cyclic imide group in 
competition with that of CL anion. The generated loop, after 
the attack by the monomer anion, would form a cyclic oligo
mer and a linear chain. The segmental mobility of the growing 
chain in the more and more viscous reaction medium will 
control the formation of the individual cyclic species. So far it 
has been unclear, however, why formation of larger cycles, that 
is, (CL)9–11, is favored over the smaller ones (CL)4–8, although 
the cyclic dimer (to a greater extent) and cyclic trimer (to a 
lower extent) remain the most favored cyclic structures formed 
in the course of CL anionic polymerization. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 29 Possible mechanism of cyclic oligomer formation. 

The role of LiCl46,214,226 227 and CaCl2 in the activated 
anionic polymerization of CL has been studied in detail by 
Russo et al. As far as cyclic oligomer formation is con
cerned,226 a strong decrease in the cyclic dimer content as 
a function of added LiCl has been found. Higher cyclic 
oligomers, on the contrary, showed an increasing overall 
yield. A possible explanation is based on the extensive 
formation of complexed amide bonds, due to the strong 
ion–dipole interactions between the carbonyl oxygen atoms 
of the polyamide chains and Li+,  able  to coordinate up to  
four C=O groups. The possibility of cyclic dimer formation 
necessarily needs to find pairs of adjacent amide bonds free 
of complexation, which is less and less probable as the LiCl 
concentration in the reacting system increases. Conversely, 
the formation of higher oligomers is not subject to such 
heavy restriction and is favored by the counterbalancing 
effect of system densification because of the salt. However, 
the overall effects of LiCl on the activated anionic polymer
ization of CL have a negative influence on both the kinetics 
and the thermodynamics.46,214 CaCl2,

227 on the contrary, 
does not show the above pitfalls but only a slight reduction 
of the high polymer yield and a much lower negative effect 
on polymerization enthalpy and entropy. Here again, strong 
ion–dipole interactions between Ca2+ and amide groups are 
responsible for the peculiar properties of the resultant PA6 
(e.g., a higher Young’s modulus), retained also in the pre
sent of moisture, at variance with LiCl. 

4.14.11 Anionic Polymerization of Other Lactams 

Out of the five to thirteen rings of unsubstituted lactams that 
can undergo polymerization, the only lactams, besides CL, 
intensively studied in terms of anionic ROP are 2-pyrrolidone 
and ω-laurolactam. Also 2-piperidone deserves some consid
erations in this respect, although it has been much less studied 
than the other two lactams. 

4.14.11.1 2-Pyrrolidone 

The potential industrial interest for poly(2-pyrrolidone) (PA4) 
in relevant fields of application (namely, textiles) arises from its 
excellent mechanical properties combined with a hydrophilic 
behavior similar to that of cotton. Other areas of applied inter
est may be those of membranes and biomedical devices. 
However, its industrial production has not yet been developed 
to any appreciable extent because of the many drawbacks exist
ing in both its synthesis and its processing. 

2-Pyrrolidone can be polymerized only by an anionic 
mechanism either in the bulk or in suspension, but so far 
the polymerization reaction has been less successful than 
that of CL and ω-laurolactam. First of all, a rather low ceiling 
temperature (�70 °C) allows the polymerization to be carried 
out at low T only. Optimum temperatures are in the range 
40–50 °C. Within this set of temperatures, in the activated 
anionic polymerization in the bulk, after a very high rate 

(c) 2013 Elsevier Inc. All Rights Reserved.
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developing in a homogeneous system in the first few minutes, 
further monomer conversion has been found to be strongly 
limited by the phase separation of the polymer, its nucleation, 
and crystallization,228,229 with predominant occlusion of the 
growth centers in the crystalline regions. As a consequence, 
the significant decrease of the polymerization rate has made 
impossible to reach very high conversions in a reasonable 
time. 

Better results in the polymerization of 2-pyrrolidone have 
been obtained by Sekiguchi et al.,230 when using quaternary 
ammonium salts as initiators. At 30 °C, PA4 of high intrinsic 
viscosity in high yields (> 80%) has been obtained after 
prolonged polymerization time (24 h), using tetramethylam
monium pyrrolidonate as initiator and N-acetyl-2-pyrrolidone 
as activator. The activity of the alkylammonium salts of the 
lactam has been found higher than that of alkali metal salts, 
and the following order has been drawn: 

NMe þ > Kþ > Naþ > Liþ4 

Various alkylammonium pyrrolidine salts have been tested 
and the best results have been found with NMe4NPy, while 
BuEt3NPy was the worst in terms of polymer yield and degree 
of polymerization. To explain these results, it has been sug
gested that the use of a sufficiently bulky counter ion allows the 
breaking of hydrogen bonds between polymer chains and cre
ates local irregularities of the crystalline structure in the 
neighborhood of the reaction sites, assuring the access of the 
lactam anion. 

Interesting additional results have been reported in poly
merizations conduced at 25 °C for 72 h using esters, such as 
γ-valerolactone and n-butyl acetate, as slow activators.230 Some 
lactones and polylactones have given PA4 with improved ther
mal stability. Indeed, upon heating, the ω-hydroxy acyl residue 
of the activator is cleaved forming again the lactone ring and 
liberating an amine group at the chain end, which can act as a 
chain-coupling agent giving rise to condensation reactions with 
the other chains. 

The anionic polymerization of 2-pyrrolidone has also been 
accomplished employing carbon dioxide as activator.177 The 
use of this gaseous activator has made possible to prepare a 
PA4 possessing a satisfactory thermal stability for fiber 
preparation and melt spinning.231 Nonactivated anionic poly
merization, on the contrary, enables high molar masses of poly 
(2-pyrrolidone) to be obtained, but at the expenses of much 
longer polymerization times.232 

In general, a severe drawback is caused by the intrinsic 
thermal instability of the polymer that, at T close to the melting 
temperature, depolymerizes to its monomer. Although several 
thermal stabilizers have been suggested in the patent literature, 
the problem is still far from being satisfactorily solved. As far as 
the synthesis of the polymer is concerned, much better results 
have been obtained when 2-pyrrolidone has been anionically 
polymerized in suspension,233 using its potassium salt as initia
tor, silicon tetrachloride as activator, possibly a surfactant 
(sodium dodecylsulfate), and n-heptane as the suspending 
medium. Limiting conversions and polymer molar masses 
have shown significant improvements (yield �70%, intrinsic 
viscosity increase 45%) after 4 h reaction at 43 °C. The most 
relevant advantage has been the polymer shape, which, in 
contrast to the products of the bulk polymerization – a 

compact, rigid block of horny polymer-, was the bulk polymer
ization- a very fine powder, easily removable from the reactor. 

A relevant aspect deserving attention is that both the bulk 
and suspension methods have been found to provide PA4 free 
of structural irregularities. This result is a clear indication that 
side reactions, responsible for the strong UV absorption and 
widely present in anionic PCL synthesized in the bulk (Section 
4.14.10), are here minimized due to both the low polymeriza
tion temperature and limited conversions. 

4.14.11.2 2-Piperidone 

Thermodynamically speaking, 2-piperidone is slightly more 
polymerizable than 2-pyrrolidone, but kinetically less reactive.8 

The low kinetic polymerizability has been attributed to the 
concurrent crystallization of the growing chains and conse
quent physical termination as well as the relevance of side 
reactions, allowed to extensively occur because of the slowness 
of the polymerization. Activators have been found to be always 
essential for the polymerization of 2-piperidone. Relatively 
high molar masses of poly(2-piperidone) have been achieved 
only when quaternary ammonium salts have been used as 
initiators.128 The resultant polyamide has a Tm of �283 °C, 
higher than that of poly(2-pyrrolidone), �260 °C, and is ther
mally much more stable than the latter. Therefore, melt 
spinning can be safely carried out and fibers with good char
acteristics are obtained. 

4.14.11.3 ω-Laurolactam 

In recent years, the anionic polymerization and copolymeriza
tion of ω-laurolactam has gained increasing attention for a 
well-balanced set of properties of the resultant polymers and 
copolymers. The main advantages of ω-laurolactam anionic 
polymerization are its low level of absorbed moisture, easily 
removable during heating and melting of the monomer at 
150 °C, and the low content of residual ω-laurolactam due to 
a favorable monomer–polymer equilibrium. 

A novel catalytic pair, made of an alicyclic carbodiimide as 
the activator and sodium caprolactamate as the initiator, has 
been recently developed186. It allows very long-term storage of 
the initiating species mixed together, an efficient control of the 
polymerization rate, and an accurate tailoring of polyamide 
molar masses. A time–temperature–transformation (TTT) dia
gram, very similar to that of thermosets, has been drawn234 

with the aim of studying the influence of their initiating species 
on polymerization kinetics and limiting conversions. At var
iance with the traditional set of initiators (e.g., sodium 
ε-caprolactamate) and activators (e.g., N-acetyl-CL) used by 
other authors, the novel catalytic pair is able to in situ generate 
a guanidine anion, which reacts very fast with the first molecule 
of ω-laurolactam, thus performing to the initiation stage of 
ROP. Propagation is then based on the subsequent reaction 
of monomer molecules with the active centers. A simplified 
scheme of the polymerization mechanism has already been 
described (Scheme 27, Section 4.14.7.5.4). Initial concentra
tions of patented activator and initiator species,185 as well as 
their molar ratios, are able to control poly(ω-laurolactam) 
molar mass and, in general, end properties of the polyamide. 

An interesting aspect that has been investigated174 is the 
relationship between the anionic polymerization process and 
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PA12 structure formation in terms of polymorphic modifica
tions α and β, the latter being the more stable one. Different 
initiators and different types of activation have been found to 
exert a deep influence on not only polymerization kinetics and 
thermodynamics but also the degree of crystallinity and the 
physical structure of anionic PA12. 

Significant changes of PA12 properties are achieved by 
copolymerization of ω-laurolactam with lactams of different 
ring size235 or other monomers. The topic is covered in Section 
4.14.12. 

4.14.11.4 Substituted β-Lactams and Their Living 
Polymerization 

The present status of the studies on β-lactam living polymerization 
has been described in great detail in a recent review of 
Hashimoto,236 with specific attention to the anionic 
growth mechanism. Both Šebenda et al.237,238 and Hashimoto 
et al.23 9–241 have successfully synthesized uniform (i.e., the 
so-called monodisperse) polyamides from the substituted 
β-lactams (62, 63, and 64 ). Hashimoto et al.242,243 have also 
obtained a uniform polyamide from the bicyclic oxalactam (65): 

Šebenda et al.237,238 have been the first to discover that the 
activated anionic polymerization of 62 has a living character, 
giving a polyamide of molar mass very close to the theoretical, 
predicted on the basis of the ratio monomer consumed/of 
activator added. 

The roles of both the monomer structure and the reaction 
parameters in the achievement of living polymerization condi
tions for lactams have been analyzed by Hashimoto,236 who 
found that a stringent control of the proton transfer reaction, 
restricted to that occurring from the lactam monomer to the 
anion of the growing chain, as given in [50], is essential for the 
attainment of living conditions. 

No other active hydrogens, apart from that on the nitrogen 
atom, should in principle be present in the lactam molecule to 
avoid side reactions. The choice of mild polymerization condi
tions (e.g., room Tp, homogeneous solution, and low 
polymerization rates) goes in that direction too. Because of 
such experimental conditions, it is necessary to have highly 
reactive lactams, that is, those characterized by a high ring 
strain. Substituted β-lactams are very suitable in this respect. 
Furthermore, in order to carry out a homogeneous solution 
polymerization, selected polyamide solvents, capable of 
not interfering with the living species, are required. 
Hashimoto239,240 made use of aprotic polar solvents (N,N-
dimethyl acetamide, DMF, and DMSO) added with LiCl or 
LiCBr as the reaction media able to act as good solvents for 
polyamides derived from 63 and 64. The activated anionic 
polymerization239 of 63 in dilute solutions of DMAc + LiCl 
(5 wt.%) at 25 °C, keeping the initiator (K pyrrolidonate) 

concentration as low as 0.5 mol.% in order to decrease the 
polymerization rate and avoid the broadening of molar mass 
distribution, was completed in less than 20 min. Mw/Mn of the 
poly(β-lactam) was found to be < 1.1 and Mn was almost 
linearly proportional to monomer conversion (Figure 26). 

Also the activated anionic polymerization240 of 64, under 
similar experimental conditions, gave a uniform polyamide, 
despite the α-active hydrogens of that monomer. The living 
character of the resultant polyamide has been proved241 by 
adding further monomer to the reacting medium for a 
second-stage polymerization. The gel permeation chromatogra
phy (GPC) traces of the above poly(β-lactam) after the first and 
the second polymerization runs are depicted in Figure 27 and 
fully support the living character of this polymerization. 
Therefore, it can be inferred that, by choosing sufficiently 
mild polymerization conditions, living polyamides can be 
obtained from monomers having α-active hydrogens also. The 
relatively low basicity of the lactamate anions in the chosen 
experimental conditions would prevent proton withdrawal 
from the neighboring carbon atom. 

In general, several factors have to be taken into account in 
order to attain a living or a quasi-living polymerization of 

β-lactams. Monomers having a low rate constant of propaga
tion are preferable for the synthesis of uniform polyamides. 
Drawbacks in the preparation of uniform polyamides from 
β-lactams are the very frequent occurrence of depolymerization 
and transamidation (at the acyl lactam chain end and on the 
polyamide chain), both causing broadening of molar mass 
distribution of the resultant polyamide. The latter reaction 
occurs more frequently at high conversion. Therefore, it is 
advisable to stop the polymerization at low to intermediate 
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Figure 26 Values of Mn and Mw/Mn of the polyamide samples obtained 
from the anionic polymerization of 63. Reproduced from Hashimoto, K. 
Prog. Polym. 236 Sci. 2000, 25, 1411, with slight modification. 
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Figure 27 SEC profile of the polyamide obtained in two-stage polymer
ization of 64 at 258 °C. Reproduced from Hashimoto, K. Prog. Polym. Sci. 
2000, 25, 1411.236 

conversions in order to get a living or a quasi-living polyamide. 
Block and graft copolymers, macromonomers, telechelics, and 
multicomponent polymeric materials, all with well-defined 
design, have been prepared taking advantage of the living 
character of the above polymerizations. The excellent review 
of Hashimoto236 exhaustively covers also these topics. 

An interesting application of the above living polymeriza
tion has been suggested by Šebenda et al.238 It takes advantage 
of the fact that the copolymerization of 62 with other lactams is 
still running in homogeneous solution even after enchainment 
of some monomer units of the second lactam, the polymer of 
which is insoluble in that medium. In this way, the rate of 
enchainment of any polymerizable lactam can in principle be 
evaluated under identical conditions. 

Quite recently,242 the anionic homopolymerization of a few 
substituted β-lactams and the copolymerization of some of the 
above pairs have been studied in order to prepare polyamide 
3-derived polypeptides displaying biological properties. The 
solution polymerization or copolymerization, initiated by Li 
amide disubstituted with trimethylsilyl groups and activated 
with 4-tert-butylbenzoyl chloride, does not have living charac
ter. From that study,242 some insights emerged into the 
reactivity of the above β-lactams in terms of their acidities, as 
well as electrophilicity of the imide end groups. 

So far, apart from β-lactams, the other members of the 
lactam family characterized by larger rings have been unable 
to perform a living polymerization. The many stringent 
requirements that are necessary to fulfill for the development 
of a living system, that is, high ring strain, low polymerization 
temperature, solution homogeneity, low rates of polymeriza
tion, highly controlled proton transfer, no side reactions, 
limited conversions, and absence of depolymerization and 
transamidation reactions, have been so far satisfied only for 
some β-lactams (62, 63, and 64) and the bicyclic oxalactam 
(65). The latter is a racemic mixture of the corresponding 
enantiomers and can be anionically polymerized (e.g., in 
dimethyl sulfoxide at 25 °C) to �80% yield of the resultant 
high-molar-mass polyamide,243,244 

which should be considered a random copolymer of the above 
enantiomers. The intermolecular hydrogen bonds between the 
amide groups may be weakened to the point that justifies its 
very high solubility in several organic media. The kinetic poly
merizability of 65 is very high, due to the high strain of internal 
bond angles, and its anionic solution polymerization243 pro
vides a living polyamide at least up to monomer conversions 
< 60% (Mw/Mn = 1.1, Mn directly proportional to conversion), 
with some broadening of molar mass distribution to �1.2 at 
high conversions. 

Also the corresponding optically active 65 has been poly
merized under conditions similar to those outlined above.236 

The optically active polyamide has shown higher molar mass, 
higher melting point, and higher degradation temperature as 
compared to the polyamide prepared from the racemic 65. 
Both polyamides are highly hygroscopic. They have been uti
lized for the preparation of hydrophilic membranes 
characterized by high water permeability and permselectivity, 
as well as for the design of multicomponent polymeric materi
als containing the polyamide block. In future, if proper 
experimental conditions (e.g., suitable solvents, temperatures, 
reaction rates, and conversions) would be chosen, other homo-
and heterobicyclic lactams might yield living or quasi-living 
polyamides, opening interesting fields of application in many 
different areas. 

4.14.12 Anionic Copolymers 

4.14.12.1 Introduction 

Copolymers with at least one component that is a lactam are an 
interesting family of polymeric materials, whose properties 
strongly depend on the routes chosen for their synthesis. In 
this respect, anionic mechanisms offer unique opportunities to 
control sequence distribution and microstructure of the resul
tant copolymers. For some specific pairs, the anionic 
copolymerization is the only way to synthesize materials with 
tailor-made characteristics. In the following, some relevant 
examples of anionic copolymers will be given. 

4.14.12.2 Copolymerization of CL and ω-Laurolactam 

So far, the most studied lactam pair undergoing anionic copo
lymerization has been that based on CL and ω-laurolactam, the 
only other lactam industrially accessible. As already men
tioned, the main aim has been to extend the range of PCL 
applications by tailored modifications of its properties, some 
of which (e.g., low impact strength at low T and high moisture 
uptake) show characteristics that need to be improved. In this 
respect, matching PA6 properties with those pertaining to PA12 
by suitable copolymerization of the two monomers can lead to 
material improvement. 
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Scheme 30 Propagation stage of CL – w-laurolactam anionic 
copolymerization. 

The anionic copolymerization kinetics of CL and 
ω-laurolactam, as well as the microstructure and the morphol
ogy of the resultant copolymers, is largely dependent on the 
reaction parameters, such as choice of initiator and activator, 
their stoichiometric ratio, quasi-adiabatic or quasi-isothermal 
conditions, and (initial) polymerization temperature. In the 
propagation stage, four competitive reactions (Scheme 30) of  
the two activated monomers (CL and ω-laurolactam anions) 
and the two nonionic growth centers (cyclic imides derived 
from CL and ω-laurolactam, respectively) are present245 in 
competition with transacylation (exchange reactions) occurring 
between the amide groups of copolymer chains (Scheme 31). 

Therefore, both thermodynamics and kinetics exert a con
trol on copolymer formation, as well as its overall composition 
and microstructure. As mentioned before, initial temperature 
and possible temperature increase during polymerization, reac
tion time (often very high when slow or no activation is 
present), crystallization occurring after the end of polymeriza
tion or during it, absolute and relative concentrations of all 
reactants (lactams, initiator, activator, growing chains, and 
ionic species), complex equilibria of the various 
species, extent of Claisen-type side reactions, and so on make 
impossible to give a general, quantitative picture of the copo
lymerization reaction. Notwithstanding that, some relevant 
achievements have been obtained in recent years144,245 and 
some findings well established. The most impressive kinetic 
information acquired is linked to the striking difference in the 
polymerization activity and in the role of the following two 
initiators: CLNa and CLMgBr. Roda’s research group in 
Prague245 found that the activated anionic copolymerizations 
(activator N-benzoyl-CL), initiated by CLNa, give rise to ran
dom copolymers, while those initiated by the Grignard reagent 
show a heterogeneous character. Indeed, a single melting 

Scheme 31 Transacylation reaction between the amide groups of the 
copolymer chains. 

endotherm and a single crystalline form have been found for 
the former initiating system in the whole range of copolymer 
compositions, while two melting endotherms and two types (α 
and β) of crystalline forms are displayed in the copolymers 
formed from 30 to 70 mol.% of CL in the feed with the latter 
set of catalytic species. The unusual behavior of the Grignard 
reagent has been explained on the basis of accurate analyses of 
copolymer microstructure composed by PA6 blocks (with a 
minor ω-laurolactam content) linked to sequences of CL/ 
ω-laurolactam random copolymer. Most probably, PA6 is pre
ferentially formed at the beginning of the polymerization, due 
to the much higher reactivity of CL as compared to 
ω-laurolactam. Only later on, random copolymers are formed 
from the remaining CL and the slowly reacting ω-laurolactam. 
Transamidation reactions, occurring to a very large extent when 
the polymerization is catalyzed by strong bases (CLNa), cause 
full randomization of the sequences and formation of a statis
tical copolymer only. CLMgBr is a much weaker base as 
compared to CLNa and, on the contrary, allows a much lower 
extent of transamidation reactions to occur. Long PA6 
sequences are preserved and only a few links per chain with 
the copolymers are possible. The specific role of the Grignard 
reagent CLMgBr as initiator in anionic lactam polymerizations 
has been extensively discussed in Section 4.14.7.3. Its relevance 
is also under consideration in RIM applications, as mentioned 
in Section 4.14.13.3. 

4.14.12.3 Copolymerization of Lactams and Lactones 

The anionic ring-opening copolymerization of lactams and 
lactones has been studied in great detail by several research 
groups with the main aim to synthesize polyesteramides hav
ing potential biodegradable characteristics. Indeed, as 
remarked by Roda,10 this is a rare example of copolymerization 
of rings obeying different mechanisms of homopolymer for
mation and giving rise to a copolymer using peculiar synthetic 
pathways. 

Indeed, some lactones (such as CLO and VLO) can act as 
both activators of lactam anionic polymerization (up to 
�5 mol.%) and comonomers at higher concentrations, while 
others (e.g., γ-butyrolactone) are only activators. Acylation of 
the lactone ring by the lactam anion (eqn [94]) is the initiation 
step, followed by a very rapid formation of polyester chains by 
growth reactions of the alkoxy groups and suitable lactone 
molecules. Taking into consideration the most studied mono
mer pair (CLO and CL), random or multiblock copolymer 
structures have been found, depending on the experimental 
conditions chosen for the synthesis. Copolymerizations 
initiated by CLMgBr and carried out in quasi-isothermal con
ditions (reactive casting in a 4-mm-thick mold at 150 °C) have 
been very successful in terms of copolymer yield, with a very 
low content of extractables (≤ 4%),182,246 at variance with 
copolymerization runs initiated by CLNa giving extractable 
yields up to 40%. All copolymers with compositions ranging 
from 3 to 90 mol.% of CLO showed a random distribution of 
comonomer units, as supported by the close agreement of 
experimental Tg values and those calculated from the Fox 
equation.247 

The exchange (transacylation) reactions between ester and 
amide groups in the copolymer chains have been considered 
responsible for the copolymer randomness, as they are very fast 
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and occur simultaneously with initiation and propagation 
steps under the experimental conditions chosen for the reac
tion. Once again, as we have seen in other sections of the 
chapter, the use of the Grignard reagent CLMgBr as initiator 
brings relevant advantages in both the synthesis and the prop
erties of the resultant polymers. 

As already mentioned, it is now well ascertained that at the 
beginning of the anionic copolymerization of CL and CLO, 
irrespective of the initiating system, it is the latter monomer 
that is more rapidly consumed, with the formation of poly 
(ε-caprolactone) homopolymer. 

An interesting copolymerization experiment of the above 
monomers has been published by Scola et al.,248 who applied a 
microwave process to convert them in the corresponding copo
lymers. The two monomers are suitable to effectively absorb 
the microwave energy due to the high values of their dielectric 
permittivities (�14 at 100 °C for CL and �42 for CLO at the 
same temperature) and the additive dielectric properties of 
their mixtures. The rate of copolymerization is increased by 
the microwave process as compared to the purely thermal 
reaction because of more effectively activated molecular colli
sions and/or lower activation energy. Also in this case, only 
random copolymers have always been obtained, as supported 
by a single Tg found by Dynamic Mechanical Thermal Analysis 
(DMTA). The relevant yield increase and the much higher 
amide-to-ester ratios in the copolymers synthesized by the 
microwave-assisted process seem to suggest that a direct inter
action between microwaves and molecular dipole moments 
more efficiently delivers the energy to amide groups (3–4 D)  
than to ester units (1–2 D), enhancing the reactivity of the 
former. Surprisingly, the microwave-assisted anionic homopo
lymerization of CL has not been mentioned in the literature so 
far, while its hydrolytic variant initiated by ω-aminocaproic 
acid has been studied.89 

In more recent years, the anionic copolymerization of var
ious lactams and lactones has been performed under reactive 
processing conditions, using a twin-screw extruder. By suitable 
sequential monomer feeding and temperature profiles, it has 
been possible to get diblock or triblock copolymers, while the 
simultaneous feeding of monomers always produced random 
copolymers.249,250 In sequential feeding, the block lengths and, 
hence, the molar masses could be adjusted by controlling the 
feed rate.251 

4.14.12.4 Block Copolymers and Other Copolymers 

The anionic route is particularly suitable for synthesizing 
lactam-based block copolymers. CL and, to a much lower 
extent, ω-laurolactam have been the lactams more often used 
for the purpose. Polymeric activators (macroactivators) 
(Section 4.14.7.5.5) obtained from appropriately terminated 
prepolymers can give rise to di- and triblock copolymers or, 
when other functional groups acting as additional activating 
centers are present along the prepolymer backbone, even multi-
block structures. The latter approach has been found 
particularly useful in RIM technology and will be discussed in 
detail in Section 4.14.13.3. 

In order to obtain a good combination of end properties, 
numerous copolymers with a variety of nonpolyamide blocks 
have been prepared using polymeric activators and accom
plishing the in situ anionic lactam polymerization. The main 

aim for synthesizing block copolymers of PA6 has been to 
improve its toughness, which is rather inadequate especially 
at low temperatures. Therefore, polymers, such as, poly
ethers,252–255 poly(butadiene) (PBu),256–259 and poly 
(dimethylsiloxane)260,261 with suitably modified end groups, 
can be prepared and transformed into the corresponding poly
meric activators. For instance, triblock copolymers with a soft 
PPO block in the main chain of PA6 or PA12 can be synthe
sized starting from macroactivators prepared, for example, by 
reaction of a PPG with isophorone diisocyanate. Further block
ing with CL gives the N-carbamoyl-CL growth centers at the 
PPO chain ends.262 Di- or triblock OH-terminated poly(ethy
lene oxide)/PA6 copolymers (PEO–PA6) have been 
synthesized along similar routes, using different macroactiva
tors bearing tolylene-bis-carbamoyl-CL, or HBCCL, or 
cyclohexyl carbamoyl-CL growth centers, and the resultant 
morphological, thermal, and mechanical properties related to 
the conditions of synthesis have been studied.255 PEO seg
ments in the block copolymers showed amorphous 
characteristics, whereas a large fraction of unreacted PEO seg
ments was crystallized in as-polymerized samples, with the 
notable exception of the products obtained using cyclohexyl 
carbamoyl activator. Among the various products obtained, the 
triblock copolymers showed the smallest PEO domains and the 
highest impact strength. Formation of chemical bonds at the 
interphase has been found as a necessary prerequisite for reach
ing optimum toughness. Similarly, a telechelic α–ω 
dihydroxy-poly(butadiene) reacting with a diisocyanate (e.g., 
2,4- or 2,6-tolylene diisocyanate), blocked or not with CL, can 
be used as the polymeric activator to produce a triblock PA6– 
PBu copolymer, for example, by anionic casting polymeriza
tion in the presence of potassium ε-caprolactamate.256–259 The 
final properties of the triblock PA6–PBu copolymer depend 
mostly on the length of the PBu block. A phase separation 
and an increased toughness (up to an order of magnitude 
higher as compared to unmodified PA6), as well as decreased 
Young’s moduli and yield strengths, were generally found, 
together with higher contents of PA6 amorphous phase (and, 
thus, modified permeation properties). 

Also cross-linked block copolymers, arising from three 
N-acyl lactam growth centers per PBu molecule, have been 
prepared and characterized.263 Optimum values of impact 
strength, six times higher than the impact strength of PA6 
homopolymer, have been found when 10 wt.% of PBu was 
used. 

Diblock copolymers made of hydrogenated PBu and PA6 
units (HPBu–PA6) have been synthesized in a similar manner 
(but hydrogenating the hydroxyl-terminated PBu) and used as 
compatibilizers in low-density poly(ethylene)/PA6 blends 
(PE/PA6).264 The diblock copolymer exhibited a very relevant 
interfacial activity, with a reduction of particle size and an 
improvement of the interfacial adhesion between the incom
patible phases. Also hydroxyl-terminated styrene–butadiene 
rubber (SBR) or poly(ε-caprolactone), after reaction with dii
socyanates, were anionically copolymerized with CL in order to 
get block copolymers with improved mechanical properties.265 

Graft copolymers can be obtained using macroactivators 
bearing pendant functionalities (Section 4.14.7.5), mainly for 
an end use as compatibilizers or to attain the in situ compati
bilization in reactive blending. In this way, copolymers formed 
by a backbone of poly(propylene) (PP), PMMA, or PS, grafted 
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with polyamide chains, are easily obtained by the in situ anio
nic polymerization of lactams. 

Thus, for instance, PP-g-PA6 copolymers have been 
obtained by reaction of isocyanate-bearing PP with CL (using, 
e.g., sodium caprolactamate as initiator),266–269 and PS-g-PA6 
have been anionically produced starting from macroactivators 
synthesized by copolymerization of isocyanate192 bearing 
comonomers. 

4.14.13 Industrial Applications 

4.14.13.1 Introduction 

Since the initial applications, essentially limited to the field of 
‘cast nylon’ technology and centered on CL polymerization, the 
anionic polymerization of lactams has found in recent years 
several new industrial applications and many other fields have 
been tentatively explored or foreseen. In the 1980s, RIM and 
reinforced RIM (R-RIM) processes, previously involving for the 
most part polyurethane chemistry, seemed very suitable for the 
in situ anionic polymerization of CL in the mold.270 The initial 
enthusiasm, however, had to face the complexity of the chem
istry involved and the careful control necessary for keeping all 
reaction parameters under rigorous processability windows. 
Despite these difficulties, the extensive technological 
know-how acquired has provided new approaches, which 
may be extended in the near future to other fields, such as 
rapid prototyping. In general, in more recent years, some of 
the above processes, together with modern technologies, 
opened the route to new ideas, new applications, and new 
products. Some of them will be briefly outlined in the 
following. 

4.14.13.2 Powdered Polyamides 

The obtainment of fine powders of PCL, poly(ω-laurolactam), 
and their copolymers has attracted relevant attention in recent 
years for possible commercial utilizations in several fields. 
Cosmetic formulations, coating and graphic art applications, 
protein or enzyme immobilization techniques, rotational 
molding and sintering processes, and filtration devices in 
food and beverage industry are the major industrial fields 
where powdered polyamides are currently applied. Their use 
as stationary phase in chromatography has also been envisaged 
and introduced for some specific systems. 

As compared to the other two techniques industrially uti
lized for the obtainment of polyamide powders, that is, 
low-temperature grinding and polymer dissolution/precipita
tion, anionic ROP of lactams (and, namely, of CL) offers great 
advantages in terms of much higher particle porosity, total 
absence of irregular edges and sinterized zones, controlled 
particle size, very narrow size distribution, and wide range of 
specific surface areas. Besides CL, ω-laurolactam has been so far 
the only other lactam considered in this respect, in terms of 
both ring-opening homopolymerization to polyamide 12 and 
its copolymerization with CL (PA6/12). 

The anionic ROP of the above lactams has been carried out 
following three different approaches: 

1.	 solution polymerization with phase-separated polymer 
avoiding its coagulation (dispersion polymerization);271–276 

2. suspension polymerization in nonaqueous media	 as the 

continuous phase;277 and 

3. miniemulsion polymerization in hydrocarbons.278 

Other, less common approaches can also been found in the 
open literature.279 Due to the great potential of the above 
methods for the obtainment of polyamide powders, it is not 
surprising that many patents have been issued on these topics 
and several commercial products are already on the market. 

The dispersion polymerization method, which in general 
needs suitable dispersants in order to avoid polymer coagula
tion, has been described in detail271–276 and can be 
summarized as follows: the powdered PA6 formation is the 
result of very rapid steps governed by both the chemistry 
(initiation and growth of the polymer chains) and the physics 
of the polymerization process (precipitation, aggregation, and, 
finally, crystallization of the polyamide), steps that in part 
overlap. As a consequence, polymerization temperature; nature 
of the solvent; concentration of monomer, initiator, and acti
vator; chemical nature and functionality degree of this latter; 
and molar ratio of the components of the catalytic pair all 
strongly affect not only the polymerization rate, the final con
version, and the chain length but also the polymer structure 
(linear, branched, and cross-linked) and its morphology.280 

Studies on the suspension polymerization, focused on CL, 
have mainly been performed in oligo(isobutene) oils of differ
ent molar masses (and, therefore, viscosities) as the continuous 
phase.277 CL was found partially soluble in the lower 
molar-mass oils and completely insoluble in intermediate-
and high-molar-mass oils. Pure suspension polymerization 
without additional contributions from solution (dispersion) 
polymerization has been carried out using the oils of inter
mediate molar masses, which represent the optimum 
compromise between monomer insolubility and medium 
fluidity. Very high monomer conversions in very short times, 
excellent microstructural regularity of the polymer chain (eval
uated by the UV method mentioned below), accurate control 
of its molar mass and fine-tuning of particle shape, size, and 
size distribution have been successfully achieved by fast acti
vated anionic polymerization, using the blocked cyclohexyl 
isocyanate/sodium ε-caprolactamate pair in equimolar concen
trations. A typical SEM micrograph is given in Figure 28. 

By suitably tuning the reaction parameters, the particle coa
lescence phenomena can be minimized and particle size 
distribution becomes rather narrow. Also by this method, it is 
possible to strongly reduce the amount of microstructural 
defects, as evidenced by the sharp lowering of the UV absorbance 
peak between 270 and 280 nm, usually assumed to be linked to 
the presence of structural irregularities in the PA6 chain and 
roughly proportional to their overall content. The absorbance 
of the UV absorption peak maximum is as low as �0.04, almost 
the same as that for hydrolytic PA6. 

As mentioned above, a miniemulsion process has also been 
successful for the obtainment of powdered PA6.278 The opti
mum conditions in terms of miniemulsion stability have been 
achieved by dissolving CL in polar solvents, such as DMSO, 
followed by in situ formation of sodium ε-caprolactamate and 
subsequent dispersion in an apolar phase, typically in a 
branched saturated hydrocarbon (e.g., Isopar M©), with the 
aid of a suitable surfactant. The anionic ROP starts when the 
initiator (N-acetyl-CL) is added to the reaction medium and 
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Figure 28 SEM micrograph of the PA6 particles obtained by suspension polymerization, as described in Ricco, L.; Monticelli, O.; Russo, S.; et al. 
Macromol. Chem. Phys. 2002, 203, 1436.277 

polymerization T is reached. Ellipsoidal nanoparticles of PA6, 
obtained from the precipitation polymerization of CL inside 
the monomer/DMSO miniemulsion droplets, have been char
acterized by TEM. Their typical size is in the range of �30 nm. 

On the basis of the results obtained so far using the three 
methods mentioned above, a relevant conclusion can be drawn: 
the accurate temperature control (≤ 170 °C) permits to run poly
merizations of CL in quasi-isothermal conditions and very 
efficiently contribute to the minimization of side reactions, the 
other relevant factor in this respect being the use of very fast 
activator/initiator pairs. Only the simultaneous effect of both 
factors, that is, temperature control and very fast catalytic sys
tems, allows to reach both optimum process conditions and 
excellent polymer properties. The use of slow activators, such 
as N-acetyl-CL, on the contrary, strongly limits possible advan
tages of the method. Moreover, it should be taken into account 
that, in general, solution polymerizations (methods 1 and 3) are 
characterized by lower reaction rates as compared to suspension 
processes (method 2). On the other hand, these latter methods 
have to face more difficult and expensive purification procedures 
of the polyamide from the reaction mixture. The only other 
lactam-based polyamide synthesized in powder form in labora
tory by a suspension process233 is poly(2-pyrrolidone). A 
description of its synthesis is given in Section 4.14.11.1. 

4.14.13.3 RIM, RTM, Rotational Molding, and Reactive 
Extrusion 

As already mentioned in Section 4.14.13.1, the activated anionic 
polymerization of CL has undergone interesting industrial devel
opments in the field of well-established monomer casting 
process, as well as in the more recent areas of RIM (RIM and 
R-RIM), resin transfer molding (RTM), and rotational molding. In 
addition, reactive extrusion processes, already explored since 
1968,281 are now gaining renewed attention for the easy prepara
tion of nanocomposites and nanoblends, as described in the 
following. 

Monomer casting, already described in some German and US 
patents prior to WWII, has been fully developed only since 1956, 

when several families of new initiators and activators allowed the 
anionic process to be industrially viable.115 Due to its high crystal
linity and high molar mass, cast PA6 has considerably greater 
modulus and strength, better wear, higher heat deflection tem
perature, better solvent resistance, better hygroscopic 
characteristics, and better dimensional stability as compared to 
the extruded or molded PA6 and PA6,6 materials. Additionally, a 
large variety of fillers can be easily added for more demanding 
applications. The very short polymerization times (2–20 min), as 
compared to those necessary to perform hydrolytic polymeriza
tion runs (12–24 h or more), the very low cyclic oligomer content 
(�2 vs.  8–12 wt.%), and the much lower initial polymerization 
temperature (130–170 °C vs. 230–280 °C) are the main advan
tages of this process. 

Additional assets are the low cost of the mold, an almost 
unlimited range of shapes, and the weights of cast PA6 pieces 
up to several hundred kilograms. The anionic polymerization 
of CL in the bulk runs under increasing temperature profiles, 
even in quasi-adiabatic conditions for large cast volumes. For 
these latter systems, it is necessary to reduce the rate of poly
merization by using slow initiating species and lower initial 
temperatures in order to avoid incomplete mold filling. To 
prevent sedimentation of fillers, when present, the reaction 
mixture is usually added with some polymeric thickener. 

Like polyurethanes, in more recent years, PA6 has devel
oped from monomer casting technology to RIM and R-RIM. So 
far, its only relevant commercial application and products are 
under the NyRIM© trade name. Indeed, this product is a multi-
block copolymer formed from an oligooxypropylene or other 
elastomer and end functionalized with N-acyl lactam groups 
acting as polymeric activators (chain initiators) for the fast 
anionic polymerization of CL in the mold. The elastomeric 
blocks considerably improve the impact strength of the poly
amide, thus making end products with the best combination of 
modulus, impact strength, and use temperature in comparison 
to any other unfilled RIM polymer. However, some disadvan
tages are also present: longer demold times and higher 
temperatures as compared to polyurethanes (PUs), the neces
sity of anhydrous conditions, and higher production prices. 
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Essentially, the process shows close similarities to polyur
ethane and polyurea RIM. Therefore, the machinery developed 
for these latter polymers and well known in the industrial 
practice can be readily adapted to NyRIM. The specific require
ments of the RIM process applied to CL anionic polymerization 
have been summarized by Macosko213 in terms of unit opera
tions. The initiators typically used are sodium ε-caprolactamate 
or magnesium bromide ε-caprolactamate. 

RTM applied to the anionic polymerization of CL is a result 
of implementation of RIM. A preformed reinforcing mat 
is placed into the mold where the reacting liquid mixture is 
injected. The continuous fiber or long fiber reinforcement is 
easily and fully impregnated by the reactants, which very 
quickly give rise to molded parts. These latter are characterized 
by stiffness and toughness much higher than the corresponding 
values coming from RIM or casting processes with short fiber 
reinforcement. Moreover, large percentages of fiber reinforce
ment are allowed by the RTM process. 

Rotational molding (or rotational casting) provides hollow 
parts. The reactant mixture is introduced into a closed mold 
and rotation around one or two axes produces a uniform layer 
of PA6 on the inner surface of the cavity. Both RTM and rota
tional molding processes are advantageously realized with 
anionic PA6, while they are not practiced with polyurethanes. 

Another potentially useful application is the continuous 
anionic polymerization of CL, which can be performed in 
twin screw extruders, taking advantage of both the very fast 
reaction kinetics and the broad limits of reactive system for
mulations. Recent findings282 extended these potential 
applications to the field of nanocomposites, preparing organi
cally modified montmorillonite (MMT) particles almost 
completely exfoliated and well dispersed in the polyamide 
matrix, with a sharp improvement of the mechanical properties 
(elastic modulus inserted up to +60% and tensile stress up to 
+15%). Another relevant application of CL anionic polymer
ization under reactive extrusion conditions is related to the 
in situ preparation of compatibilized nanoblends from immis
cible/incompatible polymer pairs. For the system PP/PA6, as an 
example, the average size of the dispersed PA6 particles has 
been found in the 10–100 nm range.283 No other blending 
method can achieve the same level of dispersion. 

In general, in situ blending by reactive extrusion has been 
mainly explored in recent years in order to develop toughened 
PA6, although some studies have also been dealing with PA12 
toughening284,285 by anionic polymerization of ω-laurolactam 
in the presence of various rubbers. The results obtained so far 
are very promising and open wide possibilities of technically 
and economically feasible industrial applications. 

4.14.13.4 Composites and Nanocomposites of Anionically 
Synthesized Polyamides 

The anionic polymerization of lactams (mainly, CL) is less 
suitable than the hydrolytic process for the in situ preparation 
of their composites and nanocomposites. This is particularly 
the case when clays are used as reinforcing agents due to the 
presence of sizable amounts of water associated with clay as 
well as of mobile cations in most clay galleries and surfaces. 
Both agents contribute to the deactivation of the anionic active 
groups of the growing polyamide chains or, at least, exert a 
negative interference with them. In the field of clay-based 

nanocomposites, pristine MMTs cannot be well dispersed in 
CL because of the weak hydrogen-bonding interactions 
between the above components preventing intercalation or 
exfoliation. On the other hand, organically modified MMTs, 
which are very successful in the preparation of exfoliated nano
composites based on clays and other polymers, seem to exert a 
severe inhibiting effect on the anionic ROP of CL, in addition 
to a rather poor interaction with it. Quite recently,286 anionic 
PA6/MMT nanocomposites have been prepared by a novel 
two-step procedure able to overcome the above drawbacks, 
thus allowing full exfoliation of the pristine clay and large 
improvement of the nanocomposite thermal stability. 

Another interesting field of application for PA6-based nano
composites is that dealing with functionalized carbon 
nanotubes (CNTs), homogeneously dispersed in the polya
mide matrix by in situ anionic ROP of CL. Usually, 
multiwalled carbon nanotubes (MWNTs), suitably functiona
lized on the surface to enhance hydrogen bonding with CL287 

or to create activators for its anionic ROP (‘grafting from’ 
method),288 are characterized by a uniform and stable disper
sion in the anionic PA6 matrix, thus increasing the 
crystallization temperature and enhancing the degree of crystal
linity of the latter. Also single-walled carbon nanotubes 
(SWNTs) can be easily functionalized by CL attachment on 
their surface and subsequent anionic bulk polymerization 
using the above ‘grafting from’ technique.289 

A third field where the anionic polymerization of CL has 
been applied to advantage is the in situ preparation of nano
composites from nanosilica, uniformly dispersed in the 
monomer. Some recent publications290–292 describe the funda
mental steps of the synthesis and underline the most significant 
property improvements, especially when chemical bonds 
between surface-functionalized silica particles and anionic 
PA6 chains are formed.291 
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4.15.1 Introduction 

Oxazolines are a family of cyclic imino ethers having a 
five-membered structure. Among the oxazoline family, 
2-oxazolines (OZOs; IUPAC name: 4,5-dihydrooxazoles) with 
an endo-imino ether group (–C=N–O–) are most extensively 
studied so far in the polymerization chemistry. 2-Substituted
2-oxazolines (ROZO, reaction 1, Scheme 1) were first derived 
in the peptide chemistry of α-amino acid derivatives. In the 
polymer synthesis, pioneering works on the ring-opening poly
merization of ROZOs were achieved in the mid-1960s by four 
independent groups.1 A cationic catalyst or initiator induced 
the cationic ring-opening polymerization (CROP) of ROZOs to 
give poly(N-acylethylenimine)s (PROZOs) (reaction 1), during 
which the isomerization took place from the imino ether group 
of the monomer to a more thermally stable N-acyl group of the 
polymer. 

After the above early studies, ring-opening polymeriza
tions of OZOs have been conducted very actively and 

continuously for more than four decades, and various 
types of  monomers and  catalysts as well as  polymerization  
modes have been developed. These results have been 
reviewed from time to time by several polymer scientists.2 

Scheme 1 outlines the six reaction modes found, in which 
structures of monomers and product polymer units are 
given in a general form. Reaction 1 shows the CROP invol
ving an isomerization of the –C=N–O– bond to an amide 
group –C(=O)–N– to produce an ethylenimine (EI) unit, 
the most well-known reaction mode. This mode of reaction 
constitutes a major part of the present chapter. Reaction 2 
gives an amide unit, which is a mode of ring-opening 
polyaddition (ROPA) involving isomerization. Bis-ROZO 
monomers are often used in combination with bifunctional 
phenols or carboxylic acids for ROPA. Reaction 3 is a 
unique monomer as well as reaction mode involving iso
merization found in polysaccharide synthesis with an
enzyme catalyst (enzymatic ROPA (EROPA)) or a cationic 
catalyst (cationic ROPA (CROPA)). As shown in reaction 4, 
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Scheme 1 Major reaction types of oxazoline (OZO) monomers and their product polymer units in OZO polymerizations shown in general expression of 
structures. 

depending on the nature of the monomer substituent and 
catalyst (initiator), CROP induces a double isomerization 
polymerization (DIP) during the polymerization to produce 
a new polymer unit. Reaction 5 involves ring opening of 
the monomer but affords a different polymer unit like a 
vinyl polymer under thermal reaction conditions. Reaction 
6 does not involve the ring opening, undergoing the C=N 
reaction. Modes of reactions 5 and 6 are rather rare cases. 

The polymers from the reaction (1) possess a PROZO 
structure, which can often be regarded as ‘pseudopeptides’ 
owing to the structure analogy and also to their nontoxic 
nature.2,3 These characteristics often lead to ‘smart’ polymer 
materials like those quickly responding to external stimuli. 

At the early stage of research, PROZOs were paid much 
attention as a convenient starting polymer for deriving lin
ear polyethylenimine (LPEI), which is otherwise very 
difficult to prepare. It is because CROP of EI does not 
give LPEI but branched polyethylenimine (BPEI) (R = H, 
Scheme 2).2,4 

This chapter is a comprehensive review dealing with poly
merization of various OZO monomers to give a variety of 
polymers, polymerization reaction characteristics, and proper
ties as well as applications of the product polymers. 

4.15.2 Cationic Ring-Opening Polymerization 

4.15.2.1 Monomers, Catalysts (Initiators), Reaction 
Mechanism, and Monomer Reactivity 

Typical examples of oxazoline monomers to be polymerized 
via CROP mode are shown in Scheme 3. Not only five-mem
bered monomers of ROZO and 5-oxazolones (4,5-dihydro
1,3-oxazol-5-one, ROZLO) but also six-membered analogs 
(5,6-dihydro-4H-1,3-oxazines, ROZI) and seven-membered 
ones (4,5,6,7-tetrahydro-4H-1,3-oxazepine, ROXP) have been 
polymerized. 2-Iminotetrahydrofurans (ITHFs) are known as 
an exo-cyclic imino ether derivative of ROZO. CROP of ITHF 
was reported in 1963,5 which was preceded by the studies on 
the CROP of OZOs.1 Preparations of these monomers have 
been well known and documented.2 

Concerning the structure of substituent R, numerous func
tional group-containing substituents have been investigated, 
functional groups being, that is, olefinic-, acetylenic-, phenolic-, 
hydroxyalkyl-, mercaptoalkyl-, carboxyalkyl-, amino-, amino-
alkyl-, haloalkyl-, and other groups.2,6 Some of these 
monomers act as a reactive or functional monomer. 

As to catalysts or initiators, a variety of acid catalysts (protonic 
and Lewis acids), cationic species, and electrophiles have been 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 2 Synthesis of linear polyethylenimine (LPEI) and branched polyethylenimine (BPEI). 

Scheme 3 Monomer structures of 2-oxazoline family. 

utilized and examined: typically, X of an electrophile RX = Cl, 
Br, I, p-toluenesulfonate (TsO), trifluoromethanesulfonate 
(TfO), etc. The nature of X affects the stability of oxazolinium 
ions and alters the polymerization mode (vide infra).2 

Since the imino nitrogen of OZOs is basic and nucleophilic, 
they readily react with an electrophile (E+) to form oxazoli
nium species. Although the resulting cationic species are 
stabilized by resonance, they are reactive enough to be attacked 
by a nucleophile including OZO monomers (Scheme 4). 

CROP of OZOs is generally given by using an initiator of 
R′X (Scheme 5). The nucleophlic attack to the 2-oxazolinium 
ion occurs selectively at its 5-position, which results in the 
isomerization of the imidate functional group (–C=N–O–) to  
a more stable amide group (–C(= O)–N–). Thus, CROP of 
ROZO is of ‘cationic ring-opening isomerization polymeriza
tion’ type. The CROP often proceeds in a living fashion due to a 
stable oxazolinium ion. The stable nature of the ions readily 
brings about the living CROP system. 

The isomerization of the functional group gives an impor
tant feature on the CROP of ROZOs. The driving force for ROP 
of well-known monomers such as cyclic ethers, cycloalkene, 
lactones, and lactams is the release of ring strain (bond strain 
and tortional strain) during the polymerization.7 However, the 
isomerization from the imino ether functional group to the 
more stable amide group gives an extra enthalpy gain, which 

was calculated to be 14 kcal mol−1.8a This value seems even 
greater than the ring stain of the monomer since the ring strain 
of tetrahydrofuran is estimated as 5.5 kcal mol−1.8b This 
enthalpy gain by the isomerization enables the ROP of a 
six-membered homolog of OZO, ROZI, although its ring strain 
is small. 

Depending upon the nature of X− (from a cationic catalyst 
or initiator) and of substituents R (R = H, alkyl, aryl, amino 
group, alkoxy group, etc., not only at 2-position but also at 
other positions), the polymerization mode becomes much 
varied. These affect the stability of the oxazolinium ion, and 
hence the reaction solvent also influences the reaction mode. 

When OZO is allowed to react with an alkyl halide, an 
N-alkylated oxazolinium ion is once produced.2 If the counter 
anion X− is less stable (more nucleophilic), the ion receives a 
nucleophlic attack of the halide anion to produce the covalent 
N-2-haloethylamide. Therefore, a propagating species is of 
covalent type (Scheme 6). In the 1970s, from the results of 
polymerization mechanism studies, the covalent-type species 
was actually observed by 1H NMR spectroscopy and confirmed 
as a stable propagating end.2a–2e The propagation reaction is a 
dipole (covalent-type species)–dipole (monomer) SN2 reac
tion. This was supported by comparison of activation 
parameter values of the reaction with those of Menschutokin 
reaction like Et3N + EtI → Et4 N

+ I−, a similar dipole–dipole SN2 

Scheme 4 Structure and properties of 2-oxazolinium ion species. 
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Scheme 5 A general scheme of cationic ring-opening polymerization (CROP) via ionic propagating species. 

Scheme 6 A general scheme of cationic ring-opening polymerization (CROP) involving covalent propagating species in equilibrium with ionic 
propagating species. 

reaction to form an ion, where the characteristics were indi
cated by both relatively lower enthalpy and entropy values of 
the reaction. In contrast to the covalent-type propagation, the 
ionic propagation is of an ion–dipole SN2 reaction (Scheme 5), 
where relatively higher enthalpy yet higher entropy values of 
the reaction are normally observed. It is also highly possible 
that an equilibrium exists between the covalent type and the 
ionic type, the latter being formed via backbiting ionization of 
the former. The respective propagation reactions are given in 
Scheme 6; the propagation rate constants are denoted as kpc 
(propagation due to covalent type) and kpi (propagation due to 
ionic-type), respectively. An ionic type is normally much higher 
in reactivity than a covalent type. So, even though the 

covalent-type species is significant in amount, a major part of 
monomer may be consumed via the ionic-type propagation, 
because the rate of interconversion between the covalent type 
and the ionic type of the propagation end is much faster than 
the rate of propagation reaction8c (see also Scheme 8). If both 
propagations are involved, the propagation rate constants are 
in the following relationship: 

kpap ¼ kpc � xc þ kpi � xi 

where kpap denotes the apparent rate constant of propagation, 
and xc and xi are the molar fractions of covalent type and ionic 
type, respectively, that is, xc + xi = 1.

2a–2e 
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Scheme 7 CROP of 2-unsubstituted OZOs and synthesis of LPEI as well as optically active linear poly(propylenimine) (LPPI) via hydrolysis of the 
N-formyl polymers. 

Although ROZOs were extensively studied in the mid-1960s 
as shown in Scheme 5,1 preparation of unsubstituted OZO was 
first reported in 1938,9 and its CROP was achieved in 1972 
(Scheme 7).4 The OZO polymerization suggested the signifi
cance of POZO as a starting polymer for LPEI, due to the much 
easier hydrolysis of N-formyl group compared with that of 
N-acyl group. 

This method was extended to the preparation of optically 
active linear poly(propylenimine) (LPPI) via the CROP of 4
methyl-2-oxazoline (4-MeOZO) followed by the hydrolysis of 
the product polymer P[4-MeOZO] (Scheme 7).10 The specific 
rotation of LPPI was [α]26D+105° (CH3OH). 5-MeOZO also 
led to linear LPPI.11 

So far, many mechanistic and kinetic studies have been 
reported to elucidate the monomer reactivity and type of 
CROP. Some of these data are shown in Table 1. The substi
tuents at 2-position of monomers influence the type of the 
propagation species (ionic or covalent) and the monomer 
reactivity reflected by kp values (rate constant of propagation 
given in Schemes 5 and 6). When the propagation species is 
ionic, kp value is very different in the following order: 
H > Me > Ph. And, the nature of the counteranion (I− or TsO−) 
does not affect the CROP of MeOZO; the propagation is a 
reaction between an ionic propagating species and a dipole of 
monomer (Scheme 5). From the initiation reaction, the order 
Me > H > Ph > Rf accords with the basic strength of the mono
mer, which is reflected by the rate constant ki values (data not 
shown) in Schemes 5 and 6, and also with the type of 
the propagating species; the higher the basic strength, the 
more ionic propagating species. However, the kp value order 
is not simply in the basicity order of the monomer. 

In the OZO polymerization, depending upon the counter-
anion, the covalent-type species by X = I showed a reduced kp 

(about one-hundredth) compared with the ionic-type species 
by TsO−, because the propagation is a dipole (covalent-type 
species)–dipole (monomer) reaction, formation of an oxazoli
nium ion is a rate-determining step (Scheme 6). 

With a very strong nucleophilic Cl anion, propagation 
species of CROP of all monomers are of covalent type, whereas 
with the TfO anion, all the monomers proceed in the ionic 
propagation species, even though the monomers have a very 
strong electron-withdrawing perfluoroalkyl group. For refer
ence, pKa of 2-methyl-2-oxazoline (MeOZO) is ∼ 5, while 
that of 2-perfluoroethyl-2-oxazoline (RfOZO) is ∼ 2.15 

Sometimes, equilibrium in the propagating ends exists 
between the covalent-type species and the ionic-type species, 
as they are interconvertible depending on the reaction 
conditions. The equilibrium is influenced by both the nucleo
philicity and the leaving ability of halide ion and those of 
amide moiety, which are strongly influenced by the substituent 
of OZO. Actually, CROP of 5-methyl-2-oxazoline (5-MeOZO) 
with MeI initiator provided an interesting system, where the 
propagation species is present as both ionic and covalent spe
cies in equilibrium (K) as indicated in Scheme 8.16 

Concentration of both species much changed with tempera
ture, and the ionic species were present around in one-third 

Scheme 8 Both ionic and covalent propagating species are involved in 
equilibrium. 

Table 1 Type of propagating species and propagation rate constants (kp) of four 
counteranions 

Counteranion X − 

Monomer Cl (kp)a I (kp)a TsO (kp) a TfO Reference 

OZO 
MeOZO 
PhOZO 
RfOZOc 

covalent 
covalent (0.03)b 

-
-

covalent (0.18) 
ionic (1.14) 
covalent 
covalent 

ionic (19) 
ionic (1.17) 
ionic (0.02)b 

covalent 

ionic 
ionic 
ionic 
ionic 

12 
13 
14 
15 

a In 10−4 l mol−1 s−1 at 40 °C in CD3CN. 
b Calculated value from the experimental data. 
c Rf: perfluoroalkyl group. 
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at 35 °C. Propagations occur from both species; at 40 °C in 
CD3CN, kp values due to the ionic type (kpi) and covalent type 
(kpc) were evaluated as 0.059 and 0.022 � 10−4 l mol−1 s−1, 
respectively. With methyl p-toluenesulfonate (MeOTs) initia
tor, on the other hand, CROP of 5-MeOZO proceeded in all 
ionic propagating species. 

Substituent effects on the monomer reactivity was quantita
tively examined by performing CROP of 2-[p-(substituted) 
phenyl]-2-oxazolines by MeOTs initiator, where the 
substituents were H, CH3, OCH3, Cl, and NO2. The kp values 
of the monomers was in the following order: 
OCH3 >CH3 >H>  Cl >  NO2. Hammett plots of the kp values 
versus σ+ values of the substituent gave a linear relationship, 
indicating that the monomer reactivity is governed by that of 
the oxazolinium propagating end.14 

4.15.2.2 CROP: Various Reaction Modes 

4.15.2.2.1 Monomers having heteroatom-containing 
substituents 
Alkoxy or dialkylamino substituents were introduced into the 
2-position (Scheme 9).17–23 These OZO derivatives are not one 
of the classes of cyclic imino ethers, but 2-alkoxy-2-oxazoline is 
classified into a cyclic imino carbonate and N,N-dialkylamino
2-oxazoline into a cyclic pseudo-urea. These monomers poly
merized to yield pseudo-polyurethane and pseudo-polyurea, 
respectively. 

Contrary to the general living character of CROP of OZO, 
the polymerization of 2-ethoxy-2-oxazolines yields an oligo
meric product (DP ∼ 10) in a high yield as the chain transfer 
reaction involving the exo-attack of the propagating species 
occurs during CROP (Scheme 10).17 The chain transfer was 
suppressed with a monomer having a bulky alkoxy substituent. 

4.15.2.2.2 Double isomerization polymerization 
All the above-mentioned CROPs involve isomerization one 
time during the polymerization (single isomerization polymer
ization (SIP)). However, the equilibrium in the propagating 
species between an oxazolinium halide and an N-haloethyla
mide brings an interesting yet complicated feature in the 

Scheme 9 Formation of pseudo-polyurethane and pseudo-polyurea. 

Scheme 10 A chain transfer reaction of 2-ethoxy-2-OZO propagation. 

polymerization of OZO derivatives. A pseudo-urea is a com
pound having an –N=C(NR2)–O– functional group, which is 
an isomeric form of urea. Then N,N-dialkylamino-2-oxazolines 
undergo CROP which was expected to give a pseudo-polyurea. 
However, the cationic polymerization of N,N-dialkylamino
2-oxazolines showed a unique polymerization behavior. 

The cationic polymerization of 2-(1-pyrrolidinyl)-2-oxazo
line (PyOZO) gave two different polymers by the selection of 
initiator.18 With methyl trifluoromethanesulfonate (triflate) 
(MeOTf) or methyl p-toluenesulfonate (tosylate) (MeOTs), the 
polymerization of PyOZO yielded poly(N-(1-pyrrolidinecarbo
nylimino)ethylene) according to the usual CROP (SIP). On the 
other hand, the polymerization of PyOZO with RX gave poly 
((1,3-diazolidin-2-one-1,3-diyl)tetramethylene) via DIP 
(Scheme 11).19 In the latter polymerization, the OZO ring was 
opened and rearranged to a five-membered cyclic urea unit. 

The polymerization mechanism of the SIP and DIP is 
explained as follows: In the initiation, N-alkylated oxazolinium 
salt is first formed. With the sulfonate initiator, the propagation 
via the oxazolinium species occurs to induce the SIP process, as 
the nucleophilicity of the counteranion is weak. When the 
counteranion of the salt is sufficiently nucleophilic as in the 
case of halides (X = Br, Cl), it catalyzes the rearrangement of 
the oxazolinium ion to 3-methyl-1-azonia-3-azaspiro[4.4] 
nonan-2-one salt, a spiro-structure, via a covalent-type alkyl 
halide species as an intermediate. This isomerization to form 
the spiro-intermediate is the key step of the DIP. Its formation 
is preferred since it is more thermodynamically stable than the 
oxazolinium ion, due to the more stable C=O bond than the 
C=N bond (Scheme 12). This spiro salt is sufficiently electro
philic to suffer the attack of the counteranion or the monomer. 
The attack of the counteranion exclusively occurs at the pyrro
lidinium ring, and a covalent ethyleneurea species is generated 
selectively.20 

The DIP has been extended to a bifunctional monomer, 
1,4-bis(2-oxazolin-2-yl)piperazine (BOP), which yielded a 
linear polyurea, poly((1,3-diazolidin-2-one-1,3-diyl)ethylene) 
(PBOP).21 When BOP was heated to 100 °C or above with 
methyl iodide or benzyl bromide in benzonitrile, the DIP 
proceeded and PBOP was obtained as brown needles whose 
melting point is 210 °C (Scheme 13). 

It is very unusual that the polymerization of the bifunc
tional monomer of cyclic rigid structure gives linear polymer. 
The polymerization mechanism for DIP of BOP can be 
explained as shown in Scheme 14. 

The polymerization of BOP with 2 mol% of MeOTf in 
benzonitrile at 150 °C, on the other hand, quantitatively 
produced an insoluble gel-like product after 100 h, whose IR 
spectrum showed the presence of urea and oxazoline groups. 
Obviously, two oxazoline moieties in BOP polymerized inde
pendently, which results in the branching and cross-linking of 
polymer. 

A polymer having a high solubility was prepared from the 
SIP of 2-(1,3,3-trimethyl-6-azabicyclo[3.2.1]oct-6-yl)-2-oxazo
line (TAOZO), although its DIP did not proceed. This polymer 
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Scheme 11 Normal polymerization and double isomerization polymerization (DIP) of PyOZO monomer. 

Scheme 12 Mechanism proposed for DIP of PyOZO monomer. 

Scheme 13 DIP of a bis-oxazoline monomer of BOP. 

Scheme 14 Mechanism proposed for DIP of BOP monomer. 

was soluble in water as well as in common organic solvents.22 

The introduction of o-phenylene ring into the polymer 
main chain strongly reduced its solubility. The DIP of 

2-(2-isoindolinyl)-2-oxazoline (IIOZO) with MeI produced 
an ethyleneurea-type polymer, which was partly soluble in 
chloroform.23 
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4.15.2.3 Microwave-Assisted CROP Reaction 

Microwave irradiation is known to enhance the rate of various 
reactions. Normally, CROP reactions of ROZOs proceed rela
tively slowly, by taking some hours to complete the reaction. 
To accelerate the reaction, microwave irradiation method was 
applied and found very effective for the reaction, which has 
been extensively developed recently.2j 

The first paper in 2004 reported that in comparison with the 
conventional thermal heating, CROP of 2-ethyl-2-oxazoline 
(EtOZO) by MeOTs catalyst in acetonitrile at 80–180 °C pro
ceeded very fast under microwave irradiation to give PEtOZO 
in a living manner; rate acceleration was a factor of 350 (reac
tion time 6 h→ 1 min) with Mn up to 9000 and a polydispersity 
index (PDI) of 1.1–1.2. Side reactions were suggested by a 
slightly yellow coloration of the product solution. The homo
geneous microwave irradiation allowed conducting the CROP 
in bulk or drastically reducing the solvent amount giving an 
opportunity of undertaking ‘green chemistry’.24 

The reaction rate of CROP of 2-phenyl-2-oxazoline (PhOZO) 
was similarly accelerated with MeOTs catalyst at 125 °C, show
ing a living nature to give PPhOZO almost quantitatively with 
Mn 10700 (PDI = 1.02) after 90 min. A strong microwave effect 
was suggested for a large rate enhancement. It is considered that 
microwave-assisted polymerization is a rapid, environmentally 
friendly method.25 Whether or not the microwave effect actually 
exists was investigated by CROP of PhOZO initiated by MeOTs 
carried out under both microwave irradiation and conventional 
thermal heating. Then, it was concluded that the rate accelera
tion of CROP of PhOZO by microwave irradiation results from 
only the thermal effects.26,27 

CROP on four monomers, MeOZO, EtOZO, PhOZO, and 
2-nonyl-2-oxazoline (NonOZO), was studied by microwave 
irradiation with MeOTs initiator in acetonitrile at 80–200 °C. 
Rate enhancement was up to 400-folds, yielding the polymers 
whose degree of polymerization (DP) is higher than 300 with 
PDI < 1.20, exhibiting the living nature of the reaction. The fast, 
direct, and noncontact heating by the microwave irradiation 
permitted the CROP to be carried out in a highly concentrated 
solution or in bulk, which is a huge benefit.28 

Microwave-assisted CROP of two monomers, EtOZO and 
PhOZO, was kinetically studied in acetonitrile with four initia
tors, benzyl chloride (BnCl), benzyl bromide (BnBr), benzyl 
iodide (BnI), and benzyl p-toluenesulfonate (BnOTs), to exam
ine the effect on the reaction rate of the four different 

counteranions.29 Values of the rate constant of propagation at 
160 °C (kp, 10

−3 l mol−1 s−1) were for EtOZO: BnCl (2), BnBr 
(114), BnI (434), and BnOTs (350); and for PhOZO: BnCl (0), 
BnBr (2), BnI (7), and BnOTs (98). Percentages (%) of cationic 
propagating species were also determined by 1H NMR for 
EtOZO: BnCl (0), BnBr (96), BnI (100), and BnOTs (100); 
and for PhOZO: BnCl (–), BnBr (0), BnI (25), and BnOTs 
(100). Namely, the CROP of EtOZO with BzCl and of 
PhOZO with BzBr proceeded via covalent propagating species 
in 100%. The nucleophilicity of X− is in the order: 
Cl− > Br− > I− > TsO− (see Scheme 6). 

A variety of monomers were prepared by changing the struc
ture of 2-substituent R, and their CROP was carried out with 
MeOTs initiator under microwave irradiation to give the corre
sponding polymers.30 Table 2 demonstrates the structure of 12 
substituents (R of ROZO) and the results of their kinetic study by 
kp values (l mol−1 s−1) in the parenthesis carried out at 140 °C in 
dichloromethane. The kp values are in the range from 1 � 10−3 to 
241 � 10−3 depending on the structure and substituent of 
ROZOs. An electron-rich aromatic group (furan) shows a higher 
polymerizability close to an alkyl substituent, whereas bulky 
groups decrease the kp values. For reference as to temperature 
effect, the kp values of MeOZO (2050 � 10−4 at 140 °C) can be 
interestingly compared with that (1.17 � 10−4 at 40 °C) in 
acetonitrile.31 

4.15.2.4 Copolymerization via CROP-Mode Reaction 

When the copolymerization between two ROZO monomers 
having a close reactivity is conducted, the reaction produces 
normally random copolymers. In such cases, copolymers with 
the average properties are expected, but production of copoly
mers with specific properties is less expected. 

4.15.2.4.1 Block copolymerization 
The living characteristic nature of CROP led to the develop
ment of a new concept in block copolymerization. Actually, 
AB-type block copolymers were first prepared with an appro
priate combination of ROZOs and the product block 
copolymers were found to be an excellent nonionic polymer 
surfactant (Scheme 15).3 This finding of amphiphilic copoly
mers from ROZOs for the new surfactants was based on 
employing MeOZO and EtOZO as monomers for hydrophilic 
segments, and 2-propyl (PrOZO), 2-butyl (BuOZO), 2-octyl 
(OcOZO), 2-dodecyl (DoOZO), and PhOZO as monomers 

Table 2 Twelve substituents R of ROZOs and values of propagation rate constant kp given in 
 −1 parenthesis in 10−3 l mol−1 s by MeOTs initiator at 140 °C in CH2Cl2. 
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Scheme 15 Synthesis of nonionic amphiphilic block copolymers via living CROP of ROZO monomers giving a hydrophilic segment at 1st stage and a 
hydrophobic segment at 2nd stage. 

for hydrophobic segments. Typically, at the first stage, a living 
CROP of MeOZO was induced by MeOTs initiator for a hydro
philic A block, and at the second stage, BuOZO was 
polymerized from the MeOZO living end for a hydrophobic 
B block, to produce P[MeOZO-block-BuOZO] (one-pot, 
two-stage sequential method). All the products were soluble 
in water. The surfactant nature was evaluated by the surface 
tension value (γ, dyn cm−1), for example, a block copolymer 
with R1 =Me  (m =19) and R2 =Bu  (n = 5) exhibits γ = 27.5 in 
contrast to γ of pure water = 71.3. In addition, by using mono-
and bifunctional initiators, surfactants of triblock copolymer 
(BAB type) were prepared and the copolymer P 
[OcOZO6-block-MeOZO6-block-OcOZO5] showed  the  lowest  γ 
value of 23.7 dyn cm−1. The critical micelle concentration (CMC) 
of these copolymers was lower than 1.0 wt%. It is important to 
note that PMeOZO segment is so far the most powerful as a 
nonionic hydrophilic polymer segment due to the polar amide 
structure, which is more powerful than poly(ethylene glycol) 
(PEG) segment. Not only ROZO monomers but six-membered 
ROZI monomers were used for an A block or B block. 

In the usual copolymerization between the two monomers 
of different reactivity, the polymerization of the less reactive 
monomer should be conducted first. Then, the second mono
mer is to be added to the system to complete the two stages. 
Contrary to this general tendency, the cationic copolymeriza
tion between MeOZO and RfOZO produced AB-type block 
copolymers of well-controlled block lengths; R2 = Rf (fluor
oalkyl group) in Scheme 16. The employed initiator MeOTs 
selectively reacts with the more nucleophilic MeOZO, which is 
followed by the homopolymerization of MeOZO until almost 
all MeOZO was consumed. Then, the second propagation 
proceeds slowly to form RfOZO diblock to produce 
P[MeOZO-block-RfOZO] (Scheme 16).15 The monomer reac
tivity of MeOZO should be more than a hundred times higher 
than RfOZO, if estimating from values like 205:1 in Table 2. 

This copolymerization provided a one-pot, two-stage method 
by the simultaneous feeding of two monomers. 

Microwave-assisted CROP was utilized extensively for the 
synthesis of block copolymers, because of the higher rate of 
reaction and the living nature of CROP of OZOs. Diblock 
copolymers were prepared from four monomers, MeOZO, 
EtOZO, PhOZO, and NonOZO, in acetonitrile at 140 °C, 
which gave a library of 4 chain-extended homo-PROZOs and 
12 diblock co-PROZOs. The CROP reaction to yield a total 
number of 100 (50 + 50) monomer units was designed and 
thus-obtained 16 polymers showed a narrow PDI (< 1.30). All 
polymers were stable up to 300 °C.32 

Furthermore, microwave-assisted polymerization was 
extended to prepare amphiphilic triblock terpolymers to pre
pare a library of desired 30 terpolymers via CROP of the above 
four monomers. The polymerization was performed in a 
three-step sequential procedure to complete the monomer con
sumption ranged from 13.2 to 61.6 min. The terpolymers 
exhibited narrow PDI (∼ 1.3) near the targeted monomer 
ratio of 33:33:33. The Tg values ranged from 50 to 100 °C 
depending on the incorporated monomers. Some amphiphilic 
terpolymers containing two hydrophilic and one hydrophobic 
blocks formed micelles, whose size ranged between 7 and 
18 nm.33 Similarly, tetrablock ter- and quarter-polymers were 
prepared from the same four monomers to design the polymers 
having the monomer units as all 25. Well-defined tetrablock 
polymers were obtained, having the structures of ABCA, ABCB, 
ABCD, and ABDC, where A is MeOZO block, B EtOZO block, C 
PhOZO block, and D NonOZO block. These block polymers 
showed amphiphilic nature found by the surface energy mea
surement and formed aqueous micelles whose size varied 
around 5–40 nm.34 

Tri- and tetrablock polymers prepared from these four 
monomers formed micelles, whose morphologies were inves
tigated in binary water–ethanol mixtures.35 The solvophilic/ 

Scheme 16 Block copolymer synthesis via one-pot, two-stage method. 
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solvophobic balance of these block polymers was tuned owing 
to the solubility dependence of the PPhOZO block on the 
solvent composition. Solubility of the four polymer blocks 
for the solvent composition: For EtOH/water (60/40) wt%: 
PMeOZO (s), PEtOZO (s), PPhOZO (s), and PNonOZO (ns), 
whereas for EtOH/water (40/60) wt%: PMeOZO (s), 
PEtOZO (s), PPhOZO (ns), and PNonOZO (ns), where s and 
ns mean ‘soluble’ and ‘not soluble’, respectively. Dynamic light 
scattering (DLS) and transmission electron microscopy (TEM) 
measurements revealed that when the solvophobic fraction 
consists of both the PPhOZO and PNonOZO blocks, spherical 
and cylindrical micelles as well as vesicles were observed; the 
size of spherical micelles was of some 10 nm. The block order 
in the polymers much affected the final micellar morphology. 

In the simultaneous copolymerization of PhOZO with 
MeOZO or with EtOZO under microwave irradiation, a 
block-like copolymerization took place to give quasi-diblock 
copolymers.36 This is because of a big difference in the mono
mer reactivity ratio previously reported as rMeOZO = 10 and 
rPhOZO = 0.02, the situation of which is similar as mentioned 
in Scheme 16. 

CROP of EtOZO and 2-‘soy alkyl’-2-oxazoline (SoyOZO) 
was performed with microwave irradiation by MeOTs initiator, 
where SoyOZO monomer was derived from soybean fatty acids 
(Scheme 17).37,38 Copolymers obtained were of statistical 
structure, since both monomers possessed close monomer 
reactivity ratios: rEtOZO = 1.4 and rSoyOZO = 1.7. The copolymers 
showed Mn values of 6–13 � 103 with PDI of 1.2–1.5. UV 
irradiation gave a cross-linked material via the reaction of the 
unsaturated soy alkyl group in the copolymer. 

In the random and block copolymer formation from 
EtOZO and NonOZO monomers, structure–property rela
tionships were investigated.39 Synthesis of the random 
copolymers were conducted with microwave irradiation in 
acetonitrile and synthesis of the block copolymers with the 
conventional heating, both by MeOTs initiator. Under micro
wave irradiation, both monomers showed close monomer 
reactivity ratio values: rEtOZO = 1.07  and  rNonOZO = 1.05. All 
the product copolymers were shown to have well-defined 
structure. The organization of the monomer units in the 
copolymers involves a significant effect on the surface energy, 
thermal transition, and mechanical properties of the copoly
mer material, showing that the structural control over 

monomer distributions is an excellent way to control these 
properties. Microwave-assisted one-step synthesis of EtOZO/ 
2-(m-difluorophenyl)-2-oxazoline (F2PhOZO) and EtOZO/ 
PhOZO copolymers was conducted via CROP with MeOTs 
initiator in acetonitrile at 140 °C.40 The CROP reaction pro
duced the well-defined statistical gradient copolymers, which 
are good surfactants and formed micelles having a diameter of 
9–13 nm determined by atomic force microscopy (AFM). 
Ionic liquids could be used as solvent at 140 °C for 
microwave-assisted CROP of PhOZO and F2PhOZO.41 

When bifunctional initiators are used, a variety of telechelic 
PROZO polymers are to be prepared via the nucleophilic reac
tion of the di-oxazolinium living species for introducing target 
functionality. 

Block polymers using blocks other than PROZO chain were 
prepared. As a typical example, polytetrahydrofuran (PTHF) 
was introduced to AB-type and BAB-type block copolymer as 
shown in Scheme 18.42 For the synthesis of the diblock copo
lymer, ethyl trifluoromethanesulfonate (EtOTf) was used as 
initiator, while for the triblock copolymer, anhydride of TfOH 
was employed, where a living CROP of THF end, an oxonium 
species, is involved. PTHF is a hydrophobic chain; both copo
lymers showed very good surfactant properties, when MeOZO 
or EtOZO was used, as observed by the surface tension value 
reaching to γ = 30.1–28.2. 

In place of PTHF, PEG was used for triblock copolymers 
[PMeOZO-block-PEG-block-PMeOZO] and the deacetylated 
copolymer exhibited good anti-electrostatic properties. Also, 
poly(propylene glycol) chain acted as the block segment.43 

A vinyl ether segment was used as a hydrophobic block, 
whose copolymer was prepared as shown in Scheme 19.44 

The iodine-catalyzed polymerization of vinyl ether proceeds 
in a living fashon, whose propagating end causes the CROP 
of ROZO to give an AB-type diblock copolymer. When R1 

group is n-Bu, i-Oct, or n-Cet, the vinyl ether segment is hydro
phobic, whereas the ROZO segment is hydrophilic when R2 is 
Me or Et. The block copolymers showed good properties 
as nonionic polymer surfactant (γ value < 30). The copolymer 
was readily cleavable under weakly acidic conditions due to the 
labile bond connecting the two blocks. The cleavage mechan
ism is considered as also shown in Scheme 19. This property 
can be conveniently utilized depending on the way of the usage 
as a ‘smart’ surfactant. 

Scheme 17 Microwave assisted copolymerization between EtOZO and SoyOZO. 
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Scheme 18 Synthesis of AB-type and BAB-type block copolymers via CROP of ROZO and tetrahydrofuran (THF). 

Scheme 19 A block copolymer from a vinyl ether and ROZO, showing readily cleavable nature. 

Other examples of polymer chains for the block component 
are cited such as polystyrene,45 polyisobutylene for three-
armed star-block copolymers,46 poly(ε-caprolactone),47 and 
glycopeptides.48 

4.15.2.4.2 Graft copolymerization 
A variety of graft polymers have been prepared via different 
methods. 

Initiator method: CROP of MeOZO was initiated from chlor
omethylated polystyrene and the hydrolysis of the PMeOZO 
produced poly(styrene-g-ethylenimine). The graft copolymer 
(PSt-g-LPEI) is an efficient chelating resin for the absorption 
and recovery of heavy metal ions such as Cu+2, Hg+2, and Cd+2 

(Scheme 20).49 

MeOZO and EtOZO were grafted onto cellulose (Cell-OH) 
and cellulose diacetate, in which CROP of ROZO was initiated 

Scheme 20 Synthesis of LPEI-grafted polymer initiated from chloromethylated polystyrene. 
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from the tosylated group (Scheme 21).50a Since the PROZO 
chains are weakly basic and compatible (miscible) with com
modity polymers like poly(vinyl chloride) (PVC) and 
polystyrene confirmed by measurements using a rheovibron, 
the graft copolymers (Cell-g-PROZO) made cellulose and cel
lulose diacetate derived from natural polymers well compatible 
with a commodity polymer.50b Therefore, the application of 
these natural polymers has become widely used. 

Terminator method: Another polysaccharide of chitin was 
used for CROP grafting of ROZO, where the N-acetyl group 
was to be converted to amino group for the next reaction as a 
deacetylated chitin. Then propagating oxazolinium species was 
terminated by the reaction with the amino group to produce 
the graft copolymer (chitin-g-PROZO) (Scheme 22).51 The 
chitin-based graft copolymer was miscible with poly(vinyl 
alcohol) (PVA) over a wide range of their composition, whereas 
chitin and PVA gave a binary blend. The graft copolymer was 
also miscible with PVC, indicating that PROZO chain functions 
as the compatiblizer. 

Pullulan-graft-poly(2-isopropyl-2-OZO) (PiPrOZO) copo
lymer was obtained by terminating the activated ends of 
PiPrOZO chain with hydroxy groups of pullulan at room tem
terature in dimethyl sulfoxide (DMSO). Around one PiPrOZO 
chain (molecular weight ∼ 3200) was introduced per 100 glu
cose units.52 

Macromonomer method: Macromonomers are conveniently 
used for the graft copolymer synthesis. A macromonomer of 
PEG chain having an oxazoline polymerizable group was pre
pared and used for a graft copolymer synthesis (Scheme 23).53 

The macromonomer has a hydrophilic PEG segment, and 
hence its CROP-type copolymerization with PhOZO proceeded 
randomly to give an amphiphilic graft copolymer 
PPhOZO-g-PEG, showing good surfactant nature with a γ 
value of 28.8 dyn cm−1. 

Radical copolymerization of an acryl- or methacryl-type 
PROZO macromonomer (see Scheme 49) with a vinyl mono
mer of methyl methacrylate (MMA), styrene (St), or acrylamide 
(AM) produced graft copolymers (Scheme 24).54 The surface 
property of the film from the graft copolymer (R = Me) was 
made hydrophilic due to the character of PMeOZO chain ver
ified by the contact angle measurement. Such behaviors were 
also observed in the solution of the graft copolymer of 
PSt-g-PMeOZO via 1H NMR measurement. 

4.15.2.4.3 Alternating and periodic copoplymerizations 
An alternating copolymerization involving a zwitterionic inter
mediate was widely investigated.55 When two kinds of 
monomers, nucleophilic (MN) and electrophilic (ME), are com
bined without catalyst or initiator, they form a zwitterion 
(genetic zwitterion), which is responsible for both initiation 
and propagation (Scheme 25). Two molecules of the zwitter
ion produce a dimeric zwitterion, which further reacts with 
genetic, dimeric, or polymeric zwitterion of different molecular 
weight to afford a product alternating copolymer. 

Based on this concept, various combinations of MN and ME 

monomers were explored. As ME monomers, various lactones, 
(meth)acrylic acid, and acrylates were often employed. 
Oxazolines were widely used as reactive MN monomers.56 An 

Scheme 21 Synthesis of PROZO-grafted cellulose initiated from tosylated cellulose. 

Scheme 22 Synthesis of PROZO-grafted chitin by termination of living CROP end of PROZO with the amino group. 
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Scheme 23 A hydrophilic OZO macromonomer for synthesis of an amphiphilic graft copolymer. 

Scheme 24 A radically polymerizable PROZO macromonomer for synthesis of a graft copolymer. 

Scheme 25 General scheme of initiation and propagation of alternating copolymerization via zwitterionic intermediates from nucleophilic monomer (MN) 
and electrophilic monomer (ME). 

example reaction in the combination of OZO and acrylic acid is 
shown in Scheme 26, where a proton transfer step of acrylic 
acid is involved. Hence, the product polymer has the same 
repeating unit structure of the copolymer from OZO and 
β-propiolactone. 

Ring-opening-closing alternating copolymerization invol
ving a zwitterionic intermediate was found as indicated in 
Scheme 27, where MeOZO ring was opened, whereas 
N-methyldiacrylamide gave a five-membered ring-closed unit 
having Mn = 5600.57 The ring closure was at most 65%, the 
others being of a vinyl-type unit. 

Depending on the combination of MN and ME monomers, 
alternating and periodic copolymers were synthesized in 
various structures such as AB2, BA2, A1/2B, and ABC types. 

A periodic A2B-type copolymer (2:1 monomer composition) 
having an ABC-type periodic terpolymer structure was pro
duced from OZO and glutaric anhydride (Scheme 28).58 

From OZO, a unit structure of reaction 6 (Scheme 1) is formed. 

4.15.3 Ring-Opening Polyaddition 

A fundamental reaction mode in this section is generally given 
in Scheme 29, where a compound having reactive proton 
(Y-H) adds to ROZO with ring opening (ROPA). The reaction 
involves a protonated oxazolinium intermediate. As reactive 
Y-H, RCO2H-, RSH-, and ArOH-type compounds are normally 
employed.2h 
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Scheme 26 Alternating copolymerization of OZO (MN) with acrylic acid (ME) involving a proton transfer. 

Scheme 27 A ring-opening-closing alternating copolymerization. 

Scheme 28 Periodic copolymerization of OZO (MN) with glutaric anhydride (ME) having a 2:1 periodic structure. 

Scheme 29 Reaction mode of ring-opening addition. 

4.15.3.1 ROPA Reaction between A-A-Type Monomer 
and B-B-Type Monomer 

Reaction of 2,2′-ethylene-bis(2-oxazoline) (EBOZO, A-A-type 
monomer) and adipic acid (B-B-type monomer) produced 
an amide-ester polymer with melting range 145–155 °C 
(Scheme 30).1c 

A thermoplastic of an amide-ether type was prepared from 
an aromatic bis(2-oxazoline) (BOZO) and a bis-phenol at 
180 °C. It is an amber, transparent, and brittle solid with 

molecular weight Mw ∼ 114 000 showing melting point 
150–160 °C (Scheme 31).2h 

Also, poly(amide-thioether)s were prepared from a BOZO 
and a bisthiol (see Scheme 32).59 

Application of ROPA reaction for chain extender: The highly 
reactive nature of ROZO toward carboxylic acid group was 
applied for a chain extender. Poly(ethylene terephthalate) 
(PET) is an important plastics as it is widely used in daily life. 
The annual consumption is over 10 million tons worldwide, 

(c) 2013 Elsevier Inc. All Rights Reserved.



Polymerization of Oxazolines 411 

Scheme 30 ROPA reaction between A-A-type monomer and B-B-type monomer. 

Scheme 31 ROPA reaction between bis(2-oxazoline) and bis-phenol. 

Scheme 32 ROPA reactions using thiol containing monomers. 

and its recycling is an important subject in view of environ
mental aspects. The hydrolytic degradation of recycled PET due 
to moisture as well as its thermal degradation reduces molecu
lar weight, which lowers the mechanical properties of recycled 
material. The use of a chain extender and solid-state polymer
ization (SSP) has been a good method to improve the chain 
length of recycled PET.60 Recycled PET contains carboxyl end 
groups. One of the representative examples of carboxyl-reactant 
chain extenders is BOZO (Scheme 30). For example, the intrin
sic viscosity of PET whose [η] increased from 0.66 to >1.0 after 
the reaction with 1.0 wt% of BOZO at 280 °C after 5 min.61 

Obviously, BOZO is an effective chain extender of high reactiv
ity to increase the PET molecular weight. 

Another example is concerned with poly(L-lactic acid) 
(PLLA). It is already used in packaging, consumer goods, and 
many other applications. For PLLA, the usage of a BOZO as 
chain extender is very adequate as Tm of PLLA (∼ 170 °C) is 
lower than that of PET, in which the chain extender was used 
for oligo(lactic acid) prepared by the direct polycondensa
tion.62 To prepare PLLA sample with two carboxyl ends, 
L-lactic acid (LLA) was condensed with itself in the presence 
of 2 mol% of succinic anhydride (SA) and 0.05 wt% of tin(II) 
octoate. Then the chain extension reaction with BOZO was 

carried out at 190–210 °C.63 Thus, high-molecular-weight 
poly(ester-amide) (PEA) was produced from the PLLA prepo
lymer only at 200 °C for 10 min with BOZO/SA = 1.2/1.0; 
value of Mw becomes higher from 1 � 104 to 19 � 104. The 
resulting PEA was thermoplastic and could be processed by 
injection molding. The mechanical properties of the resulting 
PEA specimen were substantially better than those of untreated 
PLLA. The PEA sample had higher tensile strength and modulus 
than PLLA as well as other commodity polymers such as poly
styrene, poly(butylene terephthalate), and nylon-6. The strain 
of PEA was slightly higher than that of polystyrene and PLLA. 

4.15.3.2 ROPA Reaction of AB-Type Monomers 

As AB-type monomers, carboxyl group-containing oxazolines 
are well known and their polymer formation reaction is the 
same as shown in Scheme 30. From an aromatic carboxylic 
acid derivative, a commercial resin was developed. Phenol 
group-containing oxazolines were reacted similarly as given in 
Scheme 31.2h 

Poly(amide-thioether)s were prepared from a BOZO 
and a bisthiol.59 A 2-(thiomercaptoalkyl)-2-oxazoline adduct 
(AB-type monomer) was obtained from a reaction of 
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2-(i-propenyl-2-oxazoline, iPreOZO) and 1,2-ethanedithiol 
(EDT), and the adduct was homopolymerized thermally to pro
duce a poly(amide-thioether) having molecular weight range 
4100–43000 (Scheme 32), where the polymerization is consid
ered to proceed involving a zwitterion intermediate.64 iPreOZO 
and EDT  were  copolymerized to produce  a  similar  poly(amide
thioether). 

4.15.4 ROPA for Polysaccharide Synthesis 

For the polysaccharide synthesis, ‘enzymatic polymerization’ has 
been developed as a new in vitro synthesis method of natural and 
unnatural polysaccharides having complicated structures.65 The 
method utilizes a hydrolysis enzyme to catalyze the bond 
formation for the polymer construction, a reverse direction of 
the hydrolysis to cleave the bond. This catalysis is due to the 
enzymatic characteristics, where enzymes catalyze the reverse 
reaction involving a common intermediate in both forward and 
backward reactions. In nature, there are many polysaccharides 
having N-acetyl groups called ‘mucopolysaccharides’ such as 
chitin, hyaluronic acid (HA), and chondroitin (Ch). 

4.15.4.1 Enzymatic ROPA of Sugar Oxazolines 

It has been found that various sugar oxazoline derivatives serve 
as monomers for enzymatic catalysis to produce natural and 
unnatural mucopolysaccharides, in which the monomers were 
designed and synthesized on the basis of the transition-state 
analogue substrate (TSAS) concept (vide infra).65 All the sugar 
oxazoline monomers are of AB-type structure mentioned in 
Section 4.15.3.2. 

Polysaccharide synthesis requires a repetition of a con
trolled glycosylation reaction, connecting two sugar units in a 
regioselective and stereocontrolled manner. The synthesis is 

achieved only when the repetition of the reaction is achieved 
multiple times. The glycosylation is a reaction between a gly
cosyl donor and a glycosyl acceptor; a simple example to form a 
β(1 → 4) glycosylation product via condensation is given in 
Scheme 33. The anomeric C-1 carbon of the donor is to be 
activated by introducing X. 

4.15.4.1.1 Synthesis of chitin and chitin derivatives 
The first successful in vitro synthesis of chitin was achieved in 
1995 by the enzymatic ROPA (EROPA) of a chitobiose OZO 
monomer catalyzed by chitinase enzyme, affording ‘synthetic 
chitin’ in high yields with DP value 10–20 (Scheme 34), in 
which the stereochemistry and regioselectivity are perfectly con
trolled.66 A general reaction mode is that of reaction 3 in Scheme 
1. In the reaction of Scheme 34, the chitobiose OZO monomer 
(without protection) acted as a donor as well as an acceptor, 
where the oxazoline structure activates the anomeric C-1 carbon 
of the monomer as donor and it attacks regioselctively the 4′-OH 
of the acceptor. The oxazoline ring opens with isomerization 
and affords an N-acetyl group, leading to the structure of 
β(1 → 4) glycosidic linkage. To understand and explain the reac
tion to occur, a new concept of a ‘transition-state analog 
substrate’ (TSAS) monomer was proposed.66 The concept 
implies that the in vivo chitinase-catalyzed hydrolysis of chitin 
involves an oxazoline or oxazolinium ion intermediate (or tran
sition state), which has actually been confirmed.67 The TSAS 
concept also suggests the fundamentally important characteris
tics of enzymatic reactions, in which an enzyme stabilizes the 
transition state to lower the activation energy, accelerating the 
reaction in tremendous rate enhancement.68 

The enzymatic chitin synthesis together with the TSAS 
concept provided with a new way for the synthesis of muco
polysaccharides having N-acetyl group at the 2-position of the 
sugar unit, which are widely found polysaccharides in nature. 
Scheme 35 explains that the MeOZO moiety in the monomer 

Scheme 33 A glycosylation reaction to form b(1®4) linkage in carbohydrate chemistry. 

Scheme 35 MeOZO serves as a latent N-acetyl group. 

Scheme 34 Synthetic chitin is produced via enzymatic ROPA (EROPA) reaction. 
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Scheme 36 Chitinase-catalyzed synthesis of a chitin derivative via EROPA reaction. 

is a latent N-acetyl group generator with ring-opening isomer
ization leading to the product chitin, as shown by a simple 
general reaction of MeOZO with an electrophile HX. 

In addition, a monomer having a bulky and ionic 
N-sulfonate group at the 2′-position was also catalyzed by 
chitinase and gave corresponding chitin derivative of the 
weight-averaged molecular weight (Mw) 4990 in 62% yield 
(Scheme 36).69 These results indicate that chemical structure 
at C-2′ of chitobiose oxazoline is less influential for chitinase 
recognition in catalysis. 

Monomers substituted with fluorine atom at the 
6-position(s), whose covalent radius (0.64 Å) is almost the same 
with that of oxygen (0.66 Å), showed good polymerizability.70 

4.15.4.1.2 Synthesis of chitin hybrids 
With the appropriate design of monomers, the following three 
hybrid polymers, chitin–cellulose hybrid with DP value 22 in 
79% yields,71 chitin–chitosan hybrid with Mw 4280 in 75% 
yields,72 and a water-soluble chitin–xylan hybrid with Mw 2730 
in 80% yields,73 have successfully been synthesized 
(Scheme 37). In all EROPA reactions, structural control is 
perfect, having a β(1 → 4) glycosidic linkage. 

4.15.4.1.3 Synthesis of hyaluronic acid (hyaluronan, HA) 
and chondroitin (Ch) 
HA (hyaluronan) and Ch belong to glycosaminoglycans 
(GAGs), biomacromolecular heteropolysaccharides, which are 
normally linked to various proteins to form proteoglycans. 
Together with collagens, fibronectins, and others, proteogly
cans fill the interstitial space between living cells, and they are 
called extracellular matrices (ECMs). GAGs include HA, chon
droitin sulfate (ChS), dermatan sulfate, heparin/heparan 
sulfate, and keratin sulfate (KS). All GAGs contain hexosamine 
unit such as N-acetyl-D-glucosamine (GlcNAc), N-acetyl
D-galactoamine (GalNAc), and their sulfated derivatives. HA 
is a linear polysaccharide having a repeating unit of β(1 → 3)
GlcNAc-β(1 → 4)-GlcA. Ch is nonsulfated ChS whose repeating 
unit structure is β(1 → 3)-GalNAc-β(1 → 4)-GlcA.65i,65j 

Hyaluronidase (HAase) is known to hydrolyze 
β(1 → 4)-linked GlcNAc (or GalNAc) and GlcA bond in HA 
and Ch chains. Based on the TSAS concept, 
N-acetylhyalobiuronate (GlcAβ(1 → 3)GlcNAc) oxazoline deri
vative and an N-acetylchondrosine oxazoline derivative are 
designed as TSAS monomers for the HAase-catalyzed polymer
ization. Both monomers were effectively catalyzed by ovine or 

Scheme 37 Chitinase-catalyzed three polymerizations to lead to chitin hybrids via EROPA reactions. 
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Scheme 38 Synthetic hyaluronan (HA) is obtained via hyaluronidase-catalyzed EROPA reaction. 

Scheme 39 Synthetic chondroitin (Ch) is produced via hyaluronidase-catalyzed EROPA reaction. 

bovine testicular derived HAase, giving rise to the correspond
ing polysaccharides of ‘synthetic HA’ (Scheme 38)74 and 
‘synthetic Ch’ (Scheme 39).75 The Mw of HA and Ch reached 
to 25 000 and 6800, respectively. The molecular weight value 
of Ch corresponds to that of natural Ch. Synthetic HA and Ch 
provide the first examples having the complicated structure of 
heteropolysaccharides ever synthesized in vitro. 

At the catalytic domain of the HAase, there is a conserved 
DXE(D) motif stabilizing an oxazolinium-ion intermediate 
(or transition state), and hence the hydrolysis reaction 
mechanism is considered to be similar to that of chitinases. 
These observations are in accord with the concept of TSAS 
monomer, strongly suggesting that two EROPA reactions 
of Schemes 38 and 39 occur via an oxazolinium 
transition state. 

4.15.4.1.4 Synthesis of HA and Ch derivatives 
Variously substituted oxazoline monomers, 2-ethyl, 2-n-pro
pyl, and 2-vinyl oxazoline monomers for HA, were newly 
prepared and polymerized with HAase catalysis. The reactions 
proceeded with total control of regioselectivity and stereo
chemistry, to afford the corresponding HA and Ch derivatives 
(unnatural polysaccharides) possessing N-propionyl, 
N-butyryl, and N-acryloyl group in every hexosamine unit 
(Scheme 40).75,76 Similarly, Ch derivatives were also achieved. 
The resulting N-acryloyl HA and Ch are functional polymers 
having a reactive vinyl group. 

These substituted oxazoline monomers were copolymerized 
by HAase catalyst to proceed in a regio- and stereoselective 
manner, producing the corresponding copolymers. 
Composition of the N-acyl group units could be easily con
trolled by varying the comonomer feed ratio.77 

HAase-catalyzed copolymerization of an N-acetylhyalobiur
onate oxazoline monomer and an N-acetylchondrosine 
oxazoline monomer also gave an unnatural intramolecularly 
hybridized HA–Ch copolymer, which conventional methods 
can hardly achieve (Scheme 41).78 

Ch is found in the ECMs and on cell surfaces. Ch is nor
mally sulfated and biological activities of ChS are due to the 
sulfated pattern. Depending on the major sulfation pattern, 
natural ChS is classified into the following five types: ChS-A, 
ChS-C, ChS-D, ChS-E, and ChS-K. None of them is composed 
of a single repeating unit; all are of mixed type. For example, 
in a whale cartilage, the so-called ChS-A contains ∼ 20% of 
ChS-C as a minor component besides the major ∼ 80% of 
ChS-A. Preparation of ChS to have a well-defined sulfation 
pattern is, therefore, important for the fundamental investiga
tion of the correlation between the polysaccharide structure and 
the bioactivities. N-Acetylchondrosine oxazoline monomer 
having a 4-sulfate group at GlcNAc unit was successfully 
polymerized by HAase, giving rise to ChS in high yields having 
the sulfate group only at C-4 position on all GlcNAc residues 
(Scheme 42).79 The product is a ‘pure’ ChS-A with Mw values 
ranging from 5600 to 36 500. Biological activity examination of 
the synthetic pure ChS-A will be a future study of interest. 

Scheme 40 Hyaluronidase-catalyzed synthesis of HA derivatives. 
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Scheme 41 Hyaluronidase-catalyzed synthesis of HA-Ch hybrid. 

Scheme 42 Synthesis of chondroitin sulfate via hyaluronidase-catalyzed EROPA reaction. 

4.15.4.2 Cationic ROPA of Sugar Oxazolines 

Polysaccharide synthesis using sugar oxazoline monomers was 
carried out via cationic ROPA (CROPA) reaction; CROPA of 
3,6-di-O-benzylated chitin-oxazoline monomer (AB-type 
monomer) was induced by 10-camphorsulfonic acid (CSA) 
catalyst to produce di-O-benzylated chitin (Scheme 43(a)).80 

The CROPA was carried out at a reflux temperature in 
1,2-dichloroethane and proceeded involving stereoregular gly
cosylation, giving rise to a dibenzylchitin product having 
β(1 → 4)-grucopyranan structure with Mn up to 4900 in around 
50% yields. The debenzylation of the products via the catalytic 
hydrogenation was incomplete. It is important that the OH 
groups not to be reacted must be protected! The acid-catalyzed 

ROPA was extended to the synthesis of the dibenzylchitin 
having β(1 → 6)-grucopyranan structure.81 The product is of 
unnatural-type structure, whose yield was at most 32% and 
Mn reached 13 100. The debenzylation of the products took 
place perfectly to produce the corresponding free aminopoly
saccharide of unnatural type. 

The principle of the reaction was applied for the preparation 
of a hyperbranced polymer from an A-B2-type monomer. 
In the latter, 3- and 4-positions have free OH groups 
(Scheme 43(b)).82 The product polymer possessed Mn up to 
6600 (PDI < 2), whose detosylation gave a free hyperbranced 
aminopolysaccharide. 

The reaction mode of these CROPA is similar to that of 
EROPA; both employ sugar oxazoline monomers for the 

Scheme 43 Acid-catalyzed ROPA reactions to give a chitin derivative (a) and a hyperbranched chitin type polymer (b). 
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synthesis of various mucopolysaccharides. The exception is the 
monomer structure, where CROPA needs protection of OH 
groups at necessary positions, but in the EROPA the reaction 
takes place regioselectively at the unprotected OH groups. 

4.15.5 Ring-Opening Polymerizations of Other 
Oxazoline Derivative Monomers 

In addition to ROZO monomers, the monomers to be men
tioned are listed in Scheme 3. They are 5-oxazolones (4,5
dihydro-1,3-oxazol-5-one, ROZLO), six-membered analogs 
(5,6-dihydro-4H-1,3-oxazines, ROZI), and seven-membered 
ones (4,5,6,7-tetrahydro-4H-1,3-oxazepine, ROXP) as well as 
exo-cyclic imino ether derivatives of ROZO, ITHFs which are 
not mentioned here. 

4.15.5.1 Polymerization of 5-Oxazolone 

Introduction of a carbonyl group at the 5-position of OZO 
ring leads to 2-oxazolin-5-one or an ‘azlactone’ termed 
by Erlenmeyer (ROZLO). The first paper on CROP reaction of 
ROZLO was reported in 1986, describing the production of a 
poly(N-formyl-α-peptide) at 60 °C in diglyme in high yields 
(R =H, R′ = Me, Scheme 44).83 The peptide is a white powdery 
material with molecular weight of 5100. The monomer 
(R = R′ = H) gave the corresponding poly(N-formyl-α-peptide) 
having molecular weight 2400. When the monomer was pre
pared from L-alanine, optically active poly(N-formyl-L-alanine) 
(R =H, R′ = Me) was derived; the specific rotation value [α]22 

D –3.60. 
2-Alkoxy derivatives (ROOZLO) were polymerized by 

MeOTf via CROP mode since its polymerization yields poly
peptide derivatives.84,85 The CROP of (S)-4-isopropyl-2
ethoxy-5-oxazolone (R = EtO, R′ = i-Pr) (Scheme 44) yields 
poly(N-ethoxycarbonyl-L-valine), which was converted to 
poly(L-valine) by basic hydrolysis.84 Contrary to poly 
(L-valine), poly(N-ethoxycarbonyl-L-valine) is soluble in 
many organic solvents probably due to the lack of amide 
hydrogen bonding, which is expected to expand the availability 
of polypeptide derivatives.85 

Scheme 44 CROP of an OZO derivative, 5-oxazolone, to produce a poly 
(α-peptide). 

ROZLO (R =H, R′ = H, Me) monomers behaved as electro
philic monomer (ME) in the combination of MN monomers 
according to Scheme 25.86 As MN monomer, acrylamide and 
2-hydroxyethyl acrylate were employed to produce alternating 
copolymers, involving zwitterionic intermediate. In these reac
tions, a proton transfer step was involved. 

A corresponding six-membered ‘azlactone’ (1,3-oxazine
6-one) was polymerized via CROP-mode reaction to produce 
a poly(N-acyl-β-peptide), whose molecular weight reached 
5400.87 

4.15.5.2 Polymerization of 1,3-Oxazine 

2-Unsubstituted 1,3-oxazines (R = H, ROZI) were first prepared 
and polymerized via CROP mode in 1973, whose alkaline 
hydrolysis gave linear poly(trimethylenimine) (LPTMI) for 
the first time (Scheme 45).88 The molecular weight Mn was 
up to 4840. 

Kinetic studies on the ROZI monomer reactivity were exam
ined in detail.89 All CROP reactions of OZI, MeOZI, and PhOZI 
monomers with MeOTs initiator proceeded involving oxazi
nium propagating species in a similar way to Scheme 5 of the 
ROZO case. For comparison of the monomer polymerizability, 
rough values are given in kp � 104 values (with MeOTs at 
100 °C in acetonitile* or in nitrobenzene#) in l mol−1 s−1: 
OZO (13000*), MeOZO (120*), PhOZO (13*), OZI (110#), 
MeOZI (19#), and PhOZI (2.5#). With MeI initiator, OZI and 
MeOZI had oxazinium propagating species, whereas PhOZI 
showed covalent alkyl iodide propagating species. 

Polymerization of ROZI monomers behaved in almost all 
cases similarly to ROZO monomers in many respects, except 
for the product polymer structures with a trimethylenimine 
chain of PROZI instead of an EI chain of PROZO.2 Many 
similar behaviors in both monomers of ROZI and ROZO 
include a living character of CROP, various copolymer synth
eses, DIP, and an MN monomer in zwitterionic alternating 
copolymerizations. It may be important to mention, however, 
that ROZI is a little more basic than ROZO from the initiation 
reaction studies; for example, pKa value for iPrOZI and iPrOZO 
are 7.1 and 5.4 in water at 25 °C, respectively. 

4.15.5.3 Polymerization of 1,3-Oxazepine 

Only one paper appeared on the CROP reaction of 
1,3-oxazepine (ROXP).90 With expected DIP of ROXP, how
ever, it was polymerized to afford the product polyamide 
according to normal CROP mode; DIP did not occur with 
MeOTf initiator. With benzyl chloride initiator, only isomer
ization of the monomer took place to produce a urea without 
giving a polymer (Scheme 46). 

Scheme 45 CROP reaction of 1,3-oxazine (ROZI) to lead to linear poly(trimethylenimine). 
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Scheme 46 CROP reaction of 1,3-oxazepine (POXP) gives different 
products depending on the initiator. 

4.15.6 Sythesis of Functional Polymers via CROP 
Process and Their Applications 

The fundamental chemistry of oxazoline polymerization has 
been extensively accomplished over the past four decades. The 
main trend of oxazoline polymerization, therefore, is currently 
and will be in the future toward application studies by utiliza
tion of the unique properties of the PROZO polymers. 

4.15.6.1 Synthesis of End-Functionalized Polymers 

End-functionalized polymers include macromonomers, tele
chelics, and polymers having functional groups pending to 
the main chain, for example, employed for click chemistry. 
End-functional groups can be introduced at the initiating step 
(‘initiator method’), at the terminating step (‘terminator 
method’), or during the polymerization like the 
copolymerization. 

4.15.6.1.1 Synthesis of macromonomer and telechelics 
Macromonomers and telechelics are important starting materi
als for the synthesis of functional polymers. The former was 
extensively used for graft copolymer synthesis as seen in 

Section 4.15.2.4.2. They are normally produced via a couple 
of methods. 

Initiator method: An oxazoline-CROP polymerizable 
macromonomer was first prepared from 2-(hydroxyphenyl)
oxazolines leading to a ROZO macromonomer having a PEG 
chain as given in Scheme 24.53a Styryl-type macromonomers 
were synthesized by using iodomethylstyrene as initiator 
(Scheme 47).53b 

Numerous types of macromonomers were prepared using 
various halides as shown in Scheme 48.91 These halides 
include not only monohalides (a–c) for, for example, a 
vinyl ester macromonomer, but also dihalides (d–i) and a 
tetrafunctional halide (j). Allyl-type halides, 
acetylene-containing halides, and benzyl-type halides are 
activated and exhibited a higher reactivity than a simple 
alkyl halide. These halides gave a number of macromono
mers and telechelics from ROZO monomers with molecular 
weights up to several thousand. Compound (j) produced a 
star-shaped polymer. Polymers derived from these initiators 
contain reactive olefin, acetylene, diene, and diacetylene 
groups and can be used not only for macromonomers and 
telechelics but also further for cross-linking, modification, 
and so on. 

As a typical example of surfactant synthesis via initiator 
method, 2-(perfluorooctyl)ethyl trifluoromethanesulfonate 
(RfOTf for R′X in  Schemes 5 and 6) was used as initiator 
for CROP of ROZO, then the product polymer was a very 
efficient surfactant, showing the lowest γ value of 
23.9 dyn cm−1 (R = Et, DP = 5.7) due to the specific fluor
oalkyl group hydrophilicity.92 

Pluritriflate initiators, derived from mono-, di-, tri-, and 
tetrafunctional alcohols, were used for CROP of MeOZO 
for preparing hydrophilic star polymers. It was shown that 
the propagation of the each arm proceeded in a similar rate 
in the reaction of these initiators (kp value = ∼ 5 � 10−3 

l mol−1 s−1 at 85 °C).93 

Scheme 47 Synthesis of styryl-type macromonomer via CROP of MeOZO using initiator method. 

Scheme 48 Various reactive halide initiators for synthesizing macromonomers, telechelics, and a tetra-arm PROZO via initiator method. 
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Scheme 49 Synthesis of macromonomers and telechelics via terminator method. 

Terminator method: A (meth)acryl-type macromonomer or 
telechelics can be obtained by the reaction of the POZO living 
end terminated with a (meth)acrylate salt (Scheme 49).94 

Thus, various functional groups are introduced at one or both 
terminals. 

When a higher fatty acid as a hydrophobic group was intro
duced at one or both end(s) (X = RCO2 or Nu = RCO2 

−) of  
PMeOZO or PEtOZO of a hydrophilic segment, the products 
showed excellent surfactant properties.95 This method seems to 
be the simplest and economical way for the PROZO surfac
tants. In addition, a dihalide initiated living POZO and a 
diamine reacted to afford PROZO ionen polymers.96 

4.15.6.1.2 Polymer modification via click chemistry 
Combination of click chemistry and polymer chemistry leads 
to new materials. A functional group for click chemistry can be 
introduced via the CROP of the functional group-containing 
monomers. A pendant alkyne group-containing PROZO was 
prepared by CROP of 2-(4-pentynyl)-OZO (PynOZO) mono
mer, both via its homopolymerization and copolymerization 
with MeOZO or EtOZO. The copolymer (unit composition; 
PynOZO: MeOZO = 5:45) was reacted with an azide com
pound (R-N3) in aqueous solution via copper-catalyzed 

Huisgen 1,3-dipolar cycloaddition (click chemistry) to form 
the 1,2,3-triazole ring (Scheme 50(a)).97 

It was suggested that this type of polymer modification 
reaction may lead to attached peptidic cell recognition sites 
for targeted drug delivery system. Another example of click 
chemistry is a ‘thio-click’ modification of 3-butenyl (But) 
group of PButOZO unit with a mercaptan (RS-H) under UV 
light (Scheme 50(b)).98 Further, to prepare a clickable PROZO, 
propargyl or 3-butynyl p-toluenesulfonate was employed for 
initiating CROP of MeOZO, EtOZO, NonOZO, and PhOZO 
monomers under microwave irradiation at 140 °C in acetoni
trile. The product PROZOs contain the alkyne end group and 
the click chemistry reaction of the group with an azide via a 
copper-catalyzed Huisgen 1,3-cycloaddition to form a 
1,2,3-triazole. Reactions of these alkyne end-functionalized 
PROZOs and various azides will produce new materials for 
block and graft copolymers.99 

4.15.6.2 Synthesis of Amphiphilic Copolymers 

Amphiphilic copolymers are mentioned above for block and 
graft copolymers in Section 4.15.2.4. Hence, some specific 
cases are included mainly for applications here. 

Scheme 50 PROZO polymer modifications via click reactions using an azide (a) and a thiol (b). 
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Scheme 51 Styryl-type amphiphilic macromonomers. 

A styryl-type macromonomer having a water-soluble ROZO 
segment (Scheme 47) or having an amphiphilic ROZO block 
copolymer (Scheme 51) was extensively used as surfactant for 
the emulsion or dispersion polymerization.100 Polymerization 
of St or MMA in the presence the macromonomer as stabilizer 
(less than ∼ 3 wt% for the total monomer) in water took place 
with a radical initiator to give stable monodisperse polymer 
particles with a micron-size diameter. The macromonomer 
acted as both comonomer and stabilizer; actually the copoly
merization occurred. Therefore, the system is micelle forming 
but soap-free. Hydrophilic PMeOZO segments are preferential 
on the particle surface. 

A vinyl ester-type amphiphilic macromonomer was also 
employed for emulsion copolymerization of vinyl acetate 
with the macromonomer to yield polymer particles.101 

Polymer catalyst ligands utilized an amphiphilic block 
copolymer, which is bound to the metal catalyst site and 
forms micelles in aqueous solution reaction. An example is a 
Ru-containing Hoveyda–Grubbs catalyst (Scheme 52(a)).102 

The copolymer uses PMeOZO for hydrophilic segments and 
PNonOZO for hydrophobic segments. Ru-catalyst (a) was 
used for the ring-closing metathesis reaction of diethyl 
diallylmalonate to produce diethyl 3-cyclopentene-1,1′
dicarboxylate plus ethylene (Scheme 52(b)), in which the 
reaction proceeded in micelles effectively, showing a turnover 
number reaching to 390 in water. A Rh-catalyst with a poly
mer ligand containing amino group was employed as 
micellar catalyst for the 1-octene reaction of hydroformyla
tion and hydroxyaminomethylation.103 

4.15.6.3 Synthesis of Stimuli-Responsible Polymers 

Stimuli-responsible polymers are well known, as exemplified 
by poly(N-isopropylacrylamide) (PNIPAM) of vinyl-type 
polymer, which is a smart thermosensitive polymer 
(Scheme 53).104 

Scheme 53 Two typical thermosensitive polymers, PNIPAM and 
PiPrOZO. 

By using an oxazoline chain, PiPrOZO was first found to be 
excellent thermosensitive polymer, as well as a smart material 

53).105(Scheme PiPrOZO (Mn = 16 700, Mw/Mn = 1.13) 
showed a clouding point (CP) of 36.0 °C in water with 
0.5 wt% of the polymer, in which the polymer was soluble 
below CP. It is to be noted that the CP value is near human 
body temperature. The CP value decreased with increasing the 
polymer concentration. The value was also affected by an addi
tive; by adding 0.1 and 0.5 mol l−1 of NaCl, the value was 
decreased to 35.6 and 31.5 °C, respectively, whereas by adding 
0.01 and 0.05 mol l−1 of sodium dodecyl sulfate (SDS), the 
value was increased to 76.7 °C and > 100 °C, respectively. It 
was explained that in the former, NaCl breaks the hydrogen 
bonding between the polymer and the water, and in the latter, a 
nonionic polymer PiPrOZO is complexed with an ionic surfac
tant of SDS. As an application, the thermosensitive hydrogel 
was prepared by radical copolymerization of a PiPrOZO 
macromonomer106 with ethylene glycol dimethacrylate in an 
aqueous methanol solution.105 Further, the hydrogel of 
PiPrOZO was prepared, whose swelling transition is around 
human body temperature. This is a good situation for the 
application of thermosensitively functional biomaterials. 
Applying the above results to biomedical materials, 
end-functionalized PiPrOZOs were synthesized, giving the 
polymers with structures of Me-PiPrOZO-OH, Me-PiPrOZO
NH2, and acetal-PiPrOZO-OH. A polymer showing the CP near 
37 °C was derived.2i 

Via cationic living copolymerization, iPrOZO as hydropho
bic monomer and EtOZO as hydrophilic monomer produced a 
copolymer P[iPrOZO-co-EtOZO]. Monomer reactivity ratios 
were determined as riPrOZO = 0.79 and rEtOZO = 1.78, respec
tively. These values allowed the development of gradient 
copolymers (Mn 8000–10 000) with varying compositions 
and narrow PDI (≤ 1.02). Lower critical solution temperature 
(LCST, corresponding to CP) of the copolymers could be 
precisely tuned over a broad range of 38.7–67.3 °C by varying 

Scheme 52 PROZO-Ru catalyst (a) for a ring-closing metathesis reaction (b). 
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Scheme 54 Thermosensitivity-tuned gradient, random, and graft copolymers containing PROZO chains. 

the molar ratio of iPrOZO to EtOZO, showing a linear 
increase in LCST with an increasing molar percent of EtOZO 
(Scheme 54).107 

Thermosensitivity of the ROZO polymers was accurately 
tuned by using three monomers, PrOZO, iPrOZO, and 
EtOZO, by designing the reaction to combine PrOZO with 
either iPrOZO or EtOZO.108 Cationic copolymerization of 
PrOZO and iPrOZO (rPrOZO = 3.15 and riPrOZO = 0.57, respec
tively) gave gradient copolymers P[PrOZO-grad-iPrOZO], 
whereas that of PrOZO and EtOZO (rPrOZO = 1.28 and 
rEtOZO = 1.04, respectively) produced random copolymers 
P[PrOZO-ran-EtOZO]. The LCST of both the gradient and ran
dom copolymers could be tuned over a wide range of 
temperatures by varying the molar ratio of the two monomers. 
Most of the random copolymers of Mn around 10 000–14 000 
(Mw/Mn < 1.1) showed a rapid and modulated response to the 
temperature change from 23.8 to 75.1 °C. This is good for an 
ideal system for tuning the LCST around the physiological 
conditions. In addition, PPrOZO was found to show a sharp 
LCST behavior near room temperature. 

For the investigation of thermosensitive behaviors, gradient 
and graft copolymers consisting of PNIPAM chain and 
PiPrOZO as well as PROZO (R = Me, Et) chains were prepared 
(Scheme 54).109 The turbidity temperature was tuned by 
the hydrophilic ROZO chain content from 28 to 42 °C; 
with increasing the content of ROZO chain, the CT 
value became higher. Thermosensitive polymers of P 
[iPrOZO-block-3-butenylOZO] with thiol groups were synthe
sized. A glucose moiety was introduced to the olefinic side 
chain via ‘click’ addition of a glucose thiol. Then, the CP of 
these copolymers was changed from 10 to 85 °C as a function 
of composition and hydrophilicity of the side chain.110 

Macromonomer method was used for the synthesis of 
comb and graft polymers and their LCST behavior was 
examined, where a hydrophilic oligoEtOZO was utilized as 
side chains and a hydrophobic methacrylate as backbone 

55).111(Scheme First, CROP of EtOZO was carried out 
under microwave irradiation using MeOTs initiator and 
the living end was terminated with ammonium methacry
late to form macromonomers (Mn 900–3300, Mw/Mn < 1.1).  
Second, homopolymerization of the macronomomer via 
the reversible addition–fragmentation chain transfer 
(RAFT) method gave comb polymers (Mn 7000–24 000, 
Mw/Mn ≤ 1.31). Copolymerization of the macromonomer 
with MMA was performed similarly, to produce graft copoly
mers (MMA, 40–80 mol%, Mn 12000–26 000, Mw/Mn <1.3).  
The LCST of the graft polymers measured in aqueous solu
tions was tuned from 35 to 80 °C depending on the MMA 
content. The LCST value of the comb polymer was signifi
cantly decreased when compared to that of linear PEtOZO, 
which was correlated with microdomain formation due to the 
crowded comb structure. The solution properties and LCST 
behaviors of random and block copolymers from EtOZO 
and NonOZO were also investigated.112 

4.15.6.4 Archtecture of New Polymeric Systems 

An organic–inorganic hybrid was obtained by using a hydro
56).113philic PMeOZO silane coupling agent (Scheme 

A mixture of the coupling agent and silica gel showed the 
PMeOZO chain concentrated on the silica gel surface after 
heating in acetonitrile. The modified gel became more hydro
philic than the untreated gel. The acid-catalyzed hydrolysis of 
the agent in the presence of tetraethoxysilane (the so-called 
sol-gel method) afforded a homogeneous and transparent 
silica gel. The homogeneity of the composite gel is due to the 

Scheme 56 An organic-inorganic hybrid using PMeOZO chain. 

Scheme 55 Macromonomer, comb polymer, and graft copolymer, all containing EtOZO chain for the examination of LCST behaviors. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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chemical bonding of the PMeOZO ends and the interaction 
between the amide group in PMeOZO and the silica through 
hydrogen bonding, thus giving an organic–inorganic polymer 
hybrid. 

By utilizing an excellent hygroscopic nature of PMeOZO 
chain, nonionic hydrogels were prepared. Solvent philicity 
can be tuned by the combination of monomers. CROP mode 
copolymerization of MeOZO with 2,2′-tetramethylenebis 
(2-oxazoline) (TBOZO, R = -(CH2)4- in  Scheme 30) produced 
a hydrogel, showing swelling property in water and an aqueous 
solution. The water uptake was up to 45 multiples of the dry 
gel. From EtOZO and TBOZO, a characteristic amphiphilic gel 
(amphigel) was obtained, swelling both in water and in organic 
solvents. A lipogel (organogel) derived from hydrophobic 
ROZO (R = Pr, Bu, or Oct) and TBOZO is swollen in less 
polar organic solvents such as toluene and 1,2-dichloroethane. 
A ROZO monomer with a photo-cross-linkable group of cou
marin was CROP type copolymerized with MeOZO, giving rise 
to a hydrogel, uptaking water up to 20 times the weight of the 
dried gel. The cross-linking could be controlled by irradiation 
of Hg lamp with different wavelength, that is, cross-linking 
with hν > 300 nm, whereas cleavage of the gel with hν 
253 nm.114 

A new comb-burst dendrimer was synthesized via termina
tion reaction of the living PEtOZO polymerization ends with 
LPEI, followed by the acid hydrolysis to remove the propionyl 
group. These reactions were repeated to give dendritic poly
ethylenimine (PEI).115 

Self-assembling synthetic polymers are currently an impor
tant, widely conducted topic of research; they form a unique 
architecture in bulk and in solution to give a new material. The 
following are some examples of self-assembling systems from 
PROZO chains. 

Glycosylated PROZO chains self-assembled into nano
tubes in water through intermolecular hydrogen bonding 

57).116interactions (Scheme The driving force for the 
nanotube formation is considered to be due to the unique 
polymer structure of the tertiary polyamide 
backbone (hydrogen-accepting) and glucose side chains 
(hydrogen-donating), first forming and bending a 
two-dimensional (2D) hydrogen-bonded layer of interdigi
tated polymer chains and then closing to form a tube. 
Rough values of outer and inner radii (ro and ri) and  wall  
thickness (ro – ri) from three polymers are as follows (given 
in nanometers): a (2.0, 0.8, and 1.2); b (3.0, 2.0, and 1.0); 
and c  (4.5, 1.0, and  3.5).  

Langmuir monolayers were prepared at the air–water inter
face from amphiphilic polymers derived from hydrophilic 
PMeOZO and hydrophobic stearyl ether groups. A large low
ering of the stretching frequencies was detected within the 
plateau region by IR analysis, probably due to a condensed 
packing.117 An ultrathin film grew on the basal plane of gra
phite via polymerization-induced epitaxy by using PhOZO as 
monomer. STM observation confirmed the crystalline layer 
formation.118 Living CROP of EtOZO was induced from triflate 
group (TfO) attached to a self-assembled monolayer on planer 
gold substrates. The resulting polymer was capped with a dia
lkylamine to show a uniform layer.119 

The architecture of molecular brushes was developed. They 
are linear macromolecules having graft polymer side chains 
with high graft density. The side-chain crowding causes a strong 
stretching of backbone, resulting in a cylindrical molecular 
brush structure (Scheme 58, neglecting glassy carbon (GC)). 
First, radical or anionic vinyl polymerization of 2-isopropenyl
2-oxazoline (IPOZO) (a) was carried out to form a backbone 
polymer with n = 88 via radical process and 220 via anionic 
process (b). Then pendant OZO groups were methylated by 
MeOTf to form oxazolinium ions that served as macroinitiators 
(c), and CROP of ROZO monomer was initiated, to give rise to 
cylindrical molecular brushes P[IPOZO-graft-ROZO] (oxazo
line units, m = 18–23) (d). The substituents R used were Me, 
Et, and iPr. The LCST was determined by turbidity measure
ments of a 1.0 wt% aqueous solution, being 63 °C for the 
brush (n = 88, EtOZO, m = 23), 30 °C for the brush (n = 88, 
iPrOZO, m = 18), and 27 °C for the brush (n = 220, iPrOZO, 
m = 18), respectively.120 

The molecular brush synthesis was extended to synthesize 
brushes of bottle brushes of PROZO on polished GC substrates 
(Scheme 58).121 First, UV-induced vinyl polymerization of 
IPOZO monomer at room temperature was directly initiated 
from the GC surface (a) and gave PIPOZO-grafted brush layers 
with thickness up to 160 nm (b). The pendant oxazoline ring of 
the PIPOZO was used, followed by the oxazolinium-ion for
mation (c) to perform a second CROP of ROZO monomers to 
result in bottle-brush brushes (d). It was possible to functiona
lize the bottle-brush brushes’ side-chain end groups with a 
steric-demanding molecule. 

Alkoxy-substituted benzoyl-PEIs having C8–C13 alkyl 
groups formed self-assembly of hexagonal, columnar, 2D 
phase.122 Molecular structures of self-assembling from poly 
(2-(3,4-bis(n-alkoxy)phenyl)-2-oxazoline)s were systemati
cally investigated with regard to the DP and alkoxy chain 

Scheme 57 A nanotube is formed via self-assembling of glycosylated PROZO chains. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 58 Architecture of molecular brushes via vinyl polymerization of IPOZO monomer and subsequent CROP processes. 

length.123 The polymers with alkoxy chain length C8–C13 

formed columnar hexagonal lattices, whereas polymers with 
C14 and C15 alkoxy chains underwent a transition from a 
three-dimensional (3D) cubic phase for a low DP to a 2D 
hexagonal columnar phase. 

PEtOZO and PiPrOZO bearing a C18 alkyl group at the 
end(s) are effective surfactants, with Mn 7000–13 000. These 
telechelics self-assembled into micelle aggregates, below 
the clouding temperature. Further heating brought about the 
formation of clusters of the micelles, whereas PROZO chains 
were flexible. When the temperature exceeded 2 °C above the 
clouding temperature, rigid objects were formed and their size 
remained constant. These behaviors of PROZO surfactants are 
quite different, compared with those of PNIPAM or PEG 
chains. This is considered to be due to different chain confor
mation of the amide main chain of PROZO involving 
hydration/dehydration of the chain through hydrogen 
bonding.124 

4.15.6.5 Sythesis of Bio-Related Polymers 

Applications of PROZO chains in the biomedical and pharma
cological areas have been much increasing in recent 

2k,2l,2m,125years. This is mainly because CROP of ROZOs is 
easily able to achieve the living polymerization to lead to facile 
design of various polymer structures, PROZOs are of no or low 
toxicity, and the hydrophilic/hydrophobic nature of the poly
mers can be tuned readily. Furthermore, PROZO polymers 
produced from CROP are viewed as ‘pseudopeptides’ as men
tioned in Section 4.15.1. The following are only few examples 
among many studies for such applications of PROZOs. 

PMeOZO-coupled bovine liver catalase was prepared 
and enabled the enzyme to be used in organic solvents 
(Scheme 59).126 The modified enzyme showed catalytic activ
ity in water as well as in benzene and chloroform. 

An aggregate of a block copolymer (Scheme 16, R1 = Me, 
R2 = Bu, m = 9,  n = 36) and horseradish peroxidase (HRP) were 
obtained by mixing them in buffer solution as a new 

Scheme 59 Bovine liver catalase linked to PMeOZO chain to be used in 
organic solvents. 

biocatalyst. With the formation of the aggregates, the catalytic 
activity was significantly enhanced.127 Adducts from PROZO 
and human protein C retained catalytic avidity for the mono
clonal antibody.128 

Biocompatibility studies of PROZOs using a radio-labeled 
polymer found that when PMeOZO and PEtOZO were admi
nistrated in mice, they were excreted without accumulation 
from the bloodstream. These results suggest that the polymers 
possess the ‘stealth’ nature, meaning the suppression of all 
interactions with the body, being free from the immune sys
tem.129 This is beneficial for application as drug carriers and 
other biomedical purposes. 

For the application as drug carriers, micelles were prepared 
from PEtOZO-block-poly(ε-caprolactone), which were loaded 
with an anticancer drug with a poor solubility in water. The 
micelles were of low cytotoxicity. The loaded micelles were 
effective in vitro inhibition of the proliferation of a human 
carcinoma cells.130 Similarly, a triblock copolymer, 
[PLA-b-PEtOZO-b-PLA], was employed for micelle roading, 
and also a diblock copolymer, [PEtOZO-b-PEI], for nonviral 
gene carriers.131 

LPEI was used for DNA complexation. Novel two triblock 
copolymers, LPEI-b-PEG-b-LPEI (Mw 2100-3400-2100 and 
4000-3400-4000) (Scheme 60(a)), were shown to condense 
plasmid DNA effectively to give polymer/DNA complexes (poly
plexes) of small sizes (< 100 nm) and moderate ζ-potentials 
(∼ +10 mV) at polymer/plasmid weight ratios ≥ 1.5/1. These 
polyplexes efficiently transfected COS-7 cells and primary 
bovine endothelial cells in vitro and are a novel class of nonviral 
gene delivery systems.132 Lipopolymers were prepared as a 
potential candidate for constructing tailored model cell mem
branes. A lipid triflate was used as initiator for CROP of 
hydrophilic monomers, MeOZO and EtOZO, to produce an 
amphiphilic polymer as the model (Scheme 60(b)).133 

Ammonium group-containing PEtOZO and PMeOZO chains 
61).134 showed efficient antimicrobial properties (Scheme 

Antimicrobial potential of the polymers was evaluated by deter
mining the minimal inhibitory concentration (MIC) of the 
polymer against the ubiquitous Gram-positive bacterium. MIC 
is defined as the minimal required concentration to inhibit the 
growth of 99% of the bacterial cells in a suspension. For example, 
MIC value of the MeOZO polymer chain (R = Me, n =53  in  
Scheme 15) was 1.0 mg ml−1, which is 9 times more effective 
than the corresponding PEG polymer chain. Also, effect of 
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Scheme 60 DNA forms a complex with LPEI triblock copolymers (a) and an amphiphilic polymer model consisted from a hydrophilic PROZO chain and a 
lipid component (b). 

Scheme 61 Ammonium-containing PROZO chain showing antimicrobial properties. 

end-group structures on the antimicrobial activity was 
investigated.135 

A glycoprotein plays important roles in areas such as bioad
hesion, cell–cell interactions, and recognition phenomena. A 
glycoprotein analog was prepared by combining a linear poly
saccharide block and a PROZO block (‘psuedopeptide’), for 
which HA (hyaluronan) and PEtOZO were employed, respec
tively. A lower molecular-weight HA (Mw = 2700) was reacted 
with an amino group-containing PEtOZO to produce 
HA-block-PEtOZO (Mw = 10 200).136 Preliminary experiments 
showed that the anionic copolymer formed colloidally stable 
particles (Rh∼ 130 nm) with a cationic drug diminazene. 
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4.16.1 Introduction 

Peptide polymers have many advantages over conventional syn
thetic polymers since they are able to hierarchically assemble 
into stable ordered conformations.1 Depending on the amino 
acid side-chain substituents, polypeptides are able to adopt a 
multitude of conformationally stable regular secondary struc
tures (e.g., helices, sheets, turns), tertiary structures (e.g., the 
β-strand-helix-β-strand unit found in β-barrels), and quaternary 
assemblies (e.g., collagen microfibrils).1 There is considerable 
interest in developing synthetic routes for preparation of poly
peptide materials to make products for applications in 
biotechnology (artificial tissues, implants), biomineralization 
(resilient, lightweight, ordered inorganic composites), and ana
lysis (biosensors, medical diagnostics).2 To be successful in these 
applications, it is important that the polypeptides possess pre
cisely defined compositions, sequences, and structures. 

Synthetic peptide-based polymers are not new materials: 
homopolymers of polypeptides have been available for many 
decades, yet have only seen limited use in materials applica
tions.3 However, new methods in chemical synthesis have 
made possible the preparation of increasingly complex poly
peptide sequences of controlled molecular weight that display 
properties far superior to ill-defined homopolypeptides.4 

Examination of the different methods for polypeptide synthesis 
reveals the limitations of these techniques for preparation of 
well-defined copolymers. Conventional solid-phase peptide 
synthesis is neither useful nor practical for direct preparation 
of large polypeptides (> 100 residues) due to unavoidable dele
tions and truncations that result from incomplete deprotection 
and coupling steps. The most economical and expedient pro
cess for synthesis of long polypeptide chains is the 
polymerization of α-amino acid N-carboxyanhydrides (NCAs) 

(eqn [1]).5 This method involves the simplest reagents and 
high-molecular-weight polymers can be prepared in good 
yield and large scale with no detectable racemization at the 
chiral centers. The considerable variety of NCAs that have been 
synthesized (> 200) allows exceptional diversity in the types of 
polypeptides that can be prepared.5 

1  ½ �

Since the late 1940s, NCA polymerizations have been the 
most common technique used for large-scale preparation of 
high-molecular-weight polypeptides.6 However, these materi
als have primarily been homopolymers, random copolymers, 
or graft copolymers that lack the sequence specificity and 
monodispersity of natural proteins. Only in recent decades 
has the level of control in NCA polymerizations been able to 
rival that found in other synthetic polymerizations (e.g., vinyl 
addition polymerizations) where sophisticated polymer archi
tectures have been prepared (e.g., stereospecific polymers and 
block copolymers).7 Early attempts to prepare block copoly
peptides and hybrid block copolymers using NCAs resulted in 
polymers whose compositions did not match monomer feed 
compositions and that contained significant homopolymer 
contaminants.8 Block copolymers could only be obtained in 
pure form by extensive fractionation steps, which significantly 
lowered the yield and efficiency of this method. 
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Historical limitations of NCA polymerizations have been 
the presence of side reactions (chain termination and chain 
transfer) that restrict control over molecular weight, give 
broad molecular weight distributions, and prohibit formation 
of well-defined block copolymers.9 Recent progress in elimina
tion of these side reactions has been a major breakthrough for 
the polypeptide materials field. This chapter will cover back
ground and recent developments in methods for the 
ring-opening polymerization (ROP) of NCAs. It will also 
cover applications of these methods for preparation of block, 

other initiators that are more basic than nucleophilic have 
found use since they are in some cases able to prepare polymers 
of very high-molecular-weight where primary amine initiators 
cannot. Optimal polymerization conditions have often been 
determined empirically for each NCA, and thus there have been 
no universal initiators or conditions by which to prepare high 
polymers from any monomer. This is in part due to the differ
ent properties of individual NCAs and their polymers 
(e.g., solubility) but is also strongly related to the side reactions 
that occur during polymerization. 

star, brush, and branched copolypeptides, side-chain func
tional polypeptides, and poly-β-peptides. Finally, methods for 
removal of protecting groups and purification of polypeptides 
will be reviewed. Polypeptide containing hybrid copolymers, 
where considerable work and progress has been made in recent 
years,10 are not covered in this chapter. 

4.16.2 Polypeptide Synthesis using NCAs 

4.16.2.1 Conventional Methods 

NCA polymerizations have been initiated using many different 
nucleophiles and bases, the most common being primary 
amines and alkoxide anions.5 Primary amines, being more 
nucleophilic than basic, are good general initiators for poly
merization of NCA monomers. Tertiary amines, alkoxides, and 

½2� 

The most likely pathways of NCA polymerization are the 
so-called ‘amine’ and the ‘activated monomer’ (AM) mechan
isms.5 The amine mechanism is a nucleophilic ring-opening 
chain growth process where the polymer could grow linearly 
with monomer conversion if side reactions were absent 
(eqn [2]). On the other hand, the AM mechanism is initiated 
by deprotonation of an NCA, which then becomes the nucleo
phile that initiates chain growth (eqn [3]). It is important to note 
that a polymerization can switch back and forth between the 
amine and AM mechanisms many times: a propagation step for 
one mechanism is a side reaction for the other, and vice versa. It 
is because of these side reactions that block copolypeptides and 
hybrid block copolymers prepared from NCAs using amine 
initiators have structures different than predicted by monomer 
feed compositions and most likely have considerable homopo
lymer contamination. These side reactions also prevent control 
of chain-end functionality desirable for many applications. 

½3� 
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One inherent problem in conventional NCA polymeriza
tions is that there is no control over the reactivity of the 
growing polymer chain end during the course of the polymer
ization. Once an initiator reacts with an NCA monomer, it is no 
longer involved in the polymerization and the resulting primary 
amine, carbamate, or NCA anion end group is free to undergo a 
variety of undesired side reactions. Another problem is one of 
purity. Although most NCAs are crystalline compounds, they 
typically contain minute traces of acid, acid chlorides, or isocya
nates that can quench propagating chains. The presence of other 
adventitious impurities, such as water, can cause problems by 
acting as chain-transfer agents or even as catalysts for side reac
tions. Overall, the abundance of potential side reactions present 
in reaction media makes it difficult to achieve a living polymer
ization system where only chain propagation occurs. 

4.16.2.2 Transition Metal Initiators 

A successful strategy to eliminate side reactions in NCA 
polymerizations has been the use of transition metal com
plexes as active species to control addition of NCA 
monomers to polymer chain ends. The use of transition 
metals to control reactivity has been proven in organic 

Mechanistic studies on the initiation process showed 
that both these metals react identically with NCA mono
mers to form metallacyclic complexes by oxidative addition 
across the anhydride bonds of NCAs.12,13 These 
oxidative-addition reactions were followed by addition of 
a second NCA monomer to yield complexes identified as 
six-membered amido-alkyl metallacycles (eqn [4]). These 
intermediates were found to further contract to 
five-membered amido-amidate metallacycles upon reaction 
with additional NCA monomers. This ring contraction is 
thought to occur by migration of an amide proton to the 
metal-bound carbon, which liberates the chain end from 
the metal (eqn [5]).14 The resulting amido-amidate com
plexes were thus proposed as the active polymerization 
intermediates. Propagation through the amido-amidate 
metallacycle was envisioned to occur by initial attack of 
the nucleophilic amido group on the electrophilic C5 car
bonyl of an NCA monomer (eqn [6]). This reaction would 
result in a large metallacycle that can contract by elimina
tion of CO2. Proton transfer from the free amide to the 
tethered amidate group further contracts the ring to regen
erate the amido-amidate propagating species, while in turn 
liberating the end of the polymer chain. 

½4� 

½5� 

½6� 

and polymer synthesis as a means to increase reaction 
selectivity, efficiency, and rate.11 Using this approach, a 
significant advance in controlled NCA polymerization was 
realized in 1997. Highly effective zero-valent nickel and 
cobalt initiators (i.e., bpyNi(COD) and (PMe3)4Co)

12,13 

were developed by Deming that allow the living polymer
ization of NCAs into high-molecular-weight polypeptides 
by an unprecedented activation of the NCAs to generate 
covalent propagating species. The metal ions can be con
veniently removed from the polymers by simple 
precipitation or dialysis of the samples after 
polymerization. 

In this manner, the metal is able to migrate along the 
growing polymer chain, while being held by a robust chelate 
at the active end. The formation of these chelating metallacyclic 
intermediates appears to be a general requirement for obtain
ing living NCA polymerizations using transition metal 
initiators. These cobalt and nickel complexes are able to 
produce polypeptides with narrow chain length distributions 
(Mw/Mn < 1.20) and controlled molecular weights 
(500 < Mn < 500 000).15 This polymerization system is very 
general, and gives controlled polymerization of a wide range 
of NCA monomers as pure enantiomers (D or L configuration) 
or as racemic mixtures. These polymerizations can be 
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conducted in a variety of solvents (e.g., tetrahydrofuran (THF), 
dimethylformamide (DMF), ethyl acetate (EtOAc), dioxane, 
and acetonitrile (MeCN)) and over a broad range of tempera
tures (i.e., 10–100 °C) with no loss of polymerization control. 
By addition of different NCA monomers, the preparation of 
block copolypeptides of defined sequence and composition is 
feasible.4,16 

One potential limitation of using zero-valent metal com
plexes as initiators is that the active propagating species are 
generated in situ, where the C-terminal end of the polypeptide 
is derived from the first NCA monomer. Consequently, this 
method does not allow attachment of functionality (e.g., poly
mer or small molecule) to the carboxyl chain end. For this 
reason, Deming and co-workers pursued alternative methods 
for direct synthesis of the amido-amidate metallacycle propagat
ing species and developed allyloxycarbonylaminoamides as 
universal precursors to amido-amidate nickelacycles. These sim
ple amino acid derivatives undergo tandem oxidative additions 
to nickel(0) to give active NCA polymerization initiators 
(eqn [7]).17 These complexes were found to initiate polymeriza
tion of NCAs yielding polypeptides with defined molecular 
weights, narrow molecular weight distributions, and with quan
titative incorporation of the initiating ligand as a C-terminal end 
group. This chemistry provides a facile means to incorporate 
diverse molecules such as polymers, peptides, oligosaccharides, 
or other ligands onto the chain ends of polypeptides by a robust 
amide linkage, and was further elaborated by Witte and Menzel18 

to grow polypeptides off polystyrene particles. 

oxidative-addition reactions and the stability of zero-valent 
cobalt and nickel complexes, only a limited pool of chiral 
ligands could be used. For example, common chiral 
aryl-substituted bisphoshines were completely ineffective in 
promoting oxidative additions of NCAs with nickel(0). Using 
optically active 2-pyridinyl oxazoline ligands that were mixed 
with bis(1,5-cyclooctadiene)nickel in THF, it was found that 
the resulting chiral nickel complexes were able to selectively 
polymerize one enantiomer of an NCA over the other.19 The 
highest selectivity was observed with the nickel complex of (S)
4-tert-butyl-2-pyridinyl oxazoline, which gave a ratio of enan
tiomer polymerization rate constants (kD/kL) of 5.2(0.1) 
(eqn [8]). This initiator also gave a 17% enantiomeric excess 
of the D-antipode in the copolymer formed at 16% conversion 
in the polymerization of racemic NCA. It was found that subtle 
modification of this ligand by incorporation of additional 
substituents had a substantial impact on initiator selectivities. 
These results were a first step toward the ability to readily 
synthesize optically pure polypeptides from inexpensive race
mic monomer pools. The main limitation of this system, 
however, is the fluxional coordination geometry around 
nickel(II), which hinders the development of a rigid, chiral 
environment at the metal center. 

Subsequently, Deming identified new initiating systems 
based on amido-sulfonamide metallacycles prepared by depro
tonation of the corresponding amine complexes. Seidel and 
Deming20 studied a ruthenium(II) amido-sulfonamide com
plex, which although not an amido-amidate metallacycle, was 

½7� 

By knowing the active intermediates in these polymeriza
tions, Cheng and Deming19 were also able to use chiral donor 
ligands to prepare optically active nickel initiators for the enan
tioasymmetric polymerization of NCAs. Since polypeptides are 
chiral polymers, the ability to control stereochemistry during 
polymerization is a feature worth pursuing. This is especially 
true since the self-assembly and properties of polypeptides are 
critically dependent on the stereochemistry of the amino acid 
components. Due to constraints imposed by the initial 

½8� 

recognized to possess all the required features for controlled 
NCA polymerization (eqn [9]). This complex contains a 
nucleophilic alkyl amido group, stabilized by a rigid chelate, 
and a proton-accepting sulfonamide group on the other end of 
the metallacycle that allows the chain end to migrate off the 
metal. This ruthenium complex and the corresponding isoelec
tronic Cp*iridium(III) (Cp* = C5Me5) complex were found to 
initiate living polymerizations of NCAs,20 which shows that 
effective initiators can also be prepared with second and third 
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row metals.21 Furthermore, these initiators were found to 
give much higher enantiomeric selectivities, as well as 
polymerization activities, in polymerizations of racemic 
NCAs compared to the nickel systems studied earlier. This 
work was elaborated by Peng et al.22 who prepared similar 
amido-sulfonamide metallacycles using platinum(II), and 
found that these complexes give controlled polymerization of 
ε-carbobenzyloxy-L-lysine NCA, Z-Lys NCA (eqn [9]). 

4.16.2.3 Controlled Polymerization using Amine Initiators 

In the past 7 years, a number of new approaches have been 
reported to give controlled NCA polymerizations. These 
approaches share a common theme in that they are all 
improvements on the use of conventional primary amine poly
merization initiators. This approach is attractive since primary 
amines are readily available and since the initiator does not 
need to be removed from the reaction after polymerization. In 

½9� 

Further extending this work, Deming also developed a 
means to end-cap living polypeptide chains with electro
philic reagents. When a macromolecular electrophile is 
used, the resulting product is a polypeptide hybrid block 
copolymer. It is well known in NCA polymerizations that 
electrophiles, such as isocyanates, act as chain-terminating 
agents by reaction with the propagating amine chain ends.5 

Brzezinska et al.23 reported that the reactive living nickela
cycle polypeptide chain ends could be quantitatively capped 
by reaction with excess isocyanate, isothiocyanate, or acid 
chloride. Using this chemistry, they prepared isocyanate 
end-capped poly(ethylene glycol) (PEG), and reacted this, 
in excess, with living poly(γ-benzyl-L-glutamate) (poly 
(Bn-Glu)) to obtain poly(Bn-Glu)-b-PEG diblock copoly
mers (eqn [10]). Overall, it can be seen that the use of 
transition metal-initiated NCA polymerization allows for
mation of well-defined copolymer architectures that rival 
those prepared using any polymerization system. 

fact, if the polymerization proceeds without any 
chain-breaking reactions, the amine initiator becomes the 
C-terminal polypeptide end group. In this manner, there is 
potential to form chain-end-functionalized polypeptides or 
even hybrid block copolymers if the amine is a macroinitiator. 
The challenge in this approach is to overcome the numerous 
side reactions of these systems without the luxury of a large 
number of experimental parameters to adjust. 

In 2004, Aliferis et al.24 reported the primary 
amine-initiated polymerization of NCAs under high-vacuum 
conditions. The strategy here was to determine if a reduced 
level of impurities in the reaction mixture would lead to 
fewer polymerization side reactions. Unlike the vinyl mono
mers usually polymerized under high-vacuum conditions, 
NCAs cannot be purified by distillation. Consequently, it is 
unclear if NCAs can be obtained in higher purity by 
high-vacuum recrystallization than by recrystallization under 
a rigorous inert atmosphere. However, the high-vacuum 
method does allow for better purification of polymerization 
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solvents and the n-hexylamine initiator. It was found that 
polymerizations of Bn-Glu NCA and Z-Lys NCA under high 
vacuum in DMF solvent displayed all the characteristics of a 
living polymerization system.24 Polypeptides could be pre
pared with control over chain length, chain length 
distributions were narrow, and block copolypeptides were 
prepared. 

The authors concluded that the side reactions normally 
observed in amine-initiated NCA polymerizations are simply 
a consequence of impurities. Since the main side reactions in 
NCA polymerizations do not involve reaction with adventi
tious impurities such as water, but instead reactions with 
monomer, solvent, or polymer (i.e., termination by reaction 
of the amine end with an ester side chain, attack of DMF by 
the amine end, or chain transfer to monomer),5 it appears 
removal of water suppresses these side reactions. A possible 
explanation for the polymerization control observed under 
high vacuum is that impurities (e.g., water) act to catalyze 
side reactions of growing chains with monomer, polymer, or 
solvent. In this scenario, it is reasonable to speculate that 
polar species such as water can bind to monomers or the 
propagating chain end and thus influence their reactivity. 
Recently, in polymerizations of O-benzyl-L-tyrosine NCA 
(Bn-Tyr NCA) in DMF, it was determined that although 
most side reactions are insignificant in the high-vacuum poly
merization, some termination of chains by reaction with DMF 
solvent does occur.25 

Further insights into amine-initiated NCA polymerizations 
were also reported in 2004 by Vayaboury et al.26 This group 
studied the polymerization of ε-trifluoroacetyl-L-lysine NCA 
(TFA-Lys NCA) in DMF using n-hexylamine initiator at differ
ent temperatures. Contrary to the high-vacuum work, the 
solvent and initiator were purified using conventional methods 
and the polymerizations were conducted under a nitrogen 
atmosphere on a Schlenk line. After complete consumption of 
NCA monomer, the crude polymerization mixtures were ana
lyzed by gel permeation chromatography (GPC) and 
nonaqueous capillary electrophoresis (NACE). A unique fea
ture of this work was the use of NACE to separate and quantify 
the amount of polymers with different chain ends, which cor
responded to living chains (amine end groups) and ‘dead’ 
chains (carboxylate and formyl end groups from reaction 
with NCA anions and DMF solvent, respectively, eqns [11] 
and [12]). Not surprisingly, at 20 °C, the polymer products 
consisted of 78% dead chains, and only 22% living chains, 
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which illustrates the abundance of side reactions in these poly
merizations under normal conditions. 

An intriguing result was found for polymerizations con
ducted at 0 °C, where 99% of the chains had living amine 
chain ends, and only 1% were found to be dead chains. To 
verify that these were truly living polymerizations, addi
tional NCA monomer was added to these chains at 0 °C, 
resulting in increased molecular weight and no increase of 
the  amount of dead chains.  While  TFA-Lys  NCA  was  the  only  
monomer studied, this work showed that most common  
NCA polymerization side reactions can also be eliminated 
by lowering temperature. The effect of temperature is not 
unusual, as similar trends can be found in cationic and 
anionic vinyl polymerizations.27 At elevated temperature, 
the side reactions have activation barriers similar to chain 
propagation. When the temperature is lowered, the activa
tion barrier for chain propagation becomes lower than that 
of the side reactions and chain propagation dominates kine
tically. A key limitation of this method is that these 
polymerizations are very slow at 0 °C, often requiring 
numerous days to obtain polypeptide chains of modest 
length. A remarkable feature of this system is that increased  
impurity levels, as compared to the high-vacuum method, 
did not result in side reactions at low temperature. This result 
further substantiates the idea that the growing chains do not 
react with the adventitious impurities, but that impurities 
mainly affect these polymerizations by altering the rates of 
discrete reaction steps. 

4.16.2.4 Amine Hydrochloride-Initiated Polymerizations 

An innovative approach to controlling amine-initiated NCA 
polymerizations was reported in 2003 by Dimitrov and 
Schlaad.28 Their strategy was to avoid formation of NCA anions, 
which cause significant chain termination after rearranging to 
isocyanocarboxylates,5 through use of primary amine hydro
chloride salts as initiators. The reactivity of amine 
hydrochlorides with NCAs was first explored by the group of 
Knobler, who found that they can react with NCAs to give single 
NCA addition products.29 Use of the hydrochloride salt takes 
advantage of its diminished reactivity as a nucleophile compared 
to the parent amine, which effectively halts the reaction after a 
single NCA insertion by formation of an inert amine hydrochlor
ide in the product. The reactivity of the hydrochloride 
presumably arises from formation of a small amount of free 
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amine by reversible dissociation of HCl (eqn [13]). This equili
brium, which lies heavily toward the dormant amine 
hydrochloride species, allows for only a very short lifetime of 
reactive amine species. Consequently, as soon as a free amine 
reacts with an NCA, the resulting amine end group on the 
product is immediately protonated and is prevented from 
further reaction. The acidic conditions also assist elimination 
of CO2 from the reactive intermediate, and more importantly, 
suppress formation of unwanted NCA anions. 

persistent radical effect employed in all controlled radical poly
merization strategies.32 Like those systems, success of this 
method requires a carefully controlled matching of the polymer 
chain propagation rate constant, the amine/amine hydrochlor
ide equilibrium constant, and the forward and reverse exchange 
rate constants between amine and amine hydrochloride salt. 
This means it is likely that reaction conditions (e.g., temperature, 
halide counterion, and solvent) will need to be optimized to 
obtain controlled polymerization for each different NCA mono-

To obtain controlled polymerization, and not just single 
NCA addition reactions, Schlaad’s group increased the reaction 
temperature (40 to 80 °C), which was known from Knobler’s 
work to increase the equilibrium concentration of free amine, 
as well as increase the exchange rate between amine and amine 
hydrochloride.29 Using primary amine hydrochloride 
end-capped polystyrene macroinitiators to polymerize Z-Lys 
NCA in DMF, Schlaad’s group obtained polypeptide hybrid 
copolymers in 70–80% yield after 3 days at elevated tempera
ture. Although these polymerizations are slow compared to 
amine-initiated polymerizations, the resulting polypeptide seg
ments were well defined with very narrow chain length 
distributions (Mw/Mn < 1.03). These distributions were much 
narrower than those obtained using the free amine macroini
tiator, which argues for diminished side reactions in the 
polypeptide synthesis. The molecular weights of the resulting 
polypeptide segments were found to be c. 20–30% higher than 
would be expected from the monomer to initiator ratios. This 
result was attributed to termination of some fraction of initia
tor species by traces of impurities in the NCA monomers, 
although the presence of unreacted polystyrene chains was 
not reported. Recently, this methodology was extended to the 
preparation of new hybrid copolymers of poly(Bn-Glu) from 
poly(2-isopropyl-2-oxazoline)30 and PEG-amine hydrochlor
ide31 macroinitiators. 

The use of amine hydrochloride salts as initiators for con
trolled NCA polymerizations shows tremendous promise. The 
concept of fast, reversible deactivation of a reactive species to 
obtain controlled polymerization is a proven concept in poly
mer chemistry, and this system can be compared to the 
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mer, as is the case for most vinyl monomers in controlled radical 
polymerizations. Within these constraints, it is possible that 
controlled NCA polymerizations utilizing simple amine hydro
chloride initiators can be obtained. 

4.16.2.5 N-Trimethylsilyl Amine Initiators 

A very promising approach to obtain controlled NCA poly
merization using silylated amines was reported in 2007 by 
Cheng. Hexamethyldisilazane (HMDS) was used to initiate 
polymerizations of either Z-Lys NCA or Bn-Glu NCA in DMF 
at ambient temperature and was found to give well-defined 
polypeptides of controlled chain length and low polydisper
sity in high yield.33 Addition of a second batch of monomer to 
completed chains afforded block copolymers. Chain growth 
in this system does not appear to show any of the common 
side reactions found in amine-initiated NCA polymerization, 
which is attributed to the unique properties of the N
trimethylsilyl (N-TMS) groups. The HMDS is proposed to 
transfer  a TMS  group to the  NCA followed by addition of the  
silylamine to the resulting intermediate (eqn [14]). This pro
cess yields a ring-opened monomer with a TMS-carbamate 
active end group on the growing chain, similar to processes 
that occur in group transfer polymerization of vinyl mono
mers.34 The TMS-carbamate mediates NCA addition in a way 
that suppresses side reactions. This system has an advantage in 
that it proceeds at much higher rates (c. 12–24 h at ambient 
temperature) compared to low-temperature or amine 
hydrochloride-initiated polymerizations, yet still is slower 
than transition metal-initiated systems (c. 30–60 min at ambi
ent temperature). 
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Cheng elaborated this method by showing that a variety 
of N-TMS amines can be used as initiators in place of 
HMDS to give controlled polymerizations by a similar pro
cess. These initiators also provide defined C-terminal end 
groups on the polypeptides from the N-TMS amine initiator 
(eqn [15]).35 This chain-end functionalization was found to 
work well for both Z-Lys NCA and Bn-Glu NCA as well as 
for block copolymers of these monomers. The 
TMS-carbamate active chain ends are highly moisture sensi
tive, yet this is not much of an issue since NCAs themselves 
are moisture sensitive and must be polymerized in an 
anhydrous environment. This methodology was used to 
prepare polypeptide-poly(norbornene diimide) brush copo
lymers by both ‘grafting-from’ and ‘grafting-through’ 
approaches (eqn [16]).36 In the grafting-from approach, 
poly(norbornenes) bearing N-TMS amine functionalities 
were used as macroinitiators to grow polypeptide brush 
segments. In the grafting-through approach, N-TMS 
amine-functionalized norbornene monomers were used to 
prepare end-functionalized polypeptide segments that were 
then linked by ring-opening metathesis polymerization 
(ROMP) of the norbornene end groups. 

4.16.3 Copolypeptide Synthesis via ROP 

4.16.3.1 Block Copolypeptides 

For assembly of novel three-dimensional (3D) structures, block 
copolypeptides are required that have structural domains 
(i.e., amino acid sequences) whose size and composition can 
be precisely adjusted. Such materials have proven elusive using 
conventional techniques. Strong base-initiated NCA polymer
izations are very fast. These polymerizations are poorly 
understood and well-defined block copolymers cannot be pre
pared. Primary amine-initiated NCA polymerizations are also 
not free of side reactions. Even after fractionation of the crude 
preparations, the resulting polypeptides are relatively 
ill-defined, which may complicate unequivocal evaluation of 
their properties and potential applications. Nevertheless, there 
are many reports on the preparation of block copolypeptides 
using conventional primary amine initiators.37 Examples 
include many hydrophilic–hydrophobic and hydrophilic– 
hydrophobic–hydrophilic di- and triblock copolypeptides 
(where hydrophilic residues were glutamate and lysine, and 
hydrophobic residues were leucine,38,39 valine,40 isoleucine,41 

phenylalanine,42 and alanine43) prepared to study 
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conformations of the hydrophobic domain in aqueous solu
tion. More recently, Gibson and Cameron44 reported the 
synthesis of novel (α-helix)-b-(β-sheet) block copolypeptides 
using amine initiation. These polymers were reported to have 
polydispersities ranging from 1.47 to 1.60. 

The majority of amine-initiated block copolypeptides were 
often subjected to only limited characterization (e.g., amino 
acid compositional analysis) and, as such, their structures, and 
the presence of homopolymer contaminants, were not conclu
sively determined. Some copolymers, which had been 
subjected to chromatography, showed polymodal molecular 
weight distributions containing substantial high- and low
molecular-weight fractions.42 The compositions of these copo
lymers were found to be different from the initial monomer 
feed compositions and varied widely for different molecular 
weight fractions. It appears that most, if not all, block copoly
peptides prepared using amine initiators have structures 
different than predicted by monomer feed compositions and 
likely have considerable homopolymer contamination due to 
the side reactions described above. 

Polypeptide block copolymers prepared by transition 
metal-mediated NCA polymerization are well defined, with 
the sequence and composition of block segments controlled 
by order and quantity of monomer added to initiating species, 
respectively. These block copolypeptides can be prepared with 
the same level of control found in anionic and controlled 
radical polymerizations of vinyl monomers, which greatly 
expands the potential of polypeptide materials. The N-TMS 
amine initiators and amine initiators under high vacuum 
have recently also been used to prepare well-defined diblock 
copolypeptides.24,34 The unique chemistry of NCAs allows 
these monomers to be polymerized in any order, which is a 
challenge in most vinyl copolymerizations, and the robust 
chain ends allow the preparation of copolypeptides with 
many block domains (e.g., > 2). The robust nature of transition 
metal initiation was shown by the linear, stepwise synthesis of 
tri- and pentablock copolypeptides (eqn [17]).45 The 
self-assembly of block copolypeptides has also been investi
gated, for example, to direct the biomimetic synthesis of 
ordered silica structures,46 to form polymeric vesicular mem
branes,47,48 to stabilize oil droplets in emulsions,49 or to 
prepare self-assembled polypeptide hydrogels.50 Furthermore, 
poly(L-lysine)-b-poly(L-cysteine) block copolypeptides have 
been used to generate hollow, organic/inorganic hybrid micro-
spheres composed of a thin inner layer of gold nanoparticles 
surrounded by a thick layer of silica nanoparticles.51 In emul
sion formation, the use of a racemic hydrophobic segment in 
poly(L-lysine)-b-poly(D/L-leucine) was found to greatly stabi
lize the oil–water interface allowing the formation of stable 
water-in-oil-in-water double nanoemulsions.49 

4.16.3.2 Star Copolypeptides 

Star copolymers can be prepared by two main synthetic routes: 
the ‘arm-first’ and ‘core-first’ methodologies. In the first case, 
living, or end-reactive, polymer chains are coupled to a multi
functional core. In the second case, a multifunctional core 
molecule is used to initiate the polymerization of the arms. 
Most of the star polypeptides reported so far have been 
obtained following the core-first strategy and were prepared 
using conventional primary amine-initiated NCA polymeriza
tion. In this way, Daly et al.52,53 successfully prepared a series of 
3-, 4-, 6-, and 9-arm poly(γ-stearyl-L-glutamate) star polypep
tides. Inoue et al.54,55 have used hexakis(4-aminophenoxy) 
cyclotriphosphazene as initiator for the synthesis of 6-arm 
poly(β-benzyl-L-aspartate), poly(Bn-Asp), and poly(Bn-Glu) 
stars. These authors used the ability of 5-(4-(dimethylamino) 
phenyl)-2,4-pentadienal (DMAPP) to selectively react with aro
matic primary amines under the formation of the 
corresponding Schiff bases to quantify the efficiency of the 
initiation step. For the poly(Bn-Asp) stars, complete consump
tion of all aromatic primary amine-initiating groups, that is, the 
formation of well-defined 6-arm star polymers, was observed at 
sufficiently high monomer/initiator ratios (≥ 100) and high 
conversions.54 In a subsequent paper, Inoue et al. reported the 
synthesis of oligo(ethylene glycol)-modified 6-arm poly 
(L-glutamate) star polymers. These polymers were prepared by 
transesterification of the benzyl ester groups of 6-arm poly 
(Bn-Glu) stars with di- or triethylene glycol monomethyl 
ether in the presence of para-toluenesulfonic acid.56 

Depending on the reaction time and temperature, degrees of 
substitution of 52–63% could be achieved. 

Klok and coworkers57,58 have prepared several 
water-soluble, fluorescent and near-infrared absorbing 4-arm 
star polypeptides based on L-lysine and L-glutamic acid. The 
synthesis of these star polymers started with the ROP of Bn-Glu 
NCA or Z-Lys NCA using perylene-, terrylene-, or 
quaterrylene-based multifunctional primary amine initiators. 
Subsequent removal of the side-chain protective groups 
afforded the corresponding water-soluble star polypeptides. 
The experimentally determined peptide arm lengths were in 
good agreement with those expected based on the monomer/ 
initiator ratio. Furthermore, for the lower-molecular-weight 
star polymers, 1H NMR spectra indicated complete consump
tion of all initiator groups, which provided additional evidence 
for the structural integrity of the star polypeptides. 

A first example of the use of controlled NCA polymerization 
for the preparation of star polypeptides was reported by Aliferis 
et al.59 Using high-vacuum techniques, these authors first pre
pared several linear poly(Bn-Glu), poly(Z-Lys), poly(Bn-Glu)-b
poly(Z-Lys), and poly(Z-Lys)-b-poly(Bn-Glu) precursors, which 
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were subsequently coupled to a trifunctional core, triphenyl
methane-4,4′,4′′-triisocyanate (Scheme 1). An excess of the 
linear precursor and reaction times of up to 4 weeks were needed 
to drive the coupling reaction to completion. Although the 
excess of the linear precursor could be removed by an additional 
precipitation step and well-defined star polypeptide could be 
obtained, this example illustrates the main drawbacks of the 
arm-first method as compared to the core-first method that has 
been most widely used for the synthesis of star polypeptides. 

To address this issue, Hadjichristidis developed the synthesis 
of 3- and 4-arm star copolypeptides by high-vacuum polymer
ization using the core-first method. They prepared 3-arm stars 
containing poly(Z-Lys) and poly(Bn-Glu) block copolymers that 
were simultaneously grown off of a 2(aminomethyl)-2-methyl
1,3-propanediamine initiator core (Scheme 2).60 This method 
produced well-defined star copolymers with narrow molecular 
weight distributions. Attempts to prepare 4-arm star copolymers 

using initiators containing four primary amine groups as well as 
two tertiary amine groups gave only ill-defined star polymers 
with bimodal molecular weight distributions.60 The high poly
dispersity in these samples was likely due to initiation from both 
the primary and tertiary amine groups, which have different 
polymerization characteristics. 

4.16.3.3 Brush and Branched Copolypeptides 

Most early reports on brush and branched polypeptides uti
lized conventional NCA polymerization techniques. The first 
graft polypeptides were published in 1956 by Sela et al.61 Using 
poly(L-lysine) or poly(D/L-ornithine) as a multifunctional 
initiator for the ROP of a number of different NCAs, these 
authors prepared a variety of graft polypeptides, which they 
termed multichain poly(amino acids) (eqn [18]). Since the 
NCA polymerizations were carried out in aqueous dioxane, 

Scheme 1 Preparation of star polypeptides using the “arm-first” method. 

Scheme 2 Preparation of star polypeptides using the “core-first” method. 
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the synthesis of the graft polypeptides was accompanied by the 
formation of short linear polypeptides. These by-products, 
however, could be removed by dialysis. For the graft polymer
ization, multifunctional poly(L-lysine) or poly(D/L-ornithine) 
initiators with degrees of polymerization between 20 and 200 
were used. The number of amino acid residues per graft was 
determined by chromatographic analysis of the hydrolyzed 
product or by end-group titrations. Depending on the length 
of the poly(L-lysine) or poly(D/L-ornithine) initiator, the num
ber of amino acids per graft varied from 3 to 25. In a 
subsequent paper, Sela et al.62 used this procedure to prepare 
a family of multichain copolymers with grafts containing 
L-tyrosine, L-glutamic acid, and L-alanine residues. The interest 
in these polymers was due to their potential application as 
synthetic polypeptide antigens. In this case, in addition to 
poly(L-lysine) homopolymer, copolymers of D/L-alanine and 
L-lysine were also used as multifunctional initiators for the 
NCA graft copolymerization. Furthermore, the grafts of the 
multichain copolymers were not only simple homopolypep
tides, but, in most cases, block-type sequences. 

polymerizations, where the success of the polymerization, 
that is, the homogeneity of the reaction product, can vary 
significantly depending on the specific monomers and poly
merization conditions that are used. 

More complex, higher branched polypeptide architectures 
can be obtained when functional groups in the side chains of 
the polypeptide grafts are used to initiate a subsequent NCA 
ROP step. Repetition of this graft-on-graft strategy leads to 
highly branched, so-called dendrigraft, polypeptides.68 This 
is illustrated in Scheme 3, which shows the synthesis of den
drigraft polylysine by a repetitive sequence of ROP and 
deprotection steps using two orthogonally protected L-lysine 
NCA derivatives. Following this strategy, dendrigraft polyly
sines containing up to ∼160 amino acids, corresponding to a 
number-average molecular weight of ∼ 40 kDa, could be pre
pared in just four ring-opening copolymerization– 
deprotection cycles.68 

Another approach to prepare polylysine dendrigrafts was 
reported by Tsogas et al.69 Here, TFA-Lys NCA was oligomer
ized in aqueous buffer, followed by removal of the TFA groups 

Since in the examples discussed above, the polymerizations 
were carried out in the presence of water, the formation of linear 
polypeptide by-products was inevitable. To overcome this pro
blem, attempts have been made to synthesize multichain 
polypeptides in anhydrous, polar aprotic solvents such as DMF 
and dimethyl sulfoxide (DMSO). Sakamoto and co-workers63–65 

prepared different multichain polypeptides using random copo
lymers of L-lysine and γ-methyl-L-glutamate as initiators for the 
graft copolymerization of Z-Lys NCA, Bn-Glu NCA, and Bn-Asp 
NCA. These random copolymers had degrees of polymerizations 
ranging from 82 to 118 and contained 12–36 lysine residues. The 
NCA graft copolymerizations were carried out in DMF containing 
3 or 9% (v/v) DMSO. However, under these conditions, linear 
homopolypeptide by-products were also generated, which had to 
be removed by reprecipitation in diethyl ether (poly(Z-Lys)), 
methanol (poly(Bn-Glu)), or acetone (poly(Bn-Asp)). The 
number-average degree of polymerization of the polypeptide 
grafts was estimated by osmometric molecular weight determina
tion and amino acid analysis and ranged from 20 to 60 amino 
acids, depending on the initiator and the relative amounts of 
monomer and initiator that were used. 

The findings by Sakamoto are in agreement with earlier 
observations by Yaron and Berger,66 who also identified linear 
homopolypeptide by-products when NCA graft copolymeri
zations were carried out in dry dioxane or DMF. Tewksbury 
and Stahmann,67 in contrast, reported that the synthesis of 
multichain poly(amino acids) using poly(L-lysine) initiator 
and D/L-phenylalanine NCA, L-leucine NCA, or Bn-Glu NCA 
in anhydrous DMSO was not accompanied by the formation 
of linear by-products. These contradictory observations are 
characteristic for primary amine-initiated NCA 
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at pH 11 to give an oligolysine macroinitiator. This process was 
then repeated by adding more TFA-Lys NCA to the macroini
tator to give a second-generation branched polymer. This cycle 
was then repeated to give third-generation dendrigraft polyly
sine (Scheme 4). Simultaneous NCA polymerization and 
side-chain deprotection have also been used to prepare hyper-
branched copolypeptides. Vlasov et al.70 reported the ROP of 
Z-Lys NCA in the presence of H2/activated Pd, which removes 
the side-chain protecting groups during polymerization, allow
ing simultaneous branching and chain growth (Scheme 5). 
Here, the side-chain amine groups that are revealed after hydro
genation serve as polymerization initiation sites. 
Hyperbranched copolypeptides of lysine containing alanine 
and glutamic acid were also prepared using this process. 
Although neither of these processes are controlled polymeriza
tions, branched copolymers with properties substantially 
different from the linear chains could be prepared. 

In addition to the graft-on-graft strategies discussed above, 
highly branched polypeptides can also be prepared by an itera
tive sequence of NCA ROP and end-functionalization reactions 
as illustrated in Scheme 6.71 Each NCA ROP step is followed by 
an end-functionalization reaction with an appropriate Nα ,Nε
diprotected lysine derivative. Deprotection of the lysine amine 
groups doubles the number of end groups that can be used to 
initiate a subsequent NCA ROP step and leads to branching of 
the polymer architecture. The strategy outlined in Scheme 6 has 
been used to prepare highly branched polylysines with 
number-average molecular weights of up to 33 kDa in only a 
small number of reaction steps. Birchall and North72 have used 
a related approach to prepare highly branched block copoly
peptides. In this case, however, relatively hydrophobic 
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Scheme 3  Preparation of  dendrigraft polylysine in a  stepwise process. 
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Scheme 4 Preparation of dendrigraft polylysine using in situ base deprotection. 

Scheme 5 Preparation of dendrigraft polylysine using in situ hydrogenation deprotection. 

water-insoluble amino acids such as alanine, leucine, and phe-
nylalanine were used, which made it necessary to keep the 
polymer chains relatively short (∼ 5 to 10 amino acid repeat 
units) in order to avoid solubility problems. 

4.16.4 Side-Chain Functionalized Polypeptides 

There have been many examples where polypeptides were che-
mically modified to improve their properties for biomedical 

applications. Typically, this strategy involves the hydrophobic 
modification of poly(lysine) or poly(glutamate/aspartate) side 
chains by covalent attachment of lipophilic groups.73 These 
modifications are akin to polymer grafting reactions and thus 
result in random placement of these hydrophobic substituents 
(typically long alkyl chains) along the polypeptide chains. 
These modifications were performed in order to increase the 
polypeptide’s ability to bind hydrophobic drugs, aggregate in 
aqueous solution, and/or penetrate the lipid bilayers of cell 
walls. The random placement of the hydrophobes along the 
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Scheme 6 Preparation of  chain-end branched polylysine in a  stepwise process. 

(c) 2013 Elsevier Inc. All Rights Reserved.



Ring-Opening Polymerization of Amino Acid N-Carboxyanhydrides 441 

chain meant that they cannot act as distinct domains in supra
molecular assembly, as in a block copolymer, thus limiting 
their ability to organize. 

Other types of chemical polypeptide modification include 
the addition of nonionic, polar groups to increase solubility 
and blood circulation lifetime, addition of mesogenic groups, 
addition of linker groups to allow efficient functionalization 
of preformed polypeptides by ‘click’ reactions, and the addi
tion of sugars. Increasing bioavailability and biofunctionality 
are major goals for development of useful synthetic polypep
tide materials. 

(alkyl-L-glutamate) esters with α,ω-amino alcohols (eqn [19]). 
These polypeptides, poly(hydroxypropyl-L-glutamine) and poly 
(hydroxybutyl-L-glutamine), in particular, were found to be non
ionic and soluble in water over a wide pH range.79 The major 
detriments of these materials, however, were that they are recog
nized as foreign and rapidly degraded in vivo, they are difficult to 
prepare without significantly degrading the polypeptide chains, 
and they lack ordered secondary structures in solution.79 The last 
property is important since a main reason for using polypeptide 
scaffolds in biomedical applications is to take advantage of their 
ordered chain conformations to mimic protein structures. 

4.16.4.1 Nonionic Water-Soluble Polypeptides 

The amino acid functionalities that provide water solubility (e.g., 
the amino group of lysine, or the carboxylates of glutamate and 
aspartate) are also detrimental for biomedical applications in 
that their polymers behave as polyelectrolytes. As such, they 
bind strongly to oppositely charged biomolecules (i.e., proteins, 
polynucleic acids, polysaccharides, and lipids) resulting in aggre
gation and either rapid removal from the bloodstream or rapid 
digestion within cells.74 To circumvent this issue, nonionic, water 
solubilizing polypeptide residues have long been sought for 

75,76 biomedical uses. Following the discovery that optically 
pure poly(serine) is not water soluble at chain lengths greater 
than 20 residues,77 there have been many attempts to prepare 
nonionic polypeptides that would have good water solubility. 
The simplest of these approaches is the grafting of PEG chains 
(1000 < Mn < 5000) onto side-chain functionalities, which 
results in highly heterogeneous materials that retain considerable 
charge.78 A more sophisticated solution was the development of 
hydroxyalkylglutamine polymers, prepared by the reaction of poly 
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Deming and, more recently, Klok have taken a different 
approach toward the development of nonionic, water-soluble 
polypeptides. They incorporated the solubilizing and protective 
properties of PEG into polypeptides by conjugation of short 
ethylene glycol (EG) repeats onto amino acid monomers as 
opposed to the well-documented approach of grafting PEG to 
the ends or side chains of polypeptides. This strategy avoided 
both the need for expensive amino- or carboxylato-functionalized 
PEG molecules necessary for coupling, as well as difficulties 
associated with derivatization of polymers. In particular, the pre
sence of short EG repeats on every residue resulted in a high 
density of EG around polymer chains. In effect, the polypeptides 
are surrounded by an EG sheath that mimics the physical proper
ties of PEG,80 which did not destabilize the secondary structure of 
the polypeptide core. The molecular weights of these ‘PEG-mimic’ 
polymers could also be easily adjusted by controlling the degree 
of polymerization of the amino acid. 

EG-functionalized monomers and polymers of lysine were 
first prepared by Deming as shown in Scheme 7.81 Lysine was 
chosen as the amino acid component for the ease of coupling 

Scheme 7 Preparation of poly(EGn-Lys). 
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of the side-chain amine with inexpensive EG-containing car
boxylates and for its propensity to form stable α-helical 
conformations. The formation of EG-L-lysine NCAs allowed 
facile polymerization into high-molecular-weight polymers by 
transition metal catalysis. Both poly(Nε-2-[2-(2-methox
yethoxy)ethoxy]acetyl-L-lysine), poly(EG2-Lys), and poly 
(Nε-2-(2-methoxyethoxy)acetyl-L-lysine) were found to be 
water soluble, although the greater solubility of poly(EG2
Lys), which is completely miscible with water in all propor
tions, led to studies being focused on this polypeptide. 

Circular dichroism (CD) analysis revealed that poly(EG2-Lys) 
is essentially 100% α-helical in pH 7 water at 25 °C.81 This con
formation was unaffected by many environmental factors. The 
helical structure of poly(EG2-Lys) was stable in water over a pH 
range of 2–12. It was also stable in solutions containing up to 3 M 
NaCl, 1 M urea, or 1 M guanidinium-HCl. Poly(EG2-Lys) is solu
ble and helical in many organic solvents as well (e.g., THF, 
methanol (MeOH), and CHCl3). The thermal stability of the 
helical conformation of poly(EG2-Lys) was also very high. It was 
found that poly(EG2-Lys) retains 75% of its helicity at 85 °C in 
water as compared to only 17% helicity for poly(hydroxypropyl-L
glutamine). Poly(EG2-Lys) was not digested by hydrolytic 
enzymes that readily digest poly(L-lysine) (e.g., papain and tryp
sin),74 indicative of the PEG-like properties imparted by the EG 
sheath. Poly(EG2-Lys) is a polymer with surface properties similar 
to unstructured PEG, but also possesses a rodlike backbone due to 
its α-helical character. Similar monomers and polymers were pre
pared by Klok using succinate linkages between the EG segments 
and lysine (eqn [20]).82 In these polymers, the ester linkages to 
the EG segments are potentially degradable in water, and the 
polymers were found to prevent nonspecific protein adsorption 
when used to coat surfaces. 

structures upon solvent evaporation or by controlled addition 
of a solvent that stabilizes the β-conformation. The synthesis of 
the EG-modified serine is shown in Scheme 8, where the EG 
repeats were coupled onto the amino acid using an ether link
age.83 The modified amino acids were then converted to their 
corresponding NCA monomers to allow subsequent polymer
ization. Of these polymers, only poly(O-(2-(2-methoxyethoxy) 
ethyl)-L-serine), poly(EG2-Ser), was found to be soluble in 
water. CD analysis of this polymer in pH 7, deionized water 
revealed that it was in a ‘random coil’ conformation.83 The CD 
spectra of this polymer were also invariant with solution pH 
and buffer strength consistent with this result. Films cast from 
aqueous solutions of this polymer from a variety of buffers all 
gave CD spectra indicative of the β-sheet conformation. 
Wide-angle X-ray scattering data from films of poly(EG2-Ser) 
revealed reflections that were also commensurate with the 
antiparallel β-sheet structure. 

To probe the interaction of water with poly(EG2-Ser), CD 
spectra of this polymer were recorded a function of solvent 
composition. As solution composition was varied from pure 
water to increasing percentages of MeOH or MeCN, a random 
conformation to β-sheet transformation was observed.83 

Aggregation of the polymer with increasing fractions of organic 
solvents, coincident with β-sheet formation, indicated that it was 
the strong interaction of poly(EG2-Ser) with water that destabi
lizes the β-sheet conformation. The solvent-dependent 
conformational properties of poly(EG2-Ser) provide a means 
for convenient processing of this polymer. Concentrated aqu
eous solutions can be cast into polypeptide films of high β-sheet 
content, or can be treated with MeOH to assemble the β-strands. 
These features allow facile processing of β-sheet domains with
out use of strong denaturants or pH adjustments that may 
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Similar EG modifications to the β-sheet preferring amino 
acids L-serine and L-cysteine were also studied by Deming to 
allow facile aqueous processing of their corresponding 
β-forming polymers. The EG side chains should provide good 
water solubility to the polymers, which could then form β-sheet 

disrupt or precipitate other secondary structures present. 
Overall, these EG-modified polypeptides provide ‘PEG-like’ α
helix- and β-sheet-forming segments that can be incorporated 
into block copolypeptides for biomedical and biotechnology 
applications. Such domains provide not only improved 

Scheme 8 Preparation of poly(EGn-Ser). 
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solubility and bioavailability, but allow incorporation of sec
ondary structure to control self-assembly of the polymers. 

4.16.4.2 Mesogen-Functionalized Polypeptides 

The polypeptide materials field has grown tremendously in 
recent years. However, a drawback of polypeptides has been the 
difficulty in using melt processing with these materials, since the 
abundant H-bonds and consequent poor chain flexibility prevent 
melting before decomposition. Although solution-based meth
ods allow processing of these materials for most applications,84 

melt processing, or even capability for thermal annealing, would 
greatly expand the utility of polypeptides. 

Pioneering studies on thermotropic polypeptides were done 
by Watanabe’s group, where poly(glutamates) were derivatized 
either with long alkyl chains85 or by end-on attachment of 
biphenyl mesogens (eqn [21]).86 Polypeptides with short 
alkyl side chains were not thermotropic, yet side chains greater 
than 10 carbons long gave melting transitions from –26 to 
54 °C. These samples formed cholesteric liquid crystalline 
phases above the melting transition, but formed layered struc
tures at low temperatures driven by crystallization of the side 
chains. Furthermore, poly(γ-octadecyl-L-glutamate) was found 
to form a columnar hexagonal phase at temperatures above 
200 °C, where the rodlike helices make up the 
two-dimensional (2D) lattice.85 When biphenyl mesogens 
were attached end-on to poly(glutamate) side chains by six 
carbon alkyl spacers, layered structures were observed in the 
crystalline and liquid crystalline states, followed by transition 
into a cholesteric structure at higher temperatures.86 Similar 
results were found when mesogens were attached end-on to 
poly(lysine) chains.87 In these examples, the liquid crystalline 
mesophases were dominated either by the side-chain group 
(layered structure) or by the rodlike nature of the polypeptide 
backbone (hexagonal phase), but in no case was coexistence of 
both types of ordering observed. 

three-ring aromatic ester molecule,90 which was derivatized 
from a central carboxylic acid group by ester coupling to attach 
linkers of 3, 5, and 10 methylene units to enable attachment to 
L-lysine (Scheme 9). Mesogen-derivatized polypeptides were 
prepared by polymerization of the corresponding NCAs using 
(PMe3)4Co initiator in THF solvent in high yield.91 The poly
peptides were soluble in THF and were found to adopt α-helical 
conformations in solution by CD and Fourier transform infra
red (FTIR) spectroscopy. These polymers displayed an unusual 
thermotropic mesophase where both side-chain mesogens and 
polymer backbones are ordered and coexist in a nematic hex
agonal structure. 

4.16.4.3 Polypeptides Functionalized for ‘Click’ Reactivity 

The Huisgen [3 + 2] cycloaddition between organic azides and 
alkynes and the radical-mediated coupling of thiols and 
alkenes (‘click’ reactions) are both selective and highly efficient 
coupling processes.92 These reactions have had a vast impact in 
polymer chemistry since they allow multiple site modifications 
of polymers in high yields, and typically do not interfere with 
other functional groups. However, use of these reactions for 
modification of polypeptides has only been demonstrated 
recently. 

Engler et al. published the first example of a click coupling 
onto polypeptides obtained from NCA polymerization in 
2009.93 PEG-azides were coupled using copper catalysis to 
alkyne functional homopolypeptides synthesized from 
γ-propargyl-L-glutamate NCA to yield PEG-grafted polypeptide 
brushes (eqn [22]). The alkyne functional polyglutamate pre
cursors were prepared using conventional amine 
polymerization and found to be α-helical and soluble in 
DMF. Coupling of PEG-azides to alkyne groups in DMF at 
ambient temperature was found to proceed at > 95% conver
sion when two equivalents of azide per alkyne were used. Using 
the same NCA monomer, Xiao et al.94 reported coupling of 

Deming developed mesogen-functionalized polypeptides 
in which liquid crystalline ordering exists concurrently with 
backbone ordering. To obtain this coexistence between meso
gen and main-chain ordering, ‘side-on’ mesogen88 

modification of the polypeptides was used to allow facile par
allel orientation of mesogens and the peptide backbones. Since 
it is known that varying the length of flexible spacers connect
ing polymer backbones and mesogens affects the mesophase 
behavior of side-chain liquid crystalline polymers,89 NCA 
monomers with spacers of 3, 5, and 10 methylene units 
between the lysine side chains and the mesogens were pre
pared. The mesogen used for this study was a well-known 
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three different azide-functionalized monosaccharides to this 
polypeptide using copper catalysis in DMSO. The coupling 
chemistry was found to proceed in high yield, and these 
sugar-functionalized polypeptides were found to all be α
helical and soluble in water after removal of protecting groups. 
In a related strategy, Tang and Zhang95 reported the prepara
tion of γ-3-chloropropyl-L-glutamate NCA and its 
corresponding polymer using HMDS-initiated polymerization 
(eqn [23]). This organic soluble, α-helical polypeptide was 
further modified by conversion of chloro to azide groups, 
which were then coupled to alkyne functionalized D-mannose 
using copper catalysis in DMF. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 9 Preparation of side-on mesogen functionalized polylysines. 
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While high degrees of click functionalization were obtained 
using these methods, a potential limitation is the hydrolytic 
instability of the glutamate ester linkages, which may lead to 
possible loss of the ‘clicked’ on functionality by hydrolysis over 
time. To overcome this issue, Huang et al.96 synthesized poly(D/ 
L-propargylglycine) from the NCA of the commercially available 
amino acid to directly incorporate alkyne groups into the poly
peptides (eqn [24]). This NCA was polymerized at 0 °C in DMF 
using amine initiation in the presence of LiBr to give soluble 
low-molecular-weight polymers (Mn <3000  Da).  Higher
molecular-weight homopolymers were poorly soluble, yet sta
tistical copolymers of D/L-propargylglycine NCA with Bn-Glu 
NCA in a 1:2 ratio was found to give higher-molecular-weight 
polymers that were soluble in DMF. Azide-functionalized galac
tose was then coupled to these polypeptides in high yield using 
copper catalysis in DMSO (eqn [24]). 

carbohydrate–protein interactions.102,103 Although well-defined 
block copolypeptides are readily prepared using NCA polymer
ization,4 the synthesis of well-defined glycopolypeptide 
materials has been challenging. Rude first prepared O-linked 
glyco-serine NCAs by an inefficient synthesis in 1966, and per
formed initial studies their polymerization using amine 
initiators.76,104 Polymerization of these monomers was studied 
in more detail by Okada who found they give mainly short, 
oligomeric products where chain growth is likely inhibited by 
steric and H-bonding interactions between the sugar substitu
ents and the NCA rings.105–108 Gibson et al.109 have recently 
reported an improved synthesis of O- and  S-linked glyco-serine 
as well as glyco-threonine NCAs; however, these were not suffi
ciently purified to allow polymerization. 

Aside from direct polymerization of glycosylated NCAs, 
other strategies to prepare glycopolypeptides rely primarily 

Utilizing a different type of click reaction, Sun and 
Schlaad97 have prepared poly(D/L-allyglycine) from the com
mercially available amino acid to directly incorporate alkene 
groups into polypeptides for thiol-ene coupling (eqn [25]). The 
NCA of D/L-allyglycine was polymerized using hexylamine in 
DMF to give soluble low-molecular-weight oligomers 
(Mn < 2000 Da). End-functional PEG-NH2 was also used as a 
macroinitiator to prepare PEG-poly(D/L-allyglycine) block 
copolymers. Radical addition of a variety of thiols, catalyzed 
by 2,2′-azobisisobutyronitrile (AIBN) at elevated temperature 
using two equivalents of thiol per alkene gave polymers with 
degrees of alkene functionalization varying greatly with 
reaction conditions. Using this methodology, ester and mono
saccharide functionality was added to the poly(D/L-allyglycine) 
segments (eqn [25]). Limitations of these last two approaches 
are the use of racemic amino acids, which prohibit formation 
of regular polypeptide conformations, and the low molecular 
weights of the polymers obtained. 
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on the addition of sugars to existing polypeptides. Tian 
et al.110,111 have prepared glyconamidated polypeptides by 
reaction of D-gluconolactone or lactobionolactone with poly 
(L-lysine) to attach ring-opened carbohydrates by amide lin
kages. Also using polypeptide precursors, Xiao et al.,94 Huang 
et al.,96 Tang and Zhang,95 and Sun and Schlaad97 have 
separately reported glycopolypeptide synthesis using either 
copper-catalyzed azide-alkyne or thiol-ene click chemistry 
(eqns [22–25]). While promising, these methods can suffer 
from incomplete sugar functionalization,96,97 presentation of 
sugars in nonnative forms (i.e., ring opened),110,111 or incor
poration of triazole groups94,95 that may limit biological 
uses. The propargylglycine and allylglycine polypeptide pre
cursors are somewhat limiting as they were only prepared in 
racemic form and at low molecular weights. The polygluta
mate derivatives of Xiao and Zhang contain ester groups in 
the linkage, which may result in loss of sugar functionality 
over time in water. 
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4.16.4.4 Sugar-Functionalized Polypeptides 

Glycosylated peptides and proteins are ubiquitous in nature and 
display a wide range of biological functions, including media
tion of recognition events, protection from proteases, and 
lubrication in eyes and joints.98–101 Similarly, synthetic glycopo
lypeptides are also expected to show great potential as 
biomedical materials (e.g., scaffolds for tissue repair and drug 
carriers), as well as serve as valuable tools for probing 

4.16.5 Poly(β-Peptides) 

β-Peptides have received considerable interest in recent years 
due to their ability to resist proteases, mimic α-peptides, and 
potential as biomedical materials.112 For drug delivery appli
cations, polymers of β-amino acids are attractive as analogs of 
the poly(α-peptides) described above. Poly(β-peptides) have 
been prepared by condensation of short peptides,113 
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polymerization of β-amino acid N-carboxyanhydrides (β
NCAs),114 and polymerization of β-lactams.115 However, 
the ring opening of β-lactams has been the only method 
shown to yield high-molecular-weight polymers (eqn 
[26]).115,116 NCA ROP has not been well explored for the 
synthesis of poly(β-peptides), primarily since general meth
ods for efficient synthesis of optically pure β-NCAs from 
amino acids were unavailable until recently. Deming success
fully synthesized optically pure β-NCAs from the cyclization 
of Nβ -t-Boc- or Nβ -t-Cbz-β-amino acids (eqn [27]).117 

Polymerizations of β-NCAs were attempted in THF using 
either a strong base initiator (NaOtBu) or transition metal 
initiators.118 For both types of initiation, the yields of poly
mers bearing small hydrophobic side chains were high. 
However, the molecular weights of these polymers were low 
due to precipitation of the chains during synthesis. NCAs 
bearing larger substituents did not polymerize well, likely 
since the bulky substituents hinder access of the propagating 
chain ends to the monomer anhydride groups, thus slowing 
the polymerizations.118 When polymerization of β-NCAs was 
carried out in DMF solution at elevated temperature, poly
mers were obtained with slightly larger chain lengths. Under 
all conditions studied, polymerizations of β-NCAs gave poly
mers with low molecular weights likely due to precipitation 
of the polymers from the reaction mixtures. This appears to 
be a general phenomenon, since no high-molecular-weight 
poly(β-peptides) have been synthesized by the polymeriza
tion of β-NCAs.118 As with the poly(α-peptides) described 
above, poly(β-peptides) will only realize their potential if 
they can be prepared with well-defined sequences and 
compositions. 

large chain length distributions, these samples are ideally also 
fractionated to give samples of well-defined composition. An 
additional purification issue arises from the amphiphilic nature 
of many of these copolymers, for example, PEG-b-poly(Bn-Glu). 
Such polymers tend to associate in most solvents leading to 
trapped solvents or solutes in the copolymer sample, which 
can complicate analytical studies. In the case of transition 
metal-initiated polymerizations, removal of the metal from the 
sample is also important for most applications. For rigorous 
purification of these amphiphilic copolymers, Deming has 
shown that exhaustive dialysis of the samples against deionized 
water to be very effective at removing small molecule contami
nants. In cases where a polymer segment can bind strongly to 
metals such as Co2+ and Ni2+, the addition of a potent metal 
chelator, such as EDTA, in the early stages of dialysis was found 
to be sufficient to remove all traces of the metal ions.119 

A highly useful feature of copolypeptide materials is their 
functionality. The common naturally occurring amino acids 
contain numerous acidic and basic functional groups that pro
vide interesting pH-responsive character to these materials. 
These functional groups are masked by protecting groups 
before synthesis of the NCA monomers, since they will typi
cally interfere with polypeptide synthesis or NCA stability.5 

Consequently, these protecting groups must be removed after 
polymerization if one is to utilize the functional group chem
istry. The first concern with polypeptide deprotection is 
whether or not all the protecting groups have been removed. 
Small amounts of residual protecting groups can significantly 
influence the resulting polypeptide properties, especially since 
the protecting groups are typically hydrophobic and the depro
tected chain is typically hydrophilic. Fortunately, most of the 
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4.16.6 Polypeptide Deprotection and Purification 

Although quite complex copolypeptide architectures can now be 
synthesized, obtaining these materials in a state of high purity 
typically requires additional measures. As discussed above, 
many of the copolypeptides contain homopolymer impurities, 
which must be removed by selective solvent extractions or frac
tional precipitation when possible. Since conventional NCA 
polymerizations also usually give polypeptide segments with 
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common protecting groups are removed without difficulty, and 
deprotection levels greater than 97% are readily attained. The 
more serious consequence of deprotection is cleavage of the 
peptide chain, or racemization of the optically pure amino acid 
residues. 

Basic polypeptides, such as polylysine or polyarginine, are 
readily deprotected without much difficulty.5,120 Acidic polypep
tides, such as polyglutamic acid or polyaspartic acid, require 
more care in deprotection reactions due to an abundance of 
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potential side reactions. Poly(Bn-Glu), for example, can be 
debenzylated using strong acid, aqueous base, or catalytic hydro
genation. Strong acid (e.g., gaseous HBr or HBr in acetic acid) 
avoids any racemization, but is known to lead to significant chain 
cleavage arising from protonation of side-chain ester groups that 
react with the amide backbone.121 Basic conditions avoid this 
reaction, but can lead to significant racemization unless the 
amount of base is carefully controlled.122 Hydrogenation 
would appear to be the most attractive method, however, it is 
only effective for chains less than 10 kDa in molar mass. Larger 
poly(Bn-Glu) chains adopt a stable helical conformation that 
prevents access of the hydrogenation catalyst to the ester 
groups.122 Ester cleavage using TMS iodide was found to give 
clean conversion to the readily hydrolyzed TMS ester, without 
any racemization or chain cleavage.123 The major drawbacks of 
this reagent are its expense and its reactivity with most other 
functional groups, such as the ether linkages in PEG. The depro
tection of poly(Bn-Asp) shows less side reactions under acidic 
conditions compared to poly(Bn-Glu). However, it has been 
reported that the polymer backbone undergoes partial rearrange
ment to β-peptide linkages under basic conditions, presumably 
through an imide intermediate.124 The degree of racemization in 
these samples was not discussed. 

4.16.7 Conclusions 

The synthesis of polypeptides by ROP is an area that has been 
under study for more than five decades. Initially, this field 
suffered from limitations that necessitated excessive sample 
purification and fractionation to obtain well-defined poly
peptides. In recent years, vast improvements in NCA 
polymerizations now allow the synthesis of a variety of block 
copolymers of controlled dimensions (molecular weight, 
sequence, composition, and molecular weight distribution). 
Many well-defined, side-chain functionalized polypeptides 
have now been prepared, and efficient conjugation methods 
now allow high-fidelity postpolymerization modification to 
polypeptide side chains or chain ends. Such well-defined mate
rials will greatly assist in the identification of new 
self-assembled structures possible using ordered polypeptide 
segments, as well as yield new materials with a wide range of 
tunable properties. 
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4.17.1 Monomers Polymerizable by Breaking 
the Siloxane Bonds 

4.17.1.1 Cyclosiloxanes 

Cyclosiloxanes are the ring structures built of alternating silicon 
and oxygen atoms. They are useful and important monomers 
for the ionic ring-opening polymerization (ROP) leading to 
polysiloxanes. ROP of cyclic siloxanes involves transformation 
of cyclosiloxanes into a linear polymer by cleavage of the Si–O 
bond in the monomer ring and the subsequent regeneration of 
this bond in a polymer chain, according to eqn [1]. 

This process offers a synthetic route to high-molecular-weight 
(MW) polysiloxanes with a better control of the reaction and of 
the product structure than the polycondensation methods. A 
great variety of known cyclic siloxane structures makes this 
method fairly universal. From the point of view of the poly
merization mechanism, the term cyclosiloxane monomer may 
be extended to a wider class of heteroorganic rings. Cyclic 
compounds, such as carbosiloxanes (5), arylenesiloxanes 
(6), oxysilylenes (silaethers) (7), azasiloxanes (8), borasilox
anes (9), and others, may also be considered cyclic siloxane 

monomers, since they undergo polymerization by the same 
mechanism. 

Two cyclic siloxane monomers, octamethylcyclotetrasilox
ane, (Me2SiO)4 (D4), and hexamethylcyclotrisiloxane, 
(Me2SiO)3 (D3) (structures 2 and 1, where R = Me), are techni
cally the most important as the source of poly 
(dimethylsiloxane) (PDMS) and various siloxane copolymers. 
Cyclosiloxanes derived from these monomers by replacement 
of methyls with various organic groups, such as fluoroalkyl, 
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vinyl, and phenyl, are used to produce copolymers having 
more specialized properties. Recently, three-dimensional mul
ticyclic siloxane structures like 3 and 4 have attracted growing 
attention. 

Cyclic organosiloxanes are usually prepared by hydrolytic 
polycondensation of dichlorodimethylsilane (DDS) or a mix
ture of α,ω-dichlorooligosiloxanes, Cl(R SiO) R SiCl.1 

2 n−1 2 This 
is the synthetic process used in industrial scale (eqn [2]).2,3 

Alternative routes of nonhydrolytic conversion of chlorosilanes 
into siloxanes are also known. The most common one uses 
dimethyl sulfoxide (DMSO) as the oxygen source.4–6 Another 
useful method of the siloxane bond formation is the reaction of 
dichlorodiorganylsilanes with some metal oxides, such as ZnO 
(eqn [3]).7 The reaction is particularly useful for the synthesis 
of cyclotrisiloxanes, which are rather difficult to prepare in any 
other way. By this method they can be obtained with the yield 
30–60%.8,9 The mechanism of this transformation was recently 
studied by theoretical methods indicating that the reaction 
involves insertion of –Zn–O– into the Si–Cl bond. An alter
native pathway involving transient silanone was shown to be 
much less thermodynamically feasible.10 

nR2SiCl2 þ nZnO→ðR2SiOÞn þ nZnCl2 ½3�
Cyclotrisiloxanes can also be obtained with good yields by the 
reaction with NaHCO3 in ethyl acetate (eqn [4]).11,12 The 
reaction was recently repeated for a series of dichlorosilanes. 
The content of cyclotrisiloxanes in the resulting mixtures of 
cyclosiloxanes was 30–67%, depending on the organic substi
tuents at silicon and on the solvent used.13 

nR2SiCl2 þ 2nNaHCO3→ðR2SiOÞn þ 2nNaCl þ 2CO2 ½4�

4.17.1.1.1 Ring-opening polymerization of cyclosiloxanes 
As a consequence of the strength and polarity of the siloxane 
bond, its heterolytic cleavage proceeds much more easily than 
the homolytic process. ROP of cyclosiloxanes can be effected by 
both basic and acid catalysts. Thus, the reaction may proceed by 
an anionic or cationic mechanism, depending on the initiator 
and on the structure of the active propagation center. The 
essential features of these processes have been comprehensively 
reviewed in a number of books and reviews.1,2,14–24 Recent 
developments in the field have been summarized by 
Ganachaud and Boileau.25 This section is partially based on 
the previously published chapter.24 

There are two general methods of ROP of cyclosiloxanes. 
One of them is equilibrium polymerization; however, its 
applicability is limited to those systems where the polymer 
yield in equilibrium is relatively high (see section 4.17.1.1.1(i)). 
The alternative route is nonequilibrium polymerization, 
quenched before the equilibrium is attained, when the yield of 
polymer reaches maximum.16,17,26–28 

4.17.1.1.1(i) Equilibrium polymerization of cyclosiloxanes 
Equilibrium polymerization of cyclic siloxanes (also called 
equilibration or thermodynamically controlled polymeriza
tion), is carried out to the equilibrium state of the process.20 

This state is, by definition, independent of the starting siloxane 
substrates and of the initiator used (either anionic or cationic). 
The polymer yield and its characteristics are not related to the 
polymerization kinetics. Instead, the knowledge of the thermo
dynamics of the process is essential. The final state of the 
reaction involves complex equilibria between the polymeric 
species of two homologous series, cyclic and linear polysilox
anes. The equilibrium state may be described by general 
eqn [5]. 

Since the starting material is usually a mixture of unstrained 
cyclic siloxanes and the resulting products are also unstrained 
polysiloxane chains, the net enthalpy effect is close to zero. The 
driving force for equilibration in this case is the change in 
entropy of the system. The equilibrium position results from 
the balance between two opposite tendencies: the formation of 
small molecules, which is favored because the greater number of 
molecules corresponds to the increase in entropy of the system, 
and the formation of polymer chains which shows higher con
formational entropy than small molecules. Obviously, the 
polymer yield depends on initial concentration of siloxane 
units, as dilution promotes cyclization. To any type of polysilox
ane, a critical concentration threshold is related below which 
only cyclics exist in equilibrium. The entropy gain upon poly
merization decreases with the increase in size and polarity of the 
organic substituents at silicon. Consequently, the yield of poly
mer at equilibrium becomes smaller upon this change. For 
example, the equilibrium amount of polymer in bulk dimethyl-
siloxanes is ∼82 wt.%, in methylsiloxanes ∼88 wt.%, while in 
methyl(3,3,3-trifluoropropyl)siloxanes only 17 wt.%.29 

4.17.1.1.1(i)(a) Ring-chain equilibria There is a direct 
relationship between equilibrium ring concentrations in equi
librates and the statistical conformations of the corresponding 
open-chain molecules.30–32 The cyclization equilibrium con
stant of an individual cyclic is given by eqn [6]. 

½−ðR2SiOÞ − −
K m �½ðR SiO  
n  

Þ �¼ n 2 n ½6
− R2SiO −m

� ½ ð Þ �
With a most probable distribution of chain species in the linear 
polymer, the relationship derived by Flory can be applied 
(eqn [7]).33 

½ðR SiO
K ¼ 2 n e
n 7  

pn 

Þ � ½ �

The factor p can be obtained experimentally from the 
number-average molar mass of the polymer.33 When molar 
masses are large enough, p approaches unity, so for many 
practical purposes, Kn values for cyclic molecules may be 
assumed equal to their concentrations (eqn [8]). 

Kn≅½ðR2SiOÞn�e ½8�
Assuming that conformations of polymer chains obey the 
Gaussian statistics, the Jacobson and Stockmayer cyclization 
theory34 predicts that the cyclization equilibrium constants 
decrease proportionally to the power 2.5 of the ring size (or 
chain length) giving the following expression for the 
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Figure 1 Cyclization constants Kn (mol dm−3) for cyclosiloxanes 
(Me2SiO)n in a ring-chain equilibrate in toluene (black line); compared to 
theoretical values calculated according to eqn [9] (blue line).32 Adapted 
from Flory, P.; Semlyen, J. A. J. Am. Chem. Soc. 1966, 88, 3209, with kind 
permission of Springer Science and Business Media and ACS, 
respectively. 

cyclization equilibrium constant Kn of an n-membered ring in 
the ring-chain equilibrate (eqn [9]). 

Kn∝n−5=2	 ½9� 
A rigorous comparison of theory with experiment in the 
dimethylsiloxane series was carried out by Semlyen and 
Wright.35 They found Kn to be independent of dilution for 
cyclic species Dn where n lies in the range 11–40. For cyclic 
species where n =4–10, Kn does increase with dilution. There is 
a critical dilution beyond which only cyclics are present in 
equilibrate. Figure 1 presents the dependence of experimental 
cyclization equilibrium constants for cyclosiloxanes Dn com
pared with theoretical values calculated using the Jacobson and 
Stockmayer cyclization theory (eqn [9]). The deviation from 
theory in the range n =3–18 reflects the fact that the probabil
ities of end-to-end closure of short chains, perturbed by 
excluded volume effects, do not obey the Gaussian statistics.32 

The equilibration reaction is catalyzed by strong acids and 
bases. The choice of catalyst depends on the chemical sensitiv
ity of the substituents at silicon. Thus, for example, 
vinylsiloxanes are usually equilibrated using basic catalysts, 
while hydrosiloxanes require acid catalysts to preserve the SiH 
groups. The reaction is usually carried out at elevated tempera
tures. The chain transfer agent (functional disiloxane or a 
mixture of α,ω-difunctional oligosiloxanes) is often applied to 
regulate the MW and to introduce the functional groups into 

the chain ends (eqn [10]) where X may be H, Me, vinyl, OR, Cl, 
and so on. 

mðR2SiOÞn 
þ pXMe2SiOSiMe2X ⇌ pXMe2SiOðR2SiOÞn⋅m SiMe2X ½10� 

p 

The average MW of the resulting polymer is defined by 
eqn [11], where [R2SiO]e is the equilibrium concentration of 
R2SiO units in linear chains, M is the MW of R2SiO unit, and 
[M x

2 ] is the concentration of terminating agent.37 Since equili
bration is a random process, the polymer usually has the 
normal Flory MW distribution of 2.38,39 The association phe
nomena may result in broader distribution.40 

R2SiO n e  M
Mn 

½ð Þ � �¼	  11� ½MX
2 

½� 

4.17.1.1.1(i)(b) Practical considerations The equilibrium 
polymerization of cyclosiloxanes is often used for the synthesis 
of polysiloxanes both in industry and in research laboratories 
as it has many advantages which are summarized briefly below: 

1. This method itself does not impose any restriction on the 

initiator. Both anionic and cationic initiators may be used. 
Thus, it is possible to find an initiator, which is tolerated by 

the functional groups in the polymer. Such an initiator 
makes it possible to reach the equilibrium state in a suffi
ciently short time under mild conditions; it may be easily 

removed from the polymer. 
2. There	 are no rigorous requirements for the moment of 

quenching the reaction. 
3. There are no restrictions concerning the size of the mono

mer ring. Identical results are obtained using various 
monomers of the same homologous series. A mixture of 
cyclics or a mixture of cyclic and linear polysiloxanes may 

be used as well. 
4. Molecular	 weight may be controlled by using chain 

blockers such as disiloxanes or short-chain oligosiloxanes. 
The initial concentration of the initiator, which is also a 

source of the end groups, must be much lower than that of 
the blocker. Using functionalized blocking agents results in 

functionalization of both chain ends. If the blocker is an 

organic polymer containing the SiOSi grouping, an organic– 

siloxane–organic triblock copolymer may be obtained. 
5. The equilibrium ROP of cyclosiloxanes is a convenient route 

to siloxane copolymers of random composition. It is possi
ble to introduce functional groups pendant to polysiloxane 

chain, which are randomly distributed along the polymer 
chain. 

The equilibrium ROP of cyclosiloxanes has also some limita
tions.28 The main restraint concerns the formation of cyclic 
oligomers. Since the polymer yield in equilibrium depends 
dramatically on the size and polarity of substituents at silicon, 
the process is usually applied to the synthesis of dimethylsilox
ane and methylsiloxane polymers and (their) copolymers. The 
equilibrium ROP is carried out in bulk as the dilution of the 
system favors formation of cyclics. The reaction cannot be used 
for the synthesis of polysiloxanes with a narrow MW 
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distribution and precisely functionalized at the a single end of 
the polymer chain. It is not suitable for the synthesis of copo
lymers with specific distribution of siloxane units, such as 
alternating or gradient copolymers.22 

4.17.1.1.1(ii) Nonequilibrium (kinetically controlled) ROP 
of cyclosiloxanes 
The ROP of strained cyclotrisiloxanes and their unstrained 
homologs, for example, cyclotetrasiloxanes, both lead to the 
same equilibrium state, however, by different routes. 
Polymerization of unstrained cyclosiloxanes leads to simulta
neous formation of the polymer and of cyclic oligomers. The 
polymer concentration increases monotonically achieving 
finally its equilibrium value. In contrast, strained cyclotrisilox
anes in the first, rapid step of the process are transformed 
mainly into linear polymers, which are randomized and par
tially decomposed to cyclics in the second, slower step. The 
system attains the equilibrium state according to general 
Scheme 1. 

Separation of the two stages of polymerization is possible 
because the propagation of strained monomers is much faster 
than the backbiting and chain transfer. In contrast to the 
entropy-driven polymerizations of unstrained cyclosiloxanes, 
the driving force for the polymerization of cyclotrisiloxanes is 
the enthalpy of the ring-strain release. If the polymerization is 
quenched at a proper moment, a high yield of polymer may be 
obtained even in the case when the equilibrium concentration 
of linear polysiloxane is very low. 

There are some inconsistencies in thermodynamic estima
tion of the ring strain in cyclotrisiloxanes reported by various 
authors. For example, the ring strain in D3 was measured 
by different authors to be 13–17 and 23 kJ mol−1,14 

50–63 kJ mol−1,37 and as high as 80 kJ mol−1.41 According to 
ab initio calculations, the ring strain in (H2SiO)3 is 19 kJ mol−1, 
which suggests that the lower values of those reported for D3 

are more likely.42 Slightly higher enthalpy values, 22 
and 25 kJ mol−1, were measured for the ring strain in 
[Me(CF3CH2CH2)SiO]3 and (MePhSiO)3, respectively.

14 The 
apparent activation energies of anionic polymerization of 
cyclotrisiloxanes are by about 13–17 kJ mol−1 lower than 
those for basically unstrained cyclotetrasiloxanes, which 
would suggest almost full strain release in the transition 
state.14 These data also agree with the results of quantum 
chemical calculations of strain energy for (H2SiO)3.

42 

The kinetically controlled ROP of cyclotrisiloxanes is more 
difficult to perform than the equilibrium process. It requires 
more expensive monomers, selected initiators, and more rigor
ous conditions in terms of purity of the system. On the other 
hand, it allows polymers of controlled structures to be obtained 

and is the method of choice for those polymers that cannot be 
obtained with a reasonable yield by the equilibrium polymer
ization due to the low equilibrium concentration of linear 
fraction. 

4.17.1.1.1(iii) Anionic ring-opening polymerization of cyclosiloxanes 

4.17.1.1.1(iii)(a) General mechanism The anionic 
ring-opening polymerization (AROP) of cyclic siloxanes is 
initiated by strong inorganic, organic, or organometallic 
bases.16,17,19,20,27,37 The initiation involves the formation of a 
silanolate anion (eqn [12]), which is the active propagation 
center, capable of breaking the siloxane bond in a cyclic mono
mer. Then the monomer is added to the growing chain and the 
active center is restored (eqn [13]). Cat+ is usually an alkali 
metal, tertiary ammonium, or phosphonium cation. 

Reversibility of the propagation step is a consequence of the 
reaction of the active propagation centers with siloxane bonds 
in the chain (backbiting). The backbiting process generates a 
series of monomer homologues of various ring size. The sila
nolate center may attack another chain as well, leading to the 
chain transfer (eqn [14]), which results in chain scission and 
randomization. In the absence of any acid contaminants, the 
reaction proceeds without termination. Thus, the polymeriza
tion must be quenched to deactivate the silanolate centers. 

Initiators may be mono- or bifunctional. A mixture of bifunc
tional oligo(dimethylsiloxane)diolates can easily be prepared 
according to eqn [15], removing water from the reaction sys
tem.43 For n > 2, the oligo(dimethylsiloxane)diolates are 
soluble in PDMS and in typical solvents, in contrast to alkali 
metal hydroxides, which were used as initiators in earlier 
works.20 

Scheme 1 Ring-opening polymerization of strained cyclic siloxane monomers. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.17.1.1.1(iii)(b) Kinetics of polymerization The rate of 
polymerization depends on the initiator, monomer, and sol
vent. Although the reactive center has the anionic structure, the 
role of the cation is very important.1,15,20 In most systems, free 
silanolate ion does not appear in a kinetically significant con
centration and the ion pairs are true active propagating 
species.20 In the reaction medium they exist in equilibrium 
with higher aggregates.1,15,20,44,45 Since these complexes are 
much less reactive (or even inactive) in propagation, the associa-
tion strongly reduces the polymerization rate and affects the 
kinetic law, leading to the fractional order in silanolate (eqn [16]). 
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For typical polymerization systems, ∼Me2SiOK in bulk PDMS 
and ∼Me2SiOLi in THF, the multiplicity of the complex n is15 2 
and 3 (or 4 if [SiOLi] > 10−2 mol dm−3).45 The aggregation is 
almost unaffected by temperature, which indicates that it is 
mostly controlled by entropy factors.45 Silanolates with bulky 
cations, where the charge is delocalized, show little tendency to 
aggregation. Thus, for example, the polymerization of D3 

initiated by trimethylammonium silanolate shows the 
first-order kinetics in silanolate.46 

The rate of polymerization of cyclosiloxanes in bulk 
strongly increases in the series of silanolates 
SiOLi < SiONa < SiOK < SiORb < SiOCs ≈ SiO−N+Me4 ≈ SiO−P+Bu4 

< SiO−P+(NHtBu)[NP(NMe2)3]3 due to the loosening of the 
anion–cation interaction with the increase in cation size, 
which shifts the equilibrium toward more reactive nonaggre
gated ion pairs.14,15,45,47 

Phosphazene superbases (structures 10 and 11) have 
recently been explored as extremely effective initiators of the 
ROP of cyclosiloxanes.48–54 Neutral phosphazene bases 
(10, 11) require a proton donor, such as methanol, to form the 
true initiator, phosphazenium alkoxide (eqns [17] and [18]). 
Bulky phosphazenium cations are able to very effectively stabilize 
a positive charge by the resonance effect.48 The existence of the 
bare silanolate anion in such systems is very probable. They are 
also well soluble in the polymerization system. 

Another class of initiators are amino-substituted oligopho
sphazenium hydroxides, which do not require any 
coactivation. Kinetics of the polymerization of D4 and D3 

initiated by a model hexapyrrolidinodiphosphazenium 

      

hydroxide 12 was systematically studied.53 As expected from 
low degrees of association of active centers, first-order kinetics 
with respect to the initiator is observed. More interestingly, the 
formation of larger cyclics via backbiting process is retarded, 
which is rationalized by the lack of multicenter interactions of 
the siloxane chain with the bulky cation. Such types of interac
tions are known to promote formation of cyclics when alkali 
metal counterions are used.20 

N N 

N P N P N 

N N 

+ 

OH– 

12 

Silazane lithium salts (RMe2Si)2NLi, R = Me, vinyl, Ph, in 
the presence of promoters such as DMSO were shown to initi
ate nonequilibrium ROP of D4 at elevated temperatures. The 
polymerization leads to high yields (> 90%) of polysiloxane, 
while MW distributions of the obtained polymers are relatively 
narrow, Mw/M –n = 1.25 1.33, and broaden gradually with 
time.55 These data suggest that the propagation in this system 
is faster than the redistribution reactions, which lead to equili
bration. The ROP of D3 using organodilithium compound as 
the initiator leads to narrowly dispersed polysiloxane, which 
may be functionalized at both chain ends.56 

Looking for the catalytic systems, which may be easily 
deactivated and removed from the polymer, other nonionic 
base/alcohol-initiating systems have been examined. 
Phosphorus ylides, R3P =  CMe2 (eqn [19]), show the activity 
similar to phosphazene bases in polymerization of D4. They  
are thermolabile and easy to remove from the polymer.57 

Promising initiators are also stable (N-hetaryl)carbenes 
(eqn [20])58,59 and guanidine derivatives.58 The MWs of the 
silicone polymers in case of carbenes can be regulated simply 
by varying the quantity of the alcohol co-initiator. 

Uncharged nucleophiles, such as hexamethylphosphoro
triamide (HMPT), DMSO, and dimethylformamide (DMF), 
strongly interacting with metal cations, largely release the 
anion–cation interaction in the ion pair and, consequently, 
enhance the polymerization rate.14,44,45,60 These additives are 
referred to as the polymerization promoters or activators. The 
supramolecular complexes of silanolates with crown ethers61,62 
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and cryptands63,64 also show very high reactivity in polymer
ization of cyclic siloxanes. 

The rate of polymerization depends on the ring size of the 
monomer and on the substituents at silicon. Cyclotrisiloxanes 
are particularly reactive, due to their ring strain. A significant 
increase in the reactivity toward the alkali metal silanolate 
centers was observed in the series of unstrained cyclodimethyl
siloxanes D4 <D5 <D6 <D7 <D8, when the reaction was 
performed in bulk or in a nonpolar acid–base inert solvent.61,65 

D7 and larger cycles were opened faster than D4 by the factor of 
200 and twice as fast as the strained D3. Similar reactivity 
enhancement was observed for the backbiting process. An ana
logous behavior was noted for the cleavage of linear siloxane 
series Me3Si(OSiMe2)nOSiMe3 by the oligosiloxanolates.61 The 
reaction rate increased by more than 3 orders of magnitude, 
going from n = 1 to 10. That behavior was explained by the 
multidentate interaction of the siloxane chain with metal 
cation, lowering the energy barrier of reaction (eqn [21]).20 
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This mechanism does not operate when the interactions of the 
siloxane chain with the counterion are suppressed, as in the 
presence of a nucleophilic additive, basic solvent, or promoter 
strongly interacting with cation, or when a large, stabilized 
cation is used.61 The elimination of the mechanism involving 
the cation–siloxane interaction largely suppresses backbiting 
and chain transfer during polymerization of D3, which allows 
for a better control of the polymerization process.26 The multi-
dentate interaction does not affect the rate of polymerization of 
D3, since rigid, almost flat six-membered ring is unable to 
interact in a multidentate way with a cation. This has recently 
been confirmed by ab initio calculations.66,67 Recent results on 
the multidentate crown-like interactions of cyclosiloxanes with 
metal cations have been reviewed.68 

The rate of the AROP of cyclosiloxane depends also on the 
organic substituents at silicon. In general, electron-withdrawing 
substituents at silicon increase the reactivity of monomers by 
enhancing the electrophilicity of silicon atoms. On the other 
hand, the reduced electron density on silicon lowers the 
nucleophilicity of the silanolate ion making weaker its 
interactions with the counterion.44 Therefore, the net effect of 
polar substituents may be difficult to predict. The relative 
reactivity of cyclosiloxanes in copolymerization was observed 
to rise strongly with the increasing electronegativity of 
substituents. For example, in copolymerization of octaphenyl
cyclotetrasiloxane with octamethylcyclotetrasiloxane, the 
former monomer is almost fully converted before the latter 
begins to polymerize.65 

The AROP of cyclosiloxanes may be accelerated by nucleo
philic functional groups in the polymer, such as –(CH2)2CN

69 

or –(CH2)3P(O)Ph2,
70 which can directly interact with the 

counterion resulting in activation of an anion, analogously to 
promoters. 

4.17.1.1.1(iii)(c) Effect of water, alcohol, and 

silanols Anionic ROP systems often contain small amounts 
of protic impurities such as water or alcohols. These contami
nants do not suppress polymerization unless they are more 
acidic than silanols themselves, although they may affect the 
reaction rate. They participate in the polymerization process, 
forming reactive end groups and reducing the MW of polymer. 
The presence of water results in formation of silanol groups 
which, undergoing fast interconversion with silanolate anions, 
play a role of the dormant centers in propagation.71,72 Silanol 
groups strongly accelerate the terminal siloxane unit exchange 
(eqn [22]), leading to the broadening of the MW distribu
tion.72 They also undergo homofunctional polycondensation, 
although this reaction under basic conditions is much slower 
than the terminal unit exchange.72,73 

Water participates also in chain transfer, producing polymer 
chains growing in two directions. In polymerization systems 
using monofunctional initiator, the competition of unidirec
tional and bidirectional chain growth leads to the broad or 
bimodal MW distribution of polymer.71 

4.17.1.1.1(iii)(d) Applications of AROP of 
cyclosiloxanes The first patents on the AROP of cyclosilox
anes appeared in the late 40s. Since that time, this reaction has 
become widely used in industrial synthesis of polysiloxanes 
and the interest in development and optimization of this pro
cess is still vivid.74,75 

It may be applied to the synthesis of polysiloxanes with 
various substituents, provided they do not react with initiator 
or with the silanolate center. Thus, monomers having groups 
susceptible to the base substitution or deactivating the active 
centers, such as Si–CH2Cl and Si–(CH2)nCOOH, cannot be 
polymerized in this way. Some polymers bearing groups, 
which had been believed to be unstable under basic conditions, 
were recently obtained by anionic nonequilibrium polymeriza
tion of the corresponding cyclotrisiloxanes, for example, 
poly[(3-chloropropyl)methylsiloxane]12 and poly(methylsi
loxane)s.76–78 

The industrial process of the anionic equilibration of cyclic 
siloxanes is usually carried out in bulk at elevated temperature. 
The choice of initiator is critical. Some contaminations, 
originating from the initiator, particularly those of acid, basic, 
or ionic nature, dramatically reduce thermal stability of poly-
siloxanes. Thermolabile silanolates, such as Me4N

+–OSi≡ or 
Bu4P

+–OSi≡, are convenient initiators, because they can be 
easily removed from polymer by thermal decomposition.79–81 

Silanolate centers must be neutralized to avoid decomposition 
of polymer. Me3SiCl is commonly used for this purpose, as it 
introduces the inert Me3Si groups to the chain ends; however, it 
may not react sufficiently fast with strongly aggregated 
silanolates. 

The nonequilibrium AROP of the reactive strained cyclotri
siloxanes as monomers allows to obtain high MW polymer 
with good yields (> 95%). The polymerization must be 
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quenched before the monomer is totally consumed to mini
mize the role of backbiting and chain randomization.26 In 
contrast to the equilibrium polymerization in this reaction, 
polymer may be obtained even in a dilute system. The kineti
cally controlled ROP is used when the linear polymer is 
thermodynamically disfavored, for example, in the case of 
poly[methyl(3,3,3-trifluoropropyl)siloxane],82 poly[methyl 
(phenyl)siloxane],83 or poly(diphenylsiloxane).84–86 

Elimination of the multidentate interaction of a counterion 
with the siloxane chain is crucial. Otherwise, as mentioned 
before, the equilibration reactions would make the precision 
polymerization impossible. Specific initiator–solvent systems 
used for this purpose may be divided into three groups: (1) 
basic solvent and a hard counterion, which interacts with sol
vent stronger than with siloxane, for example, lithium/THF; (2) 
bulky and soft counterions, for example, Me4N

+, Bu4P
+, and 

phosphazenium cations, which weakly interact with nucleo
philes; (3) basic promoters strongly interacting with 
counterions, such as HMPT, DMSO, DMF, cryptands, and 
crown ethers.20 

The AROP of cyclotrisiloxanes is extensively studied in 
research laboratories,87–90 as this process makes possible 
the controlled synthesis of functionalized polysiloxane 
polymers and copolymers.22 The precise nonequilibrium 
AROP is commonly used for the synthesis of 
end-functionalized polysiloxanes, in particular polysiloxane 

91,92 macromonomers and macroinitiators.93 It provides a 
high control of MW, MW distribution, and functionaliza
tion.26 Usually, the polydispersity Mw/Mn lower than 1.1 
can be achieved.94 Functionalization of chain ends is 
effected by using a functionalized initiator,95 a functiona
lized terminator,96 or both.97 Introduction of functional 
groups to both ends of the polysiloxane chain by the 
initiator method is also possible using the stoichiometric 
amounts of bifunctional terminator, such as Me2SiCl2.

98 

Polysiloxanes functionalized in the end groups are widely 
used in polymer engineering for the synthesis of block 
copolymers,64,99 graft copolymers,91,100 regular star poly

45,95,101 mers, regular polymer networks,96 and 
interpenetrating networks.23,98,102 Quenching polymeriza
tion with the stoichiometric amount of a multifunctional 
terminator, such as MeSiCl3 or (Cl2MeSiCH2)2, gives  a  star  
polymer.45,95,101,103 

4.17.1.1.1(iii)(e) Stereoselectivity and regioselectivity in 

nonequilibrium anionic polymerization The unsymmetri
cally substituted polysiloxanes exhibit stereoisomerism. 
Subsequent cross-linking of polymers with enhanced stereo
regularity gives siloxane elastomers, which may have 
properties superior to their atactic analogs.104 The synthesis 
of stereoregular polysiloxanes was reviewed by Saam.105 The 
cyclic trisiloxanes with two different substituents at each 
silicon atom (RR′SiO)3 exist as two isomers, cis and trans 
(13 and 14). 

The regioselective course of the polymerization of cyclosi
loxanes containing different siloxane units would lead to 
alternating copolymers. The preparation of such copolymers 
by nonequilibrium polymerization of some cyclotrisiloxanes 
with mixed units was reported.83,106 A detailed sequence ana
lysis of copolymers obtained by anionic polymerization of 
3,3,5,5-tetramethyl-1,1-diphenylcyclotrisiloxane has shown 
that the monomer ring was opened at both nonequivalent 
siloxane linkages, –Me2SiOSiMe2– and –Me2SiOSiPh2–.

107 

The proportion of both openings strongly depends on the 
counterion. On the other hand, polymerization of penta
methylvinylcyclotrisiloxane at –30 °C gave almost regular 
polymer with 90% of opening at vinyl-substituted silicon 
atom.108 Regular polymers were also obtained by AROP of 
some hydridocyclotrisiloxanes.76 

4.17.1.1.1(iv) Cationic ring-opening polymerization 
of cyclosiloxanes 
Cyclic siloxanes can also be transformed into linear polymers 
by both Bronsted and Lewis acid catalysts.16,17,19,20,22,27,28 The 
cationic ring-opening polymerization (CROP) of cyclosilox
anes is a convenient route to linear polysiloxanes, as it may 
be performed with a suitable rate at room temperature and the 
catalyst may be easily removed from the polymer. This is the 
method of choice for the synthesis of siloxane polymers and 
copolymers with substituents, which are unstable in the pre
sence of strong bases, such as SiH, SiCl, SiCH2Cl, 
Si(CH2)nCOOH. The main disadvantage of the cationic process 
is the simultaneous formation of significant amounts of cyclic 
oligomers along with the polymer. This general feature 
seriously limits the application of the process for the kinetically 
controlled synthesis of polysiloxanes. 

Strong protic acids, such as H2SO4,
109 sulfonic acids 

RSO3H,109–112 and HClO4,
113 are effective initiators of the 

cationic polymerization of cyclosiloxanes. Solid acids, such as 
ion exchange resins, for example, sulfonated polystyrene 
(PS),114 acid minerals and acid-activated clays115–118 are used, 
since they can be easily removed from polymer by filtration. 

There is a continuous search for new superacid catalysts. 
The kinetics of ROP of D3 and D4 initiated by protic borate 
complex (tetrakis(pentafluorophenyl)boric acid hydrate), HB 
(C6F5)4·3H2O, revealed that the reaction is first-order in 
monomer and first-order in initiator.119 The formation of cyclic 
oligomers typical for CROP of cyclosiloxanes initiated by protic 
acids was observed. 

Lewis acids, such as FeCl3
120 and SnCl4,

121,122 initiate poly
merization in cooperation with protic acids, resulting from the 
reaction of those species with traces of water or other acid 
contaminations present in the system. Indeed, some Lewis 
acid–protic acid combinations are very effective as initiators.120 

The question whether Lewis acids alone are capable of initiat
ing ROP of siloxanes is still open. Studies of the polymerization 
of D3 in the presence of sterically hindered substituted pyridine 
used as a proton trap proved that some nonprotic species, such 
as RC(O)Cl–SbCl5 complex,123 ethylboron sesquitriflate 
(Et3B2(OTf)3),

124 and certain metal triflates,125 can initiate 
polymerization of this monomer. Trimethylsilyl triflate was 
considered to be inactive without addition of free trifluoro
methanesulfonic (triflic) acid CF3SO3H (TfOH).126 However, 
Jallouli and Saam127 reported that, after a long induction per
iod, TMSOTf initiated the polymerization of some 
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cyclotrisiloxanes, such as D3, even in the presence of 2,6
di-tert-butylpyridine used as the acid scavenger. Silyloxonium 
ions are effective catalysts of the polymerization of cyclosilox
anes.128 Various onium salts, such as oxonium, sulfonium, 
iodonium, acylium, and others, having nonnucleophilic com
plexed counterions were also reported to initiate the cationic 
polymerization of siloxanes and other heterocyclic mono

129–131mers. Recently, phosphonitrile halides117,132 and bis 
(trifluoromethanesulfonyl)imide, (CF3SO2)2NH,133 have 
been proved to be very efficient catalysts of the CROP of 
cyclosiloxanes, even more active than commonly used trifluor
omethanesulfonic (triflic) acid. 

4.17.1.1.1(iv)(a) Mechanism of the polymerization 

initiated by protic acids Protic acids are the most common 
initiators used in the CROP of siloxanes. Their initiating 
power increases with the acid strength. Thus, CF3SO3H and  
HClO4 are particularly effective, whereas CF3CO2H initiates  
only a slow polymerization of D3.

27 The process is very sensi
tive to additives. Some of them, like the basic solvents, reduce 
the reaction rate, whereas others, like weaker acids, accelerate 
the process. Water shows an ambivalent behavior, being able 
to act either as a promoter or as an inhibitor of polymeriza
tion.17,28 Sonification significantly enhances the 
polymerization rate and reduces the polydispersity of the 
polymer.134 

Most of kinetic investigations have been performed on the 
polymerization of D3 and D4, initiated by trifluoromethane
sulfonic acid. The studies on the polymerization of larger rings, 
D5, D6, and D7 are scarce.135 The mechanism of CROP of 
siloxanes has been comprehensively presented in earlier 
reviews.16,20,136,137 Much higher reactivity of cyclotrisiloxanes, 
compared to larger cyclics, is the reason for several important 
kinetic differences between these two classes of monomers. 
Some concurrent reactions, like backbiting and chain scram
bling, which are important in the polymerization of D4, are 
negligible in the polymerization of D3, as long as the monomer 
is present in the reaction medium. Nonetheless, large amounts 
of cyclic oligomers, D3n, are produced under these condi
tions.122 The kinetic distribution of D3n cyclic oligomers is 
proportional to n−3/2 pointing to the end closure mechanism 
of their formation, as it was shown in the fundamental work of 
Chojnowski et al.122 

The mechanism of the cationic polymerization of cyclosi
loxanes is very complex and has been controversial for a long 
time. Some mechanistic details still remain unclear. The most 
important features of the cationic polymerization of cyclosilox
anes are collected below:16,20,138,139 

1. Considerable	 amounts of cyclic oligomers are formed 

simultaneously with polymer. 
2. In the kinetically controlled (nonequilibrium) stage of poly

merization of cyclotrisiloxanes, the cycles being the 

multiples of monomer, (R2SiO)3n, dominate. 
3. The activity of the initiator (protic acid) maintains through

out the entire process (permanent initiation). 
4. Complex	 kinetic dependences and complex influence of 

water indicate the importance of the association phenomena. 
5. The number-average molecular weight of polymer increases 

proportionally with monomer conversion. 

•	 Initiation 
Protic acids cleave the siloxane bond in monomer with 
formation of the corresponding oligosiloxane, H(OSiR2)nA, 
terminated by the hydroxy group at one end and by the 
ester group at the other end. High order of the initiation 
reaction in acid (> 3) was interpreted in terms of higher 
homocomplexes (or hydrates) of acid being the true active 
species (see other example structures 15, 16).139,140 Indeed, 
the charge separation in such complexes is more effectively 
stabilized than in the reaction involving a single molecule 
of acid. This assumption has been supported by quantum 
chemical calculations.141 

Silanol and ester end groups undergo fast exchange and, as a 
result, polymer chains grow in both directions 
(eqn [23]).142,143 

• Cyclization 
The excess of (R2SiO)3n cyclics in the kinetic stage of polymer
ization of cyclotrisiloxanes allows to reject backbiting as the 
main mechanism. The kinetic features of the process point to 
the end-to-end coupling mechanism.122 Extensive formation of 
cyclic products indicates that homo- and/or heterofunctional 
condensations of the end groups are fast on the propagation 
time-scale. Intramolecular condensation might be faster than 
the intermolecular process, as the fraction of end groups bound 
together intramolecularly via hydrogen bonding is likely to be 
high, which increases the local concentration of the end 

144,145groups. Cyclization, intermolecular condensation, as 
well as the silanol–ester group exchange, and the formation 
of acid hydrates lead to establishing the stationary concentra
tions of water and acid, which are able to permanently initiate 
new polymer chains. Thus, the important condition of the 
living polymerization system, that is, fast and quantitative 
initiation causing polymer chains to grow simultaneously, is 
not fulfilled. 

The kinetics of formation of D6 in the polymerization of D3 

is different from that of the other cyclic. Its formation is not 
suppressed by addition of silyl triflate as the co-initiator. 
Therefore, Sigwalt et al. proposed a special kind of ring expan
sion involving the oxonium ion, as the main route of D6 

formation (eqn [24]).146 
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• Propagation 
In analogy to the polymerization of cyclic ethers and acetals, it 
is usually assumed that the active propagation center is a 
tertiary silyloxonium ion, resulting from the attack of mono
mer on the ester chain end. Kinetic data suggest that the ester 
group must be activated by acid, because the basicity of the 
siloxane monomer is too low to be able to attack the inacti
vated ester139 or it requires a very long time to proceed.127 

Alternatively, Toskas et al.126 proposed a mechanism invol
ving propagation on acid-activated ester groups and/or 
silyloxonium ions (eqn [25]). 

The strongly electrophilic tertiary silyloxonium cation reacts 
with every nucleophile present in solution: another molecule 
of monomer, counterion, silanol or water. 
The concept of trisilyloxonium ion received strong support 
from Olah et al.,147 who observed such ions  directly by  
low-temperature 29Si NMR. He also proved that such ions 
can induce polymerization of D3 and D4. Since the time 
when the tertiary silyloxonium ions were detected by 29Si 
NMR in the presence of extremely low-nucleophilic counter-
ion (eqn [29]) and proved to initiate the polymerization of 
cyclic siloxanes, D3, and D 4, their role as the active centers of 
propagation has become commonly accepted.128 

However, kinetic studies led Toskas et al.148 to the conclusion 
that silyloxonium ions may not be the dominating propaga
tion species in the polymerization initiated by protic acids. 
Using Olah’s initiator and the more nucleophilic monomer, 
octamethyltetrasila-1,4-dioxane (2D2) 7, the t ransformation  
of the primary silyloxonium ions formed in the reaction of 
monomer with initiator into silyloxonium ions at the end of 
the polymer chain was observed directly by 29Si NMR (eqns 
[30] and [31]).149 
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Studies of the microstructure of polymers obtained by catio
nic polymerization of tetramethyl
2,2-diphenylcyclotrisiloxane showed that all observed fea
tures of the CROP of cyclosiloxanes may be rationalized 
assuming silyloxonium active centers being in equilibrium 
with dormant ester end groups.150 Due to continuous initia
tion, fast exchange of end groups and extensive chain transfer 
to the terminal trimethylsiloxy unit, cationic polymerization 
of cyclosiloxanes is not suitable for the precise synthesis of 
well-defined polymers and copolymers. 

In a series of works, Gädda et al.151 and Paulasaari et al.152 

compared the regioselectivity of AROP and CROP of various 
functional cyclotrisiloxanes (17a–c). In all cases, the AROP 
appeared to be significantly more regioselective than the catio
nic process. 

(a) R1 =R2 = (CH2)2(CF2)5CF3; (b) R1 = Ph, R2 = m-C6H4CF3; 
(c) R1 = Ph, R2 = m-C6H4(CF3)2. 

• Chain transfer 
Chain transfer in CROP of cyclosiloxanes was extensively stu
died and the following reactivity order was established: 

D3 >MM  >MDM  >MD2M>  D4.
15,153 Thus, the terminal silox

ane bonds are more reactive than the bonds inside the chain 
and can significantly contribute in the chain transfer and 
growth, which has been recently confirmed by the NMR analy
sis of sequencing near the chain ends of methyl(phenyl) 
siloxane copolymer (Scheme 2).150 

4.17.1.1.1(iv)(b) Activated monomer mechanism An 
alternative to the tertiary oxonium ion mechanism of the 
chain formation (Scheme 3) is the activated monomer 
mechanism assuming the addition of protonated monomer 
to the silanol end group and the simple condensation mechan
ism involving the acid-catalyzed silanol–silylester or silanol– 
silanol condensation without intermediacy of the tertiary 
oxonium ion. Statistical chain sequencing analysis in CROP 
of tetramethyl-2,2-diphenylcyclotrisiloxane led to the conclu
sion that the activated monomer mechanism is not very 
probable as it neither explains the observed sequence distribu
tion nor the formation of cyclic products in a consistent 
way.150,154 Nevertheless, its participation in the overall cationic 
process as the side reaction cannot be excluded. 

4.17.1.1.1(iv)(c) Role of water and silanol Water has a 
crucial role in the acid-catalyzed polymerization of cyclosilox
anes. Small amounts of water strongly accelerate the initiation 
and propagation reactions and change the kinetic law of the 
reaction. Large amounts of water show an inhibiting effect on 
ROP.110,111,138,143 An analogous effect is observed when sila
nol is added to the polymerization system.111,155,156 Model 
studies proved the importance of hydrogen bond association 
in acid–base equilibria.27 The inhibition effect of excess of 
water was explained in terms of formation of the strongly 

Scheme 2 Mechanism of chain transfer in cationic ROP of cyclosiloxanes. 
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Scheme 3 Activated monomer mechanism in cationic ROP of cyclosiloxanes. 

bound triflic acid hydrates that are either inactive or insoluble 
in the polymerization system.139,145 

4.17.1.1.1(iv)(d) Application of the CROP of 
cyclosiloxanes In the industry, the cationic initiators are typi
cally used for the equilibration of cyclosiloxanes in the 
presence of a chain stopper, which is used to control the MW 
and to introduce the desired functional groups to the chain 
ends.20 Telechelic polysiloxanes prepared in this way are 
further applied to the synthesis of siloxane–siloxane and silox
ane–organic block copolymers. The cationic process appears to 
be more efficient than the anionic one for the polymerization 
of cyclotrisiloxanes substituted with large alkyl groups.157 

Cationic polymerization is the method of choice when mono
mers contain functional groups that are sensitive to bases.1,20 

However, a serious drawback of the CROP of siloxanes is the 
formation of significant amounts of cyclic oligomers at early 
stage of the reaction and the extensive chain transfer that makes 
controlled synthesis of copolymers impossible. 

4.17.1.1.1(v) New polymerization processes 
Reactions of D3 with 1,1,3,3-tetramethyldisiloxane, HMMH, 
1,1,1,3,3-pentamethyldisiloxane, HMM, dimethyl(phenyl) 
silane, and methyl(phenyl)silane catalyzed by B(C6F5)3 result 
in ring opening of D3 by the SiH reactant, producing 
open-chain oligomers with hydrosilane functionality at one 
or both chain ends.158 Unfortunately, the reaction is not selec
tive. Consecutive and competitive processes lead to a series of 
various oligo homologs (Scheme 4). 

4.17.1.1.2 Other methods of polymerization 
of cyclosiloxanes 
4.17.1.1.2(i) Polymerization in solid state 
Solid-state polymerization of cyclotrisiloxanes may be induced 
by both acid and basic initiators. Thus, D3 polymerizes in the 
presence of gaseous HBr chemisorbed at the surface of the 
monomer crystal, giving polymer of an MW of 1.5 � 105 to 
3 � 105 with up to 80% yield.159 Anionic nonequilibrium 

polymerizations of cyclic siloxanes, initiated by KOH, crushed 
and mixed with the monomer, or by potassium silanolates, were 
reported to give high MW materials with high yields.160,161 Poly 
(diphenylsiloxane) obtained in reaction of the crystalline mono
mer with KOH showed an MW of 4.4 � 104 and a very broad 
polydispersity, Mw/Mn =21.7.

162 Polymers having much higher 
MWs (Mn > 5  � 105) and polydisperities of about 2 were 
obtained when potassium oligomethyl(phenyl)silanolate was 
used as the initiator. Polymerization proceeds inward from the 
surface of the monomer crystals, producing a highly crystalline 
material. The highly ordered crystalline state of hydroxycyclosi
loxanes provides a possibility of solid-state synthesis of 
stereoregular polysiloxanes.163 

4.17.1.1.2(ii) Radiation polymerization 
Radiation-induced polymerization of D3, D4, and D5 was stu
died in both liquid and solid state.164,165 Propagation occurs 
primarily via the cationic mechanism. In contrast to the poly
merization initiated by acids, all the monomers show very 
similar reactivities. This was tentatively explained assuming 
that the mechanism involved the formation of highly reactive 
free silylium ions, which reacted in the same way with various 
monomers. The silylium ions are generated as a result of 
methide cleavage. The reaction proceeds at the surface. The 
polymer chains grow on the interface of the formed polymer 
and the D3 crystal surface. The reaction requires the use of an 
extremely pure and dry monomer. The impurities capable of 
generating negative ions upon irradiation as well as crystal 
defects strongly decrease the reaction rate and MW of the 
polymer. 

4.17.1.1.2(iii) Polymerization in emulsion 
Polymerization of siloxanes in water emulsion attracts still 
growing interest and has recently been reviewed by 
Ganachaud and Boileau.25 Hyde and Wehrly166 were the first 
to demonstrate a possibility of ROP of cyclosiloxanes in water 
emulsion. High MW polymer may be obtained, either in the 
presence of anionic initiator and cationic emulsifier or using 

Scheme 4 Ring opening of D3 by hydrosiloxane catalyzed by B(C6F5)3. 
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the cationic initiator and anionic emulsifier.167 The use of 
emulsifier capable of initiating the polymerization, such as 
dodecylbenzenesulfonic acid (DBSA) or benzyldodecyldi
methylammonium hydroxide, permits an effective 
stabilization of the siloxane emulsion and ensures a high poly
merization rate under mild conditions (25–80 ºC). The 
diameter of the particles obtained by cationic polymerization 
is 0.05–0.5 μm and the MW is higher than 2 � 105. The poly
mer contains about 15% of cyclic oligomers, D4–D10.

168 The 
anionic emulsion ROP of D4 gave the polymer of somewhat 
lower MW, Mn = 50 000, with the particle size of 0.2–2 μm.169 

The proposed mechanisms of the polymerization are com
plex. The yield and characteristics of resulting polymers are 
controlled both by chemical reactivity and by physicochemical 
phenomena, such as diffusion of monomer, phase equilibria, 
and the nature of the interface. Since these factors depend on the 
composition of the reaction mixture, the mechanism may 
change with the extent of the reaction. Polymerization proceeds 
by combination of the addition and condensation mechanism 
involving redistribution reactions.169,170 The first stage of the 
anionic polymerization process occurs at the siloxane–water 
interface or in the siloxane phase close to the surface. Once the 
chains reach a critical degree of polymerization corresponding to 
their loss of surface tension activity, they penetrate into the 
particles where side reactions such as redistribution and conden
sation hardly occur.170 Thus, the rate is strongly dependent on 
the size of the surface, which is the function of the concentration 
of emulsifier. Polycondensation is responsible for a rapid 
increase in MW, observed at high monomer conversions. 

The condensation mechanism of the chain growth seems to 
be still more important in the cationic emulsion ROP of cyclo
siloxanes. Although this process is very efficient for the 
synthesis of linear polymethylhydrogensiloxanes (PMHS) 
from DH

4, these conditions do not seem suitable for the poly
171–173merization of D4. 

An anionic miniemulsion process was also used for poly
merization of cyclosiloxanes with substituents other than 
methyl. Polymerization of 2,4,6-trimethyl-2,4,6-tris(3,3,3-tri
fluoropropyl)cyclotrisiloxane (F3) produced well-defined 
α,ω-dihydroxy-terminated polymer in very high yields and 
with molar masses ranging from 2500 to 3500.174 A kinetic 
study showed that polymerization occurs in two stages. During 
the first stage, which corresponds to the anionic nonequili
brium ROP of F3, the maximum yield is close to 100% and 
the polydispersity remains around 1.3. The second stage 
involves condensation and backbiting reactions. MW of the 
polymer increases up to 30 000–60 000 and polydispersity 
approaches 2.0.174 Polymerization of methyl(phenyl)cyclosi
loxanes, P3 and P4, was also reported. The narrow MW of the 
obtained α,ω-dihydroxypoly(methylphenylsiloxane)s and a 
dramatic reduction of backbiting reactions were observed.175 

Copolymerization of D4 with tetramethyltetravinylcyclotetrasi
loxane (V4) gave a random copolymer with MW up to 50 000. 
On the other hand, polymerization of V4 in the presence of 
linear PDMS led to multiblock copolymers.176 

4.17.1.1.3 Siloxane functional polymers and copolymers 
This section is dedicated to all-siloxane copolymers. 
Siloxane-organic copolymers constitute a separate, very broad 
class of macromolecular structures, and the reader is referred to 
more specialized reviews.22,23,177–180 

The copolymers often have properties that are superior to 
those of homopolymers.17,181 Thus, for example, introduc
tion of methylphenyl- or diphenylsiloxane units to PDMS 
significantly improves thermal stability of the polymer as 
well as the resistance to oxidation and radiation. 
Fluorosilicones containing fluoroalkyl groups are a very 
important class of polysiloxanes. Extremely low surface ten
sions; very good resistance to fuels, oils, and hydrocarbon 
solvents; and good performance at low temperatures down 
to −70 °C make them unrivalled materials for numerous 
applications.182 Therefore, a considerable effort has, in recent 
years, been concentrated on the synthesis of new fluoroorga

ROP.151,183–186 nylsiloxane monomers and polymers by 
Cyanoalkyl groups in the siloxane chain increase the chemical 
and solvent resistance and reduce swelling.187 Due to the 
ability to bind metals, cyanoalkylpolysiloxanes are explored 
as possible carriers for magnetic fluids, catalysts, and electro
lytes.188–190 Diethylsiloxane with methylphenyl- or 
diphenylsiloxane copolymers do not crystallize, which results 
in lowering of glass transition temperature Tg of the copoly
mers down to –137 °C giving them excellent low-temperature 
properties.191 The character of side groups has a distinct 
impact on the conformation and behavior of the polymer in 
solution.192 Hydrophilic groups give the siloxane copolymers 
excellent surfactant properties.193–195 

ROP of functional cyclosiloxanes is a convenient route to 
all-siloxane copolymers.16,17,19,181 This may be realized in 
several ways. Sequential ring-opening copolymerization 
involves polymerization of one cyclosiloxane monomer to 
the desired chain length, then the second monomer is intro
duced, which adds to the growing chains. Diblock and 
triblock copolymers in the case of bifunctional initiator are 
produced provided the process is kinetically controlled. 
Otherwise, a copolymer with random or partly ordered 
sequencing is obtained. The kinetic control of the copolymer
ization process imposes the use of cyclotrisiloxanes as 
monomers. Thus, sequential copolymerization of two or 
more cyclotrisiloxanes is a good method for the precise synth
esis of all-siloxane block copolymers.12,22,196 

Simple ROP of a cyclosiloxane containing different substi
tuents at silicon atoms is a special case, where 
homopolymerization of a single monomer results in the copo
lymer with different siloxane units uniformly distributed along 
the chain.76,77,90,107,150,197,198 Again, the use of cyclotetrasilox
anes results in some degree of randomness of the formed 
copolymers. Using cyclotrisiloxane in which silicon atoms 
have diverse reactivity due to different substitution, it is possi
ble to prepare polymers of highly regular structure.76,77,90,108 

The applicability of anionic and cationic processes for the 
synthesis of siloxane copolymers of regular distribution of 
functional groups has been extensively stu
died.51,52,89,107,150,151 In general, the anionic process leads to 
copolymers of more regular microstructure. 

Simultaneous polymerization of a mixture of cyclosiloxanes 
gives polymers whose microstructure is not easily predictable. 
Typically, the kinetics of ring-opening copolymerization is ana
lyzed in terms of the Mayo–Lewis copolymerization equations 
(Scheme 5).16,181 The aim of such analysis is to determine the 
Mayo–Lewis reactivity ratios rD = kDD/kDX and rX = kXX/kXD, 
which define the composition of a copolymer.199 The task is 
relatively easy when the propagation reactions are irreversible. 
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Scheme 5 Copolymerization equations for cyclotrisiloxanes according 
to terminal model. 

It becomes very difficult when monomer addition is reversible. 
Thus, the applicability of this model is also limited to the copo
lymerization of cyclotrisiloxanes where, in the kinetically 
controlled stage, the polymerization may be assumed irreversible. 

Even in the case of cyclotrisiloxanes, the analysis of the copo
lymerization system according to Scheme 5 is oversimplified. 
The important difficulty in analyzing ionic copolymerization 
systems is the effect of strong intermolecular interactions, includ
ing solvation and association phenomena. As a consequence of 
these processes, the reaction rate constants may change with 
variations in the medium and in the concentrations of participat
ing species. If these changes are large, the reactivity ratios lose 
their physical sense. 

Controlled AROP of cyclotrisiloxanes is particularly important, 
as it allows well-defined silicone structures to be obtained. 
Controlled synthesis of methyl(vinyl)siloxane-dimethylsiloxane 
gradient, block and alternate copolymers by AROP of cyclotrisi
loxanes has been reported.108 If cyclotrisiloxane monomer 
reactivities are different but not too different, simultaneous copo
lymerization of their mixture gives gradient copolysiloxanes, 
whose composition continuously changes along the chain. 
Some copolymerization systems leading to gradient copolymeric 
siloxanes have recently been studied.186,200–202 

Equilibrium copolymerization of unstrained cyclosiloxanes 
leads to random copolymers.203,204 Thus, for example, equili
brium copolymerization of diethylcyclotetrasiloxane with 
cyclotetrasiloxanes having various R1R2SiO units 
(R1 =R2 = methyl or phenyl, or R1 = methyl, and R2 = phenyl) 
gave copolymer of units randomly distributed along the 
chain.205 The regioselectivity of the ROP of unsymmetrically 
substituted cyclotetrasiloxanes such as 2,2,4,4,6,6-hexamethyl
8,8-divinylcyclotetrasiloxane51 and 2,2,4,4,6,6-hexamethyl
8,8-diphenylcyclotetrasiloxane52 was studied using P4-t-Bu 
phosphazene superbase 11 and triflic acid as the initiators. 
For both monomers, the polymer microstructures indicate 
that superbase-initiated AROP leads to copolymers with a ran
dom microstructure, whereas triflic acid-initiated ROP occurs 
in a regioselective manner. The preferred directions of 
ring-opening are shown in Scheme 6, which is explained by 
the inductive electron-withdrawing effect of a phenyl group 
that makes the oxygen between a dimethylsilyl and a diphe
nylsilyl groups less basic than an oxygen between two 
dimethylsilyl groups. This more stable silyloxonium ion can 
open in two ways by nucleophilic attack on the dimethylsilyl 
centers of the oxonium ion by one of the more basic oxygens of 
another monomer molecule. 

The explanation of a lack of regioselectivity in AROP of 
cyclosiloxanes is more complex as the way of addition of a 
monomer to a growing chain depends on the electronic char
acter of different substituents at silicon atoms, on the relative 

Scheme 6 Regioselectivity of cationic ring opening of 2,2,4,4,6,6
hexamethyl-8,8-diphenylcyclotetrasiloxane. 

reactivity of different silanolate centers, and on the interaction 
of a counterion with monomer.107 

4.17.1.1.4 New macromolecular architectures by ROP 
of cyclosiloxanes 

4.17.1.1.4(i) Hyperbranched, star-shaped, and dendritic 
polysiloxanes 
Functionalized polysiloxanes of star, comb, and dendritic 
topologies were described in a series of papers by Chojnowski 
et al.200,206,207 The branched macromolecules were generated 
by coupling of the reactive blocks, made via anionic polymer
ization of vinylcyclotrisiloxanes and their copolymerization 
with D3, using a grafting technique. Gradient copolymers 
were also used to obtain a variable density of branches. First 
and second-generation dendritic polysiloxanes were obtained 
using star polysiloxanes functionalized with SiCl groups, as the 
core.200 The same methodology was used for the synthesis of 3
chloropropyl-functionalized dendrigraft polysiloxanes and 
dendritic polyelectrolytes (Scheme 7).207 The 3-chloropropyl 
groups on the dendrigraft were further used for the quaterniza
tion of dimethyloctylamine, 2-hydroxyethyldimethylamine, 
and triethylamine producing quaternary ammonium salt 
groups. Dendrigrafts having an ionic corona and relatively 
hydrophobic core were synthesized. Preliminary investigations 
of the behavior of these polymers in aqueous media indicated 
their strong tendency toward aggregation and the ability to 
drive solubilization of organic compounds. 

Vinyl- and 3-chloropropyl-functionalized branched polysi
loxanes of various structures obtained by this method were also 
grafted on functionalized silica. Silica modified with vinylsilox
ane groups was used for the immobilization of transition metal 
catalysts.208 3-Chloropropyl groups on the graft polymer were 
used to quaternize N,N-dimethyloctan-1-amine. Silica particles 
with grafted polysiloxane having quaternary ammonium salt 
groups pendant to polymer chains were shown to have strong 
bactericidal properties.209 

The terminal Si–H bonds have been modified by Pt-catalyzed 
hydrosilylation with 1,2-epoxy-4-vinylcyclohexane to yield a 
tetrabranched star PDMSs with terminal epoxy groups 
(Scheme 8).210 

An interesting example of a regioselective cationic 
ring-opening of a cyclotrisiloxane in the presence of a cyclote
trasiloxane has been presented (Scheme 9). The obtained 
linear siloxane copolymers contain randomly distributed 
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Scheme 7 Synthesis of dendritic polysiloxanes using a grafting technique. 

cyclotetrasiloxane pendant groups that may be polymerized at 
a later stage to give cross-linked materials.211 

AROP of cyclotrisiloxanes was employed in the synthesis 
of a series of well-defined A2B2, A2BC, and A2B2C miktoarm  

star polymers, where A is PDMS, B is polystyrene (PS), 
and C is polyisoprene (PI), by linking functionalized 
PDMS with living centers of PS or PI copolymers 
(Scheme 10).212 
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Scheme 8 Synthesis of tetrabranched star polysiloxane. 
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Scheme 9 Synthesis of polysiloxane with cyclosiloxane pendant groups. 

PDMS 

PDMS 

A2B2 star 

Scheme 10 Miktoarm star copolymers of polydimethysiloxane (A) with 
polystyrene or polyisoprene (B). 

The cross-linkable poly[(3-cyanopropyl)methylsiloxane] was 
synthesized by ROP of cyclotetra[(3-cyanopropyl) 
methylsiloxane] using H2SO4–SO3 in the presence of 1,3-di 
(3-cyanopropyl)tetramethyldisiloxane as a chain stopper. The 
polysiloxane was then cross-linked by UV irradiation. The pen
dant cyano groups in the network enhance the solubility of 
lithium salt and accelerate the migration of lithium ions making 
this material a useful solid polymer electrolyte.188,213 

Linear, graft, hyperbranched, and star copolymeric siloxanes 
obtained via anionic ring-opening copolymerization of func
tional cyclotrisiloxanes were used as supports for transition 
metal catalysts.214,215 

4.17.1.1.4(ii) Silsesquioxanes 
Silsesquioxanes represent a wide class of more or less ordered 
three-dimensional structures of the empirical formula RSiO3/2; 

by their O/Si proportion taking the intermediate position 
between siloxanes (O/Si = 1) and silica (O/Si = 2). Example of 
this class (commonly denoted as T8) is shown as structure 4. 

They are usually generated by hydrolytic condensation of 
trialkoxy- or trichlorosilanes. Although the regular structures 
seem to be highly entropically unfavorable, they may be pre
pared with a reasonable yield by quasi-equilibration, taking 
advantage of their low solubility in certain solvent systems. 
However, thermodynamics of this process in acid media must 
be more complex, since large amounts of cage-like products 
were identified in solution before they start to crystallize.216 

There is a lot of literature on their preparation, properties, and 
applications, including a number of comprehensive 
reviews.216–223 Silsesquioxanes are often used as models of silica 
surfaces, silica-supported catalysts, and so on. 
Heterosilsesquioxanes, in which one or more silicon atom is 
replaced by metal (aluminium, titanium, vanadium, etc.) attract 
much attention as the potential catalysts. Functional poly- and 
oligosilsesquioxanes are applied as resin additives and 
cross-linkers improving the properties of coatings. There is also 
a great number of silsesquioxane–organic copolymers of various 
architecture. Silsesquioxanes due to their multifunctionality are 
often used as the core for dendrimer copolymers.216,224 

Examples of the ROP of silsesquioxanes are sparse as they 
lead to irregular highly branched or cross-linked structures. The 
anionic ring-opening copolymerization of D4 and octaphenylcy
clotetrasiloxane, (Ph2SiO)4, with polyhedral oligomeric 
silsesquioxanes (POSS) dodecaphenyl-POSS (PhSiO1.5)12 

(eqn [32])225 and D4 with octaisobutyl-POSS (i-BuSiO1.5)8 

(eqn [33])226 under the base catalysts was explored. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Copolymerization leads to cross-linked polysiloxanes. The DSC 
and TG results indicate that the cross-linked polysiloxanes exhibit 
distinct glass transition temperatures (Tg) and  excellent thermal  
stability. 

4.17.1.2 Cyclooxysilylenes (Cyclosilaethers) 

While siloxanes are silicon analogs of acetals, oxysilylenes are 
analogs of ethers. An example of this class of compounds is 
shown as structure 7. Having a structure of alternating dis
iloxane–oligosilylene copolymers, they may be considered as 
a combination of two most important classes of organosili
con polymers, polysiloxanes and polysilanes. Consequently, 
they are expected to combine some of the corresponding 
chemical and physical properties of these homopolymers. 
Close analogies in the kinetics of the generation of 
siloxane-oligosilylene copolymers and polysiloxanes by 
ROP suggests a close similarity between the mechanisms 

involved in these processes. However, poly(oxysilylene)s 
show some inherent properties that strongly distinguish 
them from both polysiloxanes and polysilanes.227 

The common method for synthesis of these monomers is 
hydrolytic intramolecular condensation of the corresponding 
α,ω-dichloro-oligo(dimethylsilanediyl)s.228–230 

4.17.1.2.1 Ring-opening polymerization of cyclic silaethers 
Cyclic silaethers can be polymerized via cationic and anionic 
routes. However, while the cationic polymerization involves 
exclusively the cleavage and reformation of the siloxane 
bond, the anionic centers may also open the Si–Si bond, 
which leads to the polymer of an irregular structure and finally, 
at equilibrium, a mixture of polysiloxanes and polysilanes is 
obtained.231 

Cationic polymerization of cyclic silaethers is initiated by 
strong protic acids, such as CF3SO3H.232,233 The polymerization 

leads to both linear polymers and cyclic and macrocyclic silaether 
oligomeric homologs. All these mechanistic features of the CROP 
of 2D2 (7) show close similarity to the ROP of D4 and may be best 
understood on the basis of a mechanism involving formation of 
cyclic tertiary oxonium ion propagation centers (see eqns [30] 

and [31]). These ions of various ring size undergo fast intercon
version by a ring expansion-contraction mechanism.227 

Anionic polymerization of cyclic silaethers is a more com
plex process than the CROP of these monomers.231 The ability 
of anionic propagation centers to cleave both the Si–O and 
Si–Si bonds234,235 has two important consequences. First, poly
mer chain microstructure becomes irregular as the oligosilylene 
sequences of different lengths are formed. Second, two types of 
active propagation centers appear in the polymerization sys
tem: silanolates and silyl anions, which exhibit different 
reactivities. The silanolate anion is a hard nucleophilic center, 
while silyl anion is a soft nucleophile capable of initiating the 
olefin polymerization. A silaether monomer could serve as a 
pump changing alkoxide centers into the carbanion centers.235 

Finally, the rearrangement of a polysilaether, in which both 
types of skeletal bonds in the polymer chain take part, Si–O 
and Si–Si, leads to a mixture of PDMS and poly(dimethylsila
nediyl) exclusively (eqn [34]). This indicates that polysilaether 
is thermodynamically unstable, which has been confirmed by 
quantum chemical calculations.236 

4.17.1.2.2 Cyclic carbosiloxanes 
Poly(carbosiloxane)s having carbosilane and silyloxy linkages 
in the backbone are attractive materials since they combine 
useful properties of polysiloxanes and poly(carbosilane)s. 
A convenient route to poly(carbosiloxane)s is an AROP of 
1-oxa-2,5-disilacyclopentanes (see structure 5). 

1-Oxa-2,5-disilacyclopentanes with methyl and phenyl sub
stituents at silicon were prepared by Piccoli et al.237 by 
hydrolytic condensation of 1,4-dichloro-1,4-disilabutanes 
ClSiR1R2CH2CH2R

1R2SiCl, where R1,R2 = Me or Ph, followed by 
base-catalyzed thermal decomposition of the hydrolysates. High 
reactivity of 1-oxa-2,5-disilacyclopentanes (5) has t wo reasons.  
First, the five-membered ring is strained. The ring strain for this 
series of monomers was estimated to range from 33 to 
50 kJ mol−1. Second, 5 is also much more nucleophilic than 
regular siloxanes. High nucleophilicity of 5 results from the unu
sually narrow SiOSi angle and from the lack of negative 
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hyperconjugation [p(O)→σ*(Si-O)]π, which is largely responsi
ble for the reduced basicity and nucleophilicity of siloxanes.236 

Anionic polymerization of 2,2,5,5-tetramethyl-1-oxa-2,5
disilacyclopentane and mixed methyl(phenyl) analogs 
initiated by lithium butyldiphenylsilanolate was studied in 
the presence of THF as the promoter. The effects of variable 
concentrations of THF, initiator, and water on polymerization 
rate and on polydispersity of the polymer were investi
gated.71,238 The polymerization process shows similar 
features to the D3/lithium silanolate/water system. The 
kinetics of this process has been studied in detail using 
sodium dimethyl(phenyl)silanolate as initiator in heptanes 
and heptane/dioxane media.44 The evidence of aggregation 
of active centers and solvation of propagating centers by the 
monomer in the absence of stronger solvating agent, dioxane, 
was observed. 

Examples of AROP of various substituted 1-oxa-2,5
disilacyclopentanes have been recently reported. These com
pounds having one to three (trimethylsilyl)oxy groups at Si 
undergo AROP in the presence of dilithium diphenylsilanedio
late. Chain transfer to (trimethylsilyl)oxy group apparently limits 
the MW of the polymers (Scheme 11).239 Narrowly dispersed 
poly(carbosiloxane)s with controlled MW and identified end 
groups can be obtained by ROP of cyclic carbosiloxanes using 
strongly basic N-heterocyclic carbenes and guanidine derivative 
(1,5,7-triazabicyclo[4.4.0]dec-5-ene) catalysts in the presence of 
alcohols or other hydrogen bond donors. The pKb of the catalyst 
is important in preventing adverse transetherification reactions 
and obtaining well-defined polymers.58 

While optically active all-siloxane polymers may be obtained 
by the AROP only240 (if the monomer bears a chiral center), the 
controlled AROP of a cyclocarbosiloxane with a chiral center in 
the ring skeleton may lead to an optically active polymer. 
An example of highly stereospecific polymerization of an 
optically active enantiomer of 1-oxy-2,5-disilacyclopentane 
(Np = 1-naphthyl) is shown in eqn [35].24 1,242 

ROP of 2,2,5,5-tetramethyl-1-oxa-2,5-disilacyclopentane is 
also catalyzed by a ruthenium cluster in the presence of hydro-
silane (eqns [36] and [37]). The preinitiation step involves 
activation of hydrosilane by a ruthenium complex followed by 
a nucleophilic attack of the monomer on the so-activated silane. 

Polymerization proceeds according to the cationic or coordina
tion mechanism.243 The obtained polymers have MWs in the 
range 6300–780 000 and very broad polydispersities 1.5–3. 

Polymerization of 1,1,3,3,5,5,7,7-octamethyl-2,6-dioxa-1,3,5,7
-tetrasilacyclooctane catalyzed by triflic acid gave an alternating 
copolymer of dimethylsiloxane and (dimethylsilanediyl)methy
lene units. Interestingly, the attempts to polymerize this 
monomer by using anionic catalysts, such as BuLi and KOH, 
were unsuccessful.244 

4.17.2 Ring-Opening Polymerization of Cyclic 
Organosilicon Monomers Not Involving Si–O Bond 
Cleavage 

4.17.2.1 Cyclosilanes 

Cyclopolysilanes have been known since the fundamental 
work of Kipping in 1921, who synthesized the four-, five- and 
six-membered perphenylcyclosilanes from dichlorodiphenylsi
lane and sodium. Organic cyclopolysilanes are usually made by 
the dehalogenative coupling of dialkyl- or diaryldichlorosi
lanes with alkali metals. The cyclopolysilane yield and the 
preferred ring size obtained depend strongly on the alkali 
metal, solvent, and reaction conditions.245–249 The preferred 
ring size in the equilibrium mixture obtained from dichloro
diorganylsilanes and alkali metals is additionally governed by 
the bulkiness of the organic substituents attached to silicon. For 
small substituents like methyl, the six-membered ring is 
favored, while five- and four-membered rings are preferentially 
obtained with larger substituents like phenyl or isopropyl. Even 
larger substituents like mesityl or tert-butyl lead to the forma
tion of three-membered rings. 

The electrochemical formation of Si–Si bonds by cathodic 
reduction of dichlorosilanes provides an alternative access to 
cyclopolysilanes.250 Catalytic dehydrogenation coupling of 
organylhydrosilanes, a common method for the formation of 
linear polysilanes, can also be applied to cyclopolysilane synth
esis. However, long reaction times are required and only 
moderate yields are obtained.251 

3

Scheme 11 Anionic polymerization of 2,5-dimethyl-2,5-bis(trimethylsilyloxy)-1-oxa-2,5-disilacyclopentane. 
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Scheme 12 Synthesis of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane. 

4.17.2.1.1 Ring-opening polymerization of cyclosilanes 
Strained cyclosilanes are expected to undergo ROP. ROP, first 
explored by Matyjaszewski, is an alternative procedure to Wurtz 
coupling for the synthesis of high MW polysilanes.252,253 AROP 
of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane is 
effectively initiated by butyllithium or silylpotassium initiators 
(eqn [38]). Strained and polymerizable cyclotetrasilanes 
Si4MenPh8−n (n = 3,4,5,6) were prepared by partial dearylation 
of octaphenylcyclotetrasilane with triflic acid and subsequent 
displacement of triflate groups with MeMgBr (Scheme 12). 
Three of the four possible stereoisomers are obtained in a ratio 
of 18a:18b:18c = 45:15:40, whereas the all-cis-isomer 18d has 
not been observed (methyl groups in structures 18a, 18b, 18c, 
18d are omitted for clarity). 

The trans-isomer 18a can be isolated with 95% purity by 
recrystallization.254 The stereochemical control leading to the for
mation of syndiotactic, heterotactic, or isotactic polymers is poor 
in all cases. In order to improve the stereoselectivity of the poly
merization reaction, less active initiators like silylcuprates are very 
effective.255,256 

S

P

ROP of the all-trans isomer of 1,2,3,4-tetramethyl-1,2,3,4
tetraphenylcyclotetrasilane (18a) using silylcuprate 
(PhMe2Si)2Cu(CN)Li2 gives nearly quantitative conversion 
to polymer with 75% heterotactic and 25% isotactic triads as 
determined by 29Si NMR spectroscopy. Polymerization of a 
mixture of the stereoisomers of 18 leads to a polymer with 
58% heterotactic, 15% syndiotactic, and 27% isotactic triads. 
The polymerization initiated with silylcuprates is postulated 
to occur with inversion of configuration at both the attacked 
silicon atom and the newly formed active center. 

ROP of 18 was also examined using various transition metal 
catalysts.257 Some Pd and Pt catalysts led to the formation of 

large amounts of ring-expanded isomers, (MePhSi)8. The yields 
of the polymer were in each case very low. The ring expansion 
most likely proceeds according to a metathesis-type 
mechanism.258 

Diblock PS–polysilane copolymers were prepared using 
living PS to initiate the ROP of 1,2,3,4-tetramethyl-1,2,3,4
tetraphenylcyclotetrasilane (eqn [39]) in the presence of 12
crown-4 to enhance the reactivity of polystyryllithium in the 
ROP of the cyclotetrasilane. Morphology of the copolymers 
was studied using TEM and SEM techniques showing a phase 
separation with the relatively large domain sizes of both the 
cylinders and the globular micelles, which can be explained 
by stretching the polymer blocks in the core and in the 
shell.259 

Poly(methylphenylsilane)–poly(ferrocenyldimethylsilane) 
block copolymers of various monomer compositions 
were prepared via thermal ROP of a mixture of 
cyclotetrasilane (MePhSi)4 (18) and the silicon-bridged ferro
cene Fe(η-C5H4)2SiMe2 (19). Attempts to initiate anionic 
copolymerization of 18 and 19 were unsuccessful and led 
exclusively to a mixture of homopolymers (eqn [40]).260,261 

The AROP of nonamethyl(phenyl)cyclopentasilane was 
achieved using tetrabutylammonium fluoride and silyl potas
sium as initiators (eqn [41]).262 The strong affinity of fluoride 
anion to silicon promoted the generation of silyl anion in the 
initiation without any additives. The potassium initiator 
required the use of HMPA or 18-crown-6 promoters, which 
solvate the potassium cation and enhance the reactivity of the 
silyl anion. The polymerization was performed in THF or DME 
at –78 to –20 °C. The temperature control was exceptionally 
important for the successful polymerization. The lower the 
temperature, the higher the polymer yield reaching 80% at – 
78 °C. At room temperature, no polymer is formed, but mainly 
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five- and six-membered cyclosilanes. The polymer obtained at 
low temperatures, if not quenched, also depolymerizes upon 
warming by backbiting reaction. This observation indicates that 
the polymer is a kinetic product and cyclic oligosilanes are 
thermodynamically more stable.262 

AROP was also used for the synthesis of a silole-incorporated 
polysilane (and poly(germasilane)) as shown in eqn [42]. The  
polymerization was initiated by BuLi at −40 °C. Under these 
conditions, the polymer with narrow MW distribution 
(Mn = 17 000, Mw/Mn = 1.3) is formed in ∼40% yield. The 
structure of the polymer was highly ordered, as evidenced by 
NMR spectroscopy.263 

4.17.2.2 Cyclocarbosilanes 

Polycarbosilanes, a class of polymers containing silicon– 
carbon bonds in the backbone, have many attractive 
features, and their applications as advanced materials have 
been widely explored.264 The major reason for the growing 

interest in polycarbosilanes has been their potential as pre
cursors to silicon carbide, used mainly as a source of cerami
fibers. 

4.17.2.2.1 Ring-opening polymerization of silacyclobutane
ROP of cyclic carbosilanes is one of the most promising method
for the synthesis of well-defined polycarbosilanes
Four-membered ring compounds, silacyclobutanes an
1,3-disilacyclobutanes, are highly strained (the ring strain o
the methyl-substituted cyclics was estimated to 92 an
80 kJ mol−1, respectively), which makes them suitabl


c 

s 
s 
. 
d 
f 
d 
e 

monomers for ROP.265 Indeed, polymerization as well as copo
lymerization of these monomers have been widely investigated 
in last decades.264,266–269 

ROP of 1,3-silacyclobutanes may be initiated thermally or 
catalytically. Most effective transition metal catalysts are hexa
chloroplatinic acid, H2PtCl6, platinum metal, and platinum 
and rhodium complexes (eqn [43]). Polymerization of silacy
clobutanes is accompanied by dimerization, which is the 
dominant process in the presence of phosphine–platinum 
complexes.270 

1,1,2,2-Tetramethyl-1,2-disilacyclobutane undergoes spon
taneous ROP and copolymerization with styrene at room 
temperature giving linear polymers.271 A series of poly  
[(silanediyl)oligomethylene]s with different substituents 
at the silicon atom, as well as the new poly[(dimethylsila
nediyl)oligomethylene]s, were synthesized by the ROP of 
the corresponding sila- and disilacyclobutanes. For the first 
time, copolymerization of dimethylsila- and tetramethyldi
silacyclobutanes was carried out affording 
permethylsilalkylene elastomers (25–100 °C, polymer 
yields 95–100%) (eqns [44] and [45]).272 

Copper  compounds were found to be effective catalysts  
of polymerization of 1,3-dimethyl-1,3-diphenyl
1,3-disilacyclobutane and 1,1,3,3-tetraphenyl-1,3
disilacyclobutane. The cationic rhodium(I) complexes 
[Rh(1,5-cod)2]

+A− (A = OTf, PF6) have been shown to exhi
bit high catalytic activity for the transition metal-mediated 
ROP of 1,1,3,3-tetramethyl-1,3-disilacyclobutane.273 

1,1,3,3-Tetramethyl-1,3-disilacyclobutane undergoes copoly
merization with silicon-bridged ferrocene catalyzed by platinum 
complex (eqn [46]).274 Block copolymers of silacyclobutane with 
19 (where R = Me) can also be obtained on the anionic route.275 
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Strong nucleophiles such as organolithium compounds also 
initiate the ROP of silacyclobutanes, according to the anionic 
mechanism.276 The polymerization yields high MW poly(silane
diylmethylene)s with a strictly alternating SiR2/CH2 backbone 
structure.276–281 Polymerizations initiated by butyllithium and 
silyllithium may proceed in a living manner, depending on the 
substituents in the ring and on the initiator system. MWs of the 
polymers were approximately controlled by the monomer-
to-initiator ratio (Scheme 13).272,282 On the other hand, poly
merization of 1-methyl-1-phenyl-1-silacyclobutane in THF at 
−78 °C did not show a living nature.280 

Polymerization of optically pure 1-methyl-1-(1-naphthyl) 
benzosilacyclobut-2-ene by these initiators gives optically 
active poly{[methyl(1-naphthyl)silanediyl](1,2-phenylene) 
methylene} with rather low stereoselectivity (Scheme 14, 
where Np = 1-naphthyl). Although the regioselectivity of the 
ring-opening of the monomer is high, the stereoselectivity of 
the ring opening in propagation step is low.283 

Nucleophilic attack of carbanions on silicon in silacyclobu
tane rings results in breaking of the ring Si–C bond and the 
carbanionic center is recovered. Disilacyclobutane 20 was poly
merized by alkyllithium as initiator in THF at −78 °C in the 
presence of HMPA acting as an activator (eqn [47]).276 

Silacyclobutanes play an important role in the formation of 
block copolymers. For example, the relatively low-nucleophilic 
anion of poly(ethylene oxide) cannot initiate the polymeriza
tion of vinyl monomers, which require more nucleophilic 
carboanionic initiators. Silacyclobutane may serve as the 
nucleophile-transfer agent, which transforms a weaker nucleo
philic center into a more nucleophilic one (‘anionic pump’, 
Scheme 15). This makes possible the copolymerization of 
heterocyclics with vinyl monomers.284 

4.17.2.3 Cyclosilazanes 

In contrast to polysiloxanes, polysilazanes, that is, polymers that 
contain –Si–N– repeating units in the backbone, have received 
much less attention. This is mainly a result of the high reactivity 
of the Si–N bond (with water, protic acids, and oxygen). 
Moreover, ROPs of cyclosilazanes usually lead to oligomers or 
low MW polysilazanes only. Nevertheless, over the past decades, 
poly(organylsilazane)s have gained increasing attention as pre
cursors to SiN and SiCN ceramics through high-temperature 
pyrolysis.266,285,286 Therefore, a search for optimal conditions 
of the ROP of cyclic silazanes and their copolymerization with 
siloxanes and organic monomers continues. 

Me 

Scheme 13 Polymerization of 1,1-dimethylsilacyclobutane. 
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Scheme 14 Polymerization of chiral 1-methyl-1-(1-naphthyl)benzosilacyclobut-2-ene, Np = 1-naphthyl. 
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Scheme 15 Silacyclobutane as a nucleophile-transfer reagent (“anionic 
pump”). 

Cyclosilazanes 22 are usually prepared by ammonolysis of 
bifunctional halosilanes. Cyclodisilazanes 21 are obtained by 
coupling of dilithium derivatives of diaminosilanes with 
dichlorosilanes.286 

ROP of cyclosilazanes may be accomplished using both 
cationic and anionic routes. The catalysts for the cationic pro
cess are strong protic acids, such as TfOH, and Lewis acids like 
alkyl and silyl triflates.287 The typical initiators of the anionic 
process are organolithium and organosodium com
pounds.288,289 The ionic polymerization of cyclosilazanes is 
kinetically controlled, first, by the ring strain (which is greater 
in 21 than in 22) and, second, by the steric hindrance around 
the nitrogen atom and/or the electronic effects of the R sub
stituent on the Si bond.286,290–N AROP of model 
cyclodisilazanes, initiated with both organosodium and orga
nolithium initiators exhibits all the characteristics of a living 
process.288 Polymers with MWs as high as 100 000 have been 
prepared. Examination of the cationic polymerization of these 
monomers shows that the reaction is fast, the monomer con
version is always quantitative, but, in this case, besides the 
polymer, cyclic compounds (R2SiNR 290 ′)n, n=  3,4, appear.

Several reports on copolymerization of cyclosilazanes with 
other monomers have been published. A series of new poly 
(siloxane)s and poly(silazane)s were synthesized by cationic 
ring-opening copolymerization of the cyclic monomers, octa
methylcyclotetrasiloxane and hexamethylcyclotrisilazane, 
obtaining PDMS–poly(dimethylsilazane) copolymers with dif
ferent concentrations of the comonomer units. The polymers 
were thermally cured and pyrolyzed, producing ceramic 
materials.291 

Novel styrene–silazane block copolymers were synthesized 
via living anionic polymerization (Scheme 16). Block copoly
mer micelles having a polysilazane core or polysilazane shell 
were prepared in solvents selective for each segment. SiN-based 
ceramic nanoparticles were successfully synthesized by the 
cross-linking and pyrolysis of the micelles.292 

Cyclosiloxazanes are synthesized using the reaction of 
dichlorosiloxanes with ammonia or amines. The AROP of hep
tamethyl-1,3-dioxa-5-aza-2,4,6-trisilacyclohexane initiated by 
organolithium compounds in the presence of DMF as activator 

has shown to be the controlled process. Backbiting reactions 
are limited and give only a small amount of a unique specific 
cyclic compound. Thermodynamic and kinetic studies indicate 
that the polymerization is equilibrated. The apparent rate con
stants of propagation and depolymerization along with the 
thermodynamic parameters (enthalpy and entropy) of the 
polymerization have been estimated. The active species are 
ion pairs solvated by DMF in equilibrium with unreactive 
aggregated ion pairs.293 

4.17.2.4 Cyclostannasiloxanes 

The recent progress in the chemistry of cyclostannasiloxanes 
and their potential in ROP reactions has been critically evalu
ated and compared with that of related cyclic borasiloxanes, 
germasiloxanes, and siloxanes.294 The ROP of cyclostannasilox
anes is completely reversible upon dilution, which is due to the 
lability of the Sn–O bond. 

4.17.2.5 Ferrocenylsilanes 

Strained ferrocenylsilanes (and, more generally, metallocenyl
silanes) having Mt–Cp bonding between the cyclopentadienyl 
rings were studied by Manners et al. They have been proven to 
be easily polymerizable using the anionic route. They make 
possible incorporation of transition metals and main group 
elements into the main chain, which provides new interesting 
self-assembled materials. The examples of such polymers are 
poly(ferrocenylsilane) (PFS) and its block copolymers. PFS 
materials are prepared by ROP of 1,1′-silanediylferrocenes 
(eqn [48]).295,296 

4.17.3 Final Remarks 

Among all organosilicon heterocycles, cyclic siloxanes are the 
most important. ROP of cyclic diorganylsiloxanes is an alter
native to the polycondensation method of manufacturing 
siloxane polymers. The most important commercially is the 
equilibrium polymerization of unstrained octamethylcyclote
trasiloxane (D4) in the presence of strong acids or bases and, 
usually, a chain stopper (MW regulator). However, because all 
bonds in the monomer and polymer are approximately ther
modynamically equivalent, this process leads to an 

Scheme 16 Synthesis of styrene-silazane block copolymer. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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equilibrium mixture of cyclics and linear polymer. The need for 
new, high-performance materials requires the synthesis of 
well-defined, having narrow MW distribution, cyclic-free, 
homo- and copolymers. This can be accomplished by the kine
tically controlled polymerization of the strained monomers, 
hexaalkylcyclotrisiloxanes. In the presence of the proper initia
tor and under the favorable reaction conditions, the 
polymerization of cyclotrisiloxanes can proceed as a classical 
living polymerization. Properly selected anionic initiators, in 
the presence of cation-interacting promoters, if needed, provide 
fast and quantitative initiation and propagation that is free of 
depolymerization or chain-scrambling processes. In this way, 
siloxane polymers and copolymers of highly regular structure 
can be obtained with almost quantitative yields. These pro
cesses are likely to gain a growing interest in the future. There 
is also a growing interest in 3D cyclic siloxane structures, that is, 
silsequioxanes and dendritic or hyperbranched structures 
which find an increasing number of applications in the synth
esis of nanohybrids. Hybrid inorganic–organic composites are 
an emerging class of new materials that hold significant pro
mise for the electronics, photonics, and other materials 
technologies. 

The silicon chemistry, however, is still developing and new 
structures, new reactions, and new interesting materials are 
being continuously discovered. Therefore, it seemed reasonable 
to mention in this chapter also the other, less frequently 
reviewed, polymerizable organo silicon monomers and pro
cesses leading to the corresponding polymers and copolymers. 
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4.18.1 Scope of the Chapter 

This chapter describes the ring-opening polymerization (ROP) 
of cyclic phosphorus-containing (P-containing) monomers. 
Phosphorus can be introduced into the polymer backbones and/ 
or to the side chains in a variety of chemical methods. Phosphorus 
bound to hydrogen, carbon, sulfur, or nitrogen atoms will impart 
properties that differ so much from each other that any general
ization is hazardous. There are two fields where the presence of the 
phosphorus atoms in the chains is essential, namely, biopolymers 
and their models and flame retardants. A few percent of P in the 
polymer is needed, although synergism with halogens allows it to 
be reduced to 1–2% to have an nonflammable product. 

The most prominent phosphorus polymers are nucleic acid 
(NA) and teichoic acid (TA); these naturally occurring poly
mers are not covered in this chapter. Backbones of NA and TA 
are composed of hydrolytically stable diesters of phosphoric 
acids. The major functions of DNA (and several types of RNA) 
are related to storing and transferring information, genetic 
code, synthesis of proteins with a given microstructure, and 
contribution to the function of memory. Less known TA 
(mainly polyphosphates of glycerol or ribitol) with molar 
mass up to 2.5 � 104 are present in cell walls in 
Gram-positive bacteria. The main function of TAs is to provide 

rigidity to the cell wall by attracting cations such as magnesium 
and sodium. TAs also assist in regulation of cell growth and are 
mostly responsible for the transport of divalent ions (Mg2+) 
through the cell walls from surrounding medium. Only some 
of the NA- and TA-related synthetic polymers are discussed in 
the ring-opening and polyaddition reactions sections. 

The chapter consists of two parts. In the first part, the ROP 
of cyclic organophosphorus compounds is described. The sec
ond part is devoted to the synthesis of polymers having 
inorganic backbones, mainly phosphazenes. 

4.18.2 Polymerization of Cyclic Organophosphorus 
Compounds 

There are a number of comprehensive reviews devoted to the 
synthesis and properties of polymers containing phosphorus 
atoms in the main and/or side chains.1–8 

The following methods are usually used for the synthesis of 
P-containing polymers: 

1. Polymerization of cyclic monomers 
2. Polycondensation 

3. Polyaddition. 

Polymer Science: A Comprehensive Reference, Volume 4 doi:10.1016/B978-0-444-53349-4.00113-8 477 
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Polycondensation and polyaddition, as methods of the 
synthesis of organophosphorus polymers, have been described 
in more detail elsewhere.1,4–7 

In this chapter, mainly the ROP of cyclic P-containing 
monomers is discussed. The synthesis of P-containing poly
mers by the polyaddition is discussed only for the reaction of 
phosphoric acid derivatives with diepoxides. 

Discussed polymers are derived from the phosphorus atoms 
at two different level of oxidation, namely, pentavalent (PV) 
and trivalent (PIII). Structurally, these compounds can be 
penta-, tetra-, or tricoordinated with direct bonding of phos
phorus with oxygen or carbon atoms. 

The following groups of monomers are described: spiro
phosphoranes (1) (pentavalent, pentacoordinated), cyclic 
phosphates (2) and phosphonates (3) (pentavalent, tetracoor
dinated), cyclic phosphites (4), phosphonites (5), 
phosphinates (6), and phosphines (7) (tervalent, tricoordi
nated). As mentioned above, polymerization of cyclic 
phosphazenes (8) is described in Section 4.18.6. 

ampoules33–36 is the necessary condition for the preparation 
of high molar mass polymers. As is usually the case in ionic 
chain processes, the purity of the monomers and solvents used 
is particularly important. This is clearly seen when the results 
reported by three different research groups on the polymeriza
tion of 2-methoxy-2-oxo-1,3,2-dioxaphospholane (10) and 
2-ethoxy-2-oxo-1,3,2-dioxaphospholane (11) are com
pared.31,36,37 Thus, when sodium mirrors were used for the 
final purification of monomers and solvents, the molar masses 
of polyphosphates were 3–4 times higher31 than those reported 
by Vogt and Pflüger37 and by Yasuda et al.36 

The monomers discussed in this chapter are soluble in the 
majority of common organic solvents such as benzene, methy
lene chloride, and acetone. Solvents with high solvating power 

4.18.2.1 Introduction 

In this section, only the main features of the ROP of cyclic 
organophosphorus (PIII and PV) compounds are presented. 
More details on the properties of cyclic monomers were given 
in the previous chapters.1,3,4 Copolymerization of cyclic triva
lent phosphorus monomers1,3 and polymerization of 
spirophosphoranes1,9 have been reviewed elsewhere. 

Some of the freshly distilled monomeric cyclic PIII com
pounds polymerize spontaneously at room temperature in 
bulk or in solution; for example, 2-methyl-1,3,2
dioxaphospholane (9) could not be isolated because of its 
fast oligomerization.10,11 

must be used in order to avoid precipitation of the forming 
polymer, particularly when high polymers are prepared. 
Polymers have usually high polarity.30 

The collected data concerning the structure of monomers, 
conditions of polymerization, and properties of the resulting 
polymers have been reported previously.1,3,4,7 

4.18.2.2 Anionic Polymerization 

Anionic polymerization of cyclic phosphate esters was studied 
for 2-alkoxy-2-oxo-1,3,2-dioxaphospholanes (12)31,37–40 and 
its 2-thiono derivatives (13).41 

Spontaneous polymerization was observed for substituted and 
unsubstituted cyclic compounds containing pentavalent12–16 as 
well as trivalent phosphorus atom in five-,10,11,17–20 six-,21–24 

seven-,25 and eight-membered rings.26–28 It appears that these 
polymerizations were induced by the presence of the unknown 
impurities. 

The high-vacuum technique29–32 or the polymerization 
under the prepurified nitrogen or argon in sealed 

½1� 

2-Methoxy-2-oxo-1,3,2-dioxaphospholanes (10) and 2
ethoxy-2-oxo-1,3,2-dioxaphospholanes (11) were polymerized 
over a wide range of temperatures, namely, from −20 to 120°C 
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in bulk, in methylene chloride, or in tetrahydrofuran (THF) 
solutions with Et2Mg, (Bui)3Al, (Bu

sO)3Al, (Pr
iO)3Al, Bu

tOK, 
and Li metal as initiators.31,37,38,42,43 The highest molar mass 
(1.5 � 105) was obtained in the polymerization of structure 10 
with Et2Mg at −20 °C in methylene chloride solution.31 On the 
other hand, only oligomers of structure 13 (Mn ≤ 3  103) were  
formed with Na metal,44–46 NH , or a mines47 

�
3 as catalysts. 

Alkyl metals (particularly trialkylaluminums) are the preferred 
initiators to obtain high molar mass polymers. It is possible that, 
as mentioned previously, these initiators serve not only as initia
tors but also as purification agents, removing potentially 
chain-breaking impurities before the polymerization starts.48 

It appears that polymerization of structure 10 with (PriO)3Al 
(for the concentration range from 10−3 to 10−2 mol l−1) is a living 
process.38

The ability of structures 12 and 13 to form high molar mass 
polymers may be attributed to the high strain of the five-
membered rings: ∼29 kJ mol−1 (data from heat of hydrolysis49,50) 
and 15 � 2kJmol−1 (data from the heat of polymerization39), 
which presumably lowers the probability of the side reactions. 

Cyclic phosphates (12) were also polymerized using alco
hol and/or macroinitiators with hydroxy end groups as the 
initiators and tin(II) 2-ethylhexanoate (stannous octoate 
(Sn(Oct)2)) as catalyst, usually in THF at 30–40 °C or in bulk 
at 90 °C.51–59 In long-term polymerization of structure 12 with 
Sn(Oct)2, some branched structures appeared with high 
conversion.52 In addition, side reactions might occur in ROP 
of five-membered cyclic phosphates at high temperature 
(130 °C).60 

There is only one report on the polymerization of structure 
12 (R = Pri) at 0 °C using 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as 
organocatalysts.61 

Enzymatic polymerization of structure 12 (R = Bui)62 and 
(R = Pri)63 carried out in bulk at temperature ≤ 120 °C (with 
porcine pancreas lipase) gave polymers with Mn up to 5800. 

The presence of substituents in the five-membered rings 
usually decreases the enthalpy of polymerization64 (cf. lactams 
and acetals65) and leads to the lowering of the degree of poly
merization (DP) of the resulting polymers.31,36,40,42,66,67

Polymerization of structures 14 and 15 leads to polymers 
with Mn = 2 3.5 � 103.42 

– Some substituents may be a site of 
chain transfer, which will also lower the DP. But in the poly
merization of structure 16 (Et2Mg in benzene) polymers with 
M 4

n up to 2.5 � 10  were obtained.40 

½2� 

Identical molar mass (2.5 � 104) was reported for poly-17a 
obtained in the polymerization of structure 17a initiated by 
(Bui)3Al (25 °C, in methylene chloride). Because of the differ
ent openings of the ring (cleavage of α and/or β bond) of 

unsymmetrical substituted 17a, in polymer chain three differ
ent units: head-to-head (H–H), head-to-tail (H–T), and tail
to-tail (T–T) were observed.66 

½3� 

Poly-17b after oxidation and hydrolysis gave polypho
sphate (18), the analogue of TA.66 

Gehrmann and Vogt68 obtained poly-17 (R = alkoxy) with 
much lower Mn (5 � 103). 

4,5-Dimethyl-substituted 10 gave oligomer with molar 
mass equal to 3 � 102 (mostly tetramer), which is about 3 
orders of magnitude lower than that of unsubstituted analog 
(poly-12, R  =  CH3).

31,36 It is possible that the crowding of 
substituents in the ring is responsible for increasing the transfer 
involving the exocyclic group. 

Only oligomers with DP not exceeding 7 were obtained 
in the anionic polymerization of the six-membered 
esters, 2-methoxy-2-oxo-1,3,2-dioxaphosphorinane (19a) 
and 2-ethoxy-2-oxo-1,3,2-dioxaphosphorinane (19b), carried 
out in bulk or in diglyme solution at 120–155 °C with Na 
metal, EtONa, PriOK, and (BusO)3Al as initiators.

30,44,45,69 

Similar observations have been made for 5,5-dimethyl
substituted 19b.69 

½4� 

Monomers were thoroughly purified in the cited works and 
the observed phenomena could not be ascribed to transfer or 
termination by impurities. It was concluded that low ring strain 
in six-membered cyclic phosphates (∼4 kJ mol−1), calculated 
from the hydrolysis data and confirmed by us in the studies 
of polymerization thermodynamics,29 favors the transfer reac
tions leading to the removal of the exocyclic group from 
monomer, lowering their molar mass.70 

It was also reported that fluorosubstituted phosphates 
(20a) undergo thermally, anionically, or cationically catalyzed 
ROP in bulk at 220–270 °C, giving rubberlike polymers 
poly-20a with intrinsic viscosity ∼0.9 dl g−1.34 

The molar mass of the resulted poly-20a depended on the 
applied initiator. The relative effectiveness of initiators was 
as follows: KOH > BunLi = C3F7CH2ONa > Et3N. The presence of 
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5  ½ �
polar agents (e.g., THF, diethyl ether, and dimethylformamide 
(DMF)) considerably lower the temperature (∼100 °C) 
required for polymerization.34 The rate of polymerization of 
structure 20b initiated by C3F7CH2ONa at 220 °C 
depends on the substituent (R) in the following way: 
C3F7 > Me > Ph > Me2N, and is probably connected with some 
steric interactions.71 

Five-, six-, seven-, and eight-membered cyclic phosphonates 
21 and 20b also undergo anionic polymerization initiated by 
sodium or alkyl metals, for example, (Bun)2Zn, Me2Cd, and 
(Bui)3Al, and giving viscous or rubberlike products with 

71,72reduced viscosity ≤ 0.7 dl g−1. 
Cyclic unsaturated phosphonates (21) (R  =  CH2 =CH–), after 

heating at 140 °C with water for < 80 h, gave telechelic oligomer 
as starting material for further radical polymerization.73 

The same initiating system ((Bui)3Al) gave high polymers 
(Mw ≤ 8 � 104) in the polymerization of optically active,76 

as well as racemic 2-hydro-4-methyl-2-oxo-1,3,2
dioxaphospholane (24).76–80 The structure of the resulting 
polymer (H–H, H–T, and T–T) was analyzed in detail.81 

½8� 

The anionic polymerization (BunLi, DMSO, 25 °C) of 
low-strain bicyclic H-phosphonate 25 gave poly-25 with 
Mn = 3.4 � 103. The resulting polymer was further oxidized to 
the corresponding polyacid 26.67 

½9� 

½6� 

The reversible anionic polymerization of 2-hydro-2-oxo
1,3,2-dioxaphosphorinane (22) in bulk or in CH2Cl2 solution, 
initiated by EtONa, ButOK, BunLi, or (Bui)3Al at 25–45 °C led 
to the high molar mass linear polymer with Mn up to 105.74 The 
best results were obtained with trialkylaluminiums as the 
initiators. Poly-22 was easily converted into polyacid 23 by 
oxidation with N2O4.

75 

Another polymer, bearing only sugar in the chain, namely 
oligo(H-phosphonate) (DP = 9) (poly-27 with glucose moi
eties) was obtained in the polymerization of structure 27 
initiated with (Bui)3Al.

82,83 

In the case of trivalent phosphorus cyclic compounds, 
only the anionic polymerization of 2-(diethylamino)

(28)84,851,3,2-dioxaphosphorinane and methyl 2-deoxy

½10� 
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D-ribofuranoside cyclic N,N-diethylphosphoramidite (29)86 

was studied. The anionic polymerization of structure 28 is 
living and fully reversible. The position of equilibrium was 
determined by 31P NMR.84 

½11� 

Poly-28 obtained by anionic polymerization of structure 
28 and initiated with potassium or cesium alcoholates 
and/or potassium trimethylsilanolate had a linear structure, 

Polymerization of cyclic phosphates was studied in detail 
only for 2-alkoxy-2-oxo-1,3,2-dioxaphospholanes (12)31,44,87–89 

(19)29,44,48 and 1,3,2-dioxaphosphorinanes with different 
exocyclic groups: R = Me, Et, Prn, Pri, Bun, and so on. Reaction 
was carried out in bulk at 100–155 °C with CF3SO3Me, 
CF3SO3Et, Ph3C

+A− (A = PF6, AsF6, SbF6) as initiators.
29,31,48 

The resulting polymers had rather low molar mass 
(Mn ≤ 2 � 103), because of the chain transfer to monomer with 
simultaneous removal of the exocyclic alkoxy group from the 
growing tetraalkoxyphosphonium ions (cf. Section 4.18.2.5).29 

The cationic polymerization of bicyclic phosphate 31, 
initiated by traces of water at −78 °C, gave the insoluble 
cross-linked polymer (poly-31) containing five- and 
six-membered rings in the chain. That polymer after hydrolysis, 
under the controlled conditions, transformed into a linear 
polymer 32 without cyclic structures.68 

½14� 

according to the 1H, 13C, and 31P NMR  spectra.84 

Alcoholates with smaller cations (Na+ or Li+), forming 
stronger multicomplexes, were not active in the initiation 
of the polymerization. 

Poly-28 after acetolysis gave the corresponding poly 
(H-phosphonate) (poly-22) with characteristic P–H coupling. 

75,84Its further oxidation led to the polyphosphate 23. 

Shalaby et al.90 described the synthesis and polymerization 
of 4-methyl-4,7-dioxo-1,4-azaphosphepane (33). The resulting 
poly-33, obtained in polymerization conducted with SnCl4, 
H3PO4, or H2O at 205 °C, had ηred ≤ 0.33. Copolymerization 
of 33 with ε-caprolactam at 255 °C, in the presence of 
ε-aminocaproic acid (7-aminoheptanoic acid) as a catalyst, 
gave copolymers with higher viscosities (ηred ∼ 1.90).91 

½15� ½12� 

Poly-29 (Mn = 9  � 103) was obtained in polymerization of 
structure 29 at 25 °C in THF solution with ButOK as initiator.86 

The further transformation of poly-29 (acetolysis and oxida
tion) gave structure 30, the analog of the NA devoid of base.86 

4.18.2.3 Cationic Polymerization 

Cationic polymerization of the cyclic P-containing monomers 
gave polymers with lower molar mass than that obtained in 
anionic polymerization. 

Cationic polymerization of cyclic trivalent phosphorus 
compounds, initiated by alkyl halides, Lewis acids, 
Friedel–Crafts catalysts, and/or esters, was reported for 
various cyclic phosphites (34),92–94 phosphonites 
(35),17,21,23,35,95–97 phosphoramidites (36),98 cyclic phos
phanols (37),99–101 and cyclic phosphanethiols (38).100,102 

MeI, PhCH2Br, and CF3SO3Me were mainly used as 
initiators. The resulting polymers had molar mass not 
exceeding 5 � 103. 
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Scheme 2 Influence of the polymerization conditions of 2-alkoxy
1,3,2-dioxaphospholanes (41) on the structure of the resulting polymers. 

Scheme 1 Michaelis–Arbuzov (M-A) type of rearrangement in cationic 
polymerization of cyclic phosphonites. 

These polymerizations proceed mostly by a 
Michaelis–Arbuzov (M-A) type of rearrangement (Scheme 1), 
involving cyclic phosphonium intermediates to produce poly
phosphinates or polyphosphonates (39). The presence of 
isomerized repeating units (40) was the result of the occurrence 
of side reactions. Sometimes the proportion of the isomerized 
units was higher than that of the ‘normal’ units (39).21,35,96 

Structures 39 and 40 were established on the basis 
of the analysis of their hydrolysis and chlorination 
products.21,35 

al.93,94Shimidzu et first described the influence of the 
polymerization conditions of 2-alkoxy-1,3,2-dioxaphospho
lanes (41) on the structure of the resulting polymers 
(cf. Scheme 2). Usually polymers containing mixed units 
were formed. Nevertheless, the conditions for the formation 
of predominantly one structure were also reported. Thus, struc
ture 42 was obtained by spontaneous oligomerization or by 
using lithium (or sodium) in liquid ammonia at −78 °C.93 

Structure 43 was formed in the polymerization catalyzed by 
alkyl halides or Et3Al,

35,92,93 and structure 44 was formed with 
Lewis acids as initiators.93 

There are only a few papers discussing the mechanism and 
kinetics of cationic polymerization of cyclic tricoordinated 
phosphorus compounds. 

The cyclic phosphoramidites 45a (28) and 45b, initiated by 
alkyl halides (R1X), undergo cationic polymerization by M-A 
rearrangement, giving polymers containing tetracoordinated 
phosphorus (46).98 In the anionic polymerization initiated 
by ButOK, no M-A rearrangement was observed84,85 and poly
mers with tricoordinated phosphorus 47 (poly-28) were 
obtained. 

3-Methyl-2-phenyl-1,3,2-oxazaphospholane (48a) initiated 
by MeI, Me2SO4, or BF3·OEt2 gave polymers with the structure 
poly-48;103 likewise for 48b. 

½17� 

Polymer with the prevailing structure of poly(phosphine 
oxide) (poly-49; Mn =3.9  � 103) was obtained in the cationic 
polymerization of 2-phenyl-1,2-oxaphospholane (49). Poly-49 
was next reduced to the corresponding polyphosphine to confirm 
its structure.99 Structure 49 was also polymerized with chloro
and/or iodomethylated polystyrene, giving graft copolymers.104 

½18� 

Ogata and Saito105 described the synthesis and cationic poly
merization of 7-oxo-4-phenyl-1,4-azaphosphepane (50a) and  its  
3,3,5,5-tetramethyl derivative (50b) with Et2AlCl and SnCl4 as 
catalysts. The resulting polymers have ηsp/c =0.08dl  g−1. 

½16� 
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4.18.2.4 Polymerization of Other Cyclic P-Containing 
Monomers 

2-(2-(2-Hydroxyethoxy)ethoxy)-2-oxo-1,3,2-dioxaphospholane 
(51) was polymerized in bulk at temperature ≤ 60 °C without a 
catalyst.60,106 As a result, a water-soluble hyperbranched poly-
phosphate (poly-51), having many hydroxyl groups and degree 
of branching equal to 0.47, was formed.60 

4.18.2.5 Thermodynamics, Kinetics, and Mechanism 
of Polymerization 

The thermodynamics of polymerization was studied mainly for 
tetra-29,30,32,39,48,107 and tricoordinated84 phosphorus com
pounds. The reported data are collected in Table 1. A plot of 
ΔHp against ΔSp for dioxaphosphorinanes, listed in Table 1, gives  
a straight line 82,108–110(cf. Plot in this volume; in the chapter 
written by Penczek and Kalużynski). It is apparent that the size of 
the exocyclic group in the ester series does influence monotoni
cally ΔHp and ΔSp. Larger substituents decrease polymerizability 
of cyclic phosphates. The entropy change is only slightly negative 
for structure 19a (with methyl substituent) and starting from the 
ethyl monomer (19b), polymerization becomes driven by a 
positive entropy change. Conversion of six-membered cyclic 
phosphates into a polymer results in a considerable increase in 
the rotational and vibrational entropy, because of the enhanced 
flexibility of the exocyclic group in the open-chain polymer unit. 

The kinetics, mechanism, and thermodynamics of polymer
ization of cyclic phosphorus monomers were studied for cyclic 
phosphates29,30,34,37,38,48,69,107 and trivalent phosphorus 

Photocrosslinkable macromonomers (Mn ≤ 5.4 � 103) 
were synthesized in the polymerization of structure 12 
(R = CH2 = C(CH3)CO, X = O).55,58 Poly(ethylene glycol) (PEG) 
as the initiator and Sn(Oct)2 as the catalyst were applied.58 

The synthesis of star polymers (53) with  ω-methylpoly 
(oxyethylene) (MPEG; Mn = 5000) arms and a core formed 
from di(cyclic phosphate) (52) has been recently 
reported.59 

compounds: phosphoramidites (28),85 phosphites (34),96 

phosphonites (35),97 and cyclic phosphanols (37),100,101 and 
were described in detail in the previous chapters.3,4,82,111 

Cyclic phosphates and cyclic phosphites polymerize with 
anionic or pseudoanionic (e.g., trialkoxyaluminum) initiators. 
Anionic initiators have been shown to react with monomers by 
a nucleophilic attack on the phosphorus atom, giving alcoho
late anions as the growing species.39,85,113 

½21� 
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Table 1 Thermodynamic parameters of polymerization of 2-methoxy-2-oxo-1,3,2-dioxaphospholane 
(10) and 2-R-2-X-1,3,2-dioxaphosphorinanes (19, 22, 28) 

Monomer 

Polymerization No. R X 
ΔHp 

(kJ mol−1) 
ΔSp 

(J mol−1 K−1) Reference 

Anionic 10 MeO O − 14 � 2 − 13.5 � 0.8 39 
28 Et2N Lone pair 6.3 � 0.8 19 � 3 82 
22 H O 6.3 � 0.8 19 � 3 112 
19a MeO O − 2.9 � 2.1 − 12 � 6 30 

Cationic 19a MeO O − 4.6 � 0.4 − 23 � 0.5 29 
19b EtO O 5.9 � 2.5 11 � 6 29 
19 PrnO O 11.3 � 1.6 24 � 5 29 
19 Me3SiO O 16.3 � 5.4 36 � 14 29 

Reproduced from Penczek and Lapienis4 with permission of Copyright Clearance Center. 

Initiation of polymerization of cyclic phosphates (10 and 
19) with EtO−Na+ involves an attack by the ethanolate on the 
electrophilic phosphorus atom in the monomer molecule and 
generating a growing alcoholate anion arranged in a trigonal 
bipyramid (54).30,107,114 

molecule reproducing a structure similar to structure 54. 
In anionic polymerization of the six-membered ring 
phosphates, only low molar mass oligomers were obtained 
because of the chain transfer to monomer. Instead of ring 
opening, the exocyclic alkoxy group is leaving (another 

½22� 

The six-membered ring in structure 54 occupies the 
axial–equatorial position.115 The apical bond in structure 
54 is broken, and the new alcoholate anion (55) is pro
duced. In propagation, the growing anionic center (56) 
attacks the phosphorus atom in the next monomer 

apical bond in 54 is broken) and the polymer 56 with 
cyclic end group is formed (eqn [23]).3,30,110 

A chain-transfer reaction was not observed when structure 
58 (having the But exocyclic group) was polymerized with 
1:0.9 Et3 Al–H2O mixture in benzene. The resulting poly-58 

½23� 
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was transformed into structure 59 (Mn = 2.5 � 104). During Propagation occurs similar to initiation by macroion pairs and 
heating at 130 °C, tert-butyl group was removed as gaseous is nearly living; for example, at room temperature for every 250 
isobutylene.40 propagation steps, there is only one termination.85 The highest 

½24� 

The mechanism of anionic polymerization of 2-methoxy-2
oxo-1,3,2-dioxaphospholane (10), initiated by (PriO)3Al, was 
discussed in detail previously.38 Polymerization proceeds 
through the formation of the polymeric Al–OCH2CH2–… 
bond. The proposed mechanism of polymerization can be 
visualized through the successive reactions (cf. eqn [25]).38 

measured molar mass of poly-28 (cf. eqn [11]) was  3.2  � 104.116 

Polymer chain is linear without any isomerization detected.84 

Termination consists of the alcoholate anion attack 
on P atom in either polymer or molecule with expulsion of 
the Et2N

− anion and formation of P–O bond. The diethylamide 
anion 61 cannot reinitiate polymerization.85 

½27� 

The intermediate pentacoordinate phosphorus compound 
exists probably in the trigonal bipyramid structure (60), facil
itating the –Al(OR)2 group transfer. 

Polymerization of structure 28 was initiated by 
potassium and cesium alcoholates and involves alkoxy 
anion attack on phosphorus atom. In this reaction, a new 
alcoholate anion is formed, capable of the further propaga
tion step. 

The kinetic parameters determined for structures 9, 19, and 
28 are shown in Table 2. 

The mechanism of cationic polymerization of cyclic phos
phorus compounds was studied for a larger group of monomers. 

Among the tetracoordinated cyclic esters of phosphoric 
acid, 2-alkoxy-2-oxo-1,3,2-dioxaphosphorinanes (19) have 
been studied in detail.29,48,107 Trityl salts (Ph3C

+A− , where 
A=  PF6, AsF6, SbF6) and/or triflic esters (CF3SO3Me and 

½26� 
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Table 2 Rate constants and activation parameters in the anionic and cationic polymerization of 
2-methoxy-2-oxo-1,3,2-dioxaphospholane (10),38 2-alkoxy-2-oxo-1,3,2-dioxaphosphorinanes 
(19),29,30,48 and 2-(diethylamino)-1,3,2-dioxaphosphorinanes (28)85 

Anionic Cationic 

10a 19ab 28c 19ad 19bd 19ce 

ki 6.5 � 10−3 – – 1.3 � 10−4 – – 
kp 

kt 

4.5 � 10−1 

– 
8.0 � 10−9 

– 
3.4 � 10−4 

1.3 � 10−6 
1.1 � 10−5 

6.0 � 10−7 
6.2 � 10−6 

8.9 � 10−8 
8.5 � 10−6 

– 
ΔHi 

≠ – – – 78 � 12 – – 
ΔSi 

≠ – – – − 109 � 33 – – 
ΔHp 

≠ 

ΔSp 
≠ 

ΔHt 
≠ 

42 
− 105 
– 

112 � 6 
− 26 � 22 
– 

55.8 
− 135 
– 

82 � 12 
− 65 � 30 
49 � 3 

86 � 15 
− 51 � 38 
39  � 20 

77 � 6 
− 83 � 51 
– 

ΔSt 
≠ – – – − 201 � 8 − 248 � 51 – 

a For (PriO)3Al as initiator.
 
b For EtONa as initiator.
 
c For Me3SiOK as initiator.
 
d For Ph3C+PF6 − and Ph3C+AsF6 − as initiators.
 
e R = OSiMe3; for CF3SO3Et as initiator.
 
ki, kp, and kt in l mol s

−1 (at 25 °C); ΔH ≠ in kJ mol−1; ΔS ≠ in J K−1 mol−1.
 

Reproduced from Penczek and Lapienis4 with permission of Copyright Clearance Center. 

CF3SO3Et) were used as initiators.29,48 The structure of tetra-
alkoxyphosphonium ion (62) – the active center in 
polymerization – was confirmed by 1H and 31P NMR. 

In polymerization of structure 19 only oligomers were 
obtained, because of the competition between propagation 
and chain-transfer processes (cf. Scheme 3). 

The chain termination occurs analogously to propagation, 
involving chain transfer to polymer molecule.29,48,107 Kinetic 
parameters are given in Table 2. 

Cationic ROP of cyclic monomers, containing trivalent 
phosphorus atom,96,100,101,117 proceeds by two mechanisms 
of propagation: ionic and/or covalent. These both can 
be visualized best for the polymerization of structure 
49.117 Monomer 49 polymerizes by CF3SO3Me initiator 

½28�	 

Scheme 3 Propagation and chain-transfer processes in cationic polymerization of structure 19. 
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through an ionic propagating species of a cyclic 
phosphonium ion structure (eqn [29]), whereas the same 
monomer, initiated with alkyl chloride initiator, propagates 
with covalent species of an alkyl chloride structure 
(eqn [30]). 

ionic propagating species has been proposed also in the poly-
merization of structures 64, 65, and 66.100 The calculated rate 
constants and activation parameters for polymerization of tri
coordinated cyclic phosphorus monomers are collected in 
Table 3. 

½29� 
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Polymerization of 2-phenyl-1,3,6,2-trioxaphosphocane 
(63) with CF3SO3Me proceeds with isomerization (cf. 
Scheme 1; 34% isomerized units were detected), whereas 
with PhCH2Cl nonisomerized structure of polymer has been 
obtained.96,100,117 In polymerization of structure 63, initiated 
by CF3SO3Me, the propagating species have a cyclic phospho
nium structure (as in eqn [29]).96,100,101,117 This structure of 

Table 3 Propagation rate constants and activation parameters in the polymerization of tricoordinated 
cyclic phosphorus compounds 

Monomer 
Initiator 
(solvent) 

Temp. 
(°C) 

kp 

(l mol s−1) 
ΔHp 

≠ 

(kJ mol−1) 
ΔSp 

≠ 

(J K−1 mol−1) Ref. 

49 CF3SO3Me 50 3.52 � 10−4 73.3 − 84.8 101 
MeI 50 4.53 � 10−4 66.7 − 103 
PhCH2Br 50 4.75 � 10−5 a 63.5 − 132 
PhCH2Cl 50 5.38 � 10−7 a 74.3 − 136 

63 CF3SO3Me 60 7.2 � 10−5 – – 96 
PhCH2Cl 150 2.8 � 10−4 – – 

64 MeI (MeCN) 35 7.3 � 10−5 b – – 100 
MeI (PhCN) 35 7.6 � 10−4 b – – 
MeI (PhCl) 35 >1 � 10−2 b – – 

67 
68 

MeI (CHCl3) 
MeI (CHCl3) 

95 
95 

1.34 � 10−3 

2.48 � 10−3 
– 
79.5 

– 
− 61.6 

100 
100 

a Calculated values. 
b Apparent. 

Reproduced from Penczek and Lapienis4 with permission of Copyright Clearance Center. 

(c) 2013 Elsevier Inc. All Rights Reserved.



488 Ring-Opening Polymerization of Cyclic Phosphorus Monomers 

The nonisomerized structure of the polymer chain ratios equal to 2.23 and 0.48 were reported.118 These two 
was obtained only in the polymerization initiated by alkyl monomers were also copolymerized in the presence of MPEG 
chlorides,117 whereas with alkyl bromides, iodides, and/or as the initiator and Sn(Oct)2 as the catalyst. The resulting 
Lewis acid catalyst, the isomerized units were found in thermoresponsive block copolymers (71) had various molar 
polymers.21,33,35,93,97,98 mass (Mn ≤ 3.5 � 104) and compositions.56 

½31� 
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4.18.2.6 Copolymerization 

The P-containing cyclic monomers undergo copolymerization 
with cyclic organophosphorus monomers as well as with other 
cyclic or unsaturated compounds. The published data (also the 
patent literature) devoted to this subject have been collected in 
previous review papers.3,4,60 

Biodegradable 73 with Mn =1.2  � 104 was obtained in copo
lymerization of structure 69 with 72 (having ethyl methacrylate 
group) initiated by (Bui)3Al. The calculated number of units of 
structure 72 in copolymer was ∼2.119–121 From structure 73 and 
2-(methacryloyloxy)ethyl-phosphorylcholine (74), hydrogel 
was formed by radical polymerization.119 

½33� 

4.18.2.6.1 Copolymerization of cyclic phosphates 
Fontaine et al.42 studied the copolymerization of structure 15 
with 14 and 12 (R = Et, cholesteryl). Molar mass of the resulting 
copolymers did not exceed 2 � 103. They also determined the 
reactivity ratios for the copolymerization of structure 14 with 
15, namely, r1 = 0.88 and r2 = 0.51 for the reaction in solution 
(CH2Cl2, r.t.) and r1 = 1.52 and r2 = 0.89 for copolymerization 
in bulk at 90 °C. 

Thermoresponsive polyphosphoesters (70) were obtained 
in copolymerization of structures 11 and 69 and reactivity 

Copolymerization of structure 69 with five-membered cyclic 
phosphate bearing 2-bromoisobutyrate group (2-[(2-oxo
1,3,2-dioxaphosphoroyl)oxy]ethyl 2-bromois- obutyrate), (75), 
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using (Bui)3Al as an initiator was also reported. The resulting 
polyphosphates (76) had  M 4 4 

w = 3.4�  10 and 3.7 � 10 with 
3.0 and 10.5 units of structure 75 per macromolecule.43 

Amphiphilic polyphosphate graft copolymers with hydro
philic graft chains were formed by grafting 74 from 75 
sites in 76 by atom transfer radical polymerization 
(ATRP).43,122 

copolymers with desired molecular structures, composition, 
and defined molar mass control of polyphosphate chain 
and possessing functional hydroxy end groups, which can be 
further modified for conjugation with bioactive molecules.53 

When hydrophobic macroinitiators (e.g., PCL and PLA with 
hydroxyl end groups) were used as the initiators, the resulting 
amphiphilic block copolymers with polyphosphate chains can 

½34� 

Terpolymers containing units derived from structures 69, 75, 
and 12 (R = cholesteryl) monomers were also obtained.122 

4.18.2.6.2 Copolymerization with cyclic esters 
Various cyclic phosphorus compounds, mainly 2-ethoxy-2
oxo-1,3,2-dioxaphospholane (11), were copolymerized with 
lactide (LA),123,124 ε-caprolactone (CL),51,52,54,125–127 and six-
membered cyclic carbonates (77)128,129 or 1,4-dioxan-2-one 

form various self-assemblies in aqueous solution.53,57 On the 
other hand, when, for example, MPEG as a hydrophilic macro-
initiator is used, the formed block copolymer is doubly 
hydrophilic.56,59 

Amphiphilic triblock copolymers (79) of poly-11 and 
PCL with various block lengths of poly-11 (Mn = 3–21 � 103) 
and PCL (Mn = 1–7.5 � 103) were synthesized and 
characterized.53,57 
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(78).130 As a result, random and/or block copolymers 
were obtained. Aluminum alkoxides and/or Sn(Oct)2 were 
usually applied as initiators. In some cases, polymerization of 
cyclic phosphates was initiated by hydroxy-terminated 
compounds: dodecanol,52 MPEG,65 poly-L-lactide (PLLA),131 

and poly(ε-caprolactone) (PCL)51,132,133 with Sn(Oct)2 as the 
catalyst.54 

Well-controlled ROP of cyclic phosphates initiated by 
52,53,133(PriO)3Al

125 or alcohol/Sn(Oct)2 produces block 

Amphiphilic and cationic triblock copolymers consisting of 
MPEG, PCL, and poly-12 (R = CH2CH2NH2) were  also  
obtained.134 Cyclic phosphates (12) (R = Me, Et, Pri) were  used  
to adjust the hydrophobic–hydrophilic balance of the copoly
mers and influence their thermosensitivity in a wide range.133,135 

The analysis of the kinetics of propagation of 
five-membered cyclic phosphates, used as the second 
monomer in the synthesis of PCL–polyphosphate block 
copolymers, disclosed that the rate constants of propagation 
are affected by the structure of pendent group connected to 
phosphorus. Thus, the rate constant (in toluene) for struc
ture 12 (R = Pri) was equal to 7.2 � 10−4 l mol−1 s−1 (90 °C) 
and it increased to 2.7 � 10−3 l mol−1 s−1 (50 °C) for 
structure 11.126 

Polymerization of structure 12 (R = MPEG 750) on PCL 
block gave brush-coil diblock copolymer containing 62 
monomer units of CL and up to 6 PEG brushes per polymer 
chain.136 
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The calculated reactivity ratios r1 = 1.27 and r2 = 0.94 in 
copolymerization of structure 11 with D,L-lactide (D,L-LA) in 
bulk in the presence of (PriO)3Al as initiator denote that the 
active chain ends 11* and LA* both have a greater tendency to 
react with 11 than with LA.124 

The synthesis of four-armed biodegradable star block 
copolymers of PCL and poly-11 using hydroxyl-terminated 
four-arm star PCL and a Sn(Oct)2 co-initiation system was 
also reported.137 Amphiphilic three ABC-miktoarm star ter
polymers composed of PCL, MPEG, and poly-11 were 
synthesized by a combination of ROP and ‘click’ 
chemistry.138 

Block copolymers (poly-12-block-poly-74) were synthesized 
by ATRP of 2-(methacryloyloxy)ethyl-phosphorylcholine (74) 
by using poly-12 (R = Pri) as a macroinitiator.61 

The reactivity values r1 = 1.75 and r2 = 0.34 (r1 � r2 < 1) were 
determined for the copolymerization of trimethylene carbo
nate (77) with 2-hydro-2-oxo-1,3,2-dioxaphosphorinane (22) 
using (Bui)3Al as the initiator.139 

Enzymatic ring-opening copolymerization of structures 
77 and 11 was performed in bulk at 100 °C using 
porcine pancreas lipase and/or Candida rugosa lipase as 
catalysts.128 

Hydrolysis of the main chain of random copolymer of D,L-LA 
and 11 exhibited a higher rate compared with PLLA itself, 
obviously because of the increased hydrophilicity of the copoly
mer facilitating the diffusion of water molecules to the polymer 
chain.124 Additionally, in acid environment the hydrolysis of the 
side chains proceeded faster than that of the main chain,124 

which agrees with the previously reported data.140 

4.18.2.6.3 Zwitterionic copolymerization 
Zwitterionic copolymerization was mostly developed by 
Saegusa and Kobayashi. A number of alternating copolymers, 
involving cyclic P-containing monomers, were prepared that 
way.2,9,105,141–149 In these copolymerizations, two monomers 
form the donor–acceptor pair, with sufficiently strong deloca
lization of charges to induce the copolymerization. The role of 

‘initiator’ is being played by one monomer toward the other. 
Copolymerization of that pair does not require any added 
initiator and can give an alternating copolymer simply by mix
ing the monomers at room or higher temperatures. 

Zwitterionic copolymerization involves the reaction of a 
nucleophilic monomer (MN) with an electrophilic monomer 
(ME) to generate a zwitterion (80) (+M –N ME‾) (generic zwitter
ion). The propagation is described by eqn [37], which starts 
with the reaction between 2 moles of generic zwitterions (80) 
(eqn [36]). 
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Saegusa studied a very broad spectrum of cyclic and acyclic 
trivalent phosphorus compounds as the MN components in 
combination with many ME monomers. Some of investigated 
cyclic P-containing monomers are shown in Table 4. 

Zwitterionic copolymerization takes place at moderate tem
peratures (usually ≥ 80 °C). Spirophosphoranes (1) obtained a t  
room temperature, undergoing thermally induced ROP at high 
temperatures.143,153,154,164,172–178 The structures of the resulting 
copolymers were established by IR and by 1H and 31 P NMR.  

As an example, the alternating copolymerization of 2
phenyl-1,3,2-dioxaphospholane (81a) can be used. Thus, the 
copolymerization of structure 81a with acrylic acid (87) and 
with β-propiolactone (88) gives the same alternating copoly
mer (90).153 The M-A reaction is responsible for the appearance 
of the tetracoordinated phosphorus. The zwitterion 89 is 
assumed to be identical in both cases. 
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Table 4 MN monomers giving a phosphonium site in zwitterionic copolymerization 

MN monomers References 

63 150 
67 151, 152 
81a 150, 153–163 
81b 155–158, 164 
82a 165 
82b 165 
83 166 
84 167 
85a 151, 163, 168–170 
85b 161, 168, 170 
86 171 

This copolymerization takes place only above 100 °C, giv
ing structure 90 with Mn ≤ 4.4 � 103.143 At room temperature, 
the reaction of an equimolar mixture of structures 81a and 87 
in ether gives, in almost quantitative yield, a crystalline mate
rial (m.p. 80 °C) having the spirophosphorane structure 
(91).146,153 At higher temperatures, the P–O–C(=O) bond in 
structure 91 undergoes heterolytic cleavage to give the zwitter
ion 89, promoting polymerization (cf. eqn [40]).9,146 
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Polymers obtained by homopolymerization of spiropho
sphoranes have higher molar mass than their analogues 
from zwitterionic copolymerization, probably because of higher 
purity of the spiro monomers and an ‘inherent stoichiometry’.179 

Some monomers having an acid hydrogen such as acrylic 
acid,153 α-keto acids,164 and ethylenesulfonamide158 undergo a 
hydrogen-transfer copolymerization (cf. eqn [42]). 

In the case of copolymerization of vinylphosphonic acid 
monoethyl ester (92) with cyclic phosphonites (86), the alter
nating copolymer (93) having two kinds of phosphorus atoms 
in the main chain was formed. During the copolymerization, 
monomer 92 was reduced involving a hydrogen-transfer 
process and monomer 86 was oxidized; the oxidation state of 
the phosphorus atom of monomer 86 changed, therefore, 
from trivalent to pentavalent (‘oxidation–reduction 
copolymerization’).171 
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A similar structure to polymer 93 was observed when 92 
was replaced by its N-propylamide derivative.180 

Alternating copolymers by zwitterionic mechanism were 
also formed in group-transfer alternating copolymerization of 
2-phenyl-1,3,2-dioxaphosphorinane (67) with trimethylsilyl 3
(acryloyloxy)propanoate.152 

Kobayashi also elaborated a specific method of 
copolymerization called ‘ring-opening-closing alternating copo
lymerization’ (ROCAC). This method relies on the synthesis of 
alternating copolymers (94), having the structure of a 
ring-opened unit derived from a cyclic monomer A and a 
ring-closed unit formed from a noncyclic, bifunctional mono
mer B.181–185 Cyclic phosphonites (5) as A -type (ring-opening) 
monomers and methacrylic and acrylic anhydrides,181 muconic 
acid,182,185 and/or dialdehydes183,184 as B-type (ring-closing) 
monomers were used. The method of ROCAC is visualized 
schematically in eqn [43]. 
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4.18.3 Polyaddition 

Models of TAs (naturally occurring constituents of cell walls of 
Gram-positive bacteria) were prepared by different methods: 

1. Polycondensation of glycerol186 or ribitol187 with phos
phorylating agent (e.g., (PhO)2POCl in the presence of 
tertiary amine).188 

2. ROP of structure 17 (cf. eqn [3]).66 

3. Polyaddition of H3PO4 (or its derivatives) and/or H3PO3 to 

diepoxides.188–194 

In this section, only the synthesis of polyphosphates (97) 
prepared by direct addition of phosphoric acid (95a) and i ts  
silyl derivative (95b) to diepoxides (96) is discussed. The 
number of carbon atoms between two closest phosphate 
groups was varied depending on the structure of starting 
diepoxide.190,192,194 

The oxirane rings, activated (through protonation or 
hydrogen binding to the P–OH groups), react with hydroxy 
groups and in this way propagation of oxiranes according 
to the activated monomer (AM) mechanism occurs 
(cf. Chapter 4.08).190,192 The kinetics of –P(=O)OH oxirane 
addition is, however, much more complex than the simple 
kinetics of the AM polymerization, due to the possibility of 
formation of the intramolecular hydrogen bonds. 

The simple polyaddition becomes shortly challenged by 
branching, either at the third acidic group or at the hydroxy 
C–OH group. Apparently, when all three acidic groups of the 
same P atom are engaged in addition, the network is 
formed.190,191,195 

Under certain conditions, insoluble polymers, highly swelling 
in water, were obtained (the degree of swelling approached 103%). 
The idealized polyaddition of H3PO4 to diepoxides was possible if 
only two acidic functions were engaged (cf. eqn [44]). 

In some reactions, in order to avoid branching and to increase 
the solubility of the resulting polymers, H3PO4 was reacted with 
diepoxides in the presence of a stoichiometric amount of the 
reagent blocking in situ formed hydroxy groups, for example, 
acetic anhydride and/or 3,4-dihydro-2H-pyran.191–193 

Linear polymers (99) with much less branching were also 
prepared by polyaddition of diepoxides (96) to disilyl esters of 
methylphosphoric acid (95b), because the addition of the 
phosphoryl fragment to the epoxide ring is connected with 
the simultaneous blocking of the hydroxy groups by the tri
methylsilyl moieties.188,189,191,192 
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4.18.4 Transformation of Poly(alkylene phosphate)s 

Poly(alkyl alkylene phosphate)s were converted into poly(alky
lene phosphate)s (e.g., structure 100). The dealkylation 
process was elaborated for poly(2-methoxy-2-oxo-1,3,2
dioxaphospholane) (poly-12, R  =  CH3). Over 90% of methyl 
groups were removed and a slight decrease in molar mass of 
polymer (less than 30%) was observed.75 
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Some poly(alkylene phosphate)s were modified by intro

ducing derivatives of imidazole,196 amino acids,197 and/or NA 
bases as side groups.198–200 

4.18.5 Some Properties and Applications of Poly 
(alkylene phosphate)s 

The properties and applications of poly(alkylene phosphate)s 
were described in more detail in the previous chapters.7,82,188,201 

In this chapter, only a few examples are mentioned. 
Polyphosphates exhibit flame retardation and adhesive 

characteristics. As additives, they improve processability by 
increasing the solubility of the polymer in common solvents 
or by lowering the glass transition temperature.123,124 

High molar mass poly(alkylene phosphate)s were obtained 
as models of biopolymers and bioanalogous poly
mers.82,83,188,189 Poly(trimethylene phosphate) (23; model of 
TAs)202,203 and other poly(alkylene phosphate)s204–208 were 
used as components in the studies of active ion transport 
through liquid membranes. Simple poly(alkylene phosphate)s 
were used for studies of cation binding and conductivity 
measurements gave the binding sequence similar to that 
reported for DNA, namely, Ca2+ >Mg2+ >K+ >Na+.209 For some 
model polymers, their hydrolytic stability was also studied.140 

The rate constants of hydrolysis and the pH-rate profile for poly 
(trimethylene phosphate) (23) and poly(methyl ethylene 
phosphate) (poly-12, R  =  CH3) were  determined.140,189 

The equilibrium constants of complexation of Na+ cations 
by poly(methyl ethylene phosphate) (poly-12, R  =  CH3) were 
determined by using 23Na NMR method. The numerical values 
are close to those known for PEG.210 

Poly(alkylene phosphate)s form stable complexes with poly 
(pyridin-1-ium-1,4-diylethylene)211 and conductive complexes 
with polyaniline.212,213 

Biodegradable polyphosphates appear attractive for biolo
gical and pharmaceutical applications because of their 
biocompatibility and structural flexibility. They could be used 
for drug and gene delivery and in the field of tissue engineering 
as scaffolds carriers.51,78,79,137,214–216 

Biocompatible and biodegradable hydrogels based on poly
phosphoesters were also synthesized and applied in cell 
encapsulations58,60,120,217,218 and as novel cellular matrices.219 

Amphiphilic random and block copolymers of phosphoesters, 
capable of self-assembling into micellar nanoparticles, were 
evaluated recently for drug and gene delivery.43,53,57 

Addition of LiClO4 to poly(poly(oxyethylene) methyl 
phosphate) causes the formation of polymer electrolyte. The 
influence of the complex composition on Tg and ionic conduc
tivity has been studied.220 

Some poly(alkylene phosphate)s are useful as additive 
flame retardants.201 

4.18.6 Polymerization of Cyclic Inorganic 
P-Containing Compounds 

4.18.6.1 Polyphosphazenes 

Polyphosphazenes are high molar mass, essentially linear poly
mers, with main chains consisting of alternating phosphorus 
and nitrogen atoms and two side groups, attached to each 
phosphorus atom. There are known several hundred different 
polyphosphazenes (101), with a wide variety of different 
organic (e.g., alkoxy, aryloxy, amino, alkyl, and aryl), inorganic, 
or organometallic side groups (R). The inorganic backbone of 
alternating phosphorus–nitrogen bonds gives the polymer 
chain high flexibility and the side groups attached to the phos
phorus atoms influence the overall properties (e.g., their size, 
shape, polarity, etc.) of the resulting polymer. 

Three main methods exist for the synthesis of polymeric 
phosphazenes: 

1. ROP of the cyclic trimers, hexachlorocyclotriphosphazene 

((NPCl2)3; structure 102) or (NPF2)3, followed by replace
ment of the halogen atoms in the polymer by organic or 
organometallic side groups (eqn [47]); 

2. polymerization of phosphazene cyclic trimers that already 

bear the organic or organometallic side groups (eqn [48]); 
and 

3. polycondensation of phosphoranimines (eqns	 [49] and 

[50]) (not discussed in this chapter).221,222 The one-pot 
synthesis of linear polyphosphazenes should also be 

mentioned here, method elaborated by Allen and 

described by Peterson et al.223 
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Stokes,224 in the nineteenth century, was the first to obtain 
(by heating structure 102 in bulk) the rubberlike poly(dichlor
ophosphazene) (poly-102) that is called ‘inorganic rubber’ 
because of mechanical properties similar, in many aspects, to 
natural rubber.225 Before 1965, thermal and/or catalyzed poly
merization of (NPX2)3 (X = CI, F, Br, NCS) was carried out, 
giving mostly cross-linked (NPX2)n at higher conversion.

226–229 

Allcock and Kugel,230,231 reported in 1965 the preparation of 
linear high molar mass (NPCl2)n, completely soluble in common 
organic solvents. Polymerization was stopped at lower conversion 
(usually ≤ 70%), before any gelation occurred. 

There are a huge number of papers describing the synthesis, 
chemistry, modifications, and properties of polyphosphazenes, 
but the earlier ones were mostly devoted to polymerization of 
cyclic monomers. In this chapter, only selected references are 
reported. More detailed data is available in many books232–237 

and the review papers published by Allcock222,238–248 and 
others.4,223,249–262 

4.18.6.1.1 Polymerization of (NPCl2)3 

4.18.6.1.1(i) Polymerization in bulk 
Polymerization of structure 102 (obtained in the reaction of 
phosphorus pentachloride and ammonium chloride and 
rigously purified) is usually carried out at ∼250 °C in evacuated 
and sealed glass tubes for 24–72 h.230,231,238,252,263–267 The 
molar mass of the polymer is often very high (Mw ∼ 106), but 
with a broad molar mass distribution.236 It is difficult to gain 
the repeatability of the results (characteristics of the polymer
ization products), namely, molar mass, dispersity, and degree 
of cross-linking.242,268 

It has also been found that traces of water act as catalyst 
promoting polymerization, whereas some other impurities 
(e.g., PCl5) are powerful inhibitors.269,270 Thus, for example, 
a small amount of water (below 0.1 mol.%) was found to 
increase the rate of polymerization. On the other hand, 
larger amounts (> 0.2 mol.%) may suppress polymerization 
completely, or increase the formation of cross-linked polymer 
(> 1 mol.% water).270 

Additives or impurities, which are able to remove chloride 
ions from monomer, accelerate the rate of polymerization, but 
some of them promote the cross-linking processes.227,270–274 

The degree of cross-linking increases with the increase in poly
merization time and the reaction temperature.242 

In the presence of catalysts, polymerization occurs at lower 
temperatures; for example, with BF3 structure 102 polymerizes at 
150 °C.275 A lot of different compounds were tested as catalysts, 
namely, carboxylic acids, their salts and esters, ethers, ketones, 
alcohols, nitromethane, metallic zinc, tin, or sodium.238,252,271,272 

The best results were obtained with Lewis acids (SbCl5, AlCl3, 

BCl , BF ).252,256,275–277 Metal halides,265 
3 3 sulfur,238,252 tetraphe

nyltin,266 oxygen,252,273 water,252,270,272 tungsten and 
molybdenum silicates,278 and phosphates279 were also used. 

Radiation-induced (60Co γ-rays) polymerization of structure 
102280 and cold plasma-initiated polymerization of (NPCl2)3, 
(NPCl ) , and (NPF ) were investigated as well.281–283 

2 4 2 3 The 
reaction proceeded at lower temperatures than thermal process, 
for example, polymerization of (NPCl2)4 occurred at ∼60 °C.283 

(NPCl2)3 (102) polymerizes faster than tetramer (NPCl2)4 

in both catalyzed and uncatalyzed reactions.233,238 Although 
the thermal polymerization of structure 102 provides access to 
many derivatives of high molar mass polyphosphazenes (101), 
this route suffers from a number of drawbacks. High costs are 
associated with the synthesis of structure 102, a high level of 
monomer purity is required to achieve reproducible polymer
ization and a high temperature of the reaction is required.268 

4.18.6.1.1(ii) Polymerization in solution 
(NPCl2)3 (102) was also polymerized to the high molar mass 
polymers in solution. Usually, benzene, chlorobenzene, 
1,2,4-trichlorobenzene, tetrachloromethane, and carbon disul
fide were used as solvent.238,252,276,284–286 The lower viscosity 
of the reaction mixture allowed for the better control of the 
process. In a typical solution polymerization of structure 102, 
lower molar mass and broader dipersity of poly-102 were 
observed. The rates of polymerization were from one-half to 
one-third of those in the bulk.237,286 Polyphosphoric,252 sulfa
mic, toluenesulfonic and sulfobenzoic acids,287,288 metal and 
quaternary ammonium salts of carboxylic, sulfonic, amidosul
fonic, picric, or phosphorus acids,252,287,288 sulfur,252 and 
BCl 276,287 

3 were used as initiators. 
Recently, polymerization of structure 102 carried out in 

1,2-dichlorobenzene at 25 °C with (trialkylsilyl)carboranes 
((R3Si)CHB11X, where X = Cl11, H5Br6, Me5Br6) as catalysts 
was reported. As a result, polymers with M = 1.12 � 105 

w and 
dispersity (DM) equal to 1.83 were obtained.268 

4.18.6.1.1(iii) Solid-state polymerization 
The cyclic trimer 102 was polymerized in the solid state when 
irradiated with X-rays289 or 60Co γ-rays.281 Usually, 
cross-linked products were obtained. The presence of water, 
oxygen, solvents, and cyclic tetramer decreased the polymeriza
tion rate, and polymerization stopped at the relatively low 
(e.g., 10%) conversion.289 This phenomenon has previously 
been observed in a number of the solid-state polymerizations 
and is due to the less perfect crystalline structures formed in the 
presence of some impurities. 
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4.18.6.1.2 Kinetics and mechanism of polymerization of 
(NPCl2)3 

Polymerization of structure 102 occurs according to a cationic 
ring-opening mechanism involving dissociation of chloride 
ions from phosphorus,245 and the progress of the reaction in 
solution290 and in bulk276,291 was followed by Raman spectro
scopy and laser light scattering. 

The following reactions (cf. eqns [51]–[55]) describe the
process of formation of poly-102. The initiating species 
(103) are formed as a result of the endothermic P–Cl bond 
rupture in cyclic trimer (102) (eqn [51] ).233,251,269,292 

Because of the lower electronegativity of phosphorus, the 
electrophilic center of the initiating species is located on 
phosphorus. 

 

or cross-linking (eqn [54]). 
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The reactions [53] and [54] become important at higher con
versions (∼70%) and are responsible for gel formation. 

Termination (eqn [55]) occurs at lower temperatures, 
usually during cooling. 
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At longer polymerization times, the amount of cyclic homo
logs (NPCl2)n (n >  3) slowly increases. Formation of cyclic 
oligomers (104) may simply proceed by the backbiting process 
(eqn [56]),293 as in the cationic polymerization of other cyclic 
monomers, containing heteroatoms,294 

In the propagation step (eqn [52]), nitrogen atom from 
monomer ring attacks the electrophilic phosphorus center 
causing ring rupture. 

Dissociation of a chloride ion from a linear polymer seg
ment also produces the propagating species, which are able to 
generate chain branching (eqn [53]) 

½53� 
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or by the four-center mechanism (cf. Scheme 4), proposed by 
Kireev et al.295 

Polymerization without any intentionally added initiator is 
kinetically a second-order process, with activation enthalpy 
varying from 176 to 239 kJ mol−1, 238,251,272 and the entropy 
of activation equal to 145 J mol−1 at 280 °C.232 The rate of 
polymerization is markedly affected by the purity of the cyclic 
trimer (102). The depolymerization is a first-order process with 
an activation energy of 94 � 8 kJ mol−1.293 

The mechanism of polymerization of structure 102 
in 1,2,4-trichlorobenzene solution at 170–230 °C, catalyzed 
by BCl3, has also been proposed (cf. Scheme 5).276,277 

The respective kinetic and thermodynamic parameters at 
170 °C, determined with some simplification of the kinetic 
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Scheme 4 Formation of cyclic oligomers by the four-center mechanism. 

Scheme 5 The mechanism of polymerization of structure 102 catalyzed by BCl3. 

scheme, were also reported: ΔH2 = –117 � 17 kJ mol−1, 
ΔS2 = –234 � 29 J K−1 mol−1, K2 = 33  � 3 (kg of solution) mol−1, 
and ΔH3 

≠ = 151 � 17 kJ mol−1. The reported activation energy equal 
to 151 � 17 kJ mol−1 is lower than that for the uncatalyzed 

238,251,272 process.
In the hydrolysis products of the trimer (102), thermally 

unstable hydroxycyclotriphosphazene (105) was found that 
may cause the ring opening and generate active species for 
either anionic or cationic chain propagation.252,255,270 
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4.18.6.1.3 Synthesis of poly(halophosphazene)s 
Cyclophosphazenes (106) substituted with fluoro, bromo, and 
isothiocyano groups also polymerize at 150–350 °C, giving 
rubbery polymers232,233,238,296–301 with high molar mass 
(Mw >10

6, poly-106; X = F).300,301

Polymerization of structure 106 (X = F) was performed in 
the way similar to that described for the synthesis of 
poly-102. Poly-106 (X = F) is a white elastomeric material, 
hydrolytically unstable, and soluble only in perfluorinated 
solvents.301 
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4.18.6.1.4 Polymerization of substituted cyclophosphazenes 
It has been found that cyclic trimers or tetramers ((NPR2)m, 
m = 3,4) wholly substituted with organic groups (e.g., alkyl, 
aryl, or fluoroalkoxy) undergo only ring–ring equilibration to 
other cyclic phosphazenes at higher temperatures (>150 °C), 
and do not form high polymers.269,302,303 ROPs of cyclopho
sphazenes involve small but significant changes in enthalpy 
(the repeating units in the cyclic species and the polymer are 
the same, but the intramolecular interactions are different), but 
large changes in entropy since many small molecules are 
converted to far fewer macromolecules. Consequently, poly
merization–depolymerization equilibria dominate in the 
thermal processes.236,245 Allcock233,238 suggests that the forma
tion of the polymer is inhibited thermodynamically, because 
the bulky side groups, larger than chlorine or fluorine, are 
causing the intramolecular repulsion within a macromolecule. 
There are a few exceptions known (e.g., structures 107 
and 108). 

Monomer 107 (m = 3) at 300 °C gives a linear or macrocyclic 
polymer, and structure 108 polymerizes when heating 
at > 300 °C for a very short time.233 On the other hand, linear 
high molar mass poly(organophosphazenes) easily depoly
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Progressive substitution of halogens by organic groups 
reduces the tendency for polymerization. On the other hand, 
it has been reported that the polymerization of [NP(OR)2]3 

with equimolar amount of BCl3 is possible and gives polymers 
with molar mass up to 7 � 104 and having ∼50% of alkoxy 
groups replaced by chlorine atoms from BCl3.

317 The kinetic 
study of polymerization of pentachloro(phenoxy)cyclotripho
sphazene allowed to determine the rate constant of 
propagation, kp = 4  � 10−7 s−1 (at 230 °C), and the activation 
energy 126 kJ mol−1.310 

Fluoro analogs also undergo ROP, but at higher temperatures. 
One of the most useful of these monomers is pentafluoro(phenyl) 
cyclotriphosphazene (N3P3F5Ph), which yields a polymer that, 
unlike (NPF2)n, is soluble in common organic solvents and can 
thus undergo efficient polymer substitution reactions.245 

The problem of the polymerization of trimers substituted 
with a different number of organic groups (especially with metal
locenyl substituents) was discussed in some review papers.245,261 

Fully substituted ferrocenylcyclophosphazenes (109) were 
also polymerized. A small amount of (NPCl2)3 (∼1 mol.%) acts 
as polymerization initiator.318 

merize to a mixture of cyclics at higher temperatures 
(> 150 °C).304,305 

Allcock246 in his work systematized and elucidated the role 
of the substituents and, more importantly, substituents indu
cing ring strain in the ROP process. Fundamentals of ring–ring 
and ring–chain equilibria in phosphazene polymerization were 
established.302 

High molar mass polymers were obtained in the polymer
ization of cyclic monomers N3P3XmR6−m (where m=  1–5), 
containing both halogen and organic groups (e.g., 
alkyl,306,307 aryl,308 alkoxy,309 aryloxy,310 carboranyl,311,312 

silyl,313 or metallocenyl261,314,315) on the same phosphazene 
ring and/or in copolymerization of organophosphazenes, 
which do not polymerize on their own, with 
(NPCl2)3.

303,308,316 In this case, polymerization still proceeds 
according to the halogen dissociation mechanism 
(eqn [59]).245 
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The detailed description of polymerization of other metal
locene derivatives was given previously.222,261,318 

Fully substituted trimers with 2- and 4-pyridyloxy pendent 
groups were polymerized in bulk (in the absence of a catalyst) 
to high polymers at relatively low temperatures, above 200 °C 
and 150 °C, respectively.319 On the other hand, the 
3-pyridyloxy trimer did not polymerize even at temperature 
as high as 300 °C and in the presence of (NPCl2)3, AlCl3, or  
water as catalyst. It means that only in monomers with nitrogen 
atoms in ortho or para to the phosphorus-bound oxygen stabi
lization of the cation formed by the initial loss of chloride is 
possible. This result supports the cationic mechanism for poly
merization of small phosphazene rings.261 

Only poly(organophosphazenes), obtained through the 
replacement of the highly reactive halogen atoms in poly-102 
and poly-106 (X = F) by organic groups, can be applied as 
stable and useful materials. This is for some derivatives 
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relatively easy, for example, reaction of (NPCl2)n with 
CF3CH2ONa yields (NP(OCH2CF3)2)n after refluxing 20 h in 
THF solution.320 

4.18.6.2 Poly(phosphazenylphosphazene)s 

Poly(phosphazenylphosphazene)s (poly-110 and poly-111), 
having short phosphazene branches linked to the phos
phorus atoms, were synthesized by the ROP of cyclic 
phosphazenylphosphazenes 110 and 111, respectively.321 

Because the reactivity of the P–Cl bonds in the side 
branches differs from those in the main chain, the selective 
introduction of two or more different organic substituents 
was possible.245 

½61� 

Poly(chlorophosphazenylphosphazene) (poly-111) was 
prepared by the thermal polymerization of bis(trichloropho
sphazenyl)tetrachlorocyclotriphosphazene (111) at 150 °C 
under reduced pressure for about 2 h.322,323 Further reaction 
with alcoholates allowed structures 112 (R = Ph, Mw= 9  � 105), 
113 (R1 = Ph, Mw= 7  � 105), and 113 (R1 =CH2CF3, 
Mw =1  � 105) to be obtained.323 

The activation energy determined for the polymerization of 
structure 111 ∼193 kJ mol−1 322 is comparable to the values 

(176–239 kJ mol−1).238,251,272reported for (NPCl2)3 The 
first-order rate constants k = 9.93 � 10−5 s−l (at 150 °C) and 
k = 2.44 � 10−4 s−l (at 157 °C) were also determined.322 

4.18.6.3 Poly(carbophosphazene)s 

Poly(heterophosphazene)s whose backbones comprise 
phosphorus, nitrogen, and another element – carbon or sulfur – 
were also synthesized.324 In poly(carbophosphazene)s 
(poly-114), every third phosphorus atom is replaced by 
carbon.325 Poly-114 obtained in the thermal polymerization of 
a cyclic carbophosphazene was further transformed into white, 
solid, hydrolytically stable poly((aryloxy)carbophosphazene) 
(structure 115; Mw ∼ 105). The polymer backbone in structure 
115 was less flexible than in classical polyphosphazenes.257,325 

The reaction of poly-114 with alkylamines was also studied.326 

Poly(carbophosphazene)s have higher glass transition tem
peratures than their classical polyphosphazene counterparts 
with the same side groups. The increased stiffness of the carbo
phosphazene backbone is attributed to the high torsional 
barrier of the ‘organic’ C=N  π-bonds compared to the low 
barrier of the P = N π-bonds.245 

4.18.6.4 Poly(thiophosphazene)s 

Polymerization of thiophosphazene 116 was conducted in 
bulk in evacuated Pyrex tubes at 90 °C for 4 h. The resulting 
high polymers (poly-116) show more resemblance to classical 
polyphosphazenes, but are less stable.245,257,261,327 

½62� 

½63� 
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½64� 

An increase in viscosity over a period of several weeks was 
observed for structure 116, even if it was stored at room tem
perature in evacuated ampoules.261,328 

In poly-116, the  S–Cl bonds are much more reactive 
than the P–Cl bonds. Thus, regioselective substitution at 
the sulfur center is possible to yield macromolecules (118) 
with different aryloxy substituents at sulfur and 
phosphorus.257,327,329 

4.18.6.5 Poly(thionylphosphazene)s 

Polymerization of thionylphosphazene (119), conducted in 
an evacuated Pyrex tubes at 165 °C for 4 h, gave a linear 
poly-119 with chlorine at both sulfur and phosphorus in 
∼80% yield (eqn [65]).257,261,329 Apart from polymer and 
unreacted monomer, 12-, 18-, 24-, 30-, and 36-membered 
rings ([(NSOCl)(NPCl2)2]n, n = 2–6) were also 
formed.235,257 

4.18.6.6 Linear Polymers Containing Phosphorus and 
Transition Elements 

Only a few examples of polymers are known that contain both 
transition metals and phosphorus atoms in the main chain. In 
1989, the first synthesis of poly(metallaphosphazene)s 
(poly-121) was reported, where every third phosphorus atom 
of a classical phosphazene was replaced by a metal atom 
(M = Mo, W).320 

½66� 

½65� 

Polymerization of the fluorinated thionylphosphazene 
[(NSOF)(NPCl2)2]3 occurs at a slightly higher temperature 
(180 °C) than of its chlorinated analog.261,330 The resulting 
structure 120 with S–F bonds is moisture stable.261 It was 
postulated that the thermal polymerization of structure 
119 or [(NSOF)(NPCl2)2]3 proceeds by heterolytic 
dissociation of the sulfur–halogen bond as the initiation 
step, forming the highly reactive thionylphosphazene 
cation.257 

Ambient temperature polymerization of structure 119 in 
methylene chloride and with GaCl3, AlCl3, or  SbCl5 as 
initiators was also reported.331 Apart from the high molar 
mass poly(thionylphosphazene) [(NSOCl)(NPCl2)2]n, 12-, 
18-, 24-, and higher-membered macrocycles were formed. 
GaCl3 is the most effective initiator and AlCl3 the 
least one.331 

Poly-121 was inert to hydrolysis, even in boiling water, and 
did not decompose below ∼300 °C, but detailed characteriza
tion of these materials was not reported.257,320 

4.18.6.7 Poly(organophosphazene)s and Related Polymers 

The synthesis of poly(organophosphazene)s (101) with a vari
ety of substituents was described in many books and review 
papers, as mentioned already in Section 4.18.6.1. For example, 
Allcock244,245 in his comprehensive reviews discussed various 
structures of polyphosphazenes and their diversity of 
properties. 

Polyphosphazenes form amphiphilic block copolymers 
with organic polymers, such as poly(ethylene oxide), poly
styrene, or poly(dimethylsiloxane).244 Comb, star, and 
dendritic architectures were also obtained. There are also 
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known polymeric structures that consist of an organic poly
mer backbone with cyclophosphazene groups (122), the 
result of polymerization of vinyl- or allylcyclophoshazenes 
and/or norbornene derivatives by ring-opening metathesis 
polymerization.244,245 

Apart from the mentioned polymers, there are also known 
(123)244,245,252cyclolinear and cyclomatrix polymers 

(124).225,235,238 

Cyclolinear polyphosphazenes (123) were  prepared  
by linking cyclophosphazene rings through difunctional organic 
groups (R1). The synthesis of these polymers depends on the 
presence of blocking divalent groups, R1, which prevent 
cross-linking and determine the properties (e.g., elastic or 
thermoplastic) of the resulting polymers. Cyclolinear phospha
zene polymers are much more thermally stable than linear 
poly(organophosphazene)s.238,258 

Cyclomatrix polymers with general structure 124 are 
formed by the extensive cross-linking of multifunctional ring 
systems, for example, by the reaction of (NPCl2)n with diols or 
diamines.224,238 Such completely cross-linked ring systems 
form tough materials with high melting points and high 
hardness.238,258,332 

4.18.7 Some Properties and Applications of Linear 
Poly(organophosphazene)s 

Properties of polyphosphazenes result from a high chain flex
ibility (their backbone is one of the most flexible known, being 
comparable to silicone polymers) and can be influenced by 

choosing the required substituents at phosphorus atoms at 
will. 

Polymers are semicrystalline and thermoplastic, when only 
one type of substituent is present. Rubbery and amorphous 
materials, having high elasticity in a wide range of tempera
tures, were obtained when two or more different types of 
substituents were introduced into the chain.235,236,238 

The variety of different properties and applications of phos
phazenes were reported in many works.5,222,244,245,257–260,333–335 

In this chapter, only some selected information is given. 
Glass temperatures for poly(organophosphazene)s are 

between −84 °C for [NP(OCH2CH3)2]n and 100 °C for 
[NP(NHPh)2]n.

235 

Poly(alkoxyfluorophosphazene)s have advantages over 
organic elastomers or silicone rubber, because of their low 
transition temperatures and unusual resistance to oils, fuel, 
hydraulic fluids, and so on. Thus, for example, Firestone Tire 
and Rubber Company supplied different products from them, 
for example, O-rings, gaskets, hydrocarbon fuel hoses, and 
fire-resistant foam rubber devices.239,245,251,269 

The polyphosphazene backbone is also transparent to radia
tion from the near infrared to 220 nm. That explains their 
stability to radiation in the visible and near-UV region and 
the interest in polyphosphazenes as optical and photonic 
materials.245 

Polyphosphazenes have low inflammability, very high 
values of limiting oxygen index (LOI) equal to 24–65,237,255 

and evolve no toxic gases during burning. Most of them do not 
burn and some are used as additives to other polymers as flame 
retardants.233,235,237,251,256 

Polyphosphazenes were used as solid polymer electrolytes 
for batteries, membranes for gas and liquid separations, and 
proton exchange membranes for fuel cells as well as for energy 
storage and energy generation applications.236,244,333,336,337 

Biodegradability and biocompatibility of polyphospha
zenes were studied as well as their degradation behavior 
in vitro and in vivo.258,334 It was reported that their degradation 
products are also biocompatible.244,258,335,338 Some reviews 
are devoted to using polyphosphazenes as hydrogel-forming 
materials.235,244 

The surface of poly(alkoxyfluorophosphazene) films and 
nanofibers was modified with plasma to introduce new func
tional groups and alter the water contact angles.244,283 

4.18.8 Outlook 

The presented chapter consists of two parts. In the first part, the 
ROP of cyclic organophosphorus monomers is described, 
whereas the second part is devoted to polyphosphazenes and 
related polymers. 

Cyclic monomers with phosphorus atoms at different level 
of oxidation, namely, pentavalent (PV) and trivalent (PIII), were 
polymerized according to anionic and/or cationic mechanism, 
giving as a result polymers with various structures and proper
ties. The mechanism, kinetics, and thermodynamics of 
polymerization were described for selected groups of mono
mers. The structures of active centers were established and the 
rate constants, activation parameter, and thermodynamic para
meter were determined. 
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High molar mass poly(alkylene phosphate)s were obtained 
as models of biopolymers, namely, NA and TA. 

Many papers are devoted to copolymerization of cyclic 
phosphates with cyclic esters, for example, CL and LA. 
Recently, enzymatic polymerization has received much atten
tion as a new method of polymer syntheses. 

The synthesis of P-containing polymers by polyaddition is 
discussed only for the reaction of phosphoric acid derivatives 
with diepoxides. 

The future of polyphosphazenes, poly(alkylene phosphate)s, 
and their copolymers is mainly associated with their potential 
role in biomedical and pharmaceutical fields, such as drug/gene 
delivery and tissue engineering. 

Acknowledgments 

This chapter is based in large fragments on chapters: 
Phosphorus-Containing Polymers in Handbook of Polymer 
Synthesis (Ref. 4) and Poly(alkylene phosphate)s in 
Polymeric Materials Encyclopedia (Ref. 7) both coauthored 
by S. Penczek and G. Lapienis. The author of this chapter 
(GL) wishes to express his gratitude to Professor Stanislaw 
Penczek for the permission to use large fragments of the texts 
in the present paper. 

References 

1. Gefter, E. L. Organophosphorus Monomers and Polymers; Pergamon Press: 
Oxford, 1962. 

2. Kobayashi, S.; Saegusa, T. In Alternating Copolymers; Cowie, J. M. G., Ed.; 
Plenum Press: New York, 1985; p 185. 

3. Lapienis G.; Penczek, S. In Ring-Opening Polymerization; Ivin, K. J.; Saegusa, T., 
Eds.; Elsevier: New York, 1984; Vol. 2, p 919. 

4. Penczek, S.; Lapienis, G. In Handbook of Polymer Synthesis; Kricheldorf, H. R., 
Ed.; Marcel Dekker: New York, 1992; Vol. 2, p 1077. 

5. Sander, M.; Steininger, E. J. Macromol. Sci., Rev. 1967, C1, 1; Sander, M.; 
Steininger, E. J. Macromol. Sci., Rev. 1968, C2, 1.  

6. Sandler, S. R.; Karo, W. Polymer Synthesis; Academic Press: New York, 1974; 
Vol. 1, p 367. 

7. Penczek, S.; Lapienis, G. In Polymeric Materials Encyclopedia; Salamone, J. C., 
Ed.; CRC Press: Boca Raton, FL, 1996; Vol. 7, p 5361. 

8. Wang, Y.-C.; Yuan, Y.-Y.; Du, J.-Z.; et al. Macromol. Biosci. 2009, 9, 1154. 
9. Kobayashi, S.; Saegusa, T. Pure Appl. Chem. 1981, 53, 1663. 

10. Dutasta, J. P.; Grand, A.; Guimaraes, A. C.; Robert, J. B. Tetrahedron 1979, 35, 
197. 

11. Dutasta, J. P.; Guimaraes, A. C.; Martin, J.; Robert, J. B. Tetrahedron Lett. 1975, 
1519. 

12. Zwierzak, A. Can. J. Chem. 1967, 45, 2501. 
13. Pudovik, A. N.; Evstaf’ev, T. V. Vysokomol. Soedin. 1964, 5, 886. 
14. Nifanteev, E. E.; Nasonovskii, I. S.; Borisenko, A. A. Zh. Obshch. Kim. 1971, 41, 

1876. 
15. Lucas, H. J.; Mitchell, F. W., Jr.; Scully, C. N. J. Am. Chem. Soc. 1950, 72, 5491. 
16. Pudovik, A. N.; Tcherkasov, R. A.; Kondrat’eva, R. M. Vysokomol. Soedin. 1967, 

9, 1118. 
17. Pudovik, A. N.; Evstaf’ev, T. V. Vysokomol. Soedin. 1964, 6, 2139. 
18. Dutasta, J. P.; Martin, J.; Robert, J. B. Heterocycles 1980, 14, 1631. 
19. Greenhalgh, R.; Newbery, J. E.; Woodcock, R.; Hudson, R. F. J. Chem. Soc.,
 

Chem. Commun. 1969, 22.
 
20. Robert, J. B.; Weichmann, H. J. Org. Chem. 1978, 43, 3031. 
21. Harwood, H. J.; Patel, N. K. Macromolecules 1968, 1, 233. 
22. White, D. W. Phosphorus 1971, 1, 33. 
23. Mukayama, T.; Fujisawa, T.; Tamura, Y.; Yokota, Y. J. Org. Chem. 1964, 29, 2572. 
24. Bentrude, W. G.; Yee, K. C.; Bertrand, R. D.; Grant, D. M. J. Am. Chem. Soc. 1971, 

93, 797. 
25. Dutasta, J. P.; Guimares, A. C.; Robert, J. B. Tetrahedron Lett. 1977, 801. 

26. Dutasta, J. P.; Robert, J. B. J. Am. Chem. Soc. 1978, 100, 1925. 
27. Dutasta, J. P.; Robert, J. B.; Vincens, M. Tetrahedron Lett. 1979, 933. 
28. Petrov, K. A.; Nifanteev, E. E.; Goltsova, R. G.; Solntseva, L. M. Vysokomol. 

Soedin. 1963, 5, 1691. 
29. Lapienis, G.; Penczek, S. Macromolecules 1977, 10, 1301. 
30. Lapienis, G.; Penczek, S. J. Polym. Sci., Polym. Chem. Ed. 1977, 15, 371. 
31. Libiszowski, J.; Kaluzynski, K.; Penczek, S. J. Polym. Sci., Polym. Chem. Ed. 

1978, 16, 1275. 
32. Penczek, S. Pure Appl. Chem. 1976, 48, 363. 
33. Kawakami, Y.; Miyata, K.; Yamashita, Y. Polym. J. 1979, 11, 175. 
34. Sharov, V. N.; Klebanskii, A. L.; Bartashev, V. A. Vysokomol. Sordin., Ser. A. 

1972, 14, 653. 
35. Vogt, W.; Ahmad, N. V. Makromol. Chem. 1977, 178, 1711. 
36. Yasuda, H.; Sumitani, M.; Lee, K.; Araki, T.; Nakamura, A. Macromolecules 1982, 

15, 1231. 
37. Vogt, W.; Pflüger, R. Makromol. Chem., Suppl. 1975, 1, 97. 
38. Penczek, S.; Libiszowski, J. Makromol. Chem. 1988, 189, 1765. 
39. Sosnowski, S.; Libiszowski, J.; Slomkowski, S.; Penczek, S. Makromol. Chem., 

Rapid Commun. 1984, 5, 239. 
40. Yasuda, H.; Sumitani, M.; Nakamura, A. Macromolecules 1981, 14, 458. 
41. Vandenberg, E. J. J. Polym. Sci., Part A-1: Polym. Chem. 1971, 9, 2451. 
42. Fontaine, L.; Derouet, D.; Brosse, J. C. Eur. Polym. J. 1990, 26, 865. 
43. Iwasaki, Y.; Akiyoshi, K. Macromolecules 2004, 37, 7637. 
44. Majoral, J. P.; Mathis, F.; Munoz, A.; et al. Bull. Soc. Chim. France 1968, 4455. 
45. Munoz, A.; Vives, J.-P. C. R. Hebd. Seances Acad. Sci., Ser. C 1961, 253, 1693. 
46. Petrov, K. A.; Nifanteev, E. E.; Fedorchuk, L. V. Vysokomol. Soedin. 1960, 2, 417. 
47. Navech, J.; Revel, M.; Vives, J.-P.; Munoz, A. C. R. Hebd. Seances Acad. Sci., Ser. 

C 1965, 260, 224. 
48. Lapienis, G.; Penczek, S. Macromolecules 1974, 7, 166. 
49. Cox, J. R., Jr.; Wall, R. E.; Westheimer, F. H. Chem. Ind. 1959, 929. 
50. Westheimer, F. H. Acc. Chem. Res. 1968, 1, 70. 
51. Wang, Y.; Liu, X.; Sun, T.; et al. J. Controlled Release 2008, 128, 32. 
52. Xiao, C. S.; Wang, Y. C.; Du, J. Z.; et al. Macromolecules 2006, 39, 6825. 
53. Wang, Y. C.; Tang, L. Y.; Sun, T. M.; et al. Biomacromolecules 2008, 9, 388. 
54. Wang, F.; Wang, Y.-C.; Yan, L.-F.; Wang, J. Polymer 2009, 50, 5048. 
55. He, J.; Ni, P.; Wang, S.; et al. J. Polym. Sci., Part A: Polym. Chem. 2010, 

48, 1919. 
56. Wang, Y. C.; Tang, L. Y.; Li, Y.; Wang, J. Biomacromolecules 2009, 10, 66. 
57. Yang, X. Z.; Wang, Y. C.; Tang, L. Y.; et al. J. Polym. Sci., Part A: Polym. Chem. 

2008, 46, 6425. 
58. Du, J. Z.; Sun, T. M.; Weng, S. Q.; et al. Biomacromolecules 2007, 8, 3375. 
59. Xiong, M. H.; Wu, J.; Wang, Y. C.; et al. Macromolecules 2009, 42, 893. 
60. Liu, J.; Huang, W.; Zhou, Y.; Yan, D. Macromolecules 2009, 42, 4394. 
61. Iwasaki, Y.; Yamaguchi, E. Macromolecules 2010, 43, 2664. 
62. He, F.; Zhuo, R. X.; Liu, L. J.; et al. React. Funct. Polym. 2001, 47, 153. 
63. Wen, J.; Zhuo, R. X. Makromol. Chem., Rapid Commun. 1998, 19, 641. 
64. Ivin, K. J. In Reactivity, Mechanism and Structure in Polymer Chemistry; Jenkins, 

A. D.; Ledwith, A., Eds.; Wiley: New York, 1974; p 514. 
65. Penczek, S.; Kubisa, P.; Matyjaszewski, K. Adv. Polym. Sci. 1980, 37, 1.  
66. Klosinski, P.; Penczek, S. Macromolecules 1983, 16, 316. 
67. Lapienis, G.; Penczek S. J. Polym. Sci., Polym. Chem. Ed. 1990, 28, 1519. 
68. Gehrmann, T.; Vogt, W. Makromol. Chem. 1981, 182, 3069. 
69. Vogt, W.; Siegfried, R. Makromol. Chem. 1976, 177, 1779. 
70. Gerlt, J. A.; Westheimer, F. H.; Sturtevant, J. M. J. Biol. Chem. 1975, 250, 5059. 
71. Sharov, V. N.; Klebanski, A. L. Vysokomol. Soedin., Ser. A 1973, 15, 2453. 
72. Korshak, V. V.; Gribova, I. A.; Andreeva, M. Izv. Akad. Nauk SSSR, Ser. Khim. 

1957, 631. 
73. Korshak, V. V.; Gribova, I. A.; Andreeva, M.; Medved, T. A. Vysokomol. Soedin., 

Geterotsepn. Vysokomol. Soedin. 1964, 117. 
74. Kaluzynski, K.; Libiszowski, J.; Penczek, S. Makromol. Chem. 1977, 178, 2943. 
75. Kaluzynski, K.; Libiszowski, J.; Penczek, S. Macromolecules 1976, 9, 365. 
76. Biela, T.; Penczek, S.; Slomkowski, S.; Vogl, O. Makromol. Chem., Rapid 

Commun. 1982, 3, 667. 
77. Wang, J.; Mao, H. Q.; Leong, K. W. J. Am. Chem. Soc. 2001, 123, 9480. 
78. Wang, J.; Zhang, P. C.; Lu, H. F.; et al. J. Controlled Release 2002, 83, 157. 
79. Huang, S. W.; Wang, J.; Zhang, P. C.; et al. Biomacromolecules 2004, 5, 306. 
80. Wang, J.; Gao, S.-J.; Zhang, P.-C.; et al. Gene Ther. 2004, 11, 1001. 
81. Biela, T.; Klosinski, P.; Penczek, S. J. Polym. Sci., Polym. Chem. Ed. 1989, 27, 763.  
82. Penczek, S.; Klosinski, P. In Models of Biopolymers by Ring-Opening 

Polymerization; Penczek, S., Ed., CRC Press: Boca Raton, FL, 1990; p 291. 
83. Penczek, S.; Klosinski, P. In Biomimetic Polymers; Gebelein, C. G., Ed., Plenum: 

New York, 1990; p 243. 
84. Pretula, J.; Kaluzynski, K.; Penczek, S. J. Polym. Sci., Polym. Chem. Ed. 1984, 

22, 1251. 

(c) 2013 Elsevier Inc. All Rights Reserved.



502 Ring-Opening Polymerization of Cyclic Phosphorus Monomers 

85. Kału_zyński, K.; Penczek, S. Makromol. Chem. 1987, 188, 1713. 
86. Lapienis, G.; Pretula, J.; Penczek, S. Macromolecules 1983, 16, 153. 
87. Munoz, A.; Navech, J.; Vives, J.-P. Bull. Soc. Chim. France 1966, 2350. 
88. Navech, J.; Vives, J.-P.; Munoz, A. Bull. Soc. Chim. France 1966, 2355. 
89. Revel, M.; Munoz, A.; Navech, J. C. R. Hebd. Seances Acad. Sci., Ser. C 1967, 

265, 1053. 
90. Shalaby, S. W.; Sifniades, S.; Klein, K. P.; Sheehan, D. J. Polym. Sci., Polym. 

Chem. Ed. 1974, 12, 2917. 
91. Shalaby, S. W.; Sifniades, S.; Sheehan, D. J. Polym. Sci., Polym. Chem. Ed.
 

1976, 14, 2675.
 
92. Petrov, K. A.; Nifanteev, E. E.; Khorkhyanu, L. V.; et al. Vysokomol. Soedin.
 

1962, 4, 246.
 
93. Shimidzu, T.; Hakozaki, T.; Kagiya, T.; Fukui, F. Bull. Chem. Soc. Jpn. 1966,
 

39, 562.
 
94. Shimidzu, T.; Hakozaki, T.; Kagiya, T.; Fukui, F. J. Polym. Sci., Part B 1965,
 

3, 871.
 
95. Singh, G. J. Org. Chem. 1979, 44, 1060. 
96. Kobayashi, S.; Huang, M. Y.; Saegusa, T. Polym. Bull. 1981, 4, 185. 
97. Vogt, W. Makromol. Chem. 1977, 178, 3179. 
98. Yamashita, Y. J. Polym. Sci., Polym. Symp. 1976, 56, 447. 
99. Kobayashi, S.; Suzuki, M.; Saegusa, T. Polym. Bull. 1981, 4, 315; Kobayashi, S.; 

Suzuki, M.; Saegusa, T. Polym. Bull. 1982, 8, 417. 
100. Kobayashi, S. In Ring-Opening Polymerization; McGrath, J. E., Ed., ACS 

Symposium Series 286; American Chemical Society: Washington, DC, 1985; 
p 293. 

101. Kobayashi, S.; Suzuki, M.; Saegusa, T. Macromolecules 1984, 17, 107. 
102. Kobayashi, S.; Suzuki, M.; Saegusa, T. Macromolecules 1986, 19, 462. 
103. Fujisawa, T.; Yokota, Y.; Mukaiyama, T. Bull. Chem. Soc. Jpn. 1967, 40, 147. 
104. Kobayashi, S.; Suzuki, M.; Saegusa, T. Macromolecules 1983, 16, 1010. 
105. Ogata, N.; Saito, S. Makromol. Chem. 1973, 164, 95. 
106. Liu, J.; Huang, W.; Pang, Y.; et al. Biomacromolecules 2010, 11, 1564. 
107. Penczek, S. J. Polym. Sci., Polym. Symp. 1980, 67, 149. 
108. Penczek, S.; Lapienis, G.; Klosinski, P. Pure Appl. Chem. 1984, 56, 1309. 
109. Penczek, S.; Lapienis, G.; Klosinski, P. Phosphorus Sulfur 1986, 27, 153. 
110. Penczek, S.; Biela, T.; Klosinski, P.; Lapienis, G. Makromol. Chem., Macromol. 

Symp. 1986, 6, 123. 
111. Penczek, S.; Duda, A.; Kaluzynski, K.; et al. Makromol. Chem., Macromol. Symp. 

1993, 73, 91. 
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4.19.1 General 

Radical ring-opening polymerization (radical ROP) is an intri
guing method of polymerization from the viewpoints of its 
potential to afford polymers with heteroatom-containing 
main chains inherited from the corresponding heterocyclic 
monomers as well as its potential versatility in copolymeriza
tions of such cyclic monomers with various vinyl monomers. 
In general, cyclic monomers that can undergo radical ROP are 
endowed with carbon–carbon double bonds such as vinyl and 
exo-methylene groups that can react with radical species, 
although there are some exceptions such as cyclic disulfides 
and bicyclobutanes. The addition of radical species to the vinyl 
group is followed by ring-opening reaction of the cyclic mono
mers to afford the corresponding radical at the propagating 
chain end. Therefore, in some cases, radical ROP is completed 
by radical chain-growth polymerization, which should be 
avoided by appropriate molecular designs of cyclic monomers. 

There are four essential requirements, which should be 
fulfilled in designing the ideal cyclic monomers for achieving 
efficient radical ROP. (1) They should possess a C–C double 
bond that can accept radical species. (2) They should possess 
highly distorted ring structures. (3) Their ring-opening reac
tions should be accompanied by some isomerization 
processes that can afford thermodynamically stable functional 
groups. (4) These ring-opening reactions should be promoted 
by giving the corresponding radical species stabilized some
how. For a more specific explanation, the radical ROP of 
vinyl cyclopropanes is selected as an example and depicted in 
Scheme 1. The first step is the addition reaction of a radical 
species to the vinyl group. This step is followed by the 
ring-opening reaction of the three-membered ring with releas
ing its high distortion energy, leading to the formation of 
another type of radical stabilized by the substituents X and Y 
such as phenyl, ester, and cyano groups. This stabilization effect 
as well as the formation of internal olefin assists the smooth 
ring-opening reaction of the cyclopropane ring. 

Scheme 2 depicts another example, that is, the radical ROP 
of cyclic ketene acetals. In this case, the exo-methylene group is 
the radical acceptor. The ring-opening reaction is accompanied 
by the formation of an acyclic ester linkage, which is thermo
dynamically much more stable than the original cyclic acetal. 
In addition, the resulting radical is stabilized by the adjacent 

phenyl group, and this stabilization contributes to the efficient 
ring-opening reaction. 

Besides these monomers, several intriguing monomers and 
their radical ROP have been reported. Their structural charac
teristics, their polymerization behaviors, and the structures of 
the corresponding polymers are summarized below. 

4.19.2 Cycloalkanes 

In Scheme 3, the radical ROP of bicycloalkanes with highly 
distorted structures is shown. In spite of the lack of a C–C 
double bond that can accept radical species, these bicycloalk
anes undergo radical ROP due to the sp2 character of the 
carbon atoms consisting of the bicyclic system that allows the 
efficient addition of radical species on the monomers.1–3 

Introduction of substituents X such as cyano, esters, and sulfo
nates is essential for the efficient polymerization, because these 
substituents can promote the ring-opening reaction by stabiliz
ing the resulting radical. The resulting polymers exhibit high 
thermal stability due to the presence of rigid cyclobutane rings. 

In Scheme 4, the radical ROP of vinyl cyclopropanes is 
shown. The vinyl group acts as a radical acceptor. After accept
ing a radical, the cyclopropane ring undergoes the ring-opening 
reaction. Due to the high distortion energy of the cyclopropane 
ring, this ROP is free from chain-growth radical polymerization 
of the vinyl group. The introduction of functional groups X, 
such as halogens, esters, and cyano groups,4–7 is one of the keys 
to the molecular design of this class of monomers, which can 
promote the ring-opening reaction by stabilizing the resulting 
radicals. In contrast to the chain-growth polymerizations of 
vinyl monomers such as styrene derivatives, acrylates, and 
methacrylates that suffer from large volume shrinkage, the 
radical ROP of some vinyl cyclopropanes is accompanied by 
much smaller volume shrinkage.8 The main chain of the result
ing polymers has carbon–carbon double bonds, which are 
potentially applicable as reactive sites for polymer reactions. 
In addition, as shown in Scheme 4, in some cases depending 
on substituents, cyclobutane rings are incorporated into the 
polymer, due to the backbiting of the terminal radical to the 
C–C double bond in the main chain. 

A vinyl cyclopropane bearing trimethylsiloxy group is a 
useful monomer for synthesizing a versatile reactive polymer 
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Scheme 5 

(Scheme 5).9 Its radical ROP gives the corresponding polymer 
bearing silyl enol ether, which is a nucleophilic functional 
group. Various electrophiles such as aldehydes and alkyl bro
mides can react with the silylenol ether in the main chain to 
permit versatile functionalization of the polymer. 

Vinyl cyclopropanes undergo radical copolymerization 
with methyl methacrylate (MMA) (Scheme 6).10 Quite inter
estingly, the copolymerization is accompanied by the 
formation of five- and six-membered rings in the main 
chain. The radical at the chain end formed by the ring-opening 
reaction of vinyl cyclopropanes attacks MMA preferably, and 
the resulting radical is located so that it can react with a C–C 
double bond in the main chain forming a five- or 
six-membered ring. The copolymerization parameters were 
evaluated to be r1 = 0.11  and  r2 = 21.51 (M1, vinyl cyclopro
pane; M2, MMA) by nonlinear least-squares methods. The 
degree of volume shrinkage on the copolymerization 
decreases as the content of vinyl cyclopropane increases. A 

similar tendency was observed in the glass transition tempera
ture of the copolymers. 

It has been reported that 10-methylene-9,10
dihydroanthryl-9-spirocyclopropane undergoes the radical 
ROP efficiently (Scheme 7).11 In the monomer design, 
π-conjugated system is properly inserted between the vinyl 
group and the cyclopropane moiety. The driving force for the 
ROP is not only the release of the distortion energy of the 
cyclopropane ring, but also the formation of anthracene moi
ety, an expanded π-conjugated system. 

α-Cyclopropylstyrene also undergoes the radical ROP 
(Scheme 8).12 The ring-opening reaction of the cyclopropyl 
moiety gives a relatively unstable radical; however, the styrene 
part in the monomer captures such a highly active radical 
immediately to suppress termination and chain transfer reac
tions. The resulting polymer has a repeating unit that consists 
of a styrene-derived part and a sequence of three methylene 
groups, which cannot be obtained by any other methods. 

Scheme 6 
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Scheme 7 

Scheme 8 

Besides the examples of the chain-growth polymerizations, 
a step-growth polymerization has been also reported. In the 
presence of radical initiator, vinyl cyclopropane and thiol 
undergoes the addition reaction with ring-opening 
(Scheme 9). Based on this reaction, a polyaddition system 
has been developed.13 In this system, bifunctional vinyl cyclo
propanes and dithiols can be used as monomers, polyaddition 
of which gives the corresponding polysulfides bearing C–C 
double bonds in the main chain. 

Not only the cyclopropane derivatives but also some cyclo
butane derivatives undergo radical ROPs. Scheme 10 depicts 
the ROP of a vinyl cyclobutane.14 Release of the distortion 

energy of four-membered ring and stabilization of the 
resulting radical by the adjacent ester group promote the 
polymerization. 

Benzocyclobutene is also a highly distorted compound, 
which undergoes thermally induced ring-opening reaction to 
afford o-quinodimethane (Scheme 11).15 The formed 
o-quinodimethane undergoes radical polymerization forming 
o-phenylene structure in the main chain. This process with 
‘aromatization’ is one of the driving forces for the efficient 
polymerization. By introducing functional groups on the cyclo
butene ring, the temperature for the polymerization can be 
controlled.16 The methoxy-substituted monomer undergoes 

Scheme 9 
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Scheme 10 

Scheme 11 

the radical ROP at 120 °C to afford a methoxy-substituted poly 
(phenylene ethylene). By heating this polymer in the presence 
of p-toluenesulfonic acid, methanol can be eliminated to 
give poly(phenylene vinylene), a π-conjugated polymer. The 
benzocyclobutene-type monomer also undergoes copolymeri
zation with various vinyl monomers such as MMA, methyl 
acrylate, and acrylonitrile. For example, the copolymerization 
with methyl acrylate with a feed ratio of 50:50 gives the corre
sponding copolymer with a composition ratio of 47:53. 

A compound consisting of six-membered rings can undergo 
radical ROP, despite the less distorted nature of six-membered 
rings than that of the three- and four-membered rings 
(Scheme 12).17 The exo-methylene group is the acceptor of radi
cal. In this case, the ring-opening reaction of the center ring is 
promoted by the formation of o-phenylene unit, that is, aroma
tization of cyclohexadiene radical into phenyl group releasing 
benzyl radical. Another driving force of the ring-opening reaction 

is the formation of a relatively stable benzyl radical. The copoly
mer structure is quite interesting, since it can be regarded as an 
imaginary copolymer of benzyne and ethylene. Although copo
lymerization of this monomer with conventional vinyl 
monomers has been not reported yet, it would be an efficient 
strategy to synthesize polymers with enhanced thermal stability 
and mechanical strength due to the introduction of phenyl 
groups into the main chain. 

4.19.3 Cyclic Ethers and Cyclic Sulfides 

Oxiranes and thiiranes are cyclic monomers that can undergo 
cationic and anionic ROP. Attachment of vinyl groups to these 
highly reactive heterocycles can give a new class of monomers 
that undergo radical ROP. Vinyl oxiranes and vinyl thiiranes 
are heteroatom-containing analogues of vinyl cyclopropanes. 
Similar to vinyl cyclopropanes, these three-membered cyclic 
ethers and sulfides undergo radical ROPs (Scheme 13).18–20 

The first step is the addition of radical species to the C–C 
double bond of the monomers. This reaction is followed by 
the ring-opening reaction of the three-membered ring, which 
is driven by the release of the distortion energy of the 
three-membered ring. Introduction of a phenyl group on the 
three-membered ring is an essential point in the molecular 
design, because the phenyl group can stabilize the adjacent 
radical formed by the ring-opening reaction. 

As shown in Scheme 14, the introduction of a spiro bicyclic 
structure is an interesting way of designing a new radical poly
merization system.21 Similar to other types of cyclic monomers 

Scheme 12 
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Scheme 13 

Scheme 14 

that undergo radical ROP, this spiro bicyclic monomer accepts 
radical species at its vinyl group. One of the features of this 
polymerization system is that both the oxirane moiety and the 
cyclohexane ring in the spiro cyclic system undergo 
ring-opening reaction. The ring-opening reaction of the oxirane 
ring is followed by the ring-opening reaction of the cyclohex
ane ring. The latter ring-opening reaction is assisted by the 
formation of a benzyl radical. The resulting polymer has an 
α,β-unsaturated ketone structure in the main chain, which 
would be used as an electrophilic reactive group for functiona
lization of the polymer. 

Analogous to the polyaddition of bifunctional vinyl cyclopro
panes and dithiols, bifunctional vinyloxiranes also undergo 
polyaddition with dithiols to give the corresponding polysulfides 
bearing a vinylether structure in the main chain (Scheme 15).22 

An H radical can be abstracted from an SH group in the presence 

of a radical initiator, and the formed S radical reacts with the vinyl 
group. Then, the ring-opening reaction of the oxirane ring pro
ceeds, and the resulting radical abstracts an H radical from 
another SH group. This polymerization can be conducted using 
a radical initiator such as azobisisobutyronitrile (AIBN) at 60 °C. 
In addition, the same polymerization proceeds under 
photo-irradiation at room temperature. 

A methylene oxetane shown in Scheme 16 can be regarded 
as not only a cyclic monomer but also a vinyl ether-type mono
mer. Consequently, this monomer undergoes not only the 
radical ROP but also the chain-growth radical polymerization 
of the C–C double bond (Scheme 16).23 The resulting polymer 
consists of ketone-containing units and oxetane-containing 
units in a ratio of 4:6. The exo-methylene group accepts a 
radical, and the resulting radical is transformed into a primary 
alkyl radical. The formed radical is not stabilized and thus 

Scheme 15 
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Scheme 16 

Scheme 17 

relatively difficult to form; however, the formation of the ther
modynamically stable ketone group can drive the ring-opening 
reaction. 

A five-membered cyclic ether with an exo-methylene group 
is a monomer for radical ROP (Scheme 17).24 The radically 
induced ring-opening reaction is promoted by two factors: 
(1) the formation of thermodynamically stable ketone group, 
and (2) that of relatively stable benzyl radical-type chain end. 
On the other hand, an analogous compound with a 
six-membered cyclic ether structure does not undergo ROP, 
but its exo-methylene group undergoes the chain-growth radi
cal polymerization. 

A seven-membered cyclic allyl sulfide shown in Scheme 18 
is a monomer that was designed based on the high reactivity of 
allyl sulfide in various radical reaction systems.25 It undergoes 
ROP selectively to afford the corresponding polysulfide. The 
first step is the addition reaction of the radical to the 
exo-methylene group of the monomer, leading to the formation 
of a radical at the β-position of the sulfur atom. This cyclic 

Scheme 18 

radical undergoes the ring-opening reaction forming a new 
acyclic allyl sulfide and thiyl radical. In general, thiyl radicals 
readily react with C–C bonds without the hydrogen abstraction 
that causes various side reactions. In fact, radical ROP of the 
seven-membered cyclic allyl sulfide proceeds smoothly at 
70 °C to afford the corresponding polysulfide, the weight aver
age molecular weight of which is more than 600 thousands. An 
analogous monomer with eight-membered ring also undergoes 
radical ROP smoothly. 

Cyclic disulfides are also radically polymerizable mono
mers. Although they do not have a C–C double bond for 
accepting radicals, the homolysis of the S–S bond permits the 
formation of S radicals (Scheme 19).26 The resulting biradical 
undergoes polyaddition to afford polydisulfide. 

Lypoamide, a five-membered cyclic disulfide, is a coen
zyme necessary for the oxidative acylation reactions in 
bioorganic systems. Although it does not undergo homopo
lymerization, it can be used as a comonomer for the radical 
polymerizations of vinyl monomers such as styrene, vinyl 

Scheme 19 
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Scheme 20 

acetate, and methyl acrylate (Scheme 20).27 These copoly
merizations gave the corresponding polymers with sulfide 
linkages in the main chain. By using 15 mol.% lypoamide 
as a comonomer, the copolymers with 8–25% content of 
lypoamide-derived unit can be obtained. 

4.19.4 Cyclic Acetals 

Cyclic ketene acetals, a class of monomers with highly nucleo
philic nature, have been developed for the purpose of their 
efficient cationic ROP. Nevertheless, it has been clarified that 
these monomers also undergo radical ROP. The radical ROP 
behaviors of cyclic ketene acetals depend on two parameters: 
ring size and substituents (Scheme 21). These monomers can 
undergo not only ROP but also vinyl polymerization. Herein, 
‘ring-opening efficiency’ is defined as a ratio of (number of 
units formed by ROP)/(total number of units including those 
formed by vinyl polymerization). In the polymerizations of 
the 5-, 6-, and 7-cyclic ketene acetals without substituents, the 
corresponding ring-opening efficiencies are 83%, 85%, and 
100%, respectively, implying that ring distortion is a critical 
parameter.28 On the other hand, by introducing substituents 
such as alkyl and phenyl groups, the ring-opening efficiency 
can be improved to 100% regardless of ring size, presumably 
due to the effects of these substituents to promote the 
ring-opening reaction by stabilizing the radicals formed at 
the chain end.29–33 Particularly, one of the seven-membered 
cyclic ketene acetal listed in Scheme 21 undergoes radical 
ROP highly efficiently (Scheme 22). The C–C double bond 
accepts radical species to give the corresponding cyclic 
acetal-type radical. Due to the high distortion energy, the 
seven-membered ring undergoes the ring-opening reaction 

efficiently. The resulting radical is a benzyl radical, which is 
stabilized by delocalization. 

Cyclic ketene acetals undergo radical copolymerization with 
various vinyl monomers (Scheme 23).34 For example, in the 
case of the copolymerization of the five-membered cyclic 
ketene acetal bearing phenyl group and MMA, composition of 
the copolymer can be efficiently controlled in a range from 9:91 
to 82:18 by varying the feed ratio of the monomers. This is a 
useful method for synthesizing degradable polymers bearing 
ester linkages in the main chains, which were derived from the 
cyclic monomers. 

The polymerization behavior of a five-membered cyclic O, 
S-ketene acetal, a sulfur-containing analog of a cyclic ketene 
acetal, has been reported (Scheme 24).35 The ring-opening 
efficiency of the polymerization was 45%, which was lower 
than that of the polymerization of the five-membered ketene 
acetal. The difference in ring-opening efficiency would be attri
butable to the difference in the thermodynamic stability 
between the resulting functional groups, ester and thioester. 
In general, ester is much more stable than thioester, and thus 
the formation of the ester function by the ROP of ketene acetal 
is more favorable than the formation of the thioester by the 
ROP of ketene O,S-acetal. 

8-Methylene-1,4-dioxaspiro-[4.5]deca-6,9-diene is a 
five-membered cyclic ketene acetal that undergoes radical ROP 
selectively (Scheme 25).36 Although it is more difficult for a 
five-membered ring to undergo ring-opening reaction than 
three-, four-, and seven-membered rings, the formation of aro
matic ring in the main chain assists in the highly efficient ROP. 

The combination of the two different monomer designs of 
vinyl cyclopropane and cyclic ketene acetal permits the creation 
of a new monomer that undergoes double ROP 
(Scheme 26).37,38 Although the resulting polymer is contami
nated by some other units such as those formed by the vinyl 

Scheme 21 
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Scheme 22 

Scheme 23 

Scheme 24 

polymerization and the ROP of the vinyl cyclopropane part 
without ring opening of the cyclic acetal part, the pathway 
dominating the system is the double ROP, which affords the 
corresponding polyester bearing C–C double bonds in 
the main chain. The high ring distortion energy of the 
seven-membered ring is essential for the double ROP. In the 
radical polymerization of an analogous monomer bearing 
five-membered cyclic acetal moiety, only the vinyl cyclopro
pane part undergoes radical ROP to afford the corresponding 
polymer that inherits the cyclic acetal moiety from the mono
mer. Even if the cyclic acetal part is a five-membered one, by 
introducing a phenyl group on it, the double ROP can be 
induced. 

The radical polymerization behaviors of 4-methylene
1,3-dioxolane involve three polymerization modes 
(Scheme 27):39–42 The first one is the chain-growth radical 

polymerization of the exo-methylene group, while the sec
ond one is the ROP. The third one is another mode of ROP to 
afford polyketone, which is accompanied by the elimination 
of the corresponding carbonyl compounds. The ratio of these 
modes depends on the substituents X and Y. 

For example, when both of these substituents are phenyl 
groups, ROP in the third mode proceeds selectively with the 
elimination of benzophenone.43 The high selectivity would be 
due to the smooth ring-opening reaction of the five-membered 
ring driven by the formation of a stable diphenyl methyl radical 
(X = Y = Ph). This is a new method for synthesizing polyketone. 
The introduction of a electron-withdrawing group at the para 
position of the phenyl ring results in the acceleration of the 
polymerization.44 For example, the monomer bearing 
4-cyanophenyl groups (X = Y = 4-cyanophenyl) does not 
undergo the polymerization at 60 °C using AIBN as an initia
tor, while the monomer bearing 4-methoxyphenyl groups 
(X = Y = 4-methoxyphenyl) undergoes the polymerization 
smoothly under the same conditions. 

Copolymerizations of the five-membered cyclic acetal 
(X = Y = phenyl) bearing exo-methylene group and vinyl mono
mers have also been reported.41 This cyclic monomer can 
undergo the copolymerizations with vinyl pyrrolidone, styrene, 
vinyl acetate, and MMA to afford the corresponding 

Scheme 25 
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Scheme 26 

Scheme 27 

copolymers bearing ketone moieties in the main chain. Except 
for the copolymerization with MMA, the copolymerizations 
proceed with the ring-opening reaction of the monomer releas
ing benzophenone selectively. The polymer composition can 
be controlled linearly to the feed ratio of the comonomers. 
Since ketone groups undergo some photo-induced reactions 
(Norrish-type reactions), the copolymers with ketone groups 
in the main chain are potentially photodegradable polymers. 

There has been a report on the synthesis and utilization of an 
exo-methylene dioxolane bearing styryl group (Scheme 28).45 

The styryl group can be used for the copolymerization with other 

vinyl monomers such as styrene to obtain the corresponding 
polymers bearing exo-methylene dioxolane moieties in the side 
chains. This ‘mother’ polymer can produce a ‘daughter’ polyke
tone through the radical ROP of the exo-methylene dioxolane 
moieties. 

4.19.5 Spiroorthocarbonates and Spiroorthoesters 

Spiroorthocarbonates (SOCs) and spiroorthoesters (SOEs) 
have been known as cyclic monomers that can undergo 

Scheme 28 
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Scheme 29 

cationic ROPs (Scheme 29). Their cationic polymerizations are 
accompanied by volume expansion, because the highly 
compact structures of the monomers are transformed into 
acyclic structures that occupy a much larger space. These 
‘volume-expandable monomers’ can be applied to sealants 
and adhesives, which are free from formation of voids and 
cracks caused by the volume shrinkage during the polymeriza
tions of conventional monomers. 

Based on the spirocyclic ether structures, several radically 
polymerizable cyclic monomers have been designed and 
synthesized. Such monomers are potentially applicable as 
volume-expandable monomers that can copolymerize with 
conventional vinyl monomers to suppress the volume 
shrinkage. 

SOC bearing exo-methylene group undergoes radical ROP 
through double ring-opening reactions to give the correspond
ing polycarbonate (Scheme 30).46 In the case of the 
polymerization of a monomer bearing a six-membered cyclic 

Scheme 30 

acetal moiety, the corresponding volume expansion degree is 
reported to be 4.5%. 

SOC, consisting of two six-membered acetal moieties with 
an exo-methylene group, also undergoes radical ROP 
(Scheme 31).46 It can undergo the copolymerization with styr
ene to give the corresponding polystyrene derivative bearing 
carbonate moieties in the main chain. On the other hand, an 
analogous SOC consisting of five-membered acetal moieties 
does not undergo ROP.47 The exo-methylene groups can be 
used for radical copolymerizations with various vinyl mono
mers to afford the corresponding cross-linked polymers. 

SOEs bearing exo-methylene group undergo radical ROP 
regardless of the ring size of the cyclic ether part 
(Scheme 32).48,49 

In the radical ROP of a SOE bearing an aromatic ring, the 
propagating end is a benzyl radical (Scheme 33).50 

4.19.6 α-exo-Methylene Lactones 

Cyclic lactones bearing an exo-methylene group at the 
α-position have been designed so that (1) the acrylate-type 
structure involved in the monomer can accept radical, and (2) 
the resulting radical species can be transformed into a benzyl 

Scheme 31 
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Scheme 32 

Scheme 33 

Scheme 34 

radical. By virtue of this molecular design, a six-membered 
lactone undergoes radical ROP efficiently to give the corre
sponding polymer bearing α-ketoester linkage in the main 
chain, which exhibits photodegradability (Scheme 34).51 In a 
similar manner, a five-membered lactone with exo-methylene 
group undergoes radical ROP to afford the corresponding poly
mer bearing α-ketoester linkage in the main chain.52 

A seven-membered cyclic lactone with an exo-methylene 
group and sulfur atom also undergoes radical ROP 
(Scheme 35).53 The ring-opening reaction gives thiyl radical, 
which can readily react with methacrylates and styrene to per
mit the successful copolymerizations of the cyclic monomer 
and the vinyl monomers. 

4.19.7 Cyclic Sulfones with Vinyl Group 

A five-membered cyclic sulfone with a vinyl group undergoes 
radical ROP selectively to give the corresponding polysulfone 

(Scheme 36).54 On the other hand, the polymerization of an 
analogous six-membered one is accompanied by the radical 
chain-growth polymerization of the vinyl group (Scheme 37).55 

The polymerization of a six-membered cyclic disulfone bearing 
vinyl group proceeds with selective ROP (Scheme 38).56 

4.19.8 Controlled Radical Ring-Opening 
Polymerization 

The current progress in the field of controlled radical polymer
ization has allowed polymer chemists to control some of the 
radical ROPs. In the first example of such controlled radical 
ROPs, nitroxyl radical (2,2,6,6-tetramethyl-1-piperidinyloxy: 
TEMPO) was added to the ROP of 2-methylene-1,3-dioxe

57,58pane. The polymerization afforded the corresponding 
polyester with polydispersity (Mw/Mn) as low as 1.2. Addition 
of TEMPO was also effective to control the ROP of SOE bearing 
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Scheme 36 

Scheme 37 

Scheme 38 

an aromatic ring (Scheme 39).59 In this case, the benzyl radical 
at the propagating end can be capped by a TEMPO radical into 
the corresponding dormant species. 

Copper-mediated controlled radical polymerization, which 
is known as ‘atom transfer radical polymerization (ATRP)’, is  
also a useful tool to control ROP of several cyclic monomers. 
The copper-mediated ROP of 2-methylene-4-phenyl
1,3-dioxolane, a five-membered cyclic ketene acetal, has been 
reported.60 By using an α-bromoester/CuBr/2,2′-bipyridine sys
tem, the ROP was successfully controlled to give the 
corresponding polyester with predictable molecular weights 
and low polydispersities. The ATRP technique was also effec
tively exploited to control the ROP of 5,6-benzo-2-methylene
1,3-dioxepane, a seven-membered cyclic ketene acetal 
(Scheme 40).61 

The polymerization proceeds in a controlled manner, that 
is, the corresponding first-order kinetic plot is linear. The result
ing polymer is a telechelic polyester: The initiating end is 
derived from the α-bromoester used as the initiator and the 
propagating end bears benzyl bromide-type structure. The 
molecular weight increases linearly to monomer conversion, 
and the molecular weight distributions are narrow. 

Other examples of ATRP involve that of a vinylcyclopro
pane62 and that of a five-membered lactone with 
exo-methylene group.63 The latter example afforded a polymer 
bearing α-ketoester linkage in the main chain. In addition, the 
copolymerization of the lactone and MMA proceeded in a 
statistical manner to afford the corresponding copolymer with 
a poly(MMA) backbone, into which the α-ketoester units 
derived from the cyclic monomer are randomly distributed 
(Scheme 41). As a virtue of the photocleavable nature of 
α-ketoester, the copolymer is endowed with a photodegradable 
nature. 

Another current trend in controlled radical ROP is the utili
zation of ‘reversible addition–fragmentation chain transfer 
(RAFT)’, which has been widely exploited as a powerful tool 
to control radical polymerizations of various vinyl monomers. 
The radical ROPs of 5,6-benzo-2-methylene-1,3-dioxepane, a 
seven-membered cyclic ketene acetal,64 and those of 
9,10-dihydroanthracene derivatives bearing exo-methylene 
and cyclopropane moieties65,66 have been reported. 

4.19.9 Summary 

Radical ROP is expected to be a useful tool for constructing 
various polymers bearing heteroatom-containing functional 
groups, which are not attained by chain polymerization of 
vinyl monomers. Those functional groups incorporated into 
the polymers serve as cleavable points, leading to the 
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development of various degradable polymers.67–70 Furthermore, 
one of the features of radical ROP that has attracted much 
attention of polymer chemists is the opportunity for radical 
copolymerizations with a wide range of conventional vinyl 
monomers such as styrenics, acrylics, and methacrylics. By 
these copolymerizations, various functional groups derived 
from the cyclic monomers can be incorporated into the resulting 
main chains, which can be hydrolyzable and photodegradable. 
Another expectation for radical ROP is the inherent small 
volume shrinkage nature due to the ring-opening reactions 
involved in the polymerization systems.8,71,72 In addition, recent 
advances in ‘living’/controlled radical polymerization techni
ques have given the opportunity to control radical ROP 
leading to polymer chains having predictable molecular weights. 
For this purpose, nitroxy radical-mediated polymerization 
(NMP), radical addition–fragmentation transfer (RAFT), and 
ATRP are the systems that can be conveniently used. These 
controlled radical ROPs will give us the opportunities to con
struct various polymer architectures with functions such as block 
copolymers and graft copolymers. Some efforts to clarify the 
mechanisms of several radical ROP systems have also been 
reported.73–75 A proper understanding of the mechanisms of 
radical ROP will guide us to new molecular designs of cyclic 
monomers, and the development of their controlled ROPs will 
result in the development of unprecedented polymer materials 
to support future industries. 
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4.20.1 Introduction 

Since its discovery in the 1950s and 1960s, olefin metathesis 
has burgeoned into a powerful transformation utilized in 
industry as well as academia. Among the first olefin metathesis 
methods to be utilized industrially, ring-opening metathesis 
polymerization (ROMP) has taken on a key role in numerous 
applications. Typically driven by the release of ring strain, 
ROMP is capable of producing functionally diverse and struc
turally complex polymers from a diverse range of monomers 
through the implementation of well-defined catalysts, namely 
the Schrock- and Grubbs-type precatalysts (Figure 1).1 

4.20.2 Catalysts (Grubbs and Schrock Type) 

Enhanced stability toward air and water as well as a toleration 
of a broad variety of functional groups often make Ru-based 
complexes the precatalysts of choice.2 Within this family, the 
first- and third-generation Grubbs-type catalysts are the most 
widely used because their complete initiation leads to the most 
predictable molecular weights (MWs) and uniform products. 
The Hoveyda–Grubbs complexes are also capable precatalysts 
but suffer from poor initiation characteristics, and thus, are 
employed less frequently. The Schrock-type Mo catalysts are 
often more active than Grubbs-type catalysts, which makes 
them exceptionally powerful, but their use is tempered by a 
relatively functional group tolerance and high sensitivity to 
water and moisture. These catalysts are more commonly uti
lized for particularly challenging ROMP polymerizations not 
typically facilitated by the Grubbs-type catalysts (e.g., cycloalk
ynes) or when rapid conversions are required. 

The catalysts mentioned above are the tools used to build 
various polymeric architectures via ROMP, ranging from the 
simplest linear homopolymer to intricate double helices. This 
chapter aims to delve into these architectures from the most 
basic to the most complex. In many cases, only representative 
examples are discussed and should only be used as a guide as 
the inclusion of all work from the field into a single chapter is 
not possible. Ultimately, this chapter aims to give its readers an 
appreciation and understanding of the structural opportunities 
already obtained through ROMP and a vision for its future. 

4.20.3 Basic Categories 

Polymers prepared using ROMP broadly into four basic cate-
gories (Figure 2). The simplest, linear homopolymers consist 
of a single repeating unit or monomer. Block copolymers, as 
indicated by the name are comprised of more than one mono
mer, with blocks or polymeric segments of one monomer 
attached to that of another in a linear fashion. Most commonly, 
this order is obtained through the complete polymerization of 
a given monomer, A, followed by the polymerization of a 
second monomer, B, to form an ordered polyA–polyB arrange
ment, called a diblock copolymer. This may be further 
expanded to a third monomer or a repetition of the first mono
mer and so on to access triblocks, tetrablocks, and so forth. In 
stark contrast to blocks, random copolymers consist of two or 
more different monomers but their ordering is statistical rather 
than controlled by the order of addition. This statistical mixture 
is commonly prepared by mixing two or more monomers of 
interest prior to addition of the catalyst. Constant, repetitive 
polymerization of a single monomer (A) followed by another 
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Figure 1 The structures of various precatalysts used to initiate ROMP reactions (PCy3, tricyclohexylphosphine; py, pyridine). Reproduced with 
permission from Schwab, P.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 100.; Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, 
1, 953.; Kingsbury, J. S.; Harrity, P. A.; Bonitatebus, P. J., Jr.; Hoveyda, A. H. J. Am. Chem. Soc. 1999, 121, 791.; Sanford, M. S.; Love, J. A.; Grubbs, R. H. 
Organometallics. 2001, 20, 5314.; Schrock, R. R.; DePue, R.; Feldman, J.; Schaverien, C. J.; Dewan, J. C.; Liu, A. H.; et al. J. Am. Chem. Soc. 1988, 110, 
1423;. Schrock, R. R.; Depue, R. T.; Feldman, J.; Yap, K. B.; Yang, D. C.; Davis, W. M.; Park, L. Y.; DiMare, M.; Schofiled, M.; Anhaus, J.; Walborsky, E.; 
Evitt, E.; Krüger, C.; Betz, P.; et al. Organometallics. 1990, 9, 2262.; Schrock, R. R.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2003, 42, 4592.2 

Figure 2 Representations of different polymer architectures. 

monomer (B) may afford copolymers with alternating 
segments of polyA and polyB. 

The aforementioned polymers can further be classified as 
telechelic if the ends (endcaps) of the polymer are functio
nalized so as to enable further chemical transformations 
(e.g., atom transfer radical polymerization (ATRP), SN2 
reactions, etc.) from that position. This is accomplished 
through the use of a functionalized chain transfer agent 
upon the completion of the polymerization or by using 
functionalized monomers, though the latter method is not 
regiospecific as it places the functionality throughout the 
entire polymer chain rather than solely at the end. 
Semitelechelic polymers are polymers where only one end is 
functionalized, while homotelechelic polymers have both 
ends equivalently functionalized. Recent work has now 
realized heterotelechelic polymers wherein the ends are differ
entially substituted so as to be recognizable as chemically 
separate entities. Finally, graft copolymers have a linear 
polymeric chain called the backbone from which another 
polymeric sequence is attached in an orthogonal fashion. 
The polymeric side chains may be formed postpolymerization 
of the backbone or incorporated into the monomer prior to 
polymerization, forming a macromonomer. 

The architectures of polymers synthesized using ROMP gen
erally fall under four broad categories: linear, cross-linked, 
branched, and dendritic. Linear polymers, as the name implies, 
possess chains that extend in one dimension, and encompass 
flexible coils, rigid rods, cycles, and polyrotaxanes, which can 
all be related to a string. Flexible coils may be imagined as a 

length of string that can be elongated, balled up, or exist any
where in between these states. Stretching the string to its 
maximal elongation approximates the structure of a rigid rod 
that can rotate and move through space but cannot be readily 
contracted, bent, or looped. Most typically, this occurs due to 
extended conjugation along the polymeric backbone. Cyclic 
polymers and rotaxanes involve rings, where the polymer 
chains effectively has its ‘ends’ connected to form a cycle and 
polyrotaxanes are where cyclic, molecular ‘rings’ (which need 
not but can be polymeric in nature) surround a linear polymer 
strand. As will be discussed below, the flexible coil is by far the 
most common ROMP architecture whereas, while cyclic 
polymers and polyrotaxanes have been accessed via ROMP, 
the synthesis of these materials remain challenging 
(Section 4.20.5). 

Cross-linking arises from the covalent attachment of one 
polymer chain to another. An obvious distinction, lightly 
cross-linked polymers have relatively few interchain attach
ments compared to densely cross-linked polymers. These are 
distinguished from the intertwining of two or more cross
linked polymers, which is labeled as an interpenetrating net
work. These functionalities are also accessible through ROMP, 
especially with the use of cyclopentadiene or other polyolefinic 
monomers. 

Branched polymers can have long or short side chains 
(i.e., branches), which when randomly dispersed are called 
random short branches or random long branches. Well-ordered 
and defined branches of an elongated polymeric backbone are 
termed regular comb-branched polymers. Rather than forming 
an extended polymeric backbone, side chains may extend 
outward in all directions from a central core (polymeric or 
otherwise) like the arms of a starfish to form star polymers. 
Again, these forms have all been realized via ROMP, though 
many polymers from this class are formed from a combination 
of ROMP and other polymerization techniques such as 
ATRP, ring-opening polymerization (ROP), reversible addi
tion-fragmentation chain transfer polymerization (RAFT), or 
others. 

Dendrimers begin from a central point that branches repeat
edly as it grows away from this center much like what one 
expects of a genealogical family tree. Random hyperbranched 
polymers lack any order or pattern to the branching. Dendrons 
exhibit ordered and identical splitting of each branch off of the 
core. Thus, the number of its endgroups is multiplied by a fixed 
value with each successive generation (denoted by the number 
of splits along a given branch). When ordered in a spherical 
shape, the name changes to dendrimer. Dendrons and 
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dendrimers have never, to the best of our knowledge, been 
formed solely through ROMP, though some of these polymer
izations have used preformed dendritic cores. One form of this 
family ROMP does perform well in is with dendritic grafts, 
where dendrimers are appended to a polymeric backbone. 
These may be realized through a dendrimer-functionalized 
monomer or postpolymerization functionalization. An appre
ciation may be realized from this list about the broad scope of 
ROMP in accessing structurally diverse and important macro
molecular structures from monomeric precursors. 

4.20.4 Monomers 

In theory, any cyclic olefin is a candidate for ROMP, but typi
cally only those with large amounts of ring strain are used. 
Large rings are rarely utilized for this reason as they present 
synthetic challenges and are nearly strainless. Entropy-driven 
ROMP is possible by employing large ring systems but is much 
less common than those driven by the release of ring strain. 
Three- and four-membered cyclic alkenes possess some of the 
largest ring strains (Table 1),3 but also pose problems in their 
synthesis and polymerization. Norbornadiene is likewise heav
ily strained but has a tendency to cross-link due to its two 
olefins and therefore is only sparingly employed. The vast 
majority of monomers used in ROMP are those that possess 
five- to eight-membered cycles or norbornene and their deriva
tives. Of these, norbornene and cyclooctadiene (COD) and 
their functionalized derivatives are preferred as their high ring 
strain and ease of synthesis make them attractive monomers. 

Norbornene is the workhorse of ROMP. Its high degree of 
ring strain affords rapid polymerizations to polynorbornene 
(Figure 3) with a wide variety of catalysts under gentle condi
tions, but perhaps most importantly is one of the most easily 
derivatized monomers. Afforded by the [4 + 2]cycloaddition 
(Diels–Alder) of cyclopentadiene and an olefin, the side chain 
of the resultant polymer is determined by the substitution of 
the alkene moiety. Thus, accessing a plethora of functionality 
ranging from ionic, hydrophobic, liquid crystalline, radical, 
macromolecular, and nearly anything in between is relatively 
facile. COD possesses a sufficient degree of ring strain, but is 
not quite as easily functionalized as norbornene. Therefore, this 
monomer is most commonly utilized for forming hydrophobic 
blocks in copolymers. The scope of these two monomers will 
become apparent in the rest of the work discussed here. 

4.20.5 Linear Architectures 

Homopolymers are the simplest form of polymer and are read
ily obtainable through ROMP. Typically, in the absence of 
self-assembly or cross-linking, these polymers exist as flexible 
coils rather than rigid rods. A notable exception to this is 
polyacetylene, which is discussed later. Importantly, these 
polymers are relatively easy to prepare and often evenly dis
tribute functionality throughout their backbone, which makes 
them useful for many applications (Section 4.20.6). 

Electrochemically active materials can be accessed as metals 
and ions are well tolerated. For example, the homopolymeriza
tion of a norbornene monomer modified to include ferrocene 
linked through an alkyl quaternary ammonium salt affords 

Table 1 Ring strain values for common ROMP monomers 

Ring strain Ring strain 
Cyclic alkene (kcal mol −1) Cyclic alkene (kcal mol −1) 

Cyclopropene 54.5 1,4-Cyclohexadiene 2.2 
1-Methylcyclopropene 54.5 Cycloheptene 6.7 
1,2-Dimethylcyclopropene 51.0 1-Methylcycloheptene 6.3 
Cyclobutene 30.6 1,3-Cycloheptadiene 3.9 
1-Methylcyclobutene 29.7 1,3,5-Cycloheptatriene –2.0 
1,2-Dimethylcyclobutene 29.6 cis-Cyclooctene 7.4 
Cyclopentene 6.8 trans-Cyclooctene 16.7 
1-Methylcyclopentene 5.0 1,4-Cyclooctadiene 13.3 
1-Ethylcyclopentene 5.9 1,3,5-Cyclooctatriene 2.4 
Cyclopentadiene 2.9 Cyclooctatetraene 2.5 
Cyclohexene 2.5 cis-Cyclononene 11.5 
1-Methylcyclohexene 1.7 trans-Cyclononene 14.4 
1-Ethylcyclohexene 1.8 Norbornene 27.2 
1,3-Cyclohexadiene 1.9 Norbornadiene 34.7 

Reproduced with permission from Schleyer, P. v. R.; Williams, J. E.; Blanchard, K. R. J. Am. Chem. Soc. 1970, 92, 2377.; 
Allinger, N. L.; Sprague, J. T. J. Am. Chem. Soc. 1972, 94, 5734. 

Figure 3 Polyacetylene, polynorbornene, and polybutadiene. 
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ambiphilic homopolymers. The inclusion of the ferrocenyl 
group combined with the solubility of the monomer and resul
tant polymer gives these polymers potential for use in 
electrochemically based diagnostic applications.4 A separate 
group reported the ROMP of norbornene derivatives bearing 
one or two cationic iron units (η6-(chlorobenzene)-η5-cyclo
pentadienyliron hexafluorophosphate or η6-(p-chlorotoluene)
η5-cyclopentadienyliron hexafluorophosphate), which cleanly 
afforded analogous homopolymers.5 

While most metal centers are incorporated into ROMP 
polymers as pendant side chains, they may also be included 
in the polymeric backbone. ROMP of t-butyl-functionalized 
ferrocenophane dienes afforded a fully conjugated, soluble 
polymer with ferrocene incorporated in the backbone. 
Bathochromic shifts in the UV–vis spectra of these materials 
confirmed the extended conjugation and two reversible peaks 
were observed electrochemically, indicating communication 
between the ferrocenyl units as would be expected if the system 
were conjugated.6 Similar work several years later successfully 
polymerized ferrocenylenevinylene monomers bearing t-butyl 
groups via ROMP to yield the corresponding soluble, conju
gated polymer with the ferrocenes incorporated into the 
backbone and spaced by only two carbon atoms (Figure 4). 
As observed previously, a two-wave reduction was observed, 
which suggests that this system may be conjugated.7 

In another set of monomers studied for their electronic 
properties, cyclophosphazenes bearing one or more norbor
nenes attached to the phosphorus atoms successfully 
underwent ROMP, though the hexanorbornene derivative 
resulted in gelation.8 Later work with these cyclotriphospa
zene-bearing polynorbornenes found them to have low Tg 

values and semiconductivities (10−5 Sm−1).9 Thiophene oligo
mer or sexithiophene-modified norbornenes also undergo 
ROMP to give electrochemically active polymers.10 

Boron carbides are of interest for their thermal stability, 
neutron capture capability, and high temperature thermoelec
tric properties. Appended to norbornenes, the monomers 
6-(norbornenyl)decaborane and 6-(cyclooctenyl)decaborane 
underwent ROMP to afford their respective homopolymers 
with low polydispersity index (PDI) values (Figure 5).11 The 
applications of these materials in boron carbide/carbon 

Figure 4 ROMP to a conjugated polymer incorporating ferrocene in the 
backbone. Reproduced with permission from Masson, G.; Lough, A. J.; 
Manners, I. Macromolecules. 2008, 41, 539.7 

Figure 5 ROMP polymer containing decaborane side chains. 
Reproduced with permission from Wei, X.; Carroll, P. J.; Sneddon, L. G. 
Chem. Mater. 2006, 18, 1113.12 

ceramics were explored.12 An early attempt at biocompatible 
monomers, Schrock and Nomura formed homo and 
co-polymers with protected sugar-bearing norbornenes and 
successfully deprotected the sugars postpolymerization.13 

While these aforementioned norbornene-derived mono
mers readily undergo polymerization, smaller rings like 
cyclopropenes and cyclobutenes are more challenging. It was 
not until 2006 that Schrock reported the first successful ROMP 
of cyclopropene using Schrock and Grubbs-type catalysts.14 

The ROMP of cyclobutene was found highly dependent on its 
alkene substituent. The esters of 1-cyclobutene-1-methanol and 
the secondary amides of the carboxylic acid undergo ROMP but 
esters and tertiary amides of the carboxylic acid derivative do 
not. This prompted the conclusion that the polymerization is 
dependent on sterics and electronics and would lead to the 
development of a method for alternating ROMP.15 Sterically 
demanding olefins are also challenging substrates. Careful cat
alyst selection was required for the ROMP of 1,5-dimethyl-
1,5-COD which done in the presence of the chain transfer 
unit cis-1,4-diacetoxy-2-butene afforded telechelic polyiso
prene with well-defined regiochemistry.16 

A showcase of the tolerance of ROMP is its ability to func
tion in the presence of radical side chains (Figure 6). Masuda17 

polymerized 2,2,6,6,-tetramethylpiperidine-1-oxy (TEMPO) 
containing norbornene monomers, which they further 
extended to include the ROMP of mono- or di- 2,2,5,5
tetramethyl-1-pyrrolidinyloxy-bearing norbornene monomers. 
The resultant polymers exhibited little absorption over 400 nm 
and demonstrated reversible charge/discharge processes.18 

Unfortunately, the first report of TEMPO-containing norbor
nene monomers resulted in insoluble polymers, but later work 
involving the ROMP of a variety of other TEMPO-containing 
monomers provided two polymers that were soluble in com
mon solvents, facilitating their study. Charge/discharge 
capacities were found to be dependent on the spatial arrange
ment of the TEMPO moieties off the backbone and had 
excellent cycle lifetimes.19 Switching to oxanorbornene deriva
tives functionalized with TEMPO provided further solubility 
enhancement with soluble polymers up to 112 kDa in weight. 
The oxygenated backbone did not affect the radical sides as 
evidenced by the retention of good charge/discharge properties 
and cycle life.20 

As mentioned earlier, ROMP is not limited to strained cyclic 
olefins. In an entropy-driven ROMP, the polymerization is 
propelled through the increase in entropy associated with ring 
opening. In an example, cyclodepolymerization of ester 

Figure 6 A homopolymer formed in the presence of the radical TEMPO 
group. Reproduced with permission from Katsumata, T.; Qu, J.; 
Shiotsuki, M.; et al. Macromolecules 2008, 41, 1175.19 
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polymers prepared via acyclic diene metathesis afforded strain-
less macrocyclic oligomers ranging in size from 21 to 84 
members. In 50% w/v monomer solution, the ROMP polymer 
was obtained in high yield for various ring sizes.21 Highly 
concentrated solutions are necessary in this method in order 
to bias the system toward polymerization rather than the com
peting ring-closing metathesis reaction. 

A benefit of functionalized homopolymers is the ability to 
perform postpolymerization modifications. A norbornene 
bearing a methacroyl isocyanate efficiently underwent 
homopolymerization via ROMP to yield a cross-linked homo
polymer, which upon ligand exchange with poly(methyl 
methacrylate) afforded a material with enhanced thermal sta
bility over the original poly(methyl methacrylate).22 The 
preparation of an oxanorbornene derivative bearing a 1,2-bis 
(3-thienyl)cyclopentene photochrome followed by ROMP 
accessed a polymer capable of the same reversible photoisome
rization as the monomer.23 

An advantage of the ruthenium ROMP catalysts is their 
ability to become hydrogenation catalysts in the presence of 
molecular hydrogen. Thus, completely saturated polymers may 
be obtained from unsaturated monomers through the use of a 
single precatalyst. The ROMP of cyclooctene or norbornene 
derivatives using the first generation Grubbs catalyst (G1) fol
lowed by the addition of base and 1 atm H2 affords the 
corresponding saturated polymer (Figure 7). In addition, the 
hydrogenation catalyst can be cycled back to the alkylidene 
ROMP catalyst and polymerizations restarted.24 Another poly
merization and subsequent hydrogenation of cyclopentadiene 
yielded amorphous, cross-linked, transparent polymers with 
low water permeabilities.25 

It would be reticent to ignore the importance of details from 
the choice of catalyst and solvent to minor monomer altera
tions on the polymerization and architecture of 
homopolymers. For instance, an aryl nitrile-functionalized oxa
norbornene polymerizes using a Schrock catalyst gave 
predominantly trans selectivity, but failed to polymerize with 
a ruthenium catalyst.26 Benzene-1,3,5-tricarboximides are 
known to form supramolecular polymers in dilute solutions 
and the solid state, and one study evaluated the use of ROMP 
for forming alkyl tethers between two of these molecules. The 
random ROMP of cyclooctene and 5-ethoxycyclooctene, 
telechelic endcapping with the tricarboximides, and hydroge
nation afforded the desired alkyl-linked carboximides. The 
structure adapted was highly solvent dependent with helical 
aggregates formed in hydrocarbons while the polymer was 
unstable in more polar solvents like tert-butyl methyl ether.27 

The ROMP of norbornene carboximides revealed thermal 
differences from differentially substituted phenyl groups. For 
example, the ortho substituted N-phenyl-exo-norbornene 

dicarboximide gave two exotherms in a range where the para 
and meta only gave one.28 A seemingly innocuous alteration, 
N-cyclopentyl norbronene dicarboximides were found to yield 
polymers with higher Tg, density, and gas impermeability prop
erties than the cyclohexyl derivative.29 Finally, an intriguing 
difference in the polymerization method was observed for 
five- or six-membered carbonate cycles. ROMP caused a 
volume expansion whereas using other monomers or a vinyl 
polymerization of the same substrate did not result in swelling. 
Cationic polymerization also did not cause volume expansion 
leading to the conclusion that it was caused from the ROMP 
mechanism.30 The list of homopolymers is nearly endless, and 
the range of functional groups makes them useful in numerous 
applications. There is one homopolymer that bears a closer 
look, not for its functionality but for the lack thereof. 

4.20.6 Polyacetylene 

Polyacetylene has garnered a significant amount of attention, 
particularly during the second half of the twentieth century as 
an alternative to metal semiconductors. The utility of this sim
ple polyene was largely hampered by ill-defined and insoluble 
products. In 1958, Natta et al. polymerized acetylene with 
triethyl aluminum and titanium propoxide to access 
well-defined, high molecular weight polymers. However, 
these structures suffered from poor conductivity and it was 
not until Shirakawa’s method of doping films of the polymers 
with halides or arsenic pentafluoride that conductivities rose to 
that of the transition metals.31 Indeed, semiconductor devices 
were successfully formed from polyacetylene and found to 
store charge in soliton-like excitations of the chain induced by 
the presence of a surface electric field.32 

In the 1980s, the use of ROMP for the preparation of poly-
acetylene was realized via two distinct routes. Though 
theoretically accessible from cyclobutadiene or benzene, the 
more direct route (developed second chronologically) to poly-
acetylene was realized using cyclooctatetraene as the monomer. 
This method is attractive due to the absence of the highly 
flammable acetylene used for the Ziegler–Natta polymerization 
or the extrusion process involved in the Durham route. The first 
reported ROMP of this monomer was accomplished using a 
tungsten catalyst. Unfortunately, the polymers obtained using 
this synthesis were exceedingly insoluble.33 The polymeriza
tion of this slightly ring strained monomer (∼2.5 kcal mol−1) 
also required more active catalysts such that ruthenium cata
lysts were incapable of effecting this polymerization until the 
development of the second-generation Grubbs catalyst.34 

Performing the ROMP of cyclooctatetraene in the neat 
monomer helped somewhat with the processing of the 

Figure 7 Formation of polyethylene utilizing one metal precatalyst. Reproduced with permission from Masson, G.; Lough, A. J.; Manners, I. 
Macromolecules 2008, 41, 539.7 
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product, affording silver films similar to those obtained from 
the Shirakawa method. Upon doping with iodine, the poly

−1 −1mers had conductivities ranging from 50 to 350 Ω cm , 
which were lower but on the order of magnitude for those 
prepared via the Shirakawa method. In addition, this method 
enabled the ‘painting’ of polyacetylene onto essentially any 
surface by dipping an object in the monomer/catalyst solution 
and then spreading it on another surface where the polymer
ization would afford the desired polymer. In the same report, 
copolymerization with COD resulted in random copolymers 
while using norbornene resulted in essentially a block copoly
mer due to the rapid rate of norbornene polymerization.35 

Rather than proceeding to polyacetylene directly from a 
monomer, Feast championed a route (now called the 
Durham route after the locale of his work) wherein 7,8-bis 
(trifluoromethyl)tricyclo-[4.2.2.0]deca-3,7,9-triene undergoes 
ROMP with the exclusive ring opening of the four-membered 
ring (Figure 8). A prepolymer, thermal heating results in the 
retro-[4 + 2]cycloaddition (i.e., retro-Diels–Alder) and exudes 
hexafluoroxylene to access the polyacetylene polymer.36 

Advantages of this method are the minimization of impurities 
through the removal of the catalyst prior to forming the final 
polymer and, more importantly for the ROMP method, the 
prepolymer is soluble and able to be cast in contrast to the 
insoluble materials obtained by direct polymerizations using 
ROMP.37 Soluble polyenes containing up to 15 consecutive 
double bonds were formed through this method.38 

An alternative to the Durham route which extrudes hexa
fluoroxylene, benzvalene can be polymerized and upon 
heating or stress form polyacetylene without the exuding of 
any second molecule (Figure 9). Unfortunately, cross-linking 
was found to occur and cited as a reason for the shorter con
jugation lengths of polyacetylene obtained through this 
method and so was not widely applied.39 An extension of the 
classical Durham route, p-dimethoxybenzotricyclo[4.2.2.0] 
deca-3,7,9-triene can also be polymerized as a soluble polymer 
precursor and forms polyacetylene through the loss of 
dimethoxynaphthalene. Block copolymers of the triene and 
norbornene or a silyl ether norbornene derivative resulted in 
spherical, cylindrical, and lamellar morphologies dependent 
on the percent compositions and overall size. The morpholo
gies were retained upon extruding the dimethoxynaphthalene 
providing self-assembled structures of polyacetylene, except for 
low-MW polymers that did not retain their structure.40 

While cyclooctatetraene led to insoluble polymers, mono
substituted cyclooctatetraene led to fairly soluble polymers 

Figure 9 An atom-economical alternative to the Durham route. 
Reproduced with permission from Swager, T. M.; Dougherty, D. A.; 
Grubbs, R. H. J. Am. Chem. Soc. 1988, 110, 2973.39 

with high MWs. The solubility was especially improved 
through the use of groups with secondary or tertiary centers 
adjacent to the backbone. These larger R-groups twist the main 
chain, disrupt conjugation, and consequently increase solubi
lity. The amorphous polymers were found to absorb in the 
visible spectrum with initial preferences for the cis confirmation 
that thermally reverted to the trans product. Upon doping with 
iodine, the polymers were conductive but much less so than 
that of doped, unsubstituted polyacetylene due again to their 
shorter effective conjugation length.41 Cyclic voltammetry per
formed on substituted polyacetylenes prepared from ROMP 
found the spin-cast films to exhibit well-defined electrochemi
cal processes. The potential was tunable over 0.3 V depending 
on the substituent and the oxidative and reductive potentials 
were separated by 1.5–2 V. Coulombic measurements indi
cated a transfer of electrons for every 13–15 double bonds. 
Unlike the trans polymer, the cis polymer exhibited irreversible 
electrochemical processes that were attributed to the isomeriza
tion of the cis- to the more thermodynamically favored 
trans-linkage.42 

A later effort to enhance the solubility of polyacetylene 
polymers formed polyenes through the Durham route that 
could be capped with aryl or alkyl endgroups; however, this 
only slightly enhanced the solubility of the polyacetylene 
chains.43 Telechelic polyenes have also been formed from 
cyclooctatetraene in the presence of a chain transfer agent. 
The use of polystyrene, poly(methyl methacrylate), or poly 
(ethylene glycol) (PEG) chains terminated with an olefin 
enabled the formation of block copolymers with the polyace
tylene though the polyene chain was much shorter than 
expected based on the stoichiometry of the starting materials 
and was attributed to back-biting into the polymer chain. 

The use of solvents can be incompatible with certain che
mical entities, and the capabilities of ROMP, which are broadly 
studied in solution can also be applied to solventless systems. 
In the case of polyacetylene, this can be used to circumvent its 
insolubility. Using soft lithography, Xu generated hydrophobic 
and hydrophilic patterns on the surface of either a gold or a 

Figure 8 The Durham route (top) and a direct route from cyclooctatetraene accessing polyacetylene. Reproduced with permission from Edwards, J. H.; 
Feast, W. J. J. Polym. 1980, 21, 595;36 Korshak, Y. V.; Kanischka, G.; Höcker, H. Makromol. Chem. Rapid Commun. 1985, 6, 685.33 
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Figure 10 A block copolymer incorporating polyacetylene. Reproduced 
with permission from Royappa, A. T.; Saunders, R. S.; Rubner, M. F.; 
Cohen, R. E. Langmuir 1998, 14, 6207.46 

silicon wafer. Dipping the surface into a solution of ruthenium 
catalyst resulted in adhesion of the catalyst to the hydrophilic 
portions. Placing this plate in a reduced-pressure chamber with 
gas-phase cyclooctatetraene resulted in the solventless ROMP 
of the monomer to yield well-defined patterns of polyacety
lene. Pyrolysis of the resultant material afforded a 
diamond-like carbon film with a hardness of 65 GPa, which is 
an order of magnitude greater than that of a similarly pyrolyzed 
pattern generated in solution.44 Nanopatterned polymer struc
tures have also been synthesized by atomic force microscopy 
(AFM) anodization of a silicon wafer and surface ROMP from 
the silicon-functionalized surface. ROMP to polyacetylene 
(from cyclooctatetraene) or to polynorbornene were successful 
in the solution or gas phase and afforded a fast method for 
patterning.45 

Ambiphilic block copolymers incorporating polyacetylene 
have also been synthesized via ROMP (Figure 10). The 
Durham route was followed to form the polyacetylene while 
a silyl ester protected dicarboxylic acid norbornene monomer 
was used to form the hydrophilic block. Employment of the 
Langmuir–Blodgett technique, which forms ordered molecular 
layers based on the hydrophilic–hydophobic interactions 
between the polymer and the surface, enabled the fabrication 
of films that exhibited superior conductivity over spin-coated 
or bulk cast films of the same composition.46 Even electroche
mically activated catalysts have been successfully used in the 
ROMP of cyclooctatetraene,47 but in general the research into 
polyacetylene has diminished in recent decades relying more 
on other polyenes (e.g., polythiophene and polyphenylene) 
that exhibit the conductivity desired from polyacetylene as 
well as better solubilities and stabilities. 

4.20.7 Diblocks/Triblocks 

Multiblock polymeric networks are the logical extension of the 
homopolymer as it is essentially two or more homopolymers 
covalently attached in a linear fashion. For many applications, 
the result is rather simplistic in functionality.48 An early exam
ple of block copolymers used a titanacyclobutane to effectuate 
the polymerization of norbornene, norbornadiene derivatives, 
and cyclopentadiene into diblock or triblock hydrocarbon 
copolymers with PDIs of 1.08–1.14. The ROMP of cyclobuta
diene using a tungsten catalyst followed by hydrogenation 
yielded polyethylene or instead of hydrogenation, it can be 
used to form diblocks and triblocks with norbornadiene.49 

The ability to form block copolymers can be a test of the 
efficiency of a catalyst as was done with the third-generation 
Grubbs catalyst by Stelzer in which oligomeric norbornyl 
monomers were used to synthesize homopolymers, diblocks, 

and triblocks, in order to demonstrate that this catalyst initiates 
completely and gives narrow dispersities.50 Besides the more 
commonly employed mononuclear catalysts, binuclear cata
lysts also perform well in the formation of block copolymers 
as demonstrated for molybdenum51 and ruthenium52 binuc
lear catalysts. 

As with homopolymers, block copolymers may incorporate 
metals such as in the work of Chan and Schrock where 
palladium-containing norbornene moieties were copolymer
ized and the metal reduced below the Tg of the polymer to 
afford metal clusters whose size was modulated by the poly
meric composition.53 Even with fairly labile metals, the gentle 
reaction conditions of ROMP can incorporate them into poly
meric networks. The ROMP of a variety of norbornene 
derivatives bearing cationic iron moieties was accomplished 
without loss of the iron, whereas heating above 100 °C resulted 
in loss of the iron without degradation of the polymer. The 
norbornene polymer sans iron was also realized via 
photolysis.54 

The first reported ROMP of the zwitterionic sulfo
propylbetaine- and carboxyethylbetaine-exo-7-oxanorbornene 
derivatives illustrates an advantage of ROMP over other tech
niques (Figure 11). Controlled polymerization via ROMP was 
performed in aqueous or organic solvents. Diblocks from these 
monomers were found to disperse in highly concentrated elec
trolyte solutions but self-assemble in its absence.55 An interest 
in artificial muscle materials brought together the ROMP of a 
norbornenyl liquid crystal monomer and the ATRP of n-butyl 
acrylate off the initiator endcapped polynorbornene derivative 
to yield a liquid crystal/isotactic diblock adopting a lamellar 
structure.56 

As with homopolymers, multiblock polymers have been 
synthesized for their photochemical properties. The ROMP of 
carbazoyl and phthalimide-derivatized norbornene monomers 
afforded fluorescent diblocks soluble in organic solvents. 
Hydrogenation of the backbone afforded similar results with 
enhanced thermal stability.57 The polymerization of 
norbonene-functionalized tetradentate cyclometalated plati
num(II) monomers with a bis(carbazolyl) norbornene 
monomer formed soluble copolymers with PDI values near 
2.5, suggesting that the polymerization may not be well 
controlled. Compared to the starting monomers, the photo-
physical and electrochemical properties differed little. The 
processable polymers are highly luminescent in the green 

Figure 11 A zwitterionic polymer formed in aqueous or organic solu
tions. Reproduced with permission from Rankin, D. A.; Lowe, A. B. 
Macromolecules 2008, 41, 614.55 
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region of the spectrum, and thus are possibly of use in organic 
light-emitting diodes (OLEDs) or other optical devices.58 

While monomeric structures may be similar (e.g., based on 
a norbornene scaffold), a given catalyst may work well for one 
monomer but not as well for a seemingly similar analog as 
demonstrated by Tanner et al. Using matrix-assisted laser des
orption/ionization mass spectrometry, the kinetics were 
analyzed for different monomer and catalysts with special 
attention focused on the crossover reaction where the propa
gating polymer switches to a different monomer in block 
polymerizations. The results showed that this change is often 
inefficient though the fully initiating, third-generation Grubbs 
catalyst showed high activity throughout in one instance.59 

Thus, to get the optimal activity, catalysts should be screened, 
though for more basic monomers the differences are relatively 
minor. 

A large amount of active catalyst is typically wasted upon 
monomer consumption as the catalyst lifetime exceeds that of 
the reaction. Aimed at forming more polymer from less cata
lyst, homopolymers and copolymers of norbornene derivatives 
of uniform MWs were obtained through pulsed-addition 
ROMP. The polymerization is terminated with cis-octene as a 
chain transfer agent, which due to the rapidity of the polymer
ization over the chain transfer process can be present 
throughout the polymerization. The transfer agent serves to 
both cap the living polymer and regenerate a precatalyst. 
Injection of fresh monomer and initiation forms identical 
polymer chains. Accounting for catalyst death in the addition 
of monomer, low polydispersities were maintained over 10 
cycles. Due to the rapidity of the ROMP, diblocks could also 
be formed by carefully timing the addition of the second 
monomer so as to precede chain transfer but follow the poly
merization of the first monomer.60 

No one polymerization technique is capable of forming the 
array of polymeric strands that might be envisioned for block 
copolymers. Fortunately, the mixing and matching of separate 
techniques (sometimes at the same time) has been found very 
successful in accessing polymers not achievable through one 
polymerization technique alone. Endcapping COD with a 
homotelechelic trithiocarbonate moiety after ROMP can afford 
handles from which to polymerize styrene and acrylates via 
RAFT, ultimately affording ABA triblocks.61 Combining the 
ROMP of COD and ROP of D,L-lactide, ABA triblocks may 
also be accessed as telechelic capping of the living ROMP 
polymer (Figure 12). An observed benefit of this reaction was 
increased elongation of the polymer due to the COD but 
retention of the high tensile strength characteristic of polyacry
lates.62 Linear poly(dichlorophospazene) was formed through 
a cationic polymerization and endcapped with either one or 
two norbornenylphosphoranimines. ROMP of the homotele
chelic macromonomers afforded cross-linked polymers but the 
semitelechelic did not, presumably due to the lower number of 

active sites, leading instead to an poly(Monomer A)-poly 
(Monomer B)-poly(Monomer A) (ABA) triblock.63 A one-pot 
synthesis of ABA triblocks was accomplished through the 
ROMP of COD, bistelechelic endcapping with a chain transfer 
agent bearing ATRP initiators and ATRP of styrene or methyl-
methacrylate from both ends.64 

In an application to smart materials, norbornene and nor
bornadiene monomers were modified to include liquid crystal 
side chains attached by a 6- or 10-atom linker. A bimetallic 
Schrock catalyst was utilized for the polymerization and phase 
segregating ABA triblocks were formed with one of these mono
mers and methyltetracyclodecene as the A monomer. 
Small-angle X-ray scattering indicated the formation of smectic 
C* monolayers when using the six-carbon linker norbornene 
triblock but bilayers for the 10-atom-linked norbornene or 
norbornadiene triblocks. With an elastic plateau above the Tg, 
these polymers could possibly be utilized in shape memory 
applications.65 An extension to include a nematic liquid crystal 
side chain resulted in the absence of a liquid crystalline phase 
for this polymer when using a polyoxyethylene spacer. With 
this same spacer, the smectic polymer (homopolymer or block 
copolymer) exhibited the expected liquid crystal transition.66 

The use of the commerically-available Grubbs catalyst can 
be challenging for accessing telechelic polymers because the 
benzylidene moiety is relatively inert for postpolymerization 
events. Thus, only the propagating end of the polymer can be 
capped, or both ends of the polymer can be capped but only 
with the same functional group to give a homotelechelic poly
mer. As Weck and co-workers recently reported, the use of a 
functionalized benzylidene that becomes incorporated into the 
polymeric chain may be used to form one telechelic end and a 
chain transfer agent on the living polymer end realizes a hetero
telechelic polymer. In their study, a 2,6-diamidopyridine or 
Hamilton receptor-modified styrene was used to form the pre-
catalyst and subsequently incorporated into the chain. Capping 
the propogating end with a pyridyl derivative formed the 
desired heterotelechelic polymer. Addition of a polymer 
capped with thymine formed a diblock through its hydrogen 
bonding with the diamidopyridine moiety, and addition of a 
palladium-capped polymer formed the triblock as the pyridine 
coordinated to the metal center (Figure 13).67 

An extension on the heterotelechelic polymer used the same 
Hamilton receptor-modified ruthenium catalyst, but the 
transfer agent incoporated diamidonapthyridine so as to have 
differentiated hydrogen bonding moieties. Through Hamilton 
receptor–cyanuric acid and diamidonapthyridine– 
ureidoguanosine pairing, a triblock polymer was formed in a 
single pot. The purpose of using the hydrogen bonding motif 
over covalent bonds was to afford a dynamic polymer capable 
of implementation into smart materials that could respond 
dynamically to an external stimulus yet in its absence return 
to the original state.68 

Figure 12 ABA triblock synthesized via ROMP and ROP. Reproduced with permission from Pitet, L. M.; Hillmyer, M. A. Macromolecules 2009, 42, 
3674.62 
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Figure 13 A triblock formed from a heterotelechelic polymer strand. PEG, poly(ethylene glycol). Reproduced with permission from Ambade, A. V.; 
Yang, S. K.; Weck, M.     2009, , 2894.67 Angew. Chem. Int. Ed. 48

4.20.8 Random 

Statistical mixtures of monomeric units can be afforded 
through the premixing of monomers before the addition of 
catalyst, and the resultant random copolymer often possesses 
very different properties from the respective block copolymer 
of the monomers. A study interested in these differences 
explored random and block copolymers from alkyl ester-, 
hydroxyl-, amino-, methacroyl-, or ammonium (protected dur
ing ROMP)-modified norbornene monomers. While the 
diblocks with the alkyl ester- and ammonium-bearing mono
mers self-assembled to nanoscale micelles, none of the random 
copolymers formed a micellular structure. The random copo
lymers simply lacked the driving force of separated, strongly 
hydrophobic and hydrophilic concentrations to self-assemble. 
In general, the structures of micelles or nanoparticles strongly 
depend on the hydrophilic–hydrophobic balance as well as the 
polymer concentration, salt concentration, temperature, sol
vent pH, and other matrix effects.69 

More sparingly employed monomers, paracyclophan
1-enes were studied for the effect of polymerization on energy 
transfer. Homopolymers were prepared using a Schrock cata
lyst, and diblock and random copolymers were also formed 
with norbornene. These polymerizations placed stillbene (pre
dominantly cis) in the polymer backbone acting as a potential 
chromophore. Studies of these polymers found a strong red
shift in the photoluminescence spectra, suggesting aggregation 
or chromophore cooperativity. This interaction was dependent 
on state for one polymer that only exhibited the shift as a film. 
The oxidation of the stilbenes to phenanthrene was also 
performed yielding a product absent of chromophore coopera
tivity and possessing a lower hydrodynamic volume.70 

The use of random and block copolymers may be combined 
to gain benefits from both types. The ROMP of 
xanthene-functionalized norbornene with norbornene dimethyl 
ester was studied for its application as a sensor (Figure 14). The 
random copolymer was amorphous, but the further addition of 
an ethylene glycol-appended norbornene formed a block copo
lymer from the random copolymer precursor and provided the 
hydrophobic–hydrophilic interaction leading to self-assembly. 
The UV–vis active xanthene was irradiated to ionize the 
assembled polymer, which decreased the aggregate sizes presum
ably through the attraction of ion pairs generated.71 Another 
example of the usefulness of mixing random and block poly
merizations was also employed for its photochemical properties. 
A statistical, random copolymer of phosphorescent platinum 

Figure 14 Self-assembling random block copolymer. Reproduced with 
permission from Sandholzer, M.; Slugovc, C. Macromol. Chem. Phys. 
2009, 210, 651.71 

and fluorescent carbazole-derivatized norbornenes was synthe
sized to disperse the platinum and carbazole centers so as to 
maximize the number of host–guest interactions which other
wise might be minimized if segregated in a block copolymer. 
The block copolymer strand of a norbornenyl ester yielded the 
potential for self-assembly. Unselective solvents saw only blue 
fluorescence but in selective solvents promoting aggregation and 
self-assembly, a red phosphorence indicative of energy transfer 
between the carbazole and platinum was observed. Besides the 
numerous host–guest interactions enhanced by the higher con
centrations imposed by the covalent bonding over homogenous 
solutions of monomers, the polymer increased solvent compat
ibility for the photochemical process (i.e., the polymer was 
soluble in solvents which the Pt complex by itself is insoluble).72 

Though often a necessary driving force for self-assembly, a 
block copolymer of hydrophobic–hydrophilic monomers is 
not a prerequisite for self-assembly. Upon ROMP, a block 
copolymer incorporating a cyclooctene derivative functionalized 
with an ambiphilic phosphorylcholine group and an 
aryl azide-functionalized cyclooctene forms polymersomes 
(i.e., polymeric vesicals or lysosomes). However, the random 
block copolymer did so as well over a broad range of MWs.73 

It is important to note that not all random polymers are amor
phous strands. 
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Figure 15 A random copolymer that self-assembles into polymersomes. 
Reproduced with permission from Kratz, K.; Breitenkamp, K.; Hule, R.; 
et al. Macromolecules 2009, 42, 3227.73 

In addition to the macrostructure, physical properties can 
also be affected by functional group conformations as observed 
by Yang and Swager. The random ROMP of COD and 
alkene-bridged calix[4]arene monomers formed polymers 
wherein the conformation of the calixarene (three possibilities) 
was critical to its mechanical properties.74 A demonstration of 
the applicability of random copolymers in optics, a polyimide 
was used to link copolymer strands of exo-7-oxanorbornene
5,6-dicarboxylic anhydride with a second oxanorbornene deri
vative. The resulting flexible, relatively transparent film was 
stable toward common solvents and incorporated into an 
OLED device that compared favorably with typical indium tin 
oxide-grown glass substrates (Figure 15).75 

Shape memory polymers have the potential for application 
in ‘smart’ materials. Capable of changing shape in response to 
an external stimulus such as temperature or pH, these materials 
can react with programmed responses to changing environ
ments. A limitation of many materials is their ability to only 
remember a single shape, the permanent shape, so that in the 
absence of the stimulus the material returns to this state. Kasi 
and co-workers have shown the application of ROMP to form a 
polymer that undergoes two-way shape memory cycles via 
thermal mechanisms at the glass transition temperature (Tg) 
and clearing temperature (Tcl). This enabled the storage of a 
permanent and one temporary shape. To realize this ability, a 
terpolymer was specifically designed to bear three types of 
functionality (Figure 16). Norbornenes bearing cholesterol 
side chains for liquid crystal properties, PEG for its plasticizing 
ability, and acrylate for the cross-linking necessary to form the 
‘memorized’ permanent shape as well as to prevent chain slip
page upon recovery were randomly polymerized. The stages of 
applying stress above the shape transition, fixation by cooling 
below that temperature, and recovery by heating above the 
transition temperature was observed at the Tg and Tcl tempera
tures, allowing the exchange between three shapes depending 
on the temperature. The temporary shapes were attributed to a 
highly interdigitated mesophase composed of the cholesterol 
units.76 

4.20.9 Alternating 

In principle, alternating polymerizations exhibit the strictest 
control of microstructure through the repetitive polymerization 
of two different monomers in an alternating fashion. A fore
runner to this area, Waring and co-workers77 used ReCl5 as a 
ROMP catalyst with a racemic norbornene monomer and 

Figure 16 A random copolymer for shape memory applications. 
Reproduced with permission from Ahn, S.; Deshmukh, P.; Kasi, R. M. 

 Macromolecules 2010, , 7330.7643

found instead of a random mixture of stereoisomers, exclusive 
head-to-tail couplings of monomers (i.e., alternating enantio
mers). However, it was not until more than a decade later when 
Samak et al. discovered the alternating polymerization of cyclo
pentene and norbornene with RuCl3 that alternating 
copolymers were accessed via ROMP. A steric cage effect around 
the metal center was invoked to rationalize the alternating 
preference for the two monomers polymerized, and the effect 
was highly specific as it only occurred with phenol as the 
solvent. Additionally the alternating copolymer required a 
large excess of the cyclopentene monomer to compensate for 
the much slower rate of ring opening for this less-strained 
monomer compared to norbornene.78 The study was later 
expanded to demonstrate its applicability with either the 
well-defined Grubbs or Schrock-type catalysts.79 

These reactions can also be strongly biased by the choice of 
monomer and catalyst. The polymerization of substituted, 
polar 7-oxanorbornene derivatives with apolar cycloalkenes 
by Coughlin and Ilker afforded up to 98% alternating mono
mer utilizing G1 while the more active catalyst G2 yielded at 
best 85% of the desired pattern. Similarly, use of COD or 
cyclooctene enable > 90% alternation while this value plum
meted to 40% when norbornene was used as the nonpolar 

80monomer.
Further work in catalyst development for this field has 

revolved around adapting the framework of ruthenium-based 
Grubbs-type catalysts to enhance advantageous steric interac
tions (Figure 17). A series of papers by Chen and co-workers 
outlined the development of a bisphospine complex wherein 
they incorporated a bischelating phosphine with an ether lin
ker whose oxygen atom displaced a chloride on the catalyst. 
The differentially substituted phosphines modify the steric 
environment on both sides of the catalysts, and thus bias the 
reaction toward the monomer which will minimize steric inter
actions. Using this system, a copolymer with 76% alternation 
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Figure 17 Two examples of catalysts designed for alternating ROMP 
based on steric parameters. Reproduced with permission from 
Bornand, M.; Chen, P. Angew. Chem. Int. Ed. 2005, 44, 7909; 
Bornand, M.; Torker, S.; Chen, P. Organometallics 2007, 26, 3585;81 

Vehlow, K.; Wang, D.; Buchmeiser, M. R.; Blechert, S. Angew. Chem. Int. 
Ed. 2008, 47, 2615.83 

of cyclooctene and norbornene was obtained when a 200:1 
mixture of cyclooctene/norbornadiene was used; random like 
copolymers were observed when the monomers were present
ing in equimolar or even 10:1 ratios.81,82 Upon integration of a 
chiral N-heterocyclic carbene (NHC) into G2, similarly effects 
the steric environment and was an improvement over the 
phosphine as it was found capable of 97% alteration between 
cyclooctene and norbornene at 50:1 mol. equiv.. Additionally, 
> 70% alternation were observed for norbornadiene and octa
1,4-dieneoxide at equimolar concentrations and the scope of 
monomers employed was expanded to include functionalized 
norbornenes and substituted CODs.83 

One of the more complex applications of alternating ROMP 
to date was performed with cyclooctene and norbornene 

monomers functionalized with N-alkyl thymine or diamino
pyridine. While norbornenes typically polymerize much faster 
than cyclooctene, the bulky nature of the monomers employed 
disfavored homopolymerization, but once sterically decon
gested by the eight-carbon spacer from the cyclooctene, 
another norbornene monomer was readily added to the chain 
over the slower cyclooctene. When the two alternating copoly
mers were mixed together, noncovalent linking of the chains 
was effected through the hydrogen bonding of the thymine and 
diaminopyridines (Figure 18).84 The zipper-like binding of 
these strands self-assembled into aggregates which bound in a 
1:1 stoichiometry as determined by Job plots. 

Another alternating copolymer was used to prepare a poly
meric asymmetric hydrogenation catalyst via the ROMP of a 
chiral bisphosphine norbornene derivative. Whereas the steri
cally bulky norbornene monomer did not undergo 
homopolymerization, the addition of cyclooctene enabled 
copolymerization of the two monomers. The relatively slow 
homopolymerization of cyclooctene compared to the 
norbornene-derivative facilitated the formation of the alternat
ing copolymer. The application of this polymeric catalyst 
afforded up to 83% enantiomeric excess in the hydrogenated 
products.85 An improvement on this catalyst was reported by the 
same group three years later wherein a bisoxanorbornyl deriva
tive with a diphenylphosphino-2,2’-bis(diphenylphosphino)
1,1’-binaphthyl (BINAP) moiety linker was synthesized and the 
phosphines coordinated to ruthenium. Alternating ROMP with 
cyclooctene yielded the reusable polymeric hydrogenation cata
lyst with up to 97% enantiomeric excess.86 

Figure 18 A double-stranded alternating copolymer held together through hydrogen bonding. Reproduced with permission from Nakade, H.; Ilker, M. F.; 
Jordan, B. J.; et al. Chem.  . 2005, 3271.84Commun
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Figure 19 An alternating copolymer prepared from monomers incapable 
of homopolymerization via ROMP. Reproduced with permission from 
Song, A.; Parker, K. A.; Sampson, N. S. J. Am. Chem. Soc. 2009, 131, 
3444.87 

Recent work by Song et al. has demonstrated essentially 
complete control over the alternating polymerization of cyclo
hexene and cyclobutene 1-carboxylic esters at nearly 1:1 
concentrations or higher by taking advantage of the mono
meric matches rather than steric interactions.87 The 
functionalized cyclobutene ring opens but does not polymerize 
and cyclohexene is only active in cross metathesis. Thus, homo-
polymerization of either monomer is eliminated while 
promoting the alternating copolymerization of the two mono
mers (Figure 19). Though unfortunately not applicable to 
common ring-strained ROMP monomers (e.g., norbornenes), 
this method opens the door to highly controlled structures 
using the equimolar concentrations rarely feasible with pre
vious studies. Furthermore, switching from using G3 to a 
HG2 catalyst enabled access to the rare cyclic architecture of 
ROMP polymers.88 

While the previously mentioned alternating ROMPs rely on 
differing concentrations of kinetically inequivalent monomers 
or the inability of the more strained monomer to homopoly
merize (often for steric reasons), a third approach is the 
noncovalent preorganization of monomers. An example was 
performed using amino acid-functionalized norbornene 
monomers wherein one monomer terminated in the amine 
and the other in the carboxylic acid. Whether acid–base inter
actions of the monomers prior to polymerization place the 
monomers in an alternating order that the catalyst moves 
along stitching together or if the acid–base interaction occurs 
between the monomer and the propagating polymer was not 
determined.89 This noncovalent organization holds promise in 
expanding the scope of alternating ROMP beyond that of 
exceptionally bulky or nonhomopolymerizable monomers as 
coulombic attraction, hydrogen bonding, and so on might be 
envisioned to form these highly ordered polymers. 

4.20.10 Cyclic 

Cyclic polymers are less viscous, exhibit higher Tg values, and 
have smaller hydrodynamic volumes and radii than their linear 
counterparts. They have also proven to be one of the more 
challenging architectures to access via ROMP for several rea
sons. Closure of a linear polymer to macrocyclic ring is 
entropically disfavored due to the organization of the chain 
(the reversal of which is used to open macrocyclic monomers 
and form polymers through entropy-driven ROMP). Secondly, 
with the elongation of the polymeric chain prior to the cycliza
tion event, the nonliving polymer end must coordinate to the 
metal center of the living polymer, a declining probability as 
the chain length increases. 

Overcoming the latter difficulty was accomplished by 
Bielawski and co-workers90 through the use of a cyclic catalyst. 

Figure 20 Cyclic polybutadiene prepared with a cyclic ROMP catalyst. 
Reproduced with permission from Bielawski, C. W.; Benitez, D.; 
Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 8424.90 

Covalently attaching the alkylidene to the NHC ensured the 
proximity of this polymer end to the necessary metal center and 
enabled the ROMP of COD or dodecatriene to afford cyclic 
polybutadiene (Figure 20). Later, the same catalyst was also 
employed with dendritic norbornene derivatives to afford the 
corresponding cyclic polymer.91 However, this area still 
remains challenging and a field for future improvements. 

4.20.11 Grafted 

Grafting occurs through one of three pathways. (1) A pre
formed polymer is attached to another polymer’s side chain 
in a grafting to approach, (2) a macromonomer bearing a 
polymeric side chain is polymerized in a grafting through 
approach, or (3) a polymeric backbone has side chains functio
nalized with a catalyst or other polymerization initiator from 
which polymerization occurs in a grafting from approach. 

As an example of grafting to for photochemical processes, a 
ditelechelic polybutadiene prepared via ROMP and a chain 
transfer agent featuring anhydride-terminated polystyrene was 
grafted to it, forming the respective triblock. Lamellar morphol
ogies were observed and polystyrene functionalized with a 
fluorescent chromophore was also grafted to the polybutadiene 
polymer.92 Using norbornene monomers bearing carbazoyl or 
alkyl bromides, copolymers were formed. Poly(methyl metha
crylate) was grafted to this material which resulted in the 
formation of a highly fluorescent polymer.93 An important 
method for separating chiral mixtures, high-performance 
liquid chromatography (HPLC) requires a chiral column. 
With the MW control and highly adaptable norbornene frame
works, ROMP can be used, though typically is not, to form 
these columns as demonstrated by Buchmeiser. Chiral norbor
nene derivatives with L-valine and phenylalanine were surface 
grafted to norbornene-derivatized silica- or poly(styrene
divinylbenzene)-based supports with Schrock or Grubbs cata
lysts, and one of the polymers formed was found suitable for 
performing chiral HPLC separations.94 In a cross between block 
copolymers and graft copolymers, either norbornene- or 
norbornene-derivatized sugars (protected as the acetals) were 
polymerized by Nomura to either homopolymers or block 
copolymers. The resultant copolymers were endcapped with 
4-Me3SiOC6H4CHO or 3,5-(Me3SiO)2-C6H3CHO to provide 
a second functional handle. The deprotected alcohols were 
used in the grafting to of PEG, which in the latter endcap 
formed a three-armed species with the deprotected dihydroxy 
arene ring serving as the center of the two arms branching off 
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Figure 21 An ABCBA block copolymer by grafting together two AB chains. Reproduced with permission from Murphy, J. J.; Kawasaki, T.; Fujiki, M.; 
Nomura, K. Macromolecules 2005, 38, 1075.95 

the original polymer (the third arm). This method was amen
able to numerous architectures including linear (AB and ABC), 
branched (AB2 and ABC2), and ABA or ABCBA (wherein PEG 
served as an interpolymer linker between polynorbornenyl 
block copolymer chains) structures (Figure 21).95 

Though grafting to can be used for forming graft copoly
mers, the approach is frequently hampered by incomplete 
reactions or the inability to remove excess homopolymer 
from the newly grafted copolymer. A way to avoid this problem 
is to graft through a macromonomer that needs no postpoly
merization modifications. An extension of this work used 
norbornene carboxylic acid rather than PEG to functionalize 
the alcohol endcaps, forming a macromonomer for grafting 
through. After the ROMP of the macromonomer and termina
tion with the same chain transfer agents, PEG could be grafted 
to the end of these extended polymers, providing even higher 
weight polymers. In this instance, with or without the PEG, 
micelles capable of encapsulating the dye Nile Red were formed 
as evidenced by tunneling electron microscopy.96 In another 
grafting through approach, macromonomers bearing either 
polylactide or poly(n-butyl acrylate) were formed, and ROMP 
of these macromonomers afforded high MW random or block 
copolymers. With equimolar monomer ratios, the random 
copolymers had side chains that formed lamellar structures 
with 14–21 nm thicknesses, while nonequimolar polymers 
showed no ordered morphology. Noteworthy, the domain 
spacing of these structures was unaffected by the length of the 
backbone, while the block copolymers had lamellar domains 
of over 100 nm dependent on the backbone length.97 

As in the formation of multiblock polymers, a combination 
of polymerization techniques may be employed for grafting. 
From a cyclobutene bearing an ATRP initiator, ATRP of styrene 
or acrylate derivatives followed by ROMP successfully formed 
well-defined graft copolymers with the polybutene back
bone.98 Rather than using ATRP from the polymeric 
backbone, graft copolymers of styrene and norbornene units 
were accessed through attachment of the polystyrene to the 
norbornene monomer unit and ROMP of the resultant macro-
monomer in another grafting through approach.99 

Polyelectrolytes with a hydrophobic backbone and oligo
peptide brushes have been prepared via ROMP in a grafting 
through approach. A lysine oligopeptide-functionalized COD 
monomer was used to form the homopolymer or mixed with 
PEG-appended COD to form a random copolymer. At 30% or 
more PEG, aggregates rather than extended structures 
were observed.100 An extension of this work utilized a 
pentalysine-grafted polymer as effective transfection reagents 
of comparable or better activity than commercial alternatives 
with cell viabilities relative to untreated cells as high as 99%.101 

While hydroxyl groups are commonly employed for the 
grafting of PEG, an alternative involves click chemistry 

Figure 22 A brush polymer formed via the grafting through approach. 
Reproduced with permission from Le, D.; Montembault, V.; Soutif, J.; 
et al. Macromolecules 2010, 43, 5611.102 

(Huisgen 1,3-dipolar addition) of azide endcapped PEG with 
an alkyne-functionalized monomer. Biocompatable brush and 
comb copolymers were synthesized in this manner by grafting 
through ω-oxanorbornenyl PEG monomers prepared using the 
click method. ROMP with G3 afforded the graft polymer which 
displayed excellent solubility attributed to the oxygenated 
backbone (Figure 22).102 Like grafting to, grafting through 
also has its advantages and disadvantages. For example, a 
macromonomer for grafting through was synthesized by the 
ATRP of methyl acrylate from an α-oxanorbornenyl derivative. 
However, for this monomer, the ROMP did not proceed to 
completion. Presumably this was due to sterics, which is a 
common problem with macromonomers and dendritic mono
mers whose side chains are so large as to prevent the proximity 
of the two units around the metal center.103 

A solution to the steric bulk of the macromonomers is 
grafting from where polymerizations occur from the functio
nalized side chains of the ROMP-generated backbone. The 
copolymerization of propylene with 4 mol% COD yielded 
terminal vinyl groups off the main polymer chain resulting 
from the addition of the COD. Attachment of the catalyst at 
the vinyl group via olefin metathesis enabled ROMP of nor
bornene derivatives from the polyolefin backbone.104 In a 
grafting from approach, norbornene monomers with cova
lently attached ATRP initiators were copolymerized with 
ester-functionalized norbornenes to form the polymeric back
bone. The ATRP of acrylic acid successfully yielded the brush 
polymer.105 

In addition to using two polymerization techniques com
mon to many graft polymers, others have used three. 
Comb-like block copolymers have been formed through a 
mixture of ROMP, ATRP, and ROP. ROMP of exo-norbornene 
monomers formed a copolymer backbone wherein one of the 
monomers contained an ATRP initiator and the other an alco
hol. ATRP of styrene followed by ROP of lactide from the 
alcohol formed the comb’s teeth. These polymers are some of 
the largest ROMP polymers with MWs exceeding 10 000 kDa 
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Figure 23 A brush copolymer formed through repetitive ROMP. 
Reproduced with permission from Nomura, K.; Takahashi, S.; Imanishi, Y. 
Macromolecules 2001, 34, 4712.107 

and domain sizes > 100 nm.106 While most brush polymers are 
formed through a combination of several different polymeriza
tion techniques, they may also be prepared through repetitive 
rounds of ROMP when appropriately terminated in a grafting 
through method. A homopolymer or block copolymer of 
norbornene and its derivatives was endcapped with 
p-Me3SiOC6H4-CHO. The deprotection and reaction of the 
hydroxyl group with norbornene carboxylic acid chloride pro
vided the macromoner which readily polymerizes via ROMP 

23).107(Figure Rather than using endcaps to attach the 
norbornene unit in order to ROMP a second time, the post
functionalization of a ROMP polymer formed from 
maleimide-containing norbornene monomers also provides 
the necessary functional handle. The Diels–Alder reaction of 
the maleimide with cyclopentadiene provides a new norborne
nyl group for ROMP. The subsequent addition of an 
α-chloroacetamide norbornene derivative and ROMP afforded 
the graft polymer along with some homopolymerization of the 
added monomer. With graft densities off the main chain less 
than 26%, no homopolymerization was observed and chain 
elongation was preferred over the intrachain cross-linking 
observed at higher graft densities.108 

Besides relying on functionality of the backbone to provide 
sites for grafting polymer, ROMP can be incorporated into 
elegant and complex strategies for architectural control. 
Bowden et al. took an olefin-terminated monolayer on a silica 
wafer and reacted it with a ruthenium catalyst to establish the 
ROMP precatalyst at the termini. A polydimethylsilyl slab con
taining microchannels was placed on top of the monolayer and 
undecenoic acid added so as to undergo cross metathesis in the 
open channels bearing the ruthenium catalyst. Etching the 
walls of the channel with HF or Bu4NF for monitored time 
periods enabled the controlled introduction of fresh catalyst 
from which carboxylic acid- or anhydride-bearing norbornenes 
were polymerized via ROMP. In this manner, polymer brushes 
ranging from 70 nm to several microns were prepared in a 
surface grafting from approach.109 In another nontraditional 
method, dip-pen lithography has been used to fabricate 
ordered brush arrays on the nanometer scale. One technique 
applied thiol-functionalized norbornene to gold by coating the 
tip with the monomer and touching it to the surface at specified 
intervals. ROMP with norbornene-based monomers afforded 
various brush arrays and a wide variety of geometric shapes. A 
second method used a silicon wafer, 5-(bicycloheptenyl) 
trichlorosilane, and G1 to form a layer. An AFM tip was then 
coated with monomer and touched down at intervals, initiat
ing ROMP at the contact point and effecting patterning with 
reproducible heights based on the tip’s contact time.110 

Some catalyst supporting polymers have been accessed 
through grafting. Norbornene-functionalized silica and 

Figure 24 A random graft copolymer prepared in a one-pot synthesis. 
Reproduced with permission from Lu, H.; Wang, J.; Lin, Y.; Cheng, J. J. 
Am. Chem. Soc. 2009, 131, 13582.113 

monolithic supports underwent copolymerizations with nor
bornene derivatives bearing two pyridine subunits. The 
pyridine enabled bischelation of PdCl2 and the catalyst was 
subsequently used to perform Heck couplings.111 An interest
ing analysis on the chain properties of graft polymers, a 
physical study used neutron diffractometry to determine the 
thickness of PEG and backbone regions of polynorbornene 
containing grafted PEG at the air–water interface. The back
bone was found to have a constant thickness while the PEG 
increased as the surface concentration of the film increased.112 

Generating less waste, ‘one-pot’ syntheses have attracted 
attention not only for environmental and economic concerns 
but also as a time and labor efficient method. The highly 
tolerant nature of the ROMP and its capability of forming 
ordered, complex structures makes it a shining candidate for 
this approach. Indeed, several of these reactions have been 
reported. In one example, a brush-like polymer was formed 
through the ROMP of aryl and TMS-protected amine norbor
nene moieties in the presence of N-carboxyanhydrides. 
Unmasking of the amine polymerizes the anhydride to form 
the brush-like structure (Figure 24).113 The ability of ruthe
nium catalysts to facilitate both ROMP and ATRP at the same 
time, can make one-pot synthesis of a brush polymer nearly 
trivial as demonstrated by the use of norbornene functiona
lized with an ATRP initiator, which in the presence of acrylates 
and a ruthenium catalyst concomitantly polymerize by ATRP 
and ROMP.114 

4.20.12 Polyalkynes 

Historically, the inclusion of alkynes into the repertoire of 
ROMP has been extremely limited. Namely, the lack of capable 
catalysts and suitable substrates has severely hampered this 
area of research. Unlike the ROMP of norbornene where 
even some of the least active Grubbs and Schrock-type 
catalysts initiate ROMP, few catalysts are active enough for 
cyclic alkynes. Indeed, the ROMP of cyclic alkynes has been 
exceedingly challenging using ruthenium catalysts, and the 
few successful polymerizations have arisen from carefully cho
sen tungsten and molybdenum catalysts. The scope of 
substrates has been limited in part by the difficulty of incorpor
ating the linear, sp-hybridized alkyne into a cyclic system 
with the ring strain required for ROMP, but also by the sensi
tivity of the employable catalysts to common functional 
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groups. An essence of the conundrum, cyclic alkynes with 
alcohols cannot undergo ROMP because the Schrock catalysts 
are sensitive to the functional group, and the ruthenium 
catalysts, which tolerate this functionality well, fail to polymer
ize the cyclic alkyne. 

Though a challenging field, the first alkyne ROMP was 
realized fairly early by Schrock using a molybdenum catalyst 
and cyclooctyne. The characterization of the resulting chain was 
inhibited, however, as at greater than 250 equiv. of monomer, a 
gelatinous solid was obtained and had to be hydrogenated 
before being studied.115 A subsequent report on this work 
expanded the catalysis to include tungsten, but the insolubility 
of the polymers continued to hamper its characterization. 
Broad PDIs were observed, and whether related to the hydro
genation, polymerization, or both, it brought into question the 
ability to perform the ROMP of cyclic alkynes in a living 
manner.116 Five years would pass before the first living ROMP 
of an alkyne was performed using 1,2,5,6-tetrasilacycloocta
3,7-diyne whose resultant, soluble polymer of alternating 
disilanylene and acetylene units had a PDI of 1.4 (Figure 25). 
A more in-depth study found the ROMP to be regioselective 
regarding the two alkynes as differential substitution of the 
1,2- versus the 5,6-positions and 29Si NMR showed exclusively 
head-to-tail polymerization of the monomers.117 

Another decade followed before Nuckolls, working off his 
previous ROMP of (5Z,11E)-dibenzo[a,e]cyclooctatetrane 
extended it to the ene-yne analog. Though the polymerization 
was deemed successful, the PDI was rather broad (2.4) and a 
multitude of products was obtained. Among these was a 
dewar-benzene derivative that prompted the authors to ques
tion the validity of extending the metallocarbene mechanism 
to this substrate.118 More recently, the same group formed 
ring-strained dibenzo[a,e]-[8]annulenes that undergo ROMP 
with a Schrock catalyst (Figure 26). These monomers bear the 
additional advantage of facile functionalization and ease of 
synthesis though the limited choice of catalysts may temper 
its application.119 

Coming full circle back to cyclooctyne, a report using a 
tungsten catalyst obtained narrow PDI values (1.2–1.4). The 

Figure 25 A living ROMP to a polyalkyne. Reproduced with permission 
from Zhang, X.-P.; Bazan, G. C.  Macromolecules 1994, , 4627.11727

Figure 26 A polyalkyne synthesized via ROMP. Reproduced with per t
mission from Fischer, F. R.; Nuckolls, C. Angew. Chem. Int. Ed. 2010, f
49, 7257.119 

polymerization was highly concentration dependent with 
macrocycles composed of three to nine monomer units formed 
under dilute conditions and a mixture of linear polymer and 
cyclic oligomers at high substrate concentrations. However, 
medium-MW polymers were obtained when the polymeriza
tion was performed neat in cyclooctyne.120 As can be inferred 
from the limited success in this area, the restrictions to date of 
substrate and catalyst development for alkynyl ROMP present 
challenges and opportunities for the field. 

4.20.13 Nano 

Increasingly nanoscale particles, materials, and applications 
have been explored in all manners of disciplines from energy 
and communication to lithography and medicine. Decreased 
size has also brought along the necessity for well-defined repro
ducible products with an ever-increasing need for precision. 
Thus, it might not be surprising that the nearly monodisperse 
polymerizations obtained through living ROMP have found 
implementation in this field of study. An early foray into the 
incorporation of carbon nanoparticles, Wudl attempted the 
formation of a C60-bearing polymer via ROMP. The cycloaddi
tion of quadricyclane with the C60 formed the prerequisite 
olefinic compound and underwent ROMP with excess norbor
nene. Though electroactive, cross-linking at or above 80 °C led 
to an insoluble polymer which hampered its application.121 An 
alternate approach used ruthenium catalysts with appended 
pyrene to anchor the catalyst to carbon nanotubes in a non-
covalent fashion. Polymerization of norbornene was effected to 
obtain coatings of up to 20 nm. However, the layer diminished 
in size over time presumably due to release of the noncova
lently bound anchor or dissolution of the polymer.122 

A more recent incorporation of C60 has made strides toward 
its utility in energy applications. Through drop-casting or 
spin-coating, block-copolymer nanowires of C60 and zinc 
porphyrin-modified norbornenes were observed to undergo 
photoinduced charge transfer as indicated by fluorescence 
quenching of the porphyrin moiety (Figure 27). Importantly, 
the dimensions of the wire are tunable with the diameter 
dependent on the polymer length and the internal domain 
spacing based on the monomer’s width.123 

Azides are traditionally hard to incorporate into monomers 
for ROMP because of their adverse interactions with the cata
lyst. However, postfunctionalization of an alkyl bromide may 
be used. As an example, a norbornene bearing a dendrimer 
capped with an alkyl bromine was successfully used to form 
diblocks, which upon polymerization was substituted for the 
azide. ‘Click chemistry’ with C60 formed dendritic side chains 
bearing up to three C60 units though only half of the potential 
sites were found to be reactive: this was attributed to steric bulk 
of the C60 groups as similar chemistry with zinc porphyrins 
went to completion (Figure 28).124 

Working with hexabenzocoronene amphiphiles, Aida 
reported the ability to form nanocoils at ambient conditions, 
while upon heating nanotubular structures were obtained. 
Covalent attachment of norbornene to the surface followed 
by ROMP enabled the locking of a given shape as heating of 
he polynorbornene nanocoil did not produce the thermally 
avored nanotube. Besides demonstrating the utility of 
ROMP to maintain substrate shapes through polymerization, 
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Figure 27 A random copolymer nanowire for photoinduced charge transfer. Reproduced with permission from Charvet, R.; Acharya, S.; Hill, H. P.; 
et al. J. Am. Chem. Soc. 2009, 131, 18030.123 

Figure 28 A diblock copolymer with dendritic and C60 side chain func
tionality. Reproduced with permission from Fiset, E.; Morin, J. Polymer 
2009, 50, 1369.124 

the work has application toward nanoscale solenoids as the 
nanocoils were conductive when doped with iodine.125 Also, 
interested in the electronics of nanomaterials, Swager utilized 
ROMP copolymers and self-assembly properties to form con
ductive channels. Attaching phenylene through two carbons 

to norbornene and either two thiophines, bisthiophenes, or 
furans para to each other off the same phenylene, a conduc
tive side chain parallel to the growth of the norbornene 
polymer was achieved. Resultant copolymers incorporating 
one of these monomers was followed with electropolymer
ization to connect the conductive side chains into a 
polymeric conductive channel paralleling the polynorbor
nene backbone. Doping of these channels formed stable, 
electroactive channels for potential usage in nanoelectro
chemical devices.126 

Differing work with pentadecafluorooctyl-5-norbornene
2-carboxylate polymerized from TiO2 nanowires and 
other metals explored its potential as a protecting layer. 
Linked to the oxide surface via the catechol initiator 
L-3,4-dihydroxyphenylalanine for improved adhesion over 
the more commonly employed thiols, nanometer-thick nor
bornenyl sheaths around the nanowires were observed via 
TEM. High contact angles for both water and several organic 
solvents such as diiodomethane indicated strides toward a 
repellant coating for uses in antifouling or anticorrosion.127 

Rather than grafting to a nanosupport, formation of nano
tubes or fibers from block copolymers and a mold have 
also been accomplished. Copolymers were melted at 150 °C 
for 48 h and allowed to fill preformed Al2O3 molds. The 
solidified polymer produced hollow nanotubes for large 
mold pore sizes (400 nm) and with high-MW polymers, 
whereas smaller pore sizes (180 nm) and lower MWs 
yielded solid nanofibers upon etching away of the Al2O3.

128 

4.20.14 Micelles 

Polymeric nanomaterials need not be based on nanoscale sup
ports. Micelles are spherical assemblies that differ from star 
polymers in the absence of a covalently linked core. Typically, 
this morphology arises from polymeric strands possessing 
hydrophobic and hydrophilic regions, which will self-aggregate 
and assemble based on similar polarities. In polar solvents, the 
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hydrophobic regions segregate in the center while the hydro
philic ends reach outward to the solution. For ROMP, diblocks 
are typically used to form the regions of hydrophobicity and 
hydrophilicity necessary for the self-assembly into micelles or 
nanoparticles. For example, a block copolymer formed from 
hydrophobic octanoate-substituted norbornene and hydrophi
lic ammonium salt (formed postpolymerization)-bearing 
norbornene monomers readily self-assemble into micelles. 
However, too much of the salt monomer (> 80%) caused 
aggregation, presumably through hydrophobic cross
linking.129 A study on the ratios of hydrophilic/hydrophobic 
monomers and MWs determined the following. At identical 
MWs and varying monomer ratios, the micelle size remained 
constant, while the core size decreased linearly with the increas
ing fraction of the lyophilic monomer. Alternatively, increasing 
MW with equivalent monomer ratios yielded similar core:shell 
ratios and linearly increasing bulk of the micelles. This clearly 
demonstrates the capability for tuning the micellular structure, 
though at too high or low lyophilic monomer concentration 
solubility problems do arise.130 

An interesting one-step synthesis of composite nanoparti
cles < 50 nm in size was performed in microemulsions of 
methyl methacrylate and norbornene with G1 which is capable 
of ATRP (though attenuated) and ROMP, forming graft or 
random copolymers (Figure 29).131 A follow-up study con
cluded the block copolymer was more likely to form micelles 
than its random copolymer counterpart.132 A one-pot synthesis 
of shell-funtionalized diblock micelles through the ROMP of a 
hydrophobic ester oxanorbornene and a bromine-appended 
norbornene derivative has also yielded 110–210 nm micelles 
stable over several days.133 Postmodification of structures via 
photochemical methods prompted Slugovc and co-workers to 
look at cinnamic acid-derivatized norbornenes that in a block 
copolymer self-assembled into micelles. Irradiation resulted in 
cross-linking of the micellular structures via [2 + 2]cycloaddi
tions of the cinnamic acids. Up to 78% conversion of the 
starting acid occurs as evidenced by integration of the IR signals 
for the ketone and double bond.134 

The size of nanoparticles has profound biological impor
tance. It has been observed that nanoparticles tend to 
aggregrate in tumor cells preferentially over other healthy cells 
due to the increased pore size of the tumor cells. This has 
brought about numerous hypotheses for targeting diseases 
through the encapsulation of known drugs for release upon 
uptake into the targeted cells. In one example, the known drug 
indomethacin was appended to a norbornene for the purpose 
of polymerization. An amphiphilic diblock was obtained from 
this monomer and a second norbornene monomer with PEG 

chains for hydrophilicity resulted in the formation of micellu
lar materials. Hydrolysis of the linked drug successfully 
released the active form under acidic conditions.135 Similarly, 
from the same group, incorporation of the anticancer drug 
doxorubicin into the polymeric structure self-assembled into 
230 � 10 nm particles. Acidifying at pH 4 resulted in the release 
of almost 50% of the drug over 24 h.136 While striking, the 
release does leave some challenges for practical application as 
the pH even of tumor cells which have been shown to be more 
acidic than that of healthy cells are above a pH 5 and therefore 
would release much less than 50% of the active drug. 

Expanding on the endomethacin study, a block copolymer 
with the indomethacin-containing norbornene and tosylated 
hexaethylene glycol-appended norbornene monomers was stu
died for its binding properties. Upon self-assembly, the surface 
binding of single-stranded DNA antisense oligodeoxynucleo
tides (which have found application in fighting breast cancer) 
and/or antibodies targeting the transmembrane human epider
mal growth factor receptor-2 were observed with the binding 
confirmed by the use of probes and subsequent TEM 
imaging.137 Biotin groups have high binding affinities to 
numerous proteins including streptavidin. Taking advantage 
of this interaction, Sleiman and co-workers formed homopo
lymer and copolymers endcapped with biotin, which 
self-assembled in acetonitrile/water into luminescent micelles. 
Addition of streptavidin caused cross-linking of these micelles 
as the biotin groups bound to the bacterial protein.138 Looking 
to form micelles for use in biological applications, three oxa
norbornene bearing (1) luminescent Ir, Ru, or Os bipyridine 
complexes for sensing, (2) PEG for enhanced hydrophilicity as 
well as protection of the metal center, and (3) biocompatible 
groups for specific binding (e.g., biotin and streptavidin) were 
explored. The assembled triblocks formed micelles with the 
metals buried in the core (Figure 30).139 

4.20.15 Polyrotaxanes and Polycatenane 

Catenanes are two interlocked cycles, like two links in a chain, 
which cannot be separated without the breaking of a covalent 
bond. Rotaxanes are similar but are composed of a cycle 
encircling an acyclic molecule like a ring around a thread. 
A naturally occurring rotaxane, DNA polymerase III encircles 
DNA during replication. Polyrotaxanes and polycatenanes are 
well-defined repetitions of these interlocking structures and 
should not be confused with intertwined cross-linked polymers 
whose interconnectivity is random in nature. These intricate 
polymeric networks have posed challenges to synthetic che
mists, and a few have utilized ROMP in their preparation. 

In 2003, Rowan reported using a known host-guest interac
tion of a synthetic porphyrin and viologen interaction to form 
[3]rotaxanes and [4]rotaxanes (two and three cycles around a 
linear molecule, respectively). Relating it to ROMP, the use of a 
symmetrical [3]rotaxane possessing an internal double bond 
was found to be a suitable chain transfer agent in the ROMP of 
COD. Thus, a [3]rotaxane with a polybutene linker between the 
rotaxane functionalities was accessed.140 Although strictly 
sFigure 29 Nanoparticle-forming polymer formed in one step via simul

taneous ROMP and ATRP. Reproduced with permission from Airaud, C.; s
Ibarboure, E.; Gaillard, C.; Héroguez, V. J. Polym. Sci., Part A: Polym. l
Chem. 2009, 47, 4014.131 

peaking a polyrotaxane was not obtained, this work does 
how the flexibility in chain transfer agent options. Five years 
ater, Mayer employed a Sauvage-type [2]catenane with 
1,10-phenanthroline-based cycles (Figure 31). These cycles 

(c) 2013 Elsevier Inc. All Rights Reserved.



540 Architectures of Polymers Synthesized using ROMP 

Figure 30 A self-assembling, random copolymer for biological sensing and binding applications. Reproduced with permission from Sankaran, N. B.; 
Rys, A. Z.; Nassif, R.; 139et al. Macromolecules 2010, 43, 5530.  

Figure 31 A polypseudo rotaxane. Reproduced with permission from Kang, S.; Berkshire, B. M.; Xue, Z.; et al. J. Am. Chem. Soc. 2008, 130, 15246.141 

interlocked as they coordinated to a copper atom, and one of 
the cycles was functionalized to contain an internal alkene. 
Entropy-driven ROMP of this olefinic cycle resulted in the 
polypseudorotaxane, though unfortunately, treatment with 
potassium cyanide to remove the copper and access the corre
sponding polyrotaxane caused the cycles to slip off the 
polymeric strand.141 

Recent work by Grubbs tackled the challenge of a polycate
nane charm bracelet structure where numerous cyclic structures 
all encircle a single large cycle. To realize this structure the crown 
ether interaction with charged alkyl ammoniums was exploited. 
The role of ROMP was the polymerization of a nine-membered 
protected amine ring that was endcapped with an alkyl bromine 
on both ends. Substitution to the azide followed by click chem
istry with a bisalkyne formed the large ring whose deprotection 
and alkylation formed a polyalkylammonium cycle. The intro
duction of acyclic crown ether analogs interacted so as to encircle 
the charged nitrogen and RCM of these acyclic analogs under 
dilute conditions afforded the desired charm bracelet.142 

4.20.16 Dendrimers 

Dendrimers have the distinct advantage of introducing multi
ples of a given functionality from a single center in a highly 
regular manner. However, branching at uniform and consistent 
lengths has been a drawback in the preparation of these struc
tures using ROMP as it typically proceeds linearly or with 
random branching/cross-linking instead of controlled branch
ing. However, this has not discouraged efforts in using ROMP 
to functionalize dendritic structures or to incorporate dendri
mers into polymers via macrocyclic monomers. An early 
attempt, Stewart and Fox143 performed the ROMP of a norbor
nenyl monomer bearing a second-generation naphthyl-capped 
dendron to give a fluorescent polymer (Figure 32). While the 
naphthalene excimer emission was not observed for the mono
mer, the naphthalene singlet and excimer emissions were 
observed for the polymer indicating a structural dependence 
of this excitation and a critical role of the secondary structure to 
the characteristics of individual units. 
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of the ether for steric reasons would not easily be contained in 
a plane. This would hinder the formation of a cylinder 
wherein the dendrimers would stack or lay on top of 
each other along the height of the cylinder.144 Another effort 
investigating the ROMP of first- to fourth-generation dendri
mers consisting of 2,2-bis(methylol)propionic acid pendant 
to a norbornene resulted in the desired homopolymers. 
Interested in their use as porous membranes, only the 
fourth-generation polymer formed a porous membrane that 
was successfully pulled into fibers (Figure 33).145 

Taking advantage of the increasingly popular ‘click chemistry’ 
wherein an azide undergoes a formal [3 + 2]cycloaddition with 
an alkyne, Newkome dendrons with an azide were ‘clicked’ with 
a norbornenyl alkyne. Subsequent ROMP with PEG-modified 
norbornene, formed block copolymers capable of self-assembly 
into polyion complex micelles. Interested in toxicity toward 
diseased cells, the dendronized polymer showed a high binding 
affinity for pDNA, but was also found highly toxic against all cell 
lines tested, suggesting a need to dial back on the polymer’s 
potency.146 Rather than using one dendritic monomer, Fréchet 
used two differentially substituted dendritic monomers to form 
copolymer with vast steric bulk. For this process, exo- rather than 
endo-norbornene derivatives were necessary for the polymeriza
tion to occur (Figure 34). When depositing a block copolymer 
containing both aryl ether and polyester dendrimers on a mica 
surface, self-segregation was observed. The aryl ether dendron 
self-aggregated while the polyester dendrimer elongated for 
maximal surface contact, yielding a tadpole-like structure as 
imaged through AFM.147 

ROMP has also been utilized to form a linker between 
dendritic ends. A pseudo-ABA triblock, the polymer core was 
constructed from COD and capped through its cross metathesis 
with a bisdendrimer chain transfer agent. Hydrogenation to the 
saturated and more flexible polyethylene bore out the ability to 
use ROMP for the installation of well-defined alkyl linkers 

Figure 32 A fluorescent polymer bearing a second-generation dendri
mer side chain. Reproduced with permission from Stewart, G. M.; Fox, M. 
A. Chem. Mater. 1998, 10, 860.143 

Similarly, using macromonomers to which the dendrimer 
had already been appended, Holerca and Percec found a 
dependence of the polymer’s shape on that of the dendrimer. 
Homopolymers were prepared from norbornene dendrimer 
derivatives where the dendrimer branch consisted of an aryl 
group with two or three ether chains extending outward. 
When both ether linkages were located in the meta positions, 
a cylindrical polymer structure was obtained. However, the 
addition of the third ether at the para position resulted in 
spheres or cylinders dependent on the number of monomers 
incorporated. The rationale for the differing outcomes was 
attributed to the greater planarity of the disubstituted dendri
mer as opposed to the trisubstituted wherein the alkyl chains 

Figure 33 Dendritic homopolymer applied to the fabrication of a porous membrane. Reproduced with permission from Nyström, A.; Malkoch, M.; 
Furó, I.; et al. Macromolecules 2006, 39, 7241.145 
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Figure 34 A dendritic graft copolymer. Reproduced with permission from Rajaram, S.; Choi, T.; Rolandi, M.; Fréchet, J. M. J. J. Am. Chem. Soc. 2007, 
129, 9619.147 

(Figure 35).148 Another alternative to dendritic monomers 
involves the preparation of a dendritic core terminated in ole
fins which are available for metathesis with a catalyst’s 
alkylidene such that the catalyst becomes incorporated at the 
ends of the dendrimer. From there, ROMP of monomers such 
as norbornene elongates the dendritic ends into linear arms to 
yield a star polymer with a dendritic core (Figure 36). 
Interestingly, prior to ROMP, the catalysts attached to the den
drimer reversibly dimerized at low temperatures and high 
concentrations.149 

4.20.17 Star Polymers 

Star polymers in general consist of a core unit, which may or 
may not be polymeric in nature, with long arms extending out
ward from that center (Figure 37), several of which were 
mentioned earlier. An early effort toward these morphologies 
placed four tungsten catalysts to a core silicon atom. The ROMP 
of norbornene caused intermolecular cross-linking of the 
catalytic sites, affording branched star polymers.150 

Star-like polymers were also prepared by the copolymerization 
of α-norbornenyl macromonomers and poly(methyl 
methacrylate)-bearing norbornene. The ATRP iniatiating norbro
nene derivative could also be grafted with a fluorescent tag 
through ATRP.151 Due to the potential for star polymers to 

possess polymeric cores as well as arms, multiple techniques 
may be employed to obtain this structural motif. Ma et al.152 

formed a star polymer consisting of a poly(norbornene) core 
(via ROMP) and polystyrene arms through RAFT. Considering 
the hydrophobic nature of most monomers, soluble star 
polymers are less common. An example of this involved the 
ROMP of norbornene that was subsequently cross-linked via 
1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo-endo-dimethanonaphtha
lene to form the core and terminal olefins. Further 
polymerization of norbornene to form the ‘arms’ and termina
tion with a silylether carboxaldehyde or pyridinecarboxaldehyde 
gave the desired, soluble star polymer.153 

4.20.18 Other 

Besides directly combating tumors and other health issues with 
drug-containing polymers, block copolymers have found use in 
imaging. Fluorine-18, a label used in positron emission tomo
graphy for imaging tumors was studied by Grubbs. A random 
block of functional exo-norbornene-imides, one with cinna
moyl groups for cross-linking and the other with PEG capped 
by a mesolate for postpolymerization exchange with the radio
active fluorine was successfully synthesized for use as an in vivo 
imaging agent.154 An alternative to radioactive imaging, iron 
oxide can be used for magnetic resonance imaging; however, 
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Figure 35 A homotelechelic linear polymer formed from a dendritic chain transfer agent. Reproduced with permission from Sill, K.; Emrick, T. J. Polym. 
     2005, , 5429.148 Sci., Part A: Polym. Chem. 43

stability and aggregation are problematic with this agent. A 
block copolymer of norbornene carboxylic acid oxiranylmethyl 
ester for steric stabilization along with norbornene comono
mer was found to act as a coating and stabilizer of the iron 
oxide, as well as reducing aggregation that hinders its use as a 
contrast agent.155 A study highlighting the preference of poly
mers for tumor cells synthesized amphiphilic copolymers of 
norbornene-modified monomers. One monomer contained an 
ether for hydrophobicity, the second PEG for stability and 
solubility in water, and the third a folate or indocyanine 
green dye (or a mixture of both). High water solubility and 
nanometer self-assemblies were observed and accumulation 
was observed preferentially for tumor tissue over other organs 
providing a possible improvement for in vivo tumor selectivity 
and fluorescence imaging.156 

Along with the self-assembly and beneficial size properties 
of polymeric structures, the relative low toxicity, amenable 
functionalization, and excellent mechanical properties of 
polynorbornene backbones have caused them to be considered 
as biomimics. Incorporation of saturated neoglycopolymers 
through the tandem ROMP hydrogenation of carbohydrate
functionalized norbornenes resulted in a polymeric alternative 
to commonly used animal-based sources. Used as collagen 
cross-linking agents and glycosaminoglycan mimics, the poly
mers possessed higher stability, enzymatic resistance, and 
permeability over control materials, but also much lower ten
sile strength that would necessarily need to be addressed before 
its implementation.157 Monoterpenes have been extensively 
studied for their biological activities. However, many of them 
also possess cyclohexene rings suitable for metathesis reactions. 
The ROMP of cyclopentadiene with monoterpenes produced 
highly cross-linked polymers containing linear, terminal, 

dendritic, and semidendritic regions (Figure 38).158 While use
ful for its synthesis of a variety of morphologies at once, a 
controlled form for obtaining one or more of these systems 
selectively would greatly enhance its allure. In another 
effort to make polymers more biocompatible and less reliant 
on petrochemical sources, new monomer syntheses incorpor
ating biological roots have been undertaken. Interested in 
forming bioplastics, castor oil norbornene derivatives were 
prepared by reacting the norbornenyl acid chloride with the 
oil’s alcohol groups. With multiple alcohols per castor oil 
molecule, multiple norbornenes could be appended, and as 
might be expected, the monomers with higher norbornene 
content produced more highly cross-linked polymers 
(Figure 39). These polymers also had the most improved ther
mal and mechanical stabilities.159 

A series of studies headed by Trimmel has investigated the 
photochemical photo-Fries rearrangement as it pertains to 
postpolymerization modification of polymeric side chains. 
The initial study was performed with aryl esters wherein the 
rearrangement yielded a hydroxyketone that was subsequently 
converted to an ester, hydrazone, or fluorescent sulfonates 
(Figure 40). The modified materials were found to be applic
able in lithographic patterning.160 Applying this method to 
optics, bisnaphthyl norbornene derivatives formed homo and 
block copolymers with an aromatic chromophore upon 
ROMP. Photo-Fries rearrangement through UV–vis irradiation 
caused an increase in the refractive index of the polymer film, 
whereas further irradiation at a shorter 254-nm wavelength 
decreased the refractive index, and allowed some modular 
control over the refractive power through the absence or pre
sence of specific wavelengths of light.161 Switching to an aryl 
amide gave the corresponding amino ketone via the 
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Figure 36 A dendrimer with end groups composed of polynorbornene. Reproduced with permission from Gatard, S.; Nlate, S.; Cloutet, E.; et al. Angew. 
Chem. Int. Ed. 2003, 42, 452.149 

Figure 37 A self-assembling star polymer (left) and its generic representation (right). Reproduced with permission from Ma, J.; Cheng, C.; Wooley, K. L. 
Aust. J. Chem. 2009, 62, 1507.152 

(c) 2013 Elsevier Inc. All Rights Reserved.



Architectures of Polymers Synthesized using ROMP 545 

Figure 38 A highly cross-linked polymer from cyclopentadiene and 
monoterpenes. Reproduced with permission from Mathers, R. T.; 
Damodaran, K.; Rendos, M. G.; Lavrich, M. S. Macromolecules 2009, 
42, 1512.158 

photo-Fries rearrangement. An increased refractive index was 
also found with the added capability to further functionalize 
via acid chlorides and fluorescamine off the amine. Acid 
chloride-appended norbornene was grafted from the irradiated 
polymer as well, showing some modularity in the structure and 
composition of the polymer.162 

As mentioned for iron oxide, ROMP has been of interest for 
the functionalization, stabilization, and structural modifica
tion of metals. While the range of metals that are potentially 
suitable is broad, much of the work has revolved around gold 
due to the affinity of this element for sulfur – a trait enabling 

Figure 40 The photo-Fries rearrangement of a polymer via UV–vis 
irradiation. Reproduced with permission from Griesser, T.; Höfler, T.; 
Temmel, S.; et  al. Ch m. 160e Mater. 2007, 19, 3011; Griesser, T.; 
Kuhlmann, J.; Wieser, M.; et  al. 161Macromolecules 2009, 42, 725 . 

the facile attachment of functional groups (like ring-strained 
olefins!) via thiol alkyl linkers. The first growth off a metal 
nanoparticle occurred right before the twenty-first century. A 
proof of concept paper, a thiol linkage attached norbornene to 
the metal which subsequently underwent ROMP in the pre
sence of ferrocenyl-modified norbornenes.163 The work was 
quantified the next following year, determining 11 polymer 
strands per gold particle and that the order of the ferrocenyl 
monomers was inconsequential to its electrochemical proper
ties.164 When attaching the monomer, the choice of linker can 
have significant effects on the stability of the polymer. A com
parison of sulfide and sulfur linkers with comparable alkyl 
chains capped with norbornene, showed the ROMP proceeded 
for both but that the sulfide-linked polymers had poor solubi
lity and underwent desorption from the surface.165 

Cadmium selenide is also commonly studied. This metal was 
coordinated through the oxygen lone pairs of functionalized 
phosphine oxide. The exchange of an alkyl ligand for a styrene 
was used to coordinate a Grubbs catalyst, and COD, oxanorbor
nenes, or cyclopentadiene were polymerized outward to give the 
metal-centered star polymer.166 Shortly thereafter, the polymer
ization of carbazoyl and hydroxyl containing monomers was 
successful off CdSe to form nanostructures for which energy 

Figure 39 A biocompatible polymer derived from castor oil. Reproduced with permission from Xia, Y.; Larock, R. C. Polymer 2010, 51, 2508.159 
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transfer was observed through the blocks.167 Cross-linking for 
norbornene-appended metals can also controllably occur under 
certain conditions. For norbornenes attached to gold nanoparti
cles, intramolecular cross-linking was afforded through high 
gold:norbornene ratios and working under dilute conditions 
(Figure 41). These polymers were found to afford higher thermal 
stabilities and resistance of the metal to etching. Removal of the 
metal centers induced precipitation of the organic framework as 
the polymer collapsed.168 

ROMP from metals is not limited to only monophasic 
mixtures. A fluorescein containing two norbornenes was 
attached to ferritin, a 24-protein subunit, and CdSe nanoparti
cles in an oil–water mixture. Segregation to the toluene–water 
interface occurred, resulting in cross-linked, thin sheets at the 
interface upon ROMP.169 While polymerization is frequently 
used to make metals more soluble in given solvents, the poly
merization can also be used to exclude certain molecules. The 
ROMP of 5-(perfluoro-n-alkyl)norbornenes from gold shot, 
yielded polymer films of varied thicknesses. These exhibited 
enhanced hydrophobicity and oleophilicity as well as forming 
a barrier to aqueous ions.170 Growing polynorbornene bearing 
perfluorinated n-butyl substituents from the surface of a 
platinum-coated gold electrode via a thiol alkyl linker found 

Figure 41 Resultant cross-linking from the ROMP of Au-appended 
norbornene derivatives and free norbornene. Reproduced with permission 
from Koenig, S.; Chechik, V. Langmuir 2006, 22, 5168.168 

an increased resistance to proton transfer but improved parti
tioning of oxygen.171 

In another application of ROMP, several groups have formed 
membranes via this polymerization technique (Figure 42). An 
alkaline anion exchange membrane was prepared via the ROMP 
of an ammonium salt bearing norbornenes cross-linked with 
cyclopentadiene. A high resistance to swelling and a low metha
nol permeability coupled with high conductivities enhances the 
interest of these materials for use in methanol fuel cell applica
tions, as methanol crossover resulting in catalyst death is 
currently a serious problem in these systems.172 Similarly, inter
ested in cutting down the permeability of methanol, an 
electrolyte membrane was prepared via a combination of 
ATRP and ROMP. Using norbornenylstyrene-s-styrene and 
n-propyl-p-styrenesulfonate monomers, the diblock was pre
pared by ATRP and followed by ROMP to cure the membrane 
through cross-linking the norbornenes. The resulting bicontin
uous morphology had lower methanol crossover than Nafion, 
the current industrial standard for methanol fuel cells.173 

Postpolymerization modification of polymeric structures is 
not limited to small molecules. A testament to the modularity 
of ROMP, hydroxyl-appended norbornenes were polymerized. 
Treatment of the polymer chain with 2-cyanoethyl tetraisopro
pylphosphorodiamidite provided the functionality to bind the 
5′ end of DNA to the polymer. The formation of block copoly
mers extending off the DNA even when including ferrocenyl 
groups left the recognition capability of the DNA unaffected.174 

As an extension, two different ferrocenyl-bearing monomers 
with easily distinguished redox potentials were incorporated 
into a triblock and bound to DNA. Through the use of this 
triblock or multiple diblocks and its redox properties, single 
base pair changes could be detected. An additional advantage 
to the polymeric structure was a higher binding affinity than 
that associated with the oligonucleotides from which it was 
derived.175 

An impressive example of the architectures accessible 
through ROMP, Luh and co-workers attempted the synthesis 
of a polymeric mimic of DNA. Viewing DNA as a 
double-stranded polymer twisted into a helix, the group 
synthesized a bisnorbornene derivative with a ferrocene at the 
center of the linker. This unit was employed for its ability to not 
only serve the role of the base pairs in holding the two strands 
together, but also help induce the twisting necessary for helical 
formation. Polymerization of this unit (Figure 43) did in fact 
access a helical, DNA-like morphology but also adopted super
coil and ladder secondary structures as evidenced by scanning 
tunneling microscopy (STM). Modeling of the system showed 

Figure 42 Polymers formed for use in membranes. Reproduced with permission from Clark, T. J.; Robertson, N. J.; Kostalik IV, H. A.; et al. J. Am. Chem. 
Soc. 2009, 131, 12988;172 Chen, L.; Hallinan, D. T., Jr.; Elabd, Y. A.; Hillmyer, M. A. Macromolecules 2009, 42, 6075.173 
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Figure 43 A double-stranded polymer prepared via ROMP capable of adapting helical, supercoil, or ladder morphologies. Reproduced with permission 
from Yang, H.; Lin, S.; Yang, H.;       2006, , 726.176 et al. Angew. Chem. Int. Ed. 45

these three structures to be local minima on the energy plain 
with the supercoil most favored thermodynamically. As a 
further resemblance to DNA, hydrolysis of the double-stranded 
polymer produced two single-stranded polymers, mimicking 
the unzipping of double-stranded DNA prior to replication or 
transcription.176 

Further pursuing the use of double-stranded polymers to 
form more complex architectures, Luh attempted the formation 
of a ladderphane where the polymer chain forms the outer 
supports and the rungs consist of aromatic compound stacked 
on top of each other. Beginning with a bisnorbornene mono
mers with aromatic linkers, ROMP formed a double-stranded 
polymer with aromatic or porphyrin linkers stacked orthogonal 
to the polymeric backbone and face to face with each other 
(Figure 44). The well-ordered STM image was used to rule 
against cross-linking. For aromatic linkers, decreased molar 
absorptivities were recorded while exciton coupling was evi
denced for the porphyrin-linked polymers.177 

All the examples given here have been confined to a size far 
too small for unaided visualization by the human eye. STM, 
AFM, or scattering techniques lead the way in determining 
shape and size. However, an application of ROMP worth not
ing here was used not for the ability of the monomer to form a 
given structure by itself but for its ability to maintain the shape 
of the matrix of which it was a part. Ferrofluids are colloidal 
magnetic nanoparticles and thus take the shape of any external 
magnetic field. In the absence of a field, it collapses back into a 
pool in the shape of its container. Bian and McCarthy, mixed 
COD with a ferrofluid. Exposure to a magnetic field followed 
by ROMP of the COD ‘froze’ the ferrofluid shape so that even 

Figure 44 A polymeric ladderphane wherein the aromatic linkers (Ar) 
stack face-to-face. Reproduced with permission from Chou, C.-M.; 
Lee, S.-L.; Chen, C.-H.;       2009, , 12579.177 et al. J. Am. Chem. Soc. 131

upon the removal of the magnetic field, the field-induced 
shape was maintained. The ability to ‘remember’ a shape 
from the past holds promise that ROMP could enable the 
identification of a stimulus even after it is gone.178 

4.20.19 Conclusion 

Though these examples are only a subset of the body of 
work already achieved in the field of ROMP, we hope that the 
scope and breadth of this transformation is appreciated. 
Structures from the simplest linear chain to architectures 
mimicking the very genetic makeup of our cells and materials 
capable of responding to stimuli have been achieved via 
ROMP. However, challenges still remain and new frontiers to 
be explored, which will continue to expand this method to 
enable access to new and useful materials. 
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4.21.1 Introduction 

Polyoxiranes (or poly(alkylene oxide)s) are well known and 
useful polyethers in a number of applications such as detergent 
and cleaner compositions, oil well drilling fluids, inks, metal 
working fluids, lubricants in paper-coating compositions, cera
mics manufacturing, chemical intermediates for nonionic 
surfactants which in turn are used in cosmetics, textiles, and 
chemical processing, polyurethanes which are used as flexible 
foams and elastomers, chemical intermediates for esters which 
are used in textile spin finishes, cosmetic agents, and as foam 
control agents for a wide variety of processes, and in many 
other applications. 

The most important representative of polyoxiranes, 
poly(ethylene oxide) (PEO), is a crystalline, thermoplastic 
polymer. It is an uncharged polyether with the chemical for
mula, –(OCH2CH2)n –, which is the simplest structure of 
water-soluble polymers. Unlike most polymer systems, PEO is 
commercially available in an extraordinarily wide range of mole
cular weights (MWs) from 200 to several millions or more. The 
lower-MW members of this series, with MWs up to about 
10 000, are known as poly(ethylene glycol)s (PEG). The higher 
members of the series are known as PEOs or poly(oxyethylene)s. 
At room temperature, PEO is completely soluble in water in all 
proportions for all degrees of polymerization. The water solubi
lity of PEO is unlimited, at least up to temperatures slightly 
below 100 °C. In contrast to the complete water solubility of 
PEO, closely related polymers such as poly(oxymethylene), poly 
(trimethylene oxide), polyacetaldehyde, and poly(propylene 
oxide) (PPO) are water-insoluble under ordinary conditions. 

High-MW PEO exhibits unique binding, thickening, lubri
city, water retention, and film formation properties, as well as 
hydrogel products find a variety of applications, such as in 

body care, building materials, mining, papermaking, drug 
delivery, tablet binders, and polymer electrolytes. 

4.21.2 Oxirane Polymerization 

4.21.2.1 Investigations of an Early Date 

Three-, four-, five-, or higher-membered ring systems with one 
cyclic ether oxygen form a series of related, reactive chemical 
intermediates that can polymerize to form polyethers. While all 
ring systems are opened by cationic or acid-initiated mechan
isms, only the 1,2-epoxide oxirane (and in a few cases, 
oxetanes) can be polymerized by both anionic and cationic 
initiation. The ring of the most important representative, 
oxirane (ethylene oxide (EO)) has the estimated strain energy 
between 14 and 25 kcal mol−1, which is the driving force 
for ring-opening polymerization to PEO. There are three prin
cipal ring-opening polymerization reactions of oxirane: acid-
initiated, base-initiated, and coordination polymerizations. 

The earliest reported preparation of solid poly(alkylene 
oxide)s was the polymerization of EO in the presence of a 
small amount of an alkali metal hydroxide or zinc chloride by 
Wurtz in 1878.1 In 1929, Staudinger and Schweitzer studied the 
polymerization of EO using a number of basic or acid catalysts 
and separated the products obtained according to their molecu
lar weights.2 They prepared a high-MW PEO using oxides of 
calcium, strontium, or zinc as a catalyst. It is worth noting that 
the collaboration of Staudinger and Svedberg in characterizing 
the samples of PEO confirmed the macromolecular hypothesis, 
which established polymer science during the 1920s. 

During the 1930s, poly(ethylene glycol)s were produced 
commercially through a base-initiated addition of EO to ethy
lene glycol. A number of applications of PEGs were developed 
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as in pharmaceuticals, cosmetics, textile lubricants and deter
gents, electroplating, and so on. In 1940, Flory studied the 
mechanism of base-initiated polymerization of oxiranes and 
predicted a narrow, Poisson distribution of molecular weights.3 

In the 1940s, the base-initiated polymerization of propylene 
oxide (PO) came into use to produce liquid polymers that are 
still employed nowadays as lubricants and hydraulic fluids.4 In 
1950s, the polymerization mechanism was studied to produce 
high-MW polyoxiranes with controlled stereoregularity of sub
stituted alkylene oxides.5 Calcium amides were found to be 
particularly effective in polymerizing EO into high-MW PEO.6 

The first report on the coordination polymerization of an 
epoxide, leading to a stereoregular (isotactic) polymer was 
about the polymerization of PO with ferric chloride/PO cata
lyst. The respective patent, registered by Pruitt and Baggett, 
appeared in 1955.7 

4.21.2.2 Anionic Polymerization in Solution 

Anionic polymerization of oxirane requires the use of 
nucleophilic initiators and involves mostly alkali metal 
compounds, which are characterized by a high nucleophilicity 
of the monomer-attacking agent and by low Lewis acidity of the 
positive counterion. Thus, nucleophilic initiation of the 
anionic polymerization does not require any monomer coor
dination to the metal, although interaction of the monomer 
with an electrophilic counterion is considered commonly to 
take place to some extent, as it will be discussed below. 

Conventional sodium-, potassium-, or cesium-based 
initiators in an ether solvent, such as tetrahydrofuran (THF), 
or in polar media, such as dimethyl sulfoxide (DMSO) or 
hexamethylphosphortriamide (HMPTA), afford a controlled 
polymerization allowing the synthesis of end-functional 
PEO.8 The chemical mechanism of EO polymerization is 
relatively simple in view of the well-known stability of alkoxide 
growing chains toward termination and transfer reactions. The 
standard method for producing low-MW PEO (PEG) is based 
on controlled addition of EO to water or alcohols in the pre
sence of alkaline catalysts. The kinetics of EO polymerization, 
initiated by sodium methoxide in the presence of a small excess 
of methanol in dioxane involves a contact ion pair of the 
initiator. The reaction rate in the case of alkali/alkoxide initia
tion alone is slow, but increases with the concentration of 
excess alkanol.9 Within the variation of excess alkanol concen
tration, the MW distribution (MWD) of the polymers produced 
remains narrow. Formation of an alkanol–alkoxide complex as 
an effective initiator is envisaged. The complex formation loos
ens the bonding of the tight alkoxide ion pair. 

The mechanism of the anionic polymerization of EO and the 
physicochemical properties of the active centers in ether solvents 
were studied in more detail by Kazanskii et al.,10–12 Sigwalt and 
Boileau,13 Berlinova et al.,14,15 and Tsvetanov et al.16 The poly
merization proceeds without termination or chain transfer 
through a living mechanism. We will mention the most impor
tant features of EO polymerization in solution. The oxygen atom 
on the charged end of the growing chain contributes to a con
siderable localization of the negative charge and in this way 
substantially increases the tightness of the ion pair. As a result, 
the role of the latter in the process of anionic polymerization of 
EO in solution becomes very significant. On the other hand, the 
growing ends are highly associated even in a very dilute solution. 

Moreover, systems based on Li derivatives are inactive under 
similar conditions due to the more covalent character of the 
lithium–alkoxide bond and the strong aggregation phenom
ena.17,18 The presence of electron-rich ether oxygen atoms in 
the monomer and the polyether backbone makes it possible for 
both of them to compete with the solvent and the growing ends 
of other active PEO chains in the solvation of the ion-pair cation. 
The mobility of the formed PEO segments and the solvating 
properties of EO units favor self-solvation10 and the formation 
of ion triplets.14,15,19,20 The solvation ability and the activity of 
the growing ends are a function of the increasing number of EO 
units added (penultimate effect). Thus, the conductivity of 
short-chain living polymers R–(CH2CH2O)n− –1 CH −

2CH2O
 M+ 

in THF is a function of chain length and tends to reach a 
steady-state value for n between 3 and 7.10,14,15 

An increase in the polymerization rate in the initial reaction 
stages was also observed.10 The activation energy for the EO 
addition to the growing end is in the 17.8 kcal mol−1 range. 
This, as well as the fact that the rate of propagation is almost 
insensitive to the influence of the solvent properties, is 
explained by the self-association ‘shielding’ effect of EO units, 
located near the growing end. An interaction between the 
cation and the EO monomer was also proposed.16,21,22 

In conclusion, the characteristic features of the active 
centers in anionic polymerization of EO in ether solvents are: 
(1) tight ion pairs with extremely low dissociation constants 
(10−8 

–10−12 mol l−1 in THF); (2) formation of ion triplets and 
higher associates; and (3) competitive interaction of the grow
ing chains with monomer units sequences, monomer, and 
electron-pair donors such as crown ethers or cryptands. Thus, 
the complex character of the growing species is the fundamen
tal problem in the anionic solution polymerization of EO, PO, 
and other oxiranes. An upper limit (up to 50 000) for the MWs 
has been reported.9 

The main factors ensuring an effective polymerization pro
cess in ether solution are 

• the use of alkoxide-enriched starting systems; 
•	 primary hydroxy groups exhibit a higher reactivity in oxirane 

addition than the secondary ones; 
•	 EO addition is considerably faster than that of PO (the 

monomer reactivity decreases with the increase in the sub

stituent bulkiness); 
• high-temperature and high-pressure polymerization; and 

•	 the use of potassium- or cesium-based alkoxides, since they 

are less associated. 

4.21.2.3 Role of Additives: Anionic Polymerization of 
Substituted Oxirane in Solution and Polymerization of PO 

Improvements in a PO polymerization process and the ways of 
maintaining its living character have been the objects of sig
nificant research efforts ever since PPO found important 
applications, both as functional oligomers and as a high-MW 
elastomer. The anionic PO polymerization suffers from several 
important drawbacks due to the high basicity of propagating 
species generated by alkali metal alkoxide or hydroxide initia
tors. Thus, proton abstraction from the PO methyl group takes 
place leading to a chain-transfer reaction to monomer.23 This 
side process results in the exclusive formation of PPO 
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Figure 1 Proton abstraction reaction in anionic polymerization of PO. 

oligomers, a large fraction of which possess a terminal allyl 
unsaturation. This chain-transfer reaction would be expected to 
terminate the polymer chain growth and to generate a new allyl 
alkoxide anion, which could initiate polymerization of PO 
(Figure 1). 

The tendency of PO to isomerize to allyl alcohol decreases 
in the following order of alkali metal counterions: 

Liþ  > Naþ> Kþ > Rbþ > Csþ 

Consequently, the above side reactions may be overcome to 
a great extent by using cesium-initiating systems.24 

Becker and Wagner have found that the addition of crown 
ethers leads to an essential acceleration of the polymerization 
rate when potassium is used as counterion. However, there is 
an insignificant influence on the rate of chain-transfer reac
tion.25 Although it has been stated that the average MW is 
limited to � 6000 at temperatures around 90 °C because of 
the high rate of chain-transfer (kp/k

26 
tr ≤ 100) studies by Price 

and coworkers have shown that number-average MWs as high 
as 13 000 can be obtained at 40 °C in neat PO in the presence 
of 18-crown-6 ether.27 

Esswein and Möller showed that the addition of a strong 
Lewis base, for example, the phosphazene base tBu-P4, can 
strongly complex the Li+ counterion and enable EO polymer
ization in THF.28,29 The base tBu-P4 fulfills an important 
criterion of a cryptand: the polar amino groups are located 
inside the globular molecule, and the outer shell is formed by 
the alkyl substituents. The void volume inside the molecule is 
sufficient to host the rather compact Li+ ion. The phosphazene 
base forms a [Li-tBuP4]

+ complex that suppresses ion pair 
association of lithium alkoxides (Figure 2). The activation of 
lithium alkoxides by tBu-P4 for the polymerization of EO is 
rather remarkable in view of the negative results with the 
[2.1.1] cryptand. This approach has already been successfully 
applied to the synthesis of block copolymers.30,31 

Deffieux et al. reported a very active initiating system for 
anionic PO polymerization based on the association of an 
alkali metal alkoxide or ammonium salt initiator with triiso
butylaluminum as a catalyst.32 The experimental PPO MWs 

Figure 2 Structure of phosphazene base tBu-P4. 

were close to theoretical values and the MWDs were narrow 
(1.1–1.3) suggesting a controlled PO polymerization without 
any significant contribution of the monomer chain-transfer 
reaction. Tsvetanov et al. originally studied the mechanism of 
oxirane polymerization initiated by ‘ate’ complexes.16 The 
polymerization of EO initiated by NaAlBu4 was shown to 
proceed upon initial complex formation of monomer and 
initiator. Polycentric polymerization mechanism was pro
posed. The very significant finding of Defieux et al. was the 
activating effect of the ‘free’ trialkylaluminum derivative.32 

When additional trialkylaluminum is added, a drastic enhance
ment of the reactivity and selectivity toward monomer 
insertion of the propagating species is observed, allowing a 
fast living-type ring-opening polymerization to proceed at 
0 °C in nonpolar solvent. This is explained by the necessary 
formation of a second complex between the aluminum deriva
tive in excess and the monomer (Figure 3). The latter is strongly 
activated toward nucleophiles and polymerizes rapidly. Thus, 
controlled polymerization proceeds only when the molar ratio 
r = [i-Bu3Al]/[i-PrONa] is higher than 1. At r > 1, the higher the 
fraction of trialkylaluminum, the faster is the polymerization. 
Moreover, at 0 °C, in the whole MW range examined, the 
experimental PPO MWs are close to the calculated theoretical 
values assuming the formation of one polymer chain per 
i-PrONa molecule.33–36 

MWDs are narrow although a slight broadening can be 
noticed for PPO of MWs higher than 10 000. This suggests a 
living-like character for the PO polymerization or at least a 
significant decrease in the contribution of the monomer 
chain-transfer process, which is observed with alkali-
metal-based initiators. These results are consistent with the 
strong activation of the polymerization by R3Al present in 
excess with respect to i-PrONa and with a reaction mechanism 
in which the monomer is activated by an electrophilic 
aluminum compound prior to its insertion into the sodium 
poly[(1-methylethylene)]triisobutylaluminate growing chain 
end (see Figure 3). The strong reduction of the chain 
transfer to monomer can be assigned to the much larger 
electron-withdrawing effect of R3Al complexation on the 
methylene and methine PO α-carbons (the two potential active 
sites in the ring-opening process) than on the β-methyl hydro
gens involved in the chain-transfer reaction to monomer. 
Reduction of the basicity of alkali metal alkoxide species in 
aluminate complexes may also contribute to the reduction of 
the proton abstraction reaction yielding chain transfer to 
monomer. 

4.21.2.4 Synthesis of Polyglycidol 

Glycidol is a highly reactive monomer bearing both epoxy and 
hydroxy groups. Its composition and structure favor the primary 
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Figure 3 Polymerization mechanism involving monomer activation prior to insertion into the growing “ate” complex. Reprinted from Carlotti, S.; 
Billouard, C.; Gautriaud, E.; et al. Macromol. Symp. 2005, 226, 61.34 with permission of John Wiley & Sons Ltd., UK. 

to secondary transitions of the alkoxide active sites, as well as the 
intermolecular transfers during base-initiated polymerization.37 

The propagation may evoke side reactions. Generally, both the 
anionic and cationic polymerizations of glycidol lead to hyper-
branched oligomers with numerous hydroxy end-groups. 
Hyperbranched polyglycidols combine several remarkable fea-
tures, including a highly flexible aliphatic polyether backbone, 

multiple hydrophilic groups, and excellent biocompatibility. 
Within the past decade, intense efforts have been directed at 
the optimization of synthetic procedures affording glycidol 
homo- and copolymers with different MW characteristics and 
topology.38 In 1990, Sunder et al. described the multibranching 
anionic polymerization of glycidol, carried out under slow 
monomer addition conditions (Figure 4).37 

Figure 4 Synthesis of hyperbranched polyglycidol by anionic multibranching ring-opening polymerization. Reprinted from Wilms, D.; Stiriba, S.-E.; 
Frey, H. Acc. Chem. Res. 2010, 43, 129.38 with permission of the American Chemical Society, USA. 
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Thus, they were able to avoid the broad MWD of the random 
ABm-type polycondensation. Chiral hyperbranched polyether 
polyols have been prepared in a similar manner using enantio
merically pure glycidol monomer.39 Furthermore, Huck et al. 
demonstrated the versatility of the same synthetic protocol 
through a surface-initiated polymerization of glycidol on 
Si/SiO2 surfaces.

40 In 2006, Brooks et al. reported the synthesis 
of hyperbranched polyglycidol of very low polydispersity using 
dioxane as an emulsifying low-polar agent.41 MWs up to 
700 000 were reported. 

Despite these important advances, the controlled prepara
tion of branched polyglycidols with MWs exceeding 6000 has 
remained a challenge until very recently. A facile two-step 
approach via low-MW polyglycidol macroinitiators was 
developed by Frey et al.42 The polyfunctionality of the macro-
initiators affords higher concentrations of alkoxide active sites 
even at elevated degrees of polymerization. Thus, hyper-
branched polyglycidols of MWs up to 24 000 were obtained 
under slow monomer addition conditions. 

A different approach complementing the scope of accessible 
MWs for branched polyglycidol structures has been developed 
by Dworak et al.43 It is based on the repeated polymerization 
and deprotection of a protected glycidol monomer yielding 
three generations of comb-burst polyglycidols with MWs of 
82 000, 740 000, and 1 800 000, respectively. 

Motivated by the preparation of well-defined hyperbranched 
polyglycidols, a variety of polyglycidol-based complex polymer 
architectures were synthesized. These include linear-dendritic 
block copolymers,44–47 random copolymers,48 and multiarm 
star copolymers.49–52 

Recently, linear polyglycidol and its copolymers have drawn 
much attention due to their biocompatibility, high hydroxy 
functionality, and potential biomedical applications.53–55 

Furthermore, the hydroxy groups of polyglycidol are ideal 
precursors for the insertion of different other functionalities, 
leading, for example, to thermoresponsive polymers.56,57 

Moreover, glycidol can constitute a significant economical 
issue as far as it is readily obtained from glycerol, a byproduct 
of the synthesis of biodiesel.58 

The synthesis of linear polyglycidols requires a protection 
of the monomer hydroxy function prior to the polymeriza
tion. The most generally used protection method, first 
reported by Spassky is the preparation of 1-ethoxyethyl gly
cidyl ether (EEGE) by the reaction of glycidol with ethyl 
vinyl ether.59 The efficiency and ease of the monomer pro
tection step and its subsequent deprotection by acid 
treatment make EEGE a good candidate as monomer for 
the synthesis of linear polyglycidols. Recently, other glycidol 
protecting groups have been reported, including the 

tert-butyl group.60 The advantage of tert-butyl glycidyl ether 
(tBuGE) comes from the fact that it is commercially avail
able, in contrast to EEGE. 

Many polymerization studies of EEGE have been conducted 
using both anionic and coordination polymerizations.31,60–65 

Coordination polymerization using diethylzinc/water or calcium 
amide/alkoxide allows the synthesis of high-MW poly 
(2-ethoxyethyl glycidyl ether) (PEEGE), but with broad MWDs. 
Anionic processes involving the use of alkali metal salts and/or 
phosphazene base initiators enable the synthesis of PEEGE with 
MWs limited to 30 000 due to chain transfer to monomer, as 
confirmed recently.65 Keul and Möller studied the polymerization 
of EEGE with regard to the occurrence of chain transfer to the 
monomer (Figure 5). 

Despite this drawback, a series of block and random copo
lymers based on glycidol, EO,64,66–69 and PO70 have been 
synthesized to combine the hydrophilic behavior of PEO 
and the high functionality of polyglycidol. However, the poly
glycidol block remained limited to low polymerization 
degrees. The synthesis of high-MW homo- and copolymers 
of glycidol with narrow MWD is of great interest. Recently, 
the preparation of polyglycidol combining high MW and a 
narrow MWD was successfully achieved by the anionic poly
merization of protected glycidols (2-EEGE and tBuGE) in the 
presence  of  a binary initiating system consisting of tetraocty
lammonium bromide (Oct4N

+)Br− and an excess of 
triisobutylaluminum (i-Bu)3Al.

71 This method allows the 
controlled syntheses of PEEGE and PtBuGE of high MWs, up 
to 85 000 in short reaction time, at 0 °C. The proposed for
mation of a 1:1 initiating or propagating complex of weak 
basicity suppresses chain-transfer reactions to monomer. Fast 
polymerizations at low temperatures indicate a high nucleo
philicity of the system due to the monomer activation. 
An excess of Lewis acid is required to trigger the reaction and 
to obtain quantitative yields. After a clean and quantitative 
acid deprotection, polyglycidol as well as a variety of 
glycidol-based copolymers with controlled MWs can be 
obtained, offering new opportunities of applications, in par
ticular in the field of biomaterials. 

Glycidol was also used as a branching reagent in EO poly
merization.72 Initially, a linear triblock copolymer of EO and 
short flanking blocks of protected glycidol (1-EEGE) was 
synthesized. After deprotection, the short polyglycidol blocks 
were used as branching units for the next generation. The 
repeated step-by-step process leads to the ‘pom–pom-like’ 
branched poly(oxyethylene) macromolecules of MWs up to 
2 � 105 and narrow MWD, enriched in hydroxy groups in the 
outer shell. 

Figure 5 Mechanism of the chain transfer to the monomer in anionic polymerization of EEGE. Reprinted from Hans, M.; Keul, H.; Moeller, M. Polymer 
2009, 50, 1103.65 with permission of Elsevier Ltd., UK. 
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4.21.3 Anionic Coordination Polymerization 

Most of the reported coordination catalysts are formed in binary 
or ternary systems consisting of an alkylmetal compound and a 
protic compound. Catalysts formed in such systems contain 
associated multinuclear species with the metal (Mt)–heteroatom 
(X) active bond (Mt–X → Mt, where Mt = Al, Zn, and Cd and 
X = O, S, and N) or nonassociated mononuclear species with the 
Mt–X active bond (Mt = Al and Zn, X = Cl, O, and S). 

The anionic coordination polymerization of oxirane for the 
preparation of high-MW polyoxirane (or polyoxirane resins) 
has been studied for many years, and a large number of anionic 
initiators have been investigated to improve both the polymer
ization control and kinetics. Hill et al.,6 Miller and Price,73 

Vandenberg,74 Furukawa et al.,75 Osgan and Teyssie,76 

Hsieh,77 and Zhang and Shen78 used alkaline earth carbonate, 
aluminum isopropoxide–zinc chloride, alkyl aluminum– 
water–acetylacetonate, diethyl zinc–aluminum oxide, bimetal
lic oxido–alkoxide catalyst [(RO)2Al-O-Zn-Al(OR)2], 
trialkylaluminum–water–zinc acetylacetonate, trialkylalumi
num–water, and rare earth metal acetylacetonate as catalysts 
to obtain high-MW PEO. Xie et al. found an active quaternary 
catalyst (trialkylaluminum–phosphoric acid–water–tertiary 
amine) for the polymerization of epichlorohydrin.79 

However, there are some serious problems regarding the 
catalyst’s stability, required amounts, conversion, and so on. 

The coordination has two effects: activation of the mono
mer for polymerization and providing an orientation of the 
reacting molecules leading to stereospecific polymerization as 
in the case of cyclic ethers other than EO. The most effective 
initiators are derivatives of divalent and trivalent metals. All the 
metals possess Lewis acidity. For industrial purposes, calcium-
and zinc/aluminum-based catalysts are the most widespread. 

It is worth noting that polymerizations and copolymeriza
tions of heterocyclic monomers in the presence of coordination 
catalysts constitute a distinct group of coordination polymer
ization processes. Considering the polymerization mechanism, 
they differ essentially from coordination polymerization of 
unsaturated hydrocarbon monomers: the differences involve 
the mode of monomer coordination and enchainment in the 
coordinating monomer. With the exception of Ca-based cata
lysts, oxirane polymerizations involve monomer coordination 
at the catalyst active sites via σ-bond formation between the 
monomer heteroatom and the catalyst metal atom, followed 
by nucleophilic attack of the initiating group or polymer-chain 
active site on the coordinating monomer in the initiation or 
propagation step, respectively. 

Calcium initiators are much weaker than the aluminum or 
zinc systems in forming oxirane complexes. As a result, they are 
particularly effective in polymerizing EO, which forms complexes 
more readily in comparison with the substituted oxiranes. 
Calcium initiators form weaker complexes with the substituted 
oxiranes, PO in particular, and initiate a low-rate polymerization. 

4.21.3.1 Calcium-Based Catalyst Systems: Polymerization in 
Suspensions and Synthesis of High-MW PEO 

Alkaline earth amides and amide-alkoxides are the most active 
catalysts for EO polymerization which have found application 
in the commercial production of high-MW PEO. They are active 
in the 0–50 °C temperature range, which is remarkable con
sidering that alkaline earth carbonates and oxides require much 

higher temperatures, usually above 70 °C. The fact that cal
cium amide catalysts are very active at temperatures below the 
melting point of PEO has a considerable industrial significance. 
It would be technologically impractical to perform the poly
merization in bulk or in solution due to the high viscosity and 
heat-transfer problems, as well as the rapid degradation of PEO 
in shear fields. The synthesis of PEO resins in the form of 
free-flowing white powders can be most effectively realized in 
a precipitant medium where the polymer is directly produced 
in the form of fine particles. The polymerization is a precipita
tion (dispersion) polymerization since the reaction medium 
(hydrocarbons) dissolves only the monomer. While PEO is 
insoluble in hydrocarbons, PPO, poly(1,2-epoxybutane) 
(PBO), and PEEGE form highly swollen gels.74,75,80 Therefore 
hydrocarbons are considered as organic reaction diluents. 
Below the melting point, the polymer produced remains in 
granular form. The temperature is easily controlled by the rate 
of monomer feed. The main requirement for a successful dis
persion polymerization is the presence of a nonionic surfactant 
or amphiphilic block copolymer to stabilize the polymer par
ticles by forming a dissolved protective layer around them. The 
most efficient type of dispersant is based on a block or graft 
copolymer, which consists of two essential polymer compo
nents – one soluble in the liquid medium interspersed by short 
segments, usually called ‘anchors’ which are strongly adsorbed 
at the particle surface. 

Some of the calcium-based catalysts are very active. Thus, the 
granular PEO contains only a small amount of catalysts as 
impurity and no special purification of the polymer is required. 
The granular polymer can therefore be recovered by filtration and 
used without further processing. The details of the techniques 
used to manufacture PEO resins have not been disclosed yet. 

Various calcium-based catalysts have been discovered. 
Systematic studies on catalyst activity and polymerization 
mechanism are scanty. The synthesis of an effective catalyst is 
the manufacturer know-how. Most of the catalyst systems are 
published in patent literature. Given the large discrepancy 
observed in such polymerizations between the number of metal 
atoms contained in the catalyst charged to the reactor and the 
number-average MW of the polymer produced, one may con
clude that only a small fraction of the metal centers present in the 
system are actually involved in the initiation and propagation of 
the polymerization. That makes the elucidation of the structure of 
catalyst active site extremely difficult. There are only three pub
lications describing the synthesis of Ca catalysts in more 
detail.8,81,82 Usually, the catalyst systems are poorly defined het
erogeneous aggregates. In many cases, the catalyst is formed on 
silica carriers or even on modified hydrophobic silica carriers. The 
efficiency of these initiators is rather low: in most cases, only from 
10−2 to 10−3 of the introduced initiator is consumed. The activity 
of the catalyst can be enhanced by the use of a scavenging agent 
with no activity in the polymerization process, which removes 
traces of oxygen and moisture from the polymerization mixture. 
Useful scavengers are R3Al, LiAlH4, n-BuLi, ZnEt2, and  so  on. The  
mode of polymerization greatly differs from the olefin precipita
tion polymerization where extremely high catalyst efficiencies are 
achieved. Goeke and Karol from Union Carbide Corporation 
reported modified Ca catalysts that are exceptionally effective 
for EO polymerization yielding 1800 g of polymer per g Ca.83 

The main characteristics of EO suspension polymerization in the 
presence of different Ca catalysts systems are presented in 
Table 1.8 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 1 Calcium catalytic systems for suspension polymerization of EO 

T Time Productivity Mv 

Catalyst Solvent (°C) (h) (g PEO/g Ca) ( � 10−6) Reference 

Ca(NH2)2 Hydrocarbons 30 12 40 8 81 
Calcium amide-alkoxide Hydrocarbons 17 10 70 3 81 
Calcium amide-alkoxide (modified) Heptane 40 8 170 4.5 84 
Ph2Ca Heptane 10 9.5 270 6 82 
Union carbide Calcium amide catalyst Heptane 31 4 1800 4 83 

Reprinted from Tsvetanov, Ch.; Dimitrov, I.; Doytcheva, M.; et al. In  Applications of Anionic Polymerization Research; Quirk, R., Ed.; ACS Symposium Series 
696; American Chemical Society: Washington, DC, 1997; p 236.8 with permission of the American Chemical Society, USA. 

According to Kazanskii et al.,82 the rate of EO polymeriza
tion initiated by Ph2Ca in hydrocarbon media is a linear 
function of the monomer and catalyst concentrations: 

R ¼ keff ½Cat�0½M�0 

This means that the process is kinetically controlled and the 
growing centers are not blocked by the formation of partially 
crystalline polymer. A very important finding is that the effec
tive activation energy is 7–8 kcal mol−1, which is much lower 
than the typical values 18–20 kcal mol−1 for epoxide polymer
ization processes. The low activation energy is apparently the 
main factor responsible for the efficiency of the Ca 
amide-modified catalysts. 

The rate constant in suspension polymerization is higher 
than the propagation rate constant for the free ions kp. 
Kazanskii et al. gave a reasonable explanation for this unique 
difference in the activity.82 According to them, the acceleration 
in suspension polymerization is due to both the effective coor
dination of EO to the active centers and the localization of the 
growing centers on the catalyst surface in contrast to the highly 
associated active centers in solution polymerization. The pro
pagation rate constants for EO polymerization in solution and 
in suspension are presented in Table 2. 

The MW of the polymer increases constantly during the first 
stage of the process (Table 3).8 The polymers possess broad 
MWD in the 2–8 range. It narrows, along with the monomer 
consumption indicating a nonsimultaneous appearance of 
active centers as well as difference in their activity, obviously 
due to the different active sites on the catalyst surface. 

The physicochemical mechanism of the polymer growth on 
catalyst particles is far from clear.8,87,88 As already mentioned, 
the anionic dispersion polymerization of EO produces a poly
mer insoluble in polymer diluents. As a result, the catalyst 
particles transform into polymer particles rapidly, within a 
few minutes after the start of the reaction. The size of the initial 
catalyst particles is in the 1–50 μm range. Their shape is not 
well defined. The relatively broad particle size distribution is 
due to the formation of agglomerates. Therefore, during the 
polymerization process, some manufacturers successfully apply 
ultrasound technique or surface-active compounds as additives 
to destroy the aggregates and to enhance the catalyst 
productivity. 

In contrast to similar radical processes, where the active 
species are distributed in the bulk polymer phase, the active 
centers in the case of EO suspension polymerization are located 
in the core of the PEO particle. They are localized on the surface 

Table 2 Propagation rate constants of anionic and anionic coordination 
polymerizations of EO 

Solvent diluent 
T 
(°C) 

Kp 
�(l mol−1 s−1) 

K+ Cs+ 

kp, app 

Ca++ Kp 
− References 

THF [2,2,2] 
THF 
HMPA 

20 
20 
40 

0.025 
0.05 0.12 

0.2 

1.67 

22.0 

13b, 85 
13b, 85 
86 

Heptane 
Heptane 

10 
40 

2.8 
77 � 10 

82 
8 

Reprinted from Tsvetanov, Ch.; Dimitrov, I.; Doytcheva, M.; et al. In  Applications of Anionic 
Polymerization Research; Quirk, R., Ed.; ACS Symposium Series 696; American Chemical Society: 
Washington, DC, 1997; p 236.8 with permission of the American Chemical Society, USA 

Table 3 PEO characteristics during the suspension polymerization 

Time Productivity Mn Crystallinity 
(h) (g PEO/g Ca) (� 10−6) Mw / Mn index 

0.25 5.0 0.2 8.3 0.39 
0.5 11.5 0.84 6.0 0.56 
1.0 20 1.57 4.2 0.62 
2.0 39 1.80 4.0 0.64 

(c) 2013 Elsevier Inc. All Rights Reserved.
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of the catalyst core, placed under the polymer layer formed. As a 
result, the monomer contact with the growing chain takes place 
on the surface of catalyst encapsulated by the already formed 
PEO layer. Since the polymerization process is highly exother
mal, a surface of enhanced temperature (hot zone) is created 
around the particle. In the hot zone, the polymer chain cannot 
start to crystallize immediately. Krusteva et al. assumed that the 
initial crystallization takes place at a distance of 30 μm from the  
catalyst surface. These authors present a model for the formation 
of the nascent PEO structure at different polymerization stages.88 

The monomer diffusion is one of the most serious techno
logical problems. The diffusion rate decreases with the 
accumulation of polymer, which limits the accessibility to the 
growing sites. The diffusion limitation inside the microparticles 
is mostly related to the density of the particle and the size of 
penetrating molecules. Thus, the morphology of the growing 
polymer particles becomes an important factor, particularly in 
view of the marked crystallization tendency of PEO. 
Microscopic examination of the texture and size of PEO grains 
show that they are macroporous aggregates of smaller parti
cles.8 The formation of void space between agglomerates 
creates penetrating channels, thus feeding the growing centers 
with monomer. The relatively small EO molecules rapidly 
diffuse into the pores and pass through the smallest aggregate 
particles. The polymerization rate remains constant for a long 
period of the reaction time, thus becoming independent of the 
particle size and particle number. 

At the initial polymerization stages, the polymer is charac
terized by a substantially low crystallinity index (see Table 3), 
most probably due to the presence of a big portion of catalyst 
residue that hinders the crystallization process. According to 
Dubrovski and Kazanski, the degree of crystallinity of the poly
mer formed on the catalyst surface can also influence the 
activity of the growing species.87 The authors suggested that a 
mechanical chain termination is likely to take place, due to 
diffusion blocking of the active centers located within the large 
crystallites. The crystallinity of the nascent PEO particles 
increases with the increase in polymer yield and particle size. 

With the increase in the particle size, it is very difficult to 
control the reaction temperature within the active centers area. 
The process has to be carried out at temperatures considerably 
below the melting point of the polymer, for example, below 
62 °C. At higher temperatures, the structure of the particle 
changes from porous to dense, leading to a constant decrease 
in the polymerization rate. For this purpose, hydrocarbon sol
vents with very low boiling points (such as isopentane) are 
preferable. Usually, EO is added at a rate consistent with the 
temperature limitation of the equipment. 

Because of the difficult control over the polymer MW, cur
rent industrial processes for the production of PEO with MWs 
between 100 000 and 2 000 000 employ high-energy radiation 
to initiate radical chain scission in the polymer after it has left 
the reactor. This process is complex and costly, and may cause 
instability of the polymer leading to a continuous decrease in 
MW over time even in the presence of stabilizers. 

4.21.3.2 Ca-Based Initiators in Copolymerization 

In the last decade, a large number of high-MW amphiphilic 
ether copolymers have been prepared by suspension anionic 
polymerization using a calcium amide-alkoxide initiating 

system. The materials produced by such polymerization using 
that initiating system are typically not well defined: they are 
characterized by a broad MWD in accordance with the results 
presented in Table 3 and composition heterogeneity. Those 
features, together with the ubiquitous clustering in solution, 
often complicate the investigations of high-MW-PEO-based 
materials and hamper the efforts to fully understand their 
behavior. 

A high-MW poly(propylene oxide-block-ethylene oxide) 
diblock copolymer was prepared in heptane via sequential 
suspension anionic polymerization using a calcium 
amide-alkoxide initiating system.89 In line with the extremely 
large MW of the copolymer, its aqueous solution properties are 
characterized by the existence of aggregates with the aggrega
tion number in the range 2–3 at very low concentrations. 
Additionally, the aggregates exhibit an enhanced kinetic stabi
lity toward dilution below the critical aggregation 
concentration (CAC) and their disintegration took weeks. 
Light-scattering measurements of commercial PEO samples 
showed that the coils of very high-MW PEO undergo microgel 
formation and collapse into more compact structures most 
likely stabilized by intramolecular hydrogen bonding mediated 
through water molecules.90 

Due to the much higher reactivity of EO compared to that of 
the other alkylene oxides, it is difficult to control the regular 
incorporation of the comonomer units into the PEO chain.91 

The reactivity of the monomers used decreases with the 
increase in their bulkiness, that is, EO is more reactive than 
PO. In order to increase the amount of incorporated PO, a new 
synthetic method for the preparation of high-MW EO–PO 
copolymers with block-like gradient structure was devel
oped.92,93 The strategy is based on repeating short-time feeds 
of EO to the reaction mixture in regular time intervals (feeding 
cycles) during the polymerization. The rate of monomer incor
poration into the growing chains depends on both the 
monomer reactivity and the monomer concentration. 
Therefore, at the beginning of each cycle, when the system is 
saturated with EO, the significant difference in the reactivity of 
EO and PO will result in preferred incorporation of EO into the 
chain. The copolymer sequence will be enriched in EO units. At 
the end of each cycle, EO should be entirely consumed and the 
respective sequence should be enriched in PO units (Figure 6). 

Using a Calcium-amide initiating system, novel high-MW 
PEO-block-poly(alkyl glycidyl ether) diblock copolymers with 
enhanced association properties in aqueous media were pre
pared.94 The copolymers were synthesized via sequential 
suspension polymerization of epoxide monomers. The hydro
phobic block was formed by the polymerization of monomers 
with a general structure shown in Figure 7, followed by EO 
polymerization. The homopolymerization of hydrophobically 
modified glycidyl ethers proceeded only at elevated 
temperatures. 

= EO = PO 

Figure 6 Schematic representation of the block-like gradient poly 
(ethylene oxide-co-propylene oxide) copolymers. Reprinted from 
Petrov, P.; Berlinova, I.; Tsvetanov, C.; et al. Macromol. Mater. Eng. 2008, 
293, 598.92 with permission of John Wiley & Sons Ltd., UK. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 7 Structure of the Brij-type alkyl glycidyl ethers. Reprinted from 
Petrov, P.; Rangelov, S.; Novakov, C.; et al. Polymer 2002, 43, 6641.94 

with permission of Elsevier Ltd., UK. 

Brij-type alkyl glycidyl ethers can be polymerized in heptane 
at the reflux with almost quantitative conversion, while at 
40 °C the conversion is negligible. The results suggested a 
two-stage process when the hydrophobic glycidyl ether was 
polymerized at the reflux and then EO was copolymerized at 
40 °C, the second block being practically pure PEO. It has been 
reported that a small difference in the oxyethylene chain length 
in R(EO)nOH strongly affects the formation of micelles in 
aqueous solution.94 Therefore, copolymers with EO spacers of 
different length between the polymer backbone and the hydro
phobic chains were obtained using monomers as n–C18H37 

(EO) –2 glycidyl ether and n–C18H –37(EO)10 glycidyl ether 
(Figure 7) for the hybrophobic block formation. 

The synthesis of high-MW copolymers of EO and other 
oxiranes bearing polar functional groups is a very complicated 
problem. The latter undergo various side reactions involving 
either cationic or anionic polymerization making the propaga
tion process complex and difficult to control.95–98 On the other 
hand, the incorporation of various functional groups into a 
common high-MW PEO could yield interesting novel materi
als. They will exhibit most of the characteristic properties of 
PEO, and in addition, they could be designed through a selec
tive chemical modification to meet the specific requirements of 
controlled drug delivery systems, nanoparticle formation, and 
rheology modifiers. 

Dimitrov et al. reported the synthesis of novel high-MW 
copolymers of EO with glycidol as a second monomer via a 
suspension anionic mechanism using a calcium amide
alkoxide initiating system.80 Thus, PEO-bearing hydroxy 
groups were obtained by a one-pot procedure that can be easily 
adopted for industrial purposes. It was possible to synthesize 
well-defined EO/1-EEGE copolymers under mild conditions, 
with significantly reduced side reactions (Figure 8). 

A simple modification of the hydroxy groups on EO/glyci
dol copolymers by stearoyl moieties brought a significant 
change in the rheological properties of the aqueous polymer 
solutions. Hydrophobically modified PEO underwent 
self-aggregation at a CAC of 1.3 g l−1. The hydroxy groups in 
the copolymer have been utilized for grafting 
N-isopropylacrylamide (NIPAAm) using ceric ion (Ce4+) 
redox initiation (Figure 9).99 As a result, the ‘smart’ thermo
responsive properties of poly(N-isopropylacrylamide) 
(PNIPAM) grafts were imprinted into a common high-MW 
PEO. 

4.21.3.3 Aluminum-Based Catalysts 

The main representatives of multinuclear catalysts for oxirane 
polymerization are Al and Zn compounds, which are character
ized by moderate nucleophilicity and relatively high Lewis 
acidity. The appropriate Lewis acidity of the metal and the 
appropriate nucleophilicity of the metal substituent in these 
catalysts make monomer coordination preferable to the 
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Figure 8 EO/EEGE copolymers: (a) poly(ethylene oxide-co-1-ethoxyethyl 
glycidyl ether); (b) poly(ethylene oxide-block-1-ethoxyethyl glycidyl ether). 
Reprinted from Dimitrov, Ph.; Hasan, E.; Rangelov, S.; et al. Polymer 2002, 
43, 7171.80 with permission of Elsevier Ltd., UK. 

Figure 9 Water-soluble copolymers composed of: (a) poly(EO-co
ol) or (b) poly(EO-block-glycidol) backbone and PNIPAM grafts. Reprinted 
rom Hasan, E.; Jankova, K.; Samichkov, V.; et al. Macromol. Symp. 2002, 
77, 125.99 with permission of John Wiley & Sons Ltd., UK. 

nucleophilic attack. The difference between coordination 
polymerization initiated by Ca compounds and Zn and Al 
compounds lies in the covalent nature of the Al–O and Zn–O 
bonds, which activate the monomer by coordination, 
enhancing the nucleophilicity of the metal substituent 
simultaneously. 

The trivalent aluminum complexes possess a combination 
of properties that makes them predisposed to catalyze the 
oxirane polymerization. Bearing basic groups such as alkyl or 
alkoxide fragments, these species are quite reactive toward 
electrophilic carbon atoms, while the open coordination site 
forms strong associations with the Lewis basic atoms. 
Aluminum compounds are also known to undergo 
ligand-exchange reactions. Therefore, it has been possible to 
construct mechanisms for oxirane ring opening involving acti
vation of the epoxide ring by an aluminum atom, while 
another aluminum atom contributes the alkoxide, which 
attacks the ring. This reaction path, which may include the 
concomitant exchange of a charge-balancing ligand between 

-glyci
d
f
1
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the two aluminum centers, was postulated by Vandenberg to be 
the route taken by aluminum-based epoxide polymerization 
catalysts.100 

4.21.3.3.1 Bimetallic mechanism of oxirane polymerization 
Vandenberg first demonstrated that a combination 
of trialkylaluminum species with water, ether, or pentane-
2,4-dione is an effective catalyst for the ring-opening polymer
ization of EO and substituted oxiranes.100–104 He proposed a 
bimetallic mechanism for the oxirane ring opening that 
involved the growing chain shift from one Al atom to an 
adjacent Al atom bearing a coordinating activated epoxide. It 
was also found that the addition of less than 1 equiv of a Lewis 
base per aluminum atom (e.g., NR3) could significantly 
increase the activity of trialkylaluminum compounds in EO 
polymerization.104 Later on, Teyssie et al. embarked on a sys
tematic investigation of the structure of Al–Zn oxyalkoxides 
and concluded that a superior activity is achieved by the for
mation of bimetallic associates. Coordination bonds in the 
catalyst structure are required in order to make it possible to 
move the growing polymer chain from one metal atom to the 
adjacent one (Figure 10): 

This ‘flip–flop’ mechanism, postulated by Vandenberg and 
Teyssie, as a multinuclear mechanism of oxirane growth, was the 
earliest explanatory attempt involving the formation of an inter
mediate that could accommodate the essentially linear, 
three-centered transition state necessary for inversion of configura
tion at the epoxide ring carbon atom where it was cleaved.105–108 

The formation of epoxide polymers with very high MW and 
relatively broad MWD indicates the existence of various active 
sites.108 This is due to the highly associated nature of the multi
nuclear species. Additionally, ligands bound to these atoms, 
having been involved in the formation of initiating and propa
gating polymerization species (Mt–X → Mt), can exhibit various 
reactivities. It was also found that only a fraction of the metal 
species in the catalyst is effective for the polymerization. 

4.21.3.3.2 Aluminum porphyrin initiators 
Aluminum porphyrins are excellent initiators for the living 
polymerizations of oxiranes affording the corresponding poly
mers of controlled MWs and narrow MWD.109–112 

Metalloporphyrins are characterized by a strongly conjugated, 
rigid, and planar macrocyclic ligand called ‘porphyrin’, which 
imparts to the central metal atom an unusual property, steri
cally as well as electronically. Therefore, when using 
metalloporphyrins as catalysts, their reactivity is expected to 
be controlled by the following factors: site isolation; excitation 
of the porphyrin ring by visible light; structure of the peripheral 

substituents of porphyrin; and the effect of external ligands 
coordinating to the central atom.109 

Polymerization of PO with aluminum porphyrin was 
substantially accelerated (460 times) by the addition of an 
organoaluminum compound such as methylaluminum bis 
(2,4,6-tri-tert-butylphenolate). The basic concept of this 
high-speed living polymerization involves the coordinative 
activation of monomer by a bulky Lewis acid, which does not 
react directly with the growing species on the bulky aluminum 
porphyrin.113 The sterically demanding Lewis acid organoalu
minum complexes accelerate the coordination ring-opening 
polymerization (Figure 11).113,114 

Braune and Okuda have shown the possibility to substitute 
porphyrin initiators by simpler systems based on the associa
tion of ammonium salts with a bulky aluminum 
bis(phenolate) electrophile.115 According to their study, the 
ring-opening polymerization of PO cannot occur at simple 
Lewis acid centers, but that nucleophilic ‘ate’ complexes must 
be present at the same time. However, so far, only the synthesis 
of PPO oligomers with MWs less than 5000 has been reported 
for this system. The important contribution of Braune and 
Okuda is that they confirmed the Vandenberg binuclear 
mechanism earlier proposed for epoxide polymerization 
(see Figure 12).100–103 

From the practical point of view, however, the synthesis of 
high-MW PEO based on these chelating systems suffers from low 
metal-based productivities (i.e., g polymer/g Al). Furthermore, 
the development of these catalytic systems is mostly focused on 
the polymerization of monomers other than EO. 

4.21.3.3.3 Aluminum phenoxide initiators 
Recent years have seen increasing attention paid to alumi
num alkoxides as homogeneous catalysts (or cocatalysts) 
113,116 for the polymerization of EO114 and PO.117–119

While almost all these catalysts are aluminum phenoxides, 
chelating aluminum 2,2′-methylenebisphenoxides and their 
derivatives have been particularly extensively studied.117–126 

There are two reasons for this interest. First, the catalysts form 
homogeneous solutions, allowing detailed in situ analysis of 
their structures. Second, the catalytic behavior reflects the 
structure of the precursor ligand environment, enabling cor
relations to be made between the ligand structure and 
polymer microstructure. It appears that bulky phenolate 
ligands impart a degree of resistance to formation of alkyl-
or alkoxide-bridged aluminum cluster and influence the tac
ticity and regiospecificity of epoxide polymerization. 

Recently, in a Union Carbide Corporation patent, it was 
shown that the aluminum phenoxide catalysts and particularly 

Figure 10 ‘Flip–flop’ mechanism of anionic coordination polymerization of oxirane involving AlR3. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 Schematic representation of the concept of “high-speed living polymerization” by aluminum porphyrin as a nucleophile. Reprinted from 
Sugimoto, H.; Kawamura, C.; Kuroki, M.; et al. 116 Macromolecules 1994, 27, 2013. with permission of the American Chemical Society, USA. 
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Figure 12 The concept of anionic coordination polymerization with chain transfer. Reprinted from Braune, W.; Okuda, J. Angew. Chem. Int. Ed. 2003, 
42, 64.115 with permission of John Wiley & Sons Ltd., UK. 

the systems, bearing sulfur bridges between the phenolate 
groups, are highly active in the production of high-MW PEO 
and copolymers of EO with other oxiranes.127 It was also found 
that the ligand structure has a profound influence on the 
catalyst behavior. 

Wasserman et al. further developed this finding showing 
that aluminum complexes of sterically hindered sulfur-bridged 
bisphenols are highly active catalysts for EO polymerization.128 

The sulfur atom binds to aluminum in the solid-state structures 
of the catalyst precursors (Figure 13). Greater steric hindrance 
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Figure 13 Structure of the aluminum complex of sterically hindered 
sulfur-bridged bisphenols. 

at the ortho positions of the phenols and in the aluminum alkyl 
groups increases catalyst productivity. 

In 2008, Tang et al. evaluated the efficiency of various 
combinations of trialkylaluminum compounds and phenols 
for producing high-MW PEO at room temperature in hexane 
(Figures 14 and 15).129 Mixtures of certain phenols with 
trialkylaluminum compounds, especially with triisobutylalu
minum, Al(i-Bu)3, gave fairly high productivity. The focus of 
their study was on the use of aluminum tetraphenoxides as 
extremely high active catalysts for the ring-opening polymer
ization of both EO and PO in the presence of Lewis bases. 

Certain ligands bearing four phenol groups form particularly 
active catalysts when combined with Al(i-Bu)3 (2 equiv) and 
triethylamine (1 equiv) as initiator. Thus, immobilization of 
two metal centers in the same molecule takes place. 
Productivities of >4000 g polymer/g Al have been 
achieved in both EO and PO polymerizations using a 

OH R1 OH 

R2 R2 

R3 R3 

Figure 14 Hindered bisphenols used as ligands (Ligand 1, Table 4). 
Adapted from Tang, L.; Wasserman, E.; Neithamer, D.; et al. 

 2008, , 7306.129 Macromolecules 41 with permission of the American 
Chemical Society, USA. 

Figure 15 Thiophene-bridged tetraphenols used as highly active ligands 
for EO and PO polymerization (Ligands 2, Table 4). Adapted from Tang, L.; 
Wasserman, E.; Neithamer, D.; et al. Macromolecules 2008, 41, 7306.129 

with permission of the American Chemical Society, USA. 

dibenzothiophene-bridged tetraphenol (Figure 15). The addi
tion of alcohols such as propan-2-ol or benzyl alcohol as 
potential chain-transfer agents led to the expected reduction in 
polymer MW. Both alcohols were considered to be sufficiently 
bulky to disfavor the formation of strong alkoxide bridges 
between aluminum atoms. Addition of up to 3 equiv (relative 
to Al precursor) of i-PrOH lowered MW but did not broaden the 
MWD, suggesting an effective chain transfer. 

A series of ligand variations with the structure presented in 
Figure 15 were prepared. The ortho and para substituents in the 
phenol rings were varied to maximize the catalyst productivity. 
These ligands were tested in polymerizations of EO under generally 
comparable conditions. The highest productivities and polymer 
MWs were obtained at low catalyst concentration and longer 
polymerization time. The effect of conditions in catalyst prepara
tion was not clear. In general, catalyst activity increases with 
increasing bulkiness of ortho substituents. Mechanistic investiga
tions support a binuclear insertion process. The most important 
results obtained by Tang et al. are summarized in Table 4. 

The most active tetraphenol-based systems maintained high 
activity at very lower levels of catalyst (≤10 μmol Al). 

The recent results of Wasserman et al. and Tang et al. 128,129

clearly show the potential of the systems tetraphenol deriva
tives/Al(i-Bu)3/N(Et)3 as powerful catalysts for production of 
high-MW polyoxirane. Based on these results, two patent appli
cations of Dow Chemical were published in 2010.130,131 

The main factors for effective anionic coordination poly
merization initiated by aluminum compounds leading to 
high-MW polyoxiranes are: 

1. Coordination	 of oxirane with the metal triggers the 

process which is followed by the insertion of the coordinated 

monomer molecule into the Al–alkoxy bond simultaneously 

with the opening of the CH –2 O bond i n t he  monomer r ing.  

2. Multicenter mechanism with ligand-exchange reactions: oxi

rane ring opening involves the activation of the epoxide ring 

by one aluminum atom, while another aluminum atom is 

contributed by the alkoxide which attacks the ring. Thus, 

two Al atoms in an appropriate geometry are brought 

together for the growing polymer chain. 
3.	 The rate of polymerization decreases with increasing polarity of 

the solvent, opposite to the behavior observed for the alkali 

alkoxides initiators. This observation implies that the mono

mer and t he solvent  compete for  the active sites  of t he catalyst.  

4. The combination chelating agent–aluminum compound– 

Lewis base leads to very high catalyst productivity. The sig

nificant role of Al(i-Bu)3 as an additive is well known. 
5. The catalyst systems are rigid. Varying the substituent groups 

can substantially modify the activity of the catalyst. The use 

of ‘cluster’ aluminum alkoxides with tetraphenol ligands 

and bulky substituents leads to effective synthesis of 

high-MW polyoxirane. 

4.21.3.4 Double-Metal and Multimetal Cyanide Compounds 
as Initiators 

Rapid and controlled PO polymerization has recently become 
effective for industrial application through the commercially 
available double-metal cyanide (DMC) compounds, whose 
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Table 4 Productivity of bis/tetraphenol ligands in Al(i-Bu)3/N(Et)3 catalyst systems. Conditions: 
hexane, 40 °C, reaction time 3 h, Al(i-Bu)3/N(Et)3 = 0.5 

L/Al( i-Bu)3 Productivity 
Ligand L (μmol/μmol) (g polymer/g Al) Mn Mw / Mn 

None 0:20 1700 64 200 1.3 
Bisphenol ligand (1) (Figure 14) 20:20 540 14 300 2.4 
Tetraphenol ligands (2) (Figure 15) 
R1 = R2 = t-Bu 1:2 7300 132 000 2.03 
R1 = t-Bu; R2 = Me 1:2 10 700 162 000 2.07 
R1 = R2 = C(Me)2Ph 1:2 15 000 227 000 2.27 

structure and mechanism are, however, still unclear.132,133 The 
catalytic system is based on Zn3[Co(CN) 134,135

6]2. Compared 
with conventional potassium hydroxide (KOH) catalysts, DMC 
is much more active, producing polyethers with a much lower 
extent of unsaturation and much narrower MWD. DMC catalysts 
for epoxide polymerization are usually obtained by reacting a 
water-soluble metal salt (ZnCl2) with a water-soluble metal cya
nide salt (potassium hexacyanidocobaltate) in aqueous medium 
and then treating the water-insoluble DMC (Zn3[Co(CN)6]2) 
with a low-MW complex ligand (ether or alcohol) (Figure 16). 
Despite its advantages, unlike KOH, DMC catalysts must be acti
vated before monomer can be added to the reactor. Usually, a 
polyol initiator (or starter) and DMC are heated under vacuum 
prior to the addition of a small portion of monomer. The induc
tion periods depend on reaction temperature, water content, and 
the type and amount of catalysts, regulators, and solvents. A series 
of DMC catalysts were synthesized by varying the type and 
amount of the co-complexing agents and were utilized for PO 
polymerization. The DMC catalyst prepared by using K3[Co(CN) 

6]2 and ZnCl2 in the presence of tert-BuOH as a complexing agent 
and poly(butane-1,4-diol) as the second agent showed a very high 

Figure 16 Mechanism of DMC-catalyzed ring-opening polymerization 
of PO. 

activity (2672 g PPO/g cat). The resulting polymers exhibited a 
very low unsaturation level (0.003–0.006 meq g−1) and narrow 
MWD (1.02–1.04). Some indirect evidence showed that the active 
sites in DMC and multimetal cyanide (MMC)-catalyzed polymer
ization of PO had both cationic and coordinative characters as 
shown in Figure 16. 

Controlling the induction period is a great technical chal
lenge because, once catalyst activation has been achieved, the 
PO initially introduced reacts very rapidly due to the conse
cutive, very high catalyst activity, with the evolution of a great 
amount of heat. Another problem associated with DMC cata
lysis is that, in a batch process, a previously propoxylated 
starter alcohol has to be used, since low-MW starter alcohols, 
such as propane-1,2-diol and glycerol, deactivate the DMC 
catalyst. 

Lee et al. and Kim et al. synthesized a series of multimetal 
catalysts prepared by reacting ZnCl2 with various metal cyanide 
compounds such as K3[Co(CN)6]2, K4Fe(CN)6, K3Fe(CN)6, 
and K2Ni(CN)4 in the presence of tert-butyl alcohol and 
poly(butane-1,4-diol) as complexing agents.136,137 All catalysts 
prepared from K3[Co(CN)6]2 showed an extremely high activ
ity once they were activated. The catalytic activity, induction 
period, polymer MW characteristics, and viscosity could be 
tuned by simply choosing different metal cyanide salts for the 
catalyst formulation. 

4.21.4 Applications of High-MW Polyoxiranes 

High-MW PEO, a polymer composed by a sequence 
of –(CH2CH2O)– monomer units, has many important tech
nological applications, ranging from biocompatible materials 
to ion-conducting polymer electrolytes.91,138–141 

4.21.4.1 High-MW PEO Polyelectrolytes and Lithium 
Batteries 

The aggressive and growing market for portable electronic 
products, as well as the environmental necessity for 
zero-emission vehicles, i.e., electric vehicles, has motivated 
researchers to develop electrochemical power sources charac
terized by high energy density, long life-cycle, reliability, and 
safety. A recent breakthrough in the field was the commerciali
zation of rechargeable lithium batteries, the lithium-ion 
batteries, which are now produced at a rate of about a million 
units per month.142 
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High-MW PEO was the earliest and most extensively stu
died polymer for the development of lithium batteries that 
has gained an unprecedented significance in the past three 
decades as the demand for portable telecommunication 
devices, computers, and eventually hybrid electric vehicles 
increased. Only a very few reports on other composite poly
mer electrolytes are available. Although Fenton et al.143 

discovered the ionic conductivity of high-MW PEO in 1973, 
its technical importance was recognized only in the early 
1980s.144–147 Classical examples of lithium polymer electro
lytes are blends of a lithium salt, LiX, where X is preferably a 
large soft anion, such as ClO4 

− or (CF3SO2)2N
− , and a 

high-MW PEO containing Li+-coordinating groups. These 
electrolytes combine the advantages of solid state with the 
ease of casting as thin films. 

The development of PEO electrolytes has passed through 
three stages (1) dry solid-state polymer, (2) gel/plasticized poly
mer electrolyte systems, and (3) polymer composites. 
The very first example of ‘dry solid’ polymer electrolyte is 
the high-MW-PEO-based systems that showed a very low 
ambient-temperature conductivities of the order of 10−8 s cm−1. 
Because of their specific structural position the lithium ions can 
be released to transport the current only on unfolding the coor
dinating PEO chains. This type of polymer electrolytes requires 
local relaxation and segmental motion of the solvent (i.e., PEO) 
chains to allow fast lithium-ion transport. Thus, high conductiv
ity is restricted to the amorphous state of the PEO component. At 
about 70 °C, the temperature at which the PEO the crystalline-
to-amorphous transition occurs, the conductivity increases by 
several orders of magnitude to reach, at about 100 °C, the order 
10−3 s cm−1, the values that are of practical interest. This implies 
that the use of the PEO–LiX electrolytes is restricted to batteries 
with relatively high operating temperature limits. On the other 
hand, the relatively high operating temperature limits their over
all practical output. Several attempts have been made to enhance 
the room-temperature performances of PEO-based systems 
either by using special salts148 (highly ionized and acting as 
plasticizers) or by trying to reduce polymer matrix crystalli
nity.149 The observation of amorphous PEO systems evidenced 
the importance of the repeating oxyethylene unit in dissociation 
and transport phenomena. Accordingly, many studies have been 
carried out aiming at improvement of the low-temperature con
ductivity of PEO-based polymer electrolytes. Various approaches 
have been considered in attempting to achieve this goal. For 
example, modified PEO polymer architectures were used to 
reduce the crystallinity at room temperature. These modifica
tions include block copolymers, cross-linked polymer 
networks, and comb-shaped polymers bearing short oligo(oxy
ethylene) chains attached to the polymer backbone.150–152 

The PPO systems were investigated by a few research groups 
in the early 1980s. The thermal stability and high-pressure 
electric conductivity,153 the interfacial properties of lithium 
anode,154 as well as ionic conductivity and nuclear magnetic 
resonance (NMR) spectra155,156 of PPO hosts such as com
plexes with different lithium salts have been reported. It is a 
well-known fact that the dissolution of inorganic salts in poly
mer hosts is facilitated if the lattice energy of the salt is low and 
the dielectric permittivity (ε) of the polymer is high. 
Unfortunately, the ionic conductivity of amorphous mixtures 
of lithium salts with PPO is considerably lower than that of the 
equivalent mixture with PEO. This is due to a lower ε of PPO 

and the presence of a methyl group which hinders the segmen
tal motion of the polymer chain and thus reduces its 
conductivity.157 

PEO-based cross-linked gel polymer electrolytes were used 
in the fabrication of quasi-solid-state TiO2 dye-sensitized 
solar cells (DSSCs).158 The copolymerization of EO and 
other alkylene oxides is a suitable approach to obtain pro
ducts of lower crystallinity. However, due to the much higher 
reactivity of EO compared to that of other alkylene oxides, it is 
difficult to control the regular incorporation of the comono
mer units throughout the PEO chain.91 Petrov et al. and Nelles 
et al. have found that the copolymerization of EO and PO 
initiated by the calcium amide/alkoxide system resulted in 
high-MW copolymers of decreased crystallinity compared to 
that of the PEO homopolymer.92,93 It was found that the 
DSSCs based on the EO-co-PO copolymer containing small 
amounts of PO (17–21 mol.%) show higher efficiencies and 
longer lifetimes compared to both the EO-co-PO copolymer 
with high PO content (44 mol.%) as well as PEO- and 
PPO-based DSSCs. It seems that a small content of PO units 
in the copolymer is sufficient to introduce a certain degree of 
disorder in the polymer structure, which reduces significantly 
the crystallinity and increases the long-term stability. The 
good ion-diffusion properties in a polymer gel electrolyte of 
such copolymers are maintained. Importantly, the DSSCs 
based on chemically cross-linked P(EO-co-PO) gel electrolytes 
show much longer lifetime compared to physical 
P(EO-co-PO) gel electrolytes. This result can be attributed to 
the fact that the chemically cross-linked polymer gels 
show better mechanical stability in terms of ethylene carbo
nate/propylene carbonate leakage compared to the physical 
gel. This second category of polymer electrolyte called ‘gel 
polymer electrolyte’ or ‘plasticized polymer electrolyte’ is 
neither liquid nor solid or, conversely, both liquid and 
solid.157 The gels possess both cohesive properties of solids 
and the diffusion property of liquids. This unique character
istic makes them ideal candidates for various important 
applications including polymer electrolytes. 

It would be best to use ‘solid plasticizers’ that would pro
mote amorphicity at ambient temperature without affecting 
mechanical and interfacial properties of the electrolyte. A result 
that approaches this ideal condition has been obtained by 
dispersing selected ceramic powders, such as TiO2, Al2O3, and 
SiO2, at the nanoscale particle size, in the PEO–LiX 
matrix.159,160 

Wieczorek et al. discussed the effect of AlBr3, AlCl3, and 
α-Al2O3 inert fillers on ionic conductivity and ultrastructure 
of PEO–LiClO4 solid electrolytes.161 The results obtained 
were analyzed in terms of Lewis acid–base interactions occur
ring between various chemical groups of the composite 
electrolyte systems. It was demonstrated that aluminum 
halides interact with polyethers and form aluminum halide 
complexes, thus stiffening the polymer electrolytes. 
Aluminum halides also form complexes with CLO4 

− ions, act
ing as plasticizers for the polyether matrix. The addition of 
Lewis acid results in a decrease in the degree of crystallinity of 
PEO-based electrolytes, followed by an increase in ionic con
ductivity. DSC analyses also confirmed these results. 

The dispersion of selected nanosized ceramics leads to the 
development of true solid-state PEO–LiX nanocomposite poly
mer electrolytes that, in the 30–80 °C range, possess excellent 
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mechanical stability (promoted by the network of the fillers in 
the polymer bulk) and high ionic conductivity (induced by the 
high surface area of the dispersed fillers). These electrolytes 
appear to be particularly suitable for use as separators in 
advanced rechargeable lithium batteries characterized by a 
long life-cycle and high power capabilities. 

4.21.4.2 High-MW PEO in Drug Delivery Systems and Tissue 
Engineering 

Among a variety of hydrophilic polymers, high-MW PEO is one 
of the most important materials used in the pharmaceutical 
industries mainly because of its nontoxicity, high 
water-solubility and swellability, insensitivity to the pH of the 
biological medium, and ease of production. Recently, the swel
ling and dissolution behavior of PEO tablets162–165 and 
hydrogels,166 as well as their influence on drug release charac
teristics have been studied. It was found that high-MW PEO 
tablets swell to a greater extent compared with the low-MW 
PEO, and the swelling of the polymer rather than its dissolu
tion is the governing factor for drug release. The compression 
force applied during the manufacturing process, pH of the 
release medium, and the stirring rate do not affect the drug 
release behavior significantly. Incorporation of drugs in PEO 
hydrogel obtained after γ-irradiation cross-linking of high-MW 
PEO ensures their retarded release for a relatively longer per
iod.167 The release profiles were found to depend on the 
radiation dose, the network surface, and the drug nature.168 

Apicella et al. investigated water-soluble PEOs of two MWs 
(600 000 and 4 000 000) and their blends as potential 
mucoadhesive drug delivery systems.162 The mechanisms and 
rates of drug release were significantly affected by the polymer 
MW characteristics, swelling and dissolution rate, as well as the 
drug diffusivity in the polymer gel surrounding the tablet. 
The adhesion capacity depended heavily on the average MW. 
The in vitro test data indicated that maximum adhesion 
occurred at an average MW of 400 000 and a further increase 
in MW caused a decrease in adhesion. Nonetheless, the actual 

adhesion time measured for tablets placed in the buccal pouch 
of patients did not decrease once the polymer MW exceeded 
400 000. The adhesion remained approximately constant once 
a critical chain length was reached. Di Colo et al. evaluated the 
application of high-MW (400 kDa) linear PEO in gel-forming 
erodible inserts for the controlled ocular delivery of ofloxacin 

169,170in vitro and in vivo. 
In the field of synthetic blood-compatible materials, an 

increasing interest is devoted to surfaces bearing PEO chains. 
This interest stems from the unusual properties of PEO and 
PEO-covered surfaces, which exhibit strongly reduced adsorp
tion of proteins and other biological species.171,172 PEO 
coatings are highly effective in preventing the adsorption of 
plasma proteins like albumin, γ-globulin, and fibrinogen.173 

Moreover, PEO coatings generally reduce adhesion of many 
bacterial strains involved in biomaterial-centered infections, 
like Staphylococcus epidermidis, Staphylococcus aureus, and 
Escherichia coli by more than 90%.174–176 

The physical basis of the properties of PEO-covered surfaces 
are as follows: mobility of PEO chains in aqueous environment, 
steric stabilization effects, structural fit of PEO repeating unit and 
water structure, and van der Waals interactions between PEO 
chains and formed blood elements. Spectral observations, 
mainly by electron spectroscopy for chemical analysis (ESCA) 
or NMR measurements under hydrated conditions, have shown 
that PEO chains project from a hydrated surface and move 
vigorously with coordinated water. This thermal mobility of 
PEO chains is much greater than that of other hydrophilic or 
water-soluble polymers such as poly(vinylpyrrolidone), poly 
(2-hydroxyethyl methacrylate), or polyacrylamide.171 

Kinetically, the process of plasma protein interactions with and 
irreversible absorption on the surface of a material to form a 
support for platelet adhesion is largely influenced by the dwelling 
time on the surface.177 Microflows of water are induced on the 
surface of the PEO-coated material by the above-mentioned 
movements of hydrated PEO chains, and because plasma protein 
is prevented from dwelling on the surface, absorption is inhibited 
(Figure 17). 

Figure 17 The interaction between blood components and hydrated PEO chains on the surface. Reprinted from Nagaoka, S.; Nakao, A. Biomaterials 
1990, 11, 119.177 with permission of Elsevier Ltd., UK. 
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For PEO coatings, both grafting density and chain length are 
of critical importance for their efficiency in preventing protein 
adsorption and bacterial adhesion.178,179 If the grafting density 
is low, either penetration of the PEO coating can occur or parts 
of the bare substrate can be revealed. Furthermore, theories 
describing PEO layer–particle interaction predict stronger par
ticle repelling for longer PEO chains, that is, with increasing 
thickness of the PEO layer at the surface.180,181 The thicker PEO 
layer implies a larger separation between the surface and the 
incoming particles and hence a stronger attenuation of the 
long-range van der Waals attraction. It was demonstrated that 
PEO coatings are stable under sterile conditions182 or for an 
extended exposure to phosphate-buffered saline.183 Although 
an everlasting PEO coating for every application may be a 
utopia, a carefully developed and in vitro tested PEO coating 
could greatly reduce bacterial adhesion and, hence, the risk of 
biomaterial-centered infections.184 

Perez et al. studied a two-layer composite material compris
ing a thin layer of corneal tissue and a synthetic PEO 
hydrogel.185 The gels were synthesized by electron 
irradiation-induced cross-linking of an aqueous PEO solution 
on a thin layer of collagenous tissue substrate. Light micro
scopy studies indicated that the interface between the corneal 
tissue and PEO gel appeared well adherent with no gaps in the 
interface. SEM studies of the material surface showed architec
ture similar to that of normal corneal tissue. 

Tsvetanov et al. described a film formation process involving 
the dissolution of PEO together with another water-soluble 
polymer (e.g., polysaccharide) in a solvent consisting of water, 
an organic solvent, or a mixture in any proportion of water and 
organic solvent, in the presence of an effective quantity of a 
photoinitiator or a cross-linking agent. The water-containing 
film was then irradiated by UV light in the 200–400 nm wave
length range. The resulting films are useful in the cosmetic or 
medical industry.186 For PEO hydrogel application as a dressing, 
poly(vinyl alcohol) was added to improve its strength.187 The 
blended hydrogel gave 80% of gel on 60-kGy electron beam 
irradiation. The hydrogel provides a wet environment for 
wounds, causing faster healing compared with the gauze dres
sing and dry environment. Mechanical properties of this 
hydrogel are satisfactory for a dressing material. 

4.21.4.3 PEO Cross-linking: Hydrogels and Cryogels 

High-MW PEO is composed of flexible polymer chains that on 
cross-linking and swelling in water produce a soft hydrogel. 
This hydrogel is inert and therefore suitable for various 
applications. It has been shown that cross-linked polymers 
derived from high-MW PEO find a number of applications 
(wound dressings,188 controlled-release drug systems,167,189 

phase-transfer catalysts,190–192 semipermeable membranes,193 

solid electrolytes for batteries,194 etc.). PEO hydrogels are 
nontoxic and biocompatible materials. They meet all the 
requirements for strength, absorbency, flexibility, and adhe
siveness in biomedical applications. 

Cross-linked high-MW PEO was first obtained via 
γ-irradiation of degassed dilute polymer aqueous solutions.195 

Irradiation of polymers in aqueous solution can be used effec
tively for medical purposes, since such systems, containing 
neither monomers nor cross-linking agents, are easier to control 
and study. Moreover, a lower number of usually unwanted 

processes such as homografting of monomer on the polymer 
chain occurs, and, last but not least, hydrogels formed in this 
way are suitable for biomedical use with no need of further 
purification.196,197 The process of chain cross-linking resulting 
in the formation of hydrogels upon γ-irradiation of aqueous 
solutions of polymers is initiated by water radiolysis transient 
products, mainly, hydroxyl radicals.198 The interaction of OH 
radicals with PEO macromolecule leads to hydrogen atom 
abstraction followed by recombination of macroradicals. As a 
result, the polymer chains are cross-linked to form a 
three-dimensional network. Unfortunately, γ-irradiation pro
cesses have certain limitations because of the cost and safety 
requirements. Later on, methods based on chemical 
cross-linking were suggested.199,200 Chemical cross-linking was 
reported for low-MW polymers by the reaction between the PEO 
end groups and multifunctional cross-linking agents. Sloop 
et al.201 and Doytcheva et al.202 have shown that PEO of MWs 
from 200 000 to 7 000 000 can be successfully cross-linked by 
irradiation with UV light in the presence of hydrogen-abstracting 
benzophenone (BP) as a photoinitiator. It should be mentioned 
that pure PEO cannot be UV cross-linked because of the absence 
of photosensitive chromophoric groups. The studies have shown 
that it is possible to control the network density by varying the 
irradiation temperature. The gel fraction amounts to more than 
90%. The ease, relative safety, and low cost of UV-induced 
cross-linking provide significant advantages for many applica
tions over the other methods. On the other hand, commercial 
powdery high-MW PEO can be heterogeneously cross-linked 
with multifunctional monomers like pentaerythritol triacrylate 
(PETA) using radical initiators.203 This acrylate monomer is 
supposed to easily undergo photoinitiated radical polymeriza
tion. The polymer gels obtained were free from low-MW 
aromatic impurities, which are inevitable if photoinitiators are 
used. UV irradiation in the presence of PETA seems to be a 
simple method for obtaining films or powdery products of 
cross-linked PEO. Hydrogels of high-MW PEO have been 
obtained in situ applying a very simple procedure that involves 
UV cross-linking of PEO in aqueous solution. The efficiency of 
the photoactivated cross-linking of thin PEO layers in 
aqueous solution in the presence of (4-benzoylbenzyl) 
trimethylammonium chloride as a photoinitiator has been 
determined at room temperature and in the frozen state 
(−25 °C). It was found that the cross-linking efficiency varies 
with the concentration of PEO solution, the MW of PEO, and 
particularly with the temperature. In case the UV cross-linking 
was performed in the frozen state, porous hydrogels (cryogels) 
with a very high yield of gel fraction (above 90%) and high 
cross-linking density were obtained.204 Petrov et al. have  shown  
that the UV irradiation technique is a facile method for the 
synthesis of supermacroporous polymer cryogels. The combina
tion of a H2O2 initiator and the high conversion allows 
preparation of green materials consisting of biocompatible 
polymer networks and water without any additional purifica
tion. All cryogels obtained possess macroporous structure, which 
impart a very rapid water uptake and, in the case of 
temperature-responsive polymers, ultrarapid volume phase tran
sition. In general, different nano- and microsized particulates 
can be immobilized within the cryogels pores and/or walls.205 

The UV irradiation technique was successfully used for the 
preparation of a new family of films from cross-linked 
polymers based on high-MW PEO in combination with 
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(1) water-soluble pH-sensitive206 and temperature-responsive 
polymers;207 (2) unsaturated quaternary ammonium salts;208 

(3) calcium hydroxyapatite209 and other inorganic salts;210 and 
(4) polysaccharide including cellulose polymers, pectins, 
carrageenans, and alginates.211 

Networks of high-MW PEO were successfully obtained 
also in the presence of radical initiators. PEO with a MW 
of 2 000 000 was cross-linked in the molten state by tert
butyl peroxybenzoate or a difunctional peroxide such as 2,5
bis(tert-butylperoxy)-2,5-dimethylhexane (Luperox 101) at 
145–160 °C.212,213,214 Significant chain degradation occurs dur
ing heating as longer reaction times do not lead to cross-linking. 
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4.22.1 Introduction 

Advances in nanotechnology and many areas of materials 
science require complex materials with well-defined architec
tures. The use of linear polymers limits functional and 
structural possibilities. Therefore, nonlinear polymers have 
become an important topic in polymer research during the 
past two decades, since they open a pathway to novel complex 
structures with exciting properties. Fritz Vögtle published a 
groundbreaking work on the synthesis of cascade-branched 
macromolecules in 1978, followed by seminal works by 
Tomalia, Newkome, and Hawker and Fréchet.1 These dendritic 
(in Greek dendros, meaning tree) macromolecules are character
ized by a branch-on-branch topology, resulting in a 
monodisperse, multivalent, and globular structure, which 
makes them interesting for a wide range of applications.2 

However, the perfectly branched structures of dendrimers are 
obtained using a multistep reaction approach. This is also their 
major drawback for large-scale production and subsequent 
applications. 

Randomly branched macromolecular structures have been 
known since the 1930s, from natural polysaccharides such as 
glycogen, dextran, or amylopectin.3 In a theoretical work from 
the 1950s, Flory theoretically described ABm polycondensates, 
which are obtained by step-growth mechanisms, demonstrat
ing that such ‘random AB(f-1) polycondensates’ show a random 
dendritic structure and very high polydispersities.4 Pioneering 
work in the synthesis of such polymers was carried out by Kim 
and Webster in the 1990s, who coined the term ‘hyper
branched’ for random dendritic branching in polymers.5 The 
outstanding advantage over dendrimers is the availability of 
hyperbranched polymers in one single reaction step. In addi
tion, their multivalency and three-dimensional structure that 
usually shows no entanglements increase solubility and lower 
viscosity of the polymers compared to their linear analogs. This 
makes them interesting for a variety of current and future 
applications ranging from biomedicine to catalysis, being a 
serious rival for the synthetically challenging dendrimers.6 

A large number of different monomers such as cyclic ethers, 
acetals, amides, esters, and siloxanes are used in ring-opening 
polymerizations (ROPs) to obtain linear polymers for a variety 
of everyday applications.7 Nevertheless, ring-opening strategies 
have also been established as a versatile method for the synth
esis of hyperbranched homopolymers as well as other complex 
macromolecular architectures in the recent years. 

This chapter focuses on fundamental concepts of hyper-
branching polymerizations, based on ring-opening strategies 
using single-monomer methodology (concepts for multimono
mer approaches are covered in Chapter 6.05). The state of the art 
and mechanistic details in the synthesis of homopolymers as well 
as some selected applications and complex structures by core 
variation, terminal functionalization, and (block) copolymeriza
tion will be summarized as well. Furthermore, some of these 
concepts for the generation of more complex hyperbranched 
topologies, for example, linear-hyperbranched block copolymers 
(LHBCs) or multiarm star polymers will be presented at the end 
of the chapter. The details for the synthesis of macrocyclic poly
mers, which can also be considered as nonlinear, are treated in 
another chapter (see Chapter 6.02). 

4.22.2 Background and History 

4.22.2.1 General Concepts in Synthesis of Nonlinear 
Polymers by Ring-Opening Polymerization 

As demonstrated in other chapters of this comprehensive, 
hyperbranched polymers were traditionally prepared by poly
condensation of ABm-type monomers.8,9 In the mid-1990s, 
Fréchet et al. introduced the self-condensing vinyl polymeriza
tion (SCVP)10,11 utilizing monomers containing a 
polymerizable vinyl group along with an initiating functionality, 
as highlighted in the preceding chapter (see Chapter 6.05). These 
monomers are often referred to as ‘inimers’, because they com
bine an initiating and a polymerizable moiety in one molecule. 
Even though a huge variety of hyperbranched polymers are 
accessible via both ABm polycondensation and SCVP, broad 
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molecular weight distributions with polydispersities in the range 
of degree of polymerization (DPn)/2 are always obtained, which 
is often undesirable. 

In the late 1990s, Penczek and co-workers described the 
synthesis of highly branched (star) polymers by reacting oligo
meric alcoholates obtained by ring-opening polymerization of 
ethylene oxide (EO) with various diepoxides.12 One possible 
reaction sequence of the reaction is shown in Scheme 1. This 
approach can be seen as the first self-condensing ROP (SCROP) 
synthesis (see below) to obtain hyperbranched polymers. 

Shortly after this, Hedrick et al. and Fréchet et al. almost 
simultaneously presented an analogous concept that relies on 
cyclic lactone inimers, which they called self-condensing 
(or self-condensation) ROP (SCROP).13,14 It is interesting to 
note that this approach uses monomers containing a cyclic 
moiety that can generate a branching point by introducing a 
new functionality only upon ring opening during the polymer
ization reaction. Such monomers are often called ‘latent ABm 

monomers’ (cf. general Scheme 2). The driving force for this 
type of polymerization is the ring-opening isomerization of the 
cyclic monomer unit driven by the ring strain of the cyclic 
inimer and the formation of thermodynamically and kineti
cally stable bonds in the polymer structure. Today, this method 
is also commonly referred to as ring-opening multibranching 
polymerization (ROMBP). The terms SCROP and ROMBP are 
equivalent at present. 

Well in advance of these works and before hyperbranched 
polymers became a matter of broad scientific interest, Sandler 
and Berg,15 as well as Vandenberg et al.16 studied the polymer
ization of glycidol, a typical cyclic latent AB2 monomer. 
Primarily they were aiming at linear polymer architectures, 
but in the course of their studies they also observed the forma
tion of undesirable branched structures due to propagation of 
both the primary and secondary hydroxyl groups present after 
ring opening of glycidol. These polymers were chatracterized by 
Vandenberg et al. in a seminal paper published in 1985, which 
describes the generation of different chain units upon the 
base-catalyzed polymerization of glycidol.16 

Subsequently, both cationic17,18 and anionic19–21 ROP 
techniques were applied to the polymerization of glycidol 
in the early 1990s by Penczek, Kubisa, and Dworak in impor
tant works in this field. The crucial prerequisite for the 
versatility of applicable polymerization techniques for glyci
dol is the oxygen heteroatom, which provides a reaction site 
in the ring for both nucleophilic and electrophilic attacks of 
initiating or propagating species. Further progress in this area 
was made by Frey et al.,19 who established the slow mono
mer addition (SMA) technique in 1999, leading to 
polyglycerols (PGs) with moderate to narrow molecular 
weight distributions. 

As early as 1992, Suzuki and Saegusa reported the 
palladium-catalyzed multibranching polymerization of a cyclic 

Scheme 1 Synthesis of highly branched polyethers by Penczek and co-workers. 

Scheme 2 General principle of ring-opening multibranching polymerizations (ROMBPs). F is the single focal unit, while B depicts the reactive groups of 
the cyclic inimer. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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carbamate, another example for a latent cyclic AB2 monomer, 
leading to hyperbranched polyamines.22 It is important to note 
that Suzuki and Saegusa in their paper reported the first 
‘initiated’ type of multibranching polymerization, that is, a 
chain-growth mechanism. The low polydispersity 
(Mw/Mn = 1.35) demonstrates the possibility to control the 
growth of the polymer chains in this system. 

This type of polymerization reaction is usually initiated by a 
suitable molecule containing a focal unit F as well as reactive B 
groups that can react with the cyclic structure under ring open
ing. For each AB2 monomer being incorporated into the 
growing polymer molecule, two new potential polymerization 
sites B are created, while only one is consumed. For the AB2 

system, the number of functional B-groups in the final polymer 
structure can be calculated easily as the sum of the number of 
initiating units F and the DPn. 

4.22.2.2 Degree of Branching 

Besides the crucial parameters: (1) nature of the backbone, (2) 
chain-end functional groups, (3) chain length between the 
branching points, and (4) molecular weight distribution, the 
degree of branching (DB) is a crucial characteristic for hyper-
branched polymers. It distinguishes linear structure in the 
absence of branching (linear polymer, DB = 0), random 
branching (hyperbranched polymer, ideally random, 
DB = 0.5), and perfect branching (dendrimer, DB = 1). 
Webster23 and Fréchet et al.24 suggested an equation for the 
calculation of the DB for AB2-type hyperbranched polymers in 
the early 1990s, depending on the content of dendritic (D), 
terminal (T), and linear (L) units in the polymer structure, 
which are usually determined by NMR spectroscopy. 

T þ D 
DBFr�echet ¼ ½1� 

T þ D þ L 

Frey et al.25 modified this equation on the basis of a systematic 
approach to 

2D 
DBFrey ¼ ½2� 

2D þ L 

For AB2 systems, since eqn [1] fails for polymers with high DPn 

and low DB, leading to DB > 0 for linear, low-molecular-weight 
polymers. Müller and Yan at the same time developed a sys
tematic equation to calculate the DB for the SCVP.26 

4.22.3 Specific Concepts in the Synthesis of Nonlinear 
Polymers by Ring-Opening Polymerization 

Utilizing a variety of monomers, initiators and catalysts, 
ROMBPs have been carried out under various conditions. 
Regarding the reaction mechanism, basically all reported 
approaches are based on the principle illustrated in Scheme 2. 

In the following sections, a detailed overview of the respec
tive polymerization mechanisms, that is, cationic, anionic, and 
catalytic ROMBPs will be treated. The respective seminal works 
leading to their development, specific prerequisites, synthetic 
principles, and peculiarities for each method will be examined 
and discussed for heterocyclic monomers containing different 
ring sizes and different heteroatoms. Selected issues treated in 

this overview have also been considered in a recently published 
book on hyperbranched polymers coedited by H. Frey of this 
chapter.27 

4.22.3.1 Cationic Ring-Opening 

In cationic polymerizations, electron-deficient initiators 
(mostly Brønsted or Lewis acids) react with electron-rich 
monomers. The active chain end (ACE) bears a positive 
charge with the active sites being either carbenium or oxo
nium ions. Molecular weights are often limited by the 
inherent sensitivity to impurities, chain transfer, and rearran
gement reactions. Suitable monomers for cationic 
polymerizations are vinyl monomers with electron-donating 
moieties or cyclic structures containing heteroatoms, while 
the latter case is termed cationic ROP. Eligible monomers 
include cyclic ethers, acetals, and amines as well as lactones 
and lactams (Scheme 3). 

In 1969, Hauser first described the ROP of alkylene imi
nes.28 It was observed that the polymerization of aziridines 
(three-membered cyclic imines) leads to a product with exten
sive branching. Subsequently, Dick and Ham reported a 
random distribution of primary, secondary, and tertiary 
amino groups.29 Branching results from the formation of ter
tiary amino groups upon intermolecular nucleophilic attack of 
secondary amine nitrogens in polymer repeating units on pro
pagating iminium centers (Scheme 4). Thus, the long-known 
polymerization of aziridines is in fact the oldest known 
ROMBP, leading to hyperbranched poly(ethylene imine)s. 
The resulting materials have been available for more than 
three decades and are sold under the trade name Lupasol® on 
a scale of several 100 000 ton per year. They are used for paper 
modification as well as in sewage plants for removal of heavy 
metal ions. Substitution on the aziridine ring impedes poly
merization.30,31 The 1,2- and 2,3-disubstituted aziridines do 
not polymerize; 1- and 2-substituted aziridines undergo poly
merization, but polymer yields and molecular weights are 
limited. 

Azetidines, four-membered cyclic imines and their deriva
tives were also investigated regarding their cationic 
polymerization in the early 1980s.32 In analogy to the poly
merization of aziridine, hyperbranched structures are obtained 
by the same mechanism as described previously. Still, the 
difficult monomer preparation and the limitation of molecular 
weights due to rather low reactivity of the chain end compared 
to oxo-heterocycles limited the interest in these polymers. By 
using the derivative N-phenylazetidine (Scheme 3), the forma
tion of linear chains can be favored. Branching termination 
reactions are suppressed because of the decreased 

Scheme 3 Important monomers for cationic ring-opening 
polymerizations. 
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Scheme 4 Hyperbranching polymerization of ethylenimine (aziridine). 

nucleophilicity, while propagation is supported by enhanced 
ring-opening reactivity.33 

Compared to sulfur-34 or nitrogen-containing hetero
cycles, oxygen-containing heterocycles are most widely used 
in cationic ROP. The high electronegativity of the oxygen 
heteroatom is beneficial for the ring opening, while the high 
nucleophilicity of the oxy anion leads to high propagation 
rates. Oxiranes or oxetanes with hydroxyl groups can poten
tially be polymerized by typical cationic initiators, for 
example, protic or Lewis acids such as trifluoromethanesulfo
nic acid (TfOH) or boron trifluoride etherate (BF3·OEt2). 
During the reactions, branching points are generated, which 
justifies the term ‘cationic ROMBP’. In an important work, 
Dworak and Penczek17 studied the coexistence of ACE and the 
activated monomer (AM) mechanisms in the cationic poly
merization of glycidol (Schemes 5 and 6). In order to 
investigate the comparative relevance of both concurrent reac
tion pathways, hyperbranched polygylcerols with molecular 
weights of up to 10 000 g mol−1 were synthesized and charac
terized. It is obvious that only primary hydroxyl groups would 
be present as substituents of the polyether chain if the reaction 
proceeded exclusively by the ACE mechanism. 

In contrast, propagation by the AM mechanism generates 
two different types of repeating units. R–OH in Scheme 5 
depicts either the chain end or the side group. In the latter 
case, branching occurs. 

Characterizing the structure of the polymers, Dworak and 
Penczek found a significant contribution of the AM mechanism 
to the chain growth. Also within the scope of this elegant work, 
a direct correlation between the specific initiator and the per
centage of secondary hydroxyl groups attached to the polymer 
backbone was verified.17 Use of SnCl4 or BF3·OEt2 as Lewis 
acid initiators in particular proved to promote the AM 
mechanism. 

Crivello described the synthesis of linear and hyper-
branched polyethers using alicyclic epoxy alcohols derived 
from cyclohexane scaffolds.35 Kakuchi and co-workers 
recently presented the detailed characterization of these 
hydrophobic hyperbranched polyethers using 3,4
epoxycyclohexane-1-methanol and α-terpineol epoxide 
(Scheme 7(a)) as latent AB2 monomers. While the latter one 
showed almost no polymerization reaction due to sterical 
hindrance of the tertiary alcohol group.36 While 
matrix-assisted laser desorption ionization time of flight 
(MALDI-TOF) mass spectrometry indicates no side reactions, 
the molecular weights are in the range 2000–5000 g mol−1 

with moderate polydispersities (Mw/Mn) of 1.4–2.1. Other 
poly(terpene alcohol)s were also synthesized using citronellol 
oxide and nopol oxide as cyclic inimers (Scheme7(b)).37 

Kakuchi et al. also described the synthesis of hyperbranched 
polyerythritol by ROMBP of 2,3-anhydroerythritol as a latent 
AB3 monomer (Scheme 7(c)). The use of highly reactive 

Scheme 5 Active chain-end mechanism in the cationic polymerization of glycidol: (a) α- and (b) β-ring opening preserves the CH2OH substituent. 

Scheme 6 Activated monomer mechanism in the cationic polymerization of glycidol: (a) β- and (b) α-ring opening preserves the CH2OH substituent. 

(c) 2013 Elsevier Inc. All Rights Reserved.



Nonlinear Macromolecules by Ring-Opening Polymerization 575 

Scheme 7 Other hydroxyl-functional epoxide derivatives polymerized by 
Crivello et al. and Kakuchi et al. 

oxiranes instead of 1,2-anhydroerythritol (five-membered 
ring) as monomer lead to polymers free from cyclic repeating 
units and almost random DB, which were obtained in the 
earlier works.38 

Besides the oxiranes, the respective four-membered hetero
cyclic oxetanes have been studied as monomers in ROPs. 
Vandenberg et al. obtained a linear and highly crystalline poly
mer from oxetanes39,40 and other authors detailed the synthesis 
of hyperbranched polyethers from hydroxyl-functional oxe
tanes.41,42 Mostly cationic initiators have been used in the 
ROP of oxetanes, primarily because of the higher basicity com
pared to three-membered oxiranes, which are prevalently 
polymerized by anionic techniques. 

In 1999, Hult et al.43 published a study on the cationic ROP 
of 3-ethyl-3-(hydroxymethyl)oxetane (EHO). A convenient 
method for the preparation of the respective hyperbranched 
polyether by thermally induced bulk polymerization was intro
duced. The sulfonium salt initiator 1-benzyltetrahydrothiophen
1-ium hexafluoroantimonate was used in this approach 
(Scheme 8). 

Surprisingly narrow molecular weight distributions 
(Mw/Mn = 1.26–1.43) at molecular weights up to 
5000 g mol−1 were found. Detailed characterization of the 

13Chyperbranched polymers by proton-decoupled NMR 
experiments showed a correlation between monomer conver
sion and the DB. While at low conversions (< 30%), 
predominantly linear units were formed, increased conversion 

led to a higher fraction of dendritic units in the polymer struc
ture. The possibility of tailoring the DB of these polymers by 
controlling the monomer conversion was later reported by the 
same authors.44 Determination of the number of secondary 
and tertiary oxonium ions during the reaction provides the 
ratio of ACE and AM mechanisms in the polymerization of 
hydroxyl-functionalized oxetanes. A significant prevalence 
(90:10) of the AM mechanism was found, leading to highly 
branched polyethers. However, in no case a DB exceeding 0.4 
was obtained, which is significantly lower than the theoretical 
value 0.5, for polymerizations under entirely random condi
tions. This observation leads to the assumption that upon ring 
opening of oxetanes, the coexistence of ACE and AM mechan
isms adversely affects the generation of branching points. 

By subsequent addition of glycidol monomer to the catio
nic ROP of EHO, Gao et al. obtained amphiphilic core–shell 
block copolymers with a complex branch-on-branch topology 
(Scheme 9).45 The higher feed ratio of glycidol monomer 
corresponds to a better solubility of the polymer in water. 
This behavior was expected due to a higher hydrophilicity of 
glycidol compared to the EHO repeating units. 

3,3-Bis(hydroxymethyl)oxetane (BHMO; Scheme 10), an 
AB3-type cyclic monomer with an oxetane ring, can also be 
used for cationic ROP. 

Farthing46 and later Vandenberg et al.39 polymerized 
BHMO by initiating with a trifluoromethanesulfonic acid cata
lyst, obtaining a weakly branched polymer of low molecular 
weight. Interestingly, a more crystalline product of higher 
molecular weight was obtained when using the trimethylsilyl 
ether of BHMO and i-Bu3Al-0.7·H2O cationic catalyst as initia
tor. Characterization of all of these polymers with regard to the 
DB is unfortunately limited by the complexity of the respective 
1H and 13C NMR spectra. In addition, the strong aggregation of 
the highly hydroxyl-substituted polymers is a severe limitation 
for further characterization since their solubility in all common 
solvents is low. However, BHMO appears to offer a potential 
for further efforts in the future that may rely on copolymeriza
tion with other cyclic comonomers and which might affect the 
solubility and branching topology of the resulting materials. 

Monosubstituted derivatives of tetrahydrofuran (THF) have 
been known to be difficult to polymerize due to thermody
namic reasons.47 Bednarek and Kubisa extended cationic 
multibranching polymerizations to the class of five-membered 
cyclic ethers containing hydroxyl groups as substituents.48 They 
polymerized 2-(hydroxymethyl)tetrahydrofuran, using a 
trifluoromethanesulfonic acid initiator. MALDI-TOF mass 

Scheme 8 Synthesis of hyperbranched polyethers via cationic ring-opening multibranching polymerization of EHO. 
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Scheme 9 Synthesis of an amphiphilic core–shell copolymer by cationic polymerization of EHO and subsequent addition of glycidol.43 

Scheme 10 3,3-Bis(hydroxymethyl)oxetane (BHMO). 

spectrometry of the obtained oligomers indicated that elimina
tion of water took place in the course of the polymerization. 
Scheme 11 shows this undesirable side reaction leading to 
unsaturated units in the polymer structure. 

In order to understand whether this behavior can be 
ascribed to a more complex mechanism than formerly 
assumed, the authors studied the polymerization of other 
THF derivatives and observed elimination of water in all 
cases. Bednarek and Kubisa suggested a general reinvestigation 
of the polymerizability problems of five-membered cyclic 
ethers containing hydroxyl groups since the mechanistic details 
must still be evaluated to explain these results. 

Multivalent glycopolymers as complex polymer architec
tures for biomedical applications are an emerging research 
field.49 The polyol structure of carbohydrates obviously leads 
to the concept of using ROPs for the synthesis of highly 
branched sugars, which dates back to the late 1950s with 

works of Schuerch et al.50 Kakuchi et al. presented several 
syntheses during the last decade, wherein several attempts 
toward a detailed characterization were performed.38,51,52 In a 
recent interesting work, 17 kinds of D-glucopyranosyl and 

13CD-glucofuranosyl repeating units were assigned using 
NMR spectroscopy, which emerge when 1,6
anhydro-β-D-glucopyranose is polymerized by cationic 
ROMBP as a latent AB4-monomer (Scheme 12).53 A tremen
dous variety of repeating units make these materials interesting 
as viscosity modifiers, as suggested by the authors, but not for 
applications in biomedicine since the materials are not suffi
ciently well defined to investigate specific interaction with 
physiological systems. It is obvious that further progress in 
controlling the chemoselectivity in the synthesis of hyper-
branched glycopolymers has to be achieved in the future. 

Cationic ROMBPs for the synthesis of hyperbranched poly
mers are generally limited in terms of their potential for further 
investigation and commercial applications by the number of 
eligible monomers. Other methods have proven to be superior 
in terms of achievable molecular weights, control over the 
reaction and suppression of the formation of undesired side 
products. 

Scheme 11 Formation of unsaturated units in the acid-catalyzed polymerization of 2-(hydroxymethyl)tetrahydrofuran. 
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Scheme 12 Synthetic hyperbranched poly(D-glucan). 

4.22.3.2 Anionic Ring-Opening Multibranching 
Polymerization 

Various basic (nucleophilic) initiators can be used to initiate 
anionic polymerization, including covalent or ionic metal 
amides, alkoxides, hydroxides, cyanides, phosphines, amines, 
and organometallic compounds such as butyllithium. The 
polymerization is initiated by addition of the initiating species 
to the monomer, typically a vinyl compound with 
electron-withdrawing moieties. In anionic ROPs, cyclic mono
mers with electron-deficient carbon atoms such as amides 
(lactams) and esters (lactones), ethers (oxiranes), or Leuchs 
anhydrides are used as monomers (Scheme 13). 

Glycidol (2,3-epoxy-1-propanol), a latent cyclic AB2-type 
monomer containing a highly strained three-membered oxi
rane ring, can be polymerized by addition of a nucleophilic 

Scheme 13 Examples of monomers for anionic ring-opening 
polymerizations. 

initiator. In an early work by Rider and Hill, it was casually 
mentioned that pyridine polymerized glycidol to a 
water-soluble black tar.54 Sandler and Berg later observed by 
chance that glycidol polymerized vigorously in the presence of 
triethylamine. This motivated them to further investigation of 
the effect of basic catalysts on the rate of polymerization.15 The 
assumption that the obtained product shows an exclusively 
linear structure (Scheme 14) was not challenged until 
Vandenberg et al. characterized a variety of protected and 
unprotected PGs in the mid-1980s in a systematic manner.16 

These polymers were prepared by polymerization of glycidol 
with KOH catalyst, aiming at a linear polymer structure. 

As a part of detailed investigations, the analysis of 13C NMR 
spectra provided the authors with initial information about the 
actual branched structure of PG (Scheme 15) obtained by the 
polymerization of nonprotected glycidol. 

It was concluded that a 1,4-polymerization involving proton 
transfer is predominant in the base-catalyzed polymerization of 
glycidol, giving poly(oxetan-3-ol). Hydroxyl groups (or tri
methylsilyloxy groups in the case of protected PGs) are present 
on both the monomer and the polymer. Facile exchange with 
the propagating oxyanion was found to result in chain branch
ing and chain transfer. The individual processes taking 
place upon growth of the polyether chains are illustrated in 
Scheme 16. Primary and secondary alkoxides are formed after 
the ring opening due to rapid intra- and intermolecular transfer. 
Further propagation of these species directly results in branching. 

Scheme 14 Hypothetic formation of linear polyglycerol, as proposed by Sandler and Berg. The primary hydroxyl group was not considered by these 
authors. 
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Scheme 15 Synthesis of hyperbranched polyglycerol via base-catalyzed polymerization of glycidol. 

Scheme 16 Mechanism of the anionic polymerization of glycidol. 

After that, no follow-up works were published on the anio
nic polymerization of glycidol, most probably since the 
formation of dendritic polymers was not a topic of major 
interest at that time. Extensive research on the synthesis, char
acterization, and structure of hyperbranched aliphatic 
polyethers has been carried out by Frey et al. since the late 
1990s, which was motivated by the search for alternatives to 
the tediously prepared dendrimers.19,20 In analogy to concepts 
developed for atom transfer radical polymerization (ATRP)55 

and the synthesis of poly(propylene oxide),56 conventional 
base initiators were replaced by a partially deprotonated poly-
functional alcohol. Controlled polymerization of glycidol was 
achieved by applying the SMA approach. 
1,1,1-Trimethylolpropane (TMP), bearing three OH-groups, 
has been widely used as a typical multifunctional initiator 
core for the synthesis of PG in the recent decade. 
Simultaneous chain growth is essential for obtaining 
well-defined hyperbranched PGs (hbPGs) with narrow mole
cular weight distributions (Mw/Mn = 1.2–1.8). Thus, the 
concentration of active sites in the polymerization (alkoxides) 
has to be controlled by deprotonating the initiator hydroxyl 
groups only partly, usually by 10%, upon addition of a strong 
base like potassium methylate as a deprotonating agent, fol
lowed by removal of excess methanol. Slow addition of the 
monomer (SMA) circumvents homopolymerization initiated 

by deprotonated glycidol as well as any undesired cyclization 
reactions. Hence this technique further promotes low polydis
persities and complete control of the number-average 
molecular weight by adjustment of the monomer/initiator 
ratio, when – in the ideal case – every newly formed glycerol 
unit is attached to the polyfunctional cores or the branched 
polyols already present in the reaction. The polymerization 
reaction involves a reversible termination mechanism; nucleo
philic attack of the alkoxide takes place at the unsubstituted 
end of the oxirane ring, leading to a secondary alkoxide. Due to 
fast proton transfer equilibria, also known from linear epoxide 
polymerizations,56 the more stable and more reactive linear 
alkoxide is formed to a certain extent (Scheme 16). Both 
types of alkoxides represent ACEs and, therefore, lead to the 
formation of hyperbranched structures. The fundamental rele
vance of polyfunctional initiators and the SMA methodology 
for the formation of well-defined hyperbranched polymers was 
also shown in elegant theoretical work for SCVP57 and by 
computer simulation.58 

If the secondary hydroxyl group propagates, the polymer 
chain is attached to a glycerol unit and a linear 1,3-unit (L13) is  
generated. A linear 1,4-unit (L14) is formed, when the primary 
hydroxyl group undergoes propagation. Reaction of both 
hydroxyl groups with monomer leads to the incorporation of 
a highly branched, that is, dendritic unit (D). If a monomer 

(c) 2013 Elsevier Inc. All Rights Reserved.
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unit has been deactivated by proton exchange, a terminal unit 
(T) with two hydroxyl end groups is formed. A detailed struc
tural investigation of these hbPGs was carried out by Frey et al. 
who analyzed inverse gated 13C NMR spectra in order to calcu
late DBs and DPn ’s.

19 Incorporation of the TMP core into the 
polymer and the amount of cyclization occurring during the 
reaction were studied by MALDI-TOF mass spectrometry. 
Polymers with molecular weights up to 10 000 g mol−1 (signif
icantly higher Mn than those obtained from the previously 
discussed cationic polymerizations) were prepared. They exhib
ited narrow molecular weight distributions (Mw/Mn < 1.5, 
mostly < 1.3) due to the pseudo-chain-growth kinetics. The 
polydispersity was shown to be 1 + 1/n, n being the function
ality of the initiator polyol employed.56 

The controlled synthesis of hbPGs of molecular weights 
exceeding 7000 g mol−1 was not possible by the ‘classical’ 
SMA protocol19 until recently. Wilms et al. used hbPG of low 
molecular weight as a macroinitiator for the controlled synth
esis of hbPG with molecular weights up to 24 000 g mol−1.59 In 
this two-step approach, the synthesis of polymers with elevated 
molecular weights under SMA conditions is possible, which 
results in controllable molecular weight and moderate poly
dispersity indices (Mw/Mn < 1.8). A very interesting work in this 
area was published by Brooks et al., who modified the standard 
procedure by adding dioxane as an emulsifier. In this case, 
high-molecular-weight PGs with Mn up to 700 000 g mol−1 

have been obtained.60 These materials exhibit the highest 
molecular weights obtained for synthetic hyperbranched poly
mers reported to date. The reason for the formation of 
high-molecular-weight PGs possessing nevertheless low poly
dispersity is not yet clear. Brooks et al. tentatively explain the 
effect on molecular weight by the fast proton exchange in their 
system. In further studies, Brooks et al. have demonstrated 
excellent biocompatibility and low toxicity for hbPGs, similar 
as it has been known for a long time for poly(ethylene oxide) 

(PEO). This renders the material interesting for biomedical 
applications, potentially as a substitute for PEO.61 

To facilitate the synthesis of hbPG for industrial processing, 
microreactor technology62 can be used to obtain polymers with 
molecular weights up to 1500 g mol−1.63 In this approach, an 
efficient continuous process is used, which results in signifi
cantly reduced experimental effort, albeit with molecular 
weight limitations. 

Within the last decade, there has been an increasing interest 
in highly branched chiral macromolecules. Supramolecular 
ordering and chiral recognition can be realized by chiral den
dritic structures.64 In the 1980s and 1990s, the stereospecific 
mechanisms of ROP were studied.65 Nevertheless, only few 
works studied the properties of chiral hyperbranched polymers. 
If only one of the enantiomers of glycidol is used in the poly
merization, chiral hbPGs can be obtained. In analogy to the 
previously discussed racemic PGs, the respective polymeriza
tion of both commercially available glycidol enantiomers has 
been investigated.66 The obtained polymers exhibited specific 
optical rotation [α] per monomer unit when using only one 
enantiomer of glycidol for the polymerization. This is an 
important observation since it confirms the expectation that 
in anionic epoxide polymerization the nucleophilic attack 
occurs at the least substituted end of the epoxide ring.28 In a 
recent work, Stiriba and co-workers realized chiroptical induc
tion and molecular recognition by incorporating an inherently 
chiral benzophenone core into a chiral hbPG structure 
(Scheme 17).67 They could show that the enaniomerically 
pure polymer ‘shell’ induces a preferred helical sense at the 
benzophenone core. Interestingly, the addition of further race
mic glycidol leads to amplification of the chirality within the 
polymers. The incorporation of core molecules into nonlinear 
polymers will be discussed in more detail later. 

Random copolymers are interesting as they combine differ
ent properties of several polymers within one material. In a 

Scheme 17 Structure of chiral polyglycerol using 2,2′,4,4′-tetrahydroxybenzophenone as a initiating core molecule. Reprinted with permission from 
Pastor-Pérez, L.; Kemmer-Jonas, U.; Wurm, F.; et al. Macromolecules 2010, 43, 9583.67 Copyright 2010 American Chemical Society. 
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Scheme 18 Random copolymerization of ethylene oxide and glycidol. 

recent work, Frey et al. developed random copolymers which 
show high biocompatibility. EO and glycidol were copolymer
ized in a one-step procedure using anionic ROMBP at 80 °C, 
where the length of the linear segments could be adjusted by 
the comonomer ratio (Scheme 18).68 Polymers with molecular 
weights up to 50 000 g mol−1 and narrow polydispersities (Mw/ 
Mn < 1.8) were prepared, which are currently under investiga
tion for new battery and, in particular, biomedical applications 
since both constituents, poly(ethylene glycol) and PG, show 
high biocompatibility.69,70 

The state of the art in the synthesis of hbPG and advanced 
structures using hbPG as building block was also covered in a 
recent review article.71 

Rokicki et al.72 recently reported a promising alternative 
synthesis of hbPG by ROMBP of glycerol carbonate, a benign 
monomer that can be obtained conveniently from the renew
able materials glycerol and dimethyl carbonate. TMP was used 
as a trifunctional initiator core under SMA conditions, leading 
to the formation of branched polyethers upon CO2 liberation. 
The attack of the alkoxide can occur at the carbonyl or alkyl 
carbon atoms of the cyclic carbonate group. The authors 
observed an additional 13C NMR signal that did not appear in 
the spectra of the polymers obtained by glycidol polymeriza
tion. This signal can be attributed to the generation of terminal 
propane-1,3-diol units, which are the result of an intramolecu
lar rearrangement that can take place in the course of the 
polymerization after formation of an intermediate linear car
bonate (Scheme 19). The obtained polymers were of low 

molecular weight and their polydispersities ranged between 
1.2 and 1.3. 

In 1999, Fréchet and Chang presented a process called 
‘proton-transfer polymerization’, which uses intermolecular 
proton transfer to obtain hyperbranched polymers.73 This is 
in contrast to the anionic ROMBP of glycidol, where intramo
lecular counter-ion transfer is the crucial step to obtain 
branched structures. Scheme 20 shows the mechanistic details 
of this approach. The phenol bisepoxide monomer 1 combines 
several important aspects to make this mechanism possible: 
First, the high nuecleophilicity of the phenolate 2 compared 
with the secondary alkoxide 3 or 5 promotes fast 
proton-transfer activation of the phenolate and therefore com
paratively slower epoxide ring opening. Secondly, the low pKa 

of the phenolic group compared to the secondary alkoxide 
leads to chemoselective chain ends during propagation and, 
thirdly, the ring opening is preferred at one side of the epoxide 
because of steric hindrance. These three factors promote 
chemo- and regionselective growth of the polymer. 
Nevertheless, broad molecular weight distributions (Mw/Mn 

between 1.3 and 12) occur, characteristic for the polymers 
due to cyclization side reactions and unequal reactivity of 
focal groups as a result of their different steric environment. 
In a follow-up work, Fréchet et al. also applied the concept of 
proton-transfer polymerization to the synthesis of hyper-
branched polyesters.74 

Even though oxetanes have been classically considered as 
monomers for cationic polymerizations, some anionic 

Scheme 19 Formation of terminal propane-1,3-diol units in the polymerization of glycerol carbonate.32 
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Scheme 20 Mechanism of the proton-transfer polymerization approach introduced by Fréchet et al. 

polymerizations of unsubstituted oxetane using bulky 
aluminum-based catalysts with added Lewis acids have been 
reported.75,76 It was shown that treatment of substituted oxe-
tanes with strong nucleophiles, such as the azide anion,77 or 
redox conditions with lithium 4,4´-di-tert-butylbiphenylide78 

result in ring opening, but do not promote polymerization. 

Multifunctional oxetane derivatives undergo cationic ROPs 
resulting in hyperbranched polyether structures comparable to 
hbPGs. Smith and Mathias79 first described the anionic ROP of 
EHO to a hyperbranched polyether polyol using sodium 
hydride as a strong base catalyst and TMP as a multifunctional 
initiator core. The polymerization was carried out under SMA 

(c) 2013 Elsevier Inc. All Rights Reserved.



582 Nonlinear Macromolecules by Ring-Opening Polymerization 

conditions at high temperatures above 100 °C because of the 
high activation energy of the ring opening. 

The resulting hyperbranched polyols (Scheme 21) were  of  
low molecular weight. Contrary to hbPGs, hyperbranched 
poly(EHO) could be dissolved in chloroform and benzene, 
but was insoluble in water, thus proving its lower polarity 
resulting from the additional ethyl groups in each repeating 
unit. A fraction of the polymers was soluble in acetone and 
had a higher DB (DB = 0.48) than the acetone-insoluble frac
tion (DB = 0.2). 

In a different approach, EHO and MHO (3-(hydroxy
methyl)-3-methyloxetane) were polymerized in N-methyl-2
pyrrolidone (NMP) using sodium tert-butoxide as deprotona
tion agent and 18-crown-6 to complex sodium counterions and 
enhance the reactivity of the oxy anions.80 The authors investi
gated the influence of the degree of initial deprotonation, 
temperature, and reaction time on the resulting polymer proper
ties. Even though high yields could be obtained, low DBs 
(DB < 0.3) and broad molecular weight distributions (Mw/ 
Mn < 5) characterize most of the products. Still, using sodium 
tert-butoxide as initiator leads to conservation of the oxetane 
function. After acetylation of the OH-groups, the telechelic poly
mers of 1000 g mol−1 molecular weight were polymerized as 
macromonomers in cationic ROP initiated by BF3.OEt2 to 
obtain linear polyethers grafted with hyperbranched side chains 
which are obtained after removal of the protective groups 
(Scheme 22). This four-step approach leads to hyperbranched 
polyethers with molecular weights up to 7600 g mol−1 and rea
sonably narrow molecular weight distributions (Mw/Mn= 1.4).  

The latent AB3-monomer BHMO was also investigated 
using the same synthetic strategy as described before.81 Here, 
higher DBs (up to 0.55) and molecular weights up to 
4400 g mol−1 were achieved. Due to the higher DB, these poly
mers could not be polymerized by cationic ROP to obtain 
higher-molecular-weight branched polyethers, as described 
previously. This problem was solved by copolymerizing the 
macromonomers with 3-ethyl-3-phenoxyoxetane (EPO), 
which afforded polyethers with molecular weights up to 
15 000 g mol−1 and low polydispersities (Mw/Mn = 1.3). 

Sulfur-containing heterocycles have rarely been used in 
ROP even though they are interesting for a variety of biomedi
cal applications.34 Heterocycles higher than four membered 
cannot be polymerized by an anionic mechanism. While the 
cationic polymerization of thietanes leads to branched poly
mers or crosslinked networks, higher sulfur heterocycles were 
never used in the synthesis of hyperbranched polymers by 
ROP, since the synthesis of linear polymers is already 

challenging due to low reactivity of the ACEs and degradation 
processes during the synthesis of linear poly(sulfide)s. 

In summary, anionic polymerization techniques are by far 
the most common approach in the synthesis of well-defined 
hyperbranched polymers by ROP at present, especially in the 
field of hyperbranched polyols. Numerous research groups are 
currently engaged in the preparation, modification, and char
acterization of such polymers for a wide variety of applications, 
ranging from biomedicine, advanced coatings, and rheological 
modifiers to novel catalyst supports. 

4.22.3.3 Catalytic Ring-Opening Multibranching 
Polymerization 

The Nobel Prizes in chemistry in 1963 for Ziegler and Natta for 
their stereoselective polymerization of α-olefins82,84 and in 
2005 for Chauvin, Grubbs, and Schrock for their achievements 
in the domain of ring-opening metathesis polymerization 
(ROMP)85 shows the importance of the research in the field 
of catalytic polymerization techniques. 

ROPs of cyclic lactides and lactones initiated by nucleo
philes (alcohols and amines) in the presence of suitable 
organometallic promoters have been outlined in numerous 
publications.86 The recent impressive progress in the catalytic 
polymerization of vinyl monomers leading to hyperbranched 
structures is detailed in Chapter 9 of this volume. The first 
ROMBP involving a transition metal catalyst was reported by 
Suzuki et al. in 1992.22 Previous studies87 provided the authors 
with a concept of combining the catalytic effect of a Pd(0) 
complex with a suitable monomer structure for ROP. The 
monomer of choice was the cyclic carbamate 5,5-dimethyl-6
vinyltetrahydro-1,3-oxazin-2-one. Benzylamine-initiated poly
merization catalyzed by Pd2(dba)3·CHCl3-2dppe as a catalyst 
at room temperature produced a hyperbranched polyamine 
consisting of primary, secondary, and tertiary amine moieties 
and concurrent CO2 evolution. A simplified illustration of the 
reaction is given in Scheme 23. 

Suzuki and co-workers proposed a detailed mechanism, 
which is depicted in Scheme 24. It involves the 
η3-allylpalladium complex 2 as the key intermediate. The 
amine initiator is assumed to attack the electrophilic site of 2 
to produce the diamine 3, releasing carbon dioxide and regen
erating a Pd(0) complex. Depending on which of the amino 
groups of 3 reacts, two different triamines, 4a and 4b, are 
possible. 

A peculiarity of this work becomes obvious when the mole
cular weight distribution of the obtained polymer is 

Scheme 21 Ring-opening multibranching polymerization of EHO. 
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Scheme 22 Synthesis of a hyperbranched polyether by combination of cationic and anionic ROP. 

considered. After transformation of secondary amino groups 
into carbamate groups (to prevent interaction with the poly
styrene beads in the SEC column), a very low polydispersity 
(Mw/Mn) of 1.35 was found at a molecular weight of about 
3000 g mol−1. Since the amount of initiator employed deter
mines the molecular weights obtained, Suzuki et al. in fact 
developed the first case of a controlled ROMBP, avoiding 
broad molecular weight distributions and undesirable side 
reactions. Paralleling this pioneering work, further studies 
were carried out utilizing a slightly varied cyclic carbamate 
structure (Scheme 25).88 5-Methylidenetetrahydro-1,3-oxazin
2-one was polymerized with a Pd(0) catalyst of very similar 

structure. Triphenylphosphine was found to be a better ligand 
than 1,2-bis(diphenylphosphino)ethane (dppe) in this case. 
Low-polydispersity (Mw/Mn = 1.3–1.5) and highly branched 
polymers with molecular weights between 2000 and 
3000 g mol−1 were obtained in this work as well. 

Stannous octoate (SnOct2, Scheme 26) is a widely used 
transesterification catalyst in polylactide synthesis89,90 as well 
as in the polymerization of lactones with alcohol 
initiators.86,91,92 

The precise initiation mechanism presumably depends on 
the temperature and has not been entirely elucidated to date. 
Two basic types of mechanisms have been proposed in the 
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Scheme 23 Catalytic polymerization of 5,5-dimethyl-6-vinyltetrahydro-1,3-oxazin-2-one. 

Scheme 24 Mechanism of the catalytic polymerization of 5,5-dimethyl-6-vinyltetrahydro-1,3-oxazin-2-one. 

Scheme 25 5-Methylidenetetrahydro-1,3-oxazin-2-one. 

Scheme 26 Stannous octoate (SnOct2). 

literature: a direct catalytic type,93,94 where the catalyst serves 
the activation of the monomer through coordination with its 
carbonyl oxygen, and monomer insertion type 
mechanisms,95–101 involving the catalyst as a co-initiator 
along with either purposely added or adventitious hydroxyl 
impurities. In the latter case, polymerization proceeds through 
an activated stannous alkoxide bond. 

Fréchet et al. reported an elegant approach to hyper-
branched polyesters of high molecular weights in 1999, based 
on the ROP of a lactone-based inimer, that is, a monomer 
containing an ε-caprolactone ring as well as a primary alcohol 
moiety (4-(2-hydroxyethyl)-ε-caprolactone).11 Bulk polymeri
zation was carried out at elevated temperature in the presence 
of a catalytic amount of SnOct2.

102 Scheme 27 depicts the 
pathway of this ROMBP leading to high-molecular-weight 
hyperbranched polymers (Mw = 65 000–85 000 g mol−1) with 
a polydispersity of 3.2. Like in SCVP, high polydispersities are 
in line with the expectation for a one-pot synthesis of this type. 

The reaction was found to proceed faster when the amount 
of catalyst was increased. However, smaller amounts of catalyst 
tended to give polymers with elevated molecular weights. In 
agreement with other hyperbranched polymers possessing a 
large number of hydroxyl end groups, like the previously dis
cussed PG, the obtained polyester was soluble in polar solvents 
such as dimethyl sulfoxide (DMSO), dimethylformamide 
(DMF), and methanol, but insoluble in THF, CH2Cl2 and 
CHCl3. In order to determine the relative amount of linear, 
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Scheme 27 Catalytic polymerization of 4-(2-hydroxyethyl)-ε-caprolactone.59 

terminal and dendritic subunits, 13C NMR spectra of the poly
mer were recorded and compared to the spectra obtained from 
suitable model compounds. The DB was then calculated to be 
0.50 according to the definition established by Hawker, Lee, 
and Fréchet, confirming the hyperbranched structure.4 

Almost at the same time, Hedrick et al. published a reaction 
based on the same concept, where the term ‘self-condensing 
ring-opening polymerization’ (SCROP) was introduced.13 The 
inimer 4-{[2,2-bis(hydroxymethyl)propanoyl]oxy}hexano-6
lactone (Scheme 28) was reacted in the presence of a catalytic 
amount of SnOct2 to yield hyperbranched polyesters. 

Another hyperbranched polyester was prepared and charac
terized in an elegant work by Rokicki et al. in 2006.103 They 
described the synthesis of 5-(hydroxymethyl)-1,4-dioxan
2-one (5-HDON) and its application in the preparation of 
hyperbranched polymers by ROMBP promoted by the SnOct2 

catalyst. 
The theoretical structure of the obtained polymers and oli

gomers is shown in Scheme 29. Similar to the hyperbranched 
polyester prepared by Fréchet et al., four main subunits are 
possible. The polymerization commences at the core unit A. 
Dendritic subunit B is completely substituted and therefore it is 

Scheme 28 Structure of 4-{[2,2-bis(hydroxymethyl)propanoyl]oxy} 
hexano-6-lactone. 

Scheme 29 Theoretical structure with four major main subunits of poly 
(5-HDON). 

a branching point, while unit C depicts a linear fragment of the 
molecule. The terminal units D contain two unsubstituted 
hydroxymethyl groups. 

Characterization by MALDI-TOF mass spectrometry showed 
a small fraction of polymer containing either hydrolyzed 
5-HDON or glycerol as the core unit. Comparably high mole
cular weights (Mn= 25 000–44 000 g mol−1) and low 
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Scheme 30 Mechanism of the coordination-insertion polymerization of 5-HDON in the presence of Sn(Oct)2. 

polydispersities (Mw/Mn = 1.7–2.0) were found by GPC analy
sis. Detailed investigation by NMR spectroscopy revealed that 
the use of an anionic initiator (1,8-diazabicyclo[5.4.0]undec-7
ene (DBU)) lead to incorporation of a higher fraction of den
dritic units into the polymer structure. However, extending the 
reaction time to 72 h instead of 24 h at increased temperature 
(110 °C instead of 75 °C) gave highly branched polymers with 
the Sn(Oct)2 catalyst. These observations appear to confirm 
earlier assumptions about the temperature dependence of the 
mechanism. The authors, therefore, suggest the predominance 
of a coordination-insertion mechanism (Scheme 30) at lower 
temperatures. The respective reaction pathway favors the incor
poration of linear subunits (C). Higher temperatures and 
longer reaction times, however, promote action of Sn(Oct)2 

as a transesterification catalyst and hence resulting in a larger 
amount of branched structures. 

Yu et al. prepared a hyperbranched polyester of a closely 
related structure by using 6-(hydroxymethyl)-1,4-dioxan-2-one 
(6-HDON) as inimer and Sn(Oct)2 as catalyst at elevated tem
peratures over periods of 1–8 days.104 Molecular weights were 
found in the range of 7800–25 600 g mol−1 with polydispersities 
between 2.0 and 3.0. Polymers with high molecular weights were 
only obtained when the molar ratio catalyst/feed was fixed at 
1/400. Increasing or decreasing the amount of catalyst resulted in 
lower molecular weights. The DBs (0.4) were determined by 
inverse gated 13C NMR spectral analysis. The polymerization 
reaction and different units in the obtained polyesters are illu
strated in Scheme 31. Terminal units A and B, linear units 
C and D, as well as dendritic units E are present in the polymer 
structure and can be assigned to the respective signals in the NMR 
spectra. This polymer consists of glycerol and glycolic acid units, 
which renders it biodegradable and biocompatible. 

Since the Nobel Prize for chemistry in 2005 was awarded to 
Chauvin, Schrock, and Grubbs, ROMP has developed to a 
widely used tool in catalytic polymerization.85 Even though, to 
the best of our knowledge, no homogenous hyperbranched 
polymer has been synthesized by ROMP of cyclic alkens yet, 
Lavrich et al.105 presented an elegant way to obtain hyper-
branched hydrocarbon polymers by using the monoterpenes 
d-limonene, β-pinene, or limonene oxides as the ‘solvents’ that 
were reported to be powerful chain transfer agents in ROMP, 
leading to branched structures.106 The authors polymerized dicy
clopentadiene (DCPD) in the presence of a second-generation 
ruthenium catalyst to produce materials without crosslinking, 
with high molecular weights, low polydispersities (Mw/Mn 

mostly < 2), and high DBs (0.40–0.60) (Scheme 32). 
In a following work, the authors characterized the materials 

in more detail. They found a smaller hydrodynamic volume 
compared to the linear analogs and depicted the different 
linear, dendritic, semidendritic, and terminal units by NMR 
spectroscopy.105 

Enzymes are biocatalysts that are becoming increasingly 
important in organic synthesis due to their high selectivity in 
various complex reactions. Enzyme-supported synthesis of 
polymers is an emerging field of research, which affords 
large-scale materials on large-scale and under mild condi
tions.107 The enzymes can be easily removed from reaction 
mixtures not leaving heavy metal catalyst traces in the resulting 
products, which is a great advantage in biomedical applica
tions. Even though enzymes were used as catalysts for the 
ROP of a variety of monomers to obtain linear polymers, 
only very limited works describe the synthesis of hyper-
branched polymers using this strategy. Work in this field was 
carried out by Frey and co-workers, who combined the ROP 
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Scheme 31 Synthesis and structure of poly(6-HDON). 

Scheme 32 ROMP of dicyclopentadiene (DCPD) in the presence of monoterpenes. 

and AB2 polycondensation of ε-caprolactone and 2,2´-bis 
(hydroxymethyl)butanoic acid (BHB) in the presence of immo
bilized Lipase B from Candida antarctica (Novozym 435) 
(Scheme 33).108 Molecular weights up to 35 000 g mol−1 with 
low polydispersities (Mw/Mn < 1.6) were obtained. The DB was 
limited and never exceeded a value of 0.35. It is noteworthy 
that until today no work has been published using an enzy
matic ROMBP to obtain hyperbranched homopolymers. 

As an example of phosphorus-containing heterocyclic 
monomers, Yan et al. recently presented the first synthesis 
of a water-soluble hyperbranched polyphosphate by SCROP, 
using the new inimer 2-[(2-hydroxyethoxy)ethoxy]1,3,2
dioxaphospholan-2-one (HEEP).109 Polymerization was 

carried out in bulk in absence of a catalyst. Therefore, this 
material is particularly interesting for biomedical applica
tions due to its low toxicity and good biodegradability.110 

Scheme 34 shows the reaction, by which polymers with 
molecular weights of 5200 g mol−1, low polydispersities 
(Mw/Mn = 1.75), and almost a statistical DB (DB = 0.47) 
were obtained. 

Catalytic ROMBPs have become a fitting method for the 
preparation of hyperbranched polyesters with high DPn ’s. The 
respective high molecular weights are often conveniently acces
sible because the sensitivity of the polymerization reactions to 
traces of impurities is less distinct than in cationic or anionic 
polymerization techniques. Clearly, enzymatic polymerizations, 
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Scheme 33 Enzymatic synthesis of hyperbranched aliphatic polyesters by combining ROP and AB2 polycondensation. 

Scheme 34 ROMBP of HEEP for the synthesis of hyperbranched polyphosphates.103 

an emerging field of interest in polymer synthesis, have not been 
applied to full success in ROMBP. Nevertheless, many advan
tages of this approach will certainly motivate ongoing research in 
this field. 

4.22.4 Complex Polymer Architectures Containing 
Nonlinear Macromolecules Generated by ROP 

In the following section, several complex polymer structures 
consisting of non-linear-hyperbranched polymer segments and 
their applications will be described. The structures are synthe
sized by ROP. Each of the following subsections forms a growing 
area of research, covered in Chapter 6.05 and other review 
articles in more detail. Selected examples in the particular fields 
will be covered, to complete the overview regarding the materials 
described in this chapter and to deepen the motivation for 
ongoing research on polymer architectures capitalizing on 
hyperbranched building blocks. Within all sections dealing 
with copolymers like LHBCs or hyperbranched-linear copoly
mers (‘hyperstars’), only strategies using ROP in both block 

synthesizes will be covered to show how the different strategies 
within ROP can be combined. Also, in the ‘core variation’ and 
‘terminal functionalization’ sections, only polymers obtained by 
ROMBP will be discussed. The synthesis of hyperbranched poly
mers by ROMBP from surfaces or nanoparticles is described in 
Chapter 6.05 of this volume. 

4.22.4.1 Core Variation 

Molecular encapsulation in dendritic and highly branched 
polymers has received increasing attention recently.111 It was 
shown for dendrimers that the site isolation of a functional 
core unit in a dendritic scaffold is of great interest with respect 
to optical properties, catalysis, and other future applications. 
Detailed studies on dendrimers have revealed that at some 
critical dendrimer generation, the core is encapsulated by the 
sterically crowded and densely packed highly branched archi
tecture.112,114 Within this context, Fréchet et al. introduced 
1-(N,N-dimethylamino)-4-nitrobenzene as a solvatochromic 
chromophore at the focal point of a poly(benzyl ether) den
drimer.114 In other works, manganese and zinc porphyrins 
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coated with a dendritic structure exhibit better stability and 
115,116 improved regioselectivity in catalytic processes.

Additionally, dendritic encapsulation of an active core moiety 
has been proposed to serve as a model for the shielding of 
active centers in naturally occurring enzymes.117 

Hyperbranched polymers containing an encapsulated single 
core moiety have qualified as an interesting alternative to den
drimers for analogous studies, since they resemble in a majority 
of their characteristics and are usually easily accessible by a 
convenient synthesis. Tian et al. used a modified triphenyla
mine as core for a conjugated hyperbranched polymer,118 

where a direct influence of the hyperbranched architecture on 
UV-absorption and fluorescence properties of the core was 
observed. Furthermore, postpolymerization modification of 
the nitrophenyl ester core, subsequent to the formation of the 
dendritic structure, has been reported.119,120 

Competing homopolymerization of the branched monomer 
is an often disregarded reaction in the synthesis of 
core-containing hyperbranched polymers. For simple statistical 
reasons, a majority of the hyperbranched macromolecules are 
unlikely to possess a core unit in a conventional Bn/ABm-type 
copolycondensation. In a very elegant study, Žagar and Žigon 
demonstrated this for commercially available hyperbranched 
polyesters (Boltorn®) obtained from  an  AB2 monomer and B3 

functional core molecule.121 Frey et al. studied the incorporation 
of different initiator cores into hbPGs under the previously 
described SMA conditions.122 The employed cores were structu
rally different, including mono- and bifunctional n-alkylamines 
as well as photoactive cores, such as benzylamine and methyl 
(1-naphthyl)amine and a typical triplet photosensitizer, 
2,2´,4,4´-tetrahydroxybenzophenone (BP(OH)4). Twofold 
reaction of the amines with glycidol prior to polymerization 
(Scheme 35) was found to result in improved molecular weight 
control (Mn =1600–8400 g mol−1) and moderate polydispersity 
(1.5 < Mw/Mn <2.5).  

Macromolecules obtained from polymerization of glycidol 
initiated by the tetra-hydroxybenzophenone BP(OH)4 as a core 
were of low polydispersity (Mw/Mn < 2) and exhibited up to 
5800 g mol−1. The benzophenones substituted with a hyper-
branched polyglycidol corona showed high photostability 
after prolonged irradiation times and therefore are promising 
materials as easily recoverable and reusable photocatalysts.123 

Also, by using pure glycidol enantiomers instead of racemic 
glycidol as monomers, chiroptical induction of the core can be 
obtained.67 

Linear polymers with a short multifunctional initiator blocks 
have been used as core molecules to synthesize LHBCs by a 
three-step strategy. Frey et al. synthesized a linear macroinitiator 

Scheme 35 Double hydroxyl functionalization of amine initiator cores 
with glycidol. 

by hydroxylation of a polystyrene-block-polybutadiene, which 
was attached to a hbPGs core (Scheme 36).124 

These polymers show well-defined micellar aggregation in 
atomic force microscopy (AFM), which proofs their amphiphi
lic structure. The aggregation may be regarded as surprising in 
view of the structural inhomogeneity of the hyperbranched 
block. LHBCs are interesting hybrid polymer architectures sui
table for various applications. They will be discussed in more 
detail later. 

4.22.4.2 Terminal Functionalization and Bioconjugation 

A high number of functional groups in terminal and interior 
repeating units offer the possibility of further functionalization 
to prepare tailored functional materials with defined properties 
based on hyperbranched polymer scaffolds. 

hbPG has been extensively studied in this context because 
the polyether structure shows high biocompatibility, which 
makes the material interesting in a variety of applications in 
nanomedicine.61 This field of research was reviewed by Haag 
et al. in detail just recently.70 In the following section, some 
selected examples will be described and discussed. Haag et al. 
also developed the synthesis of perfect PG dendrons and den
drimers,125,126 which have been investigated in related projects. 

In order to increase the blood circulation time and to 
improve immunogenicity of hydrophilic drugs, the develop
ment of molecular carriers for bioactive guest molecules based 
on branched macromolecules is a well-established field of 
research. The use of physical aggregates like liposomes as cap
sules is arguable, due to their instability under shear stress and 
because of physiological degradation processes. Covalent trans
porters based on biocompatible polymers are a promising 
alternative approach (see also Section 4.22.4.3). 
Hyperbranched PG can be employed as polymer scaffold for 
synthesis of inverted micelles (core–shell structures) by ester
ification127 or acetalization128 of the terminal OH-groups. The 
latter approach affords pH-dependent cleavage of the outer 
shell and controlled release of model compounds and drugs 
upon lowering pH (Scheme 37). It is noteworthy that also 
some catalysts were immobilized in hbPG core–shell structures 
to make them recoverable.129–131 Further, temperature respon
siveness was introduced by adding PNIPAM moieties.132 

Nontoxic core–multishell structures (CMSs) developed by 
Haag et al. offer the possibility to encapsulate hydrophilic and 
hydrophobic molecules in the carrier, with increased capacity 
and a variety of guest molecules compared to simple core–shell 
structures.133,134 Furthermore, multi-allyl-functionalized hbPG 
scaffolds were crosslinked by ring-closing metathesis to obtain 
covalently closed shell systems with increased stability of the 
host–guest complex investigated using various dye solu
tions.135 By introducing nitrobenzyl groups within the shell, 
light-triggered release of guest molecules from photodegrad
able nanocapsules is possible.136 

The covalent conjugation of bioactive compounds to a bio
compatible PG scaffold offers the possibility to increase the 
binding efficiency of target structures, to enhance solubility, 
and – in contrast to physical transporters – to attain total 
control over loading capacity. By using stimuli-responsive lin
kers, controlled release under specific conditions is possible. 
Haag et al. as well as other research groups conjugated drugs 
such as ibuprofen,137 prodrugs of the chemotherapeutic agent 

(c) 2013 Elsevier Inc. All Rights Reserved.



BH 

1.H H 
1.	 CH– 508 55 56 508 

55 2.NaOH2.MeOH 
3.H2O2 

OH 
PS508-b-PB56 

PS508-b-(PB-OH)56 

O 

OH/Cat. KOMe 

Slow monomer addition 

508 

OH O OH OH O OH OH OH O OH 

O OH O OH 
O O O 

O O O OH OH O O O OH 
O O HO HO 

O OH O 
O HO OH 

O HO HO HO 
OH OH OH O 

OH HO OH HO HO 
OH OH 

OH 

590 Nonlinear Macromolecules by Ring-Opening Polymerization 

Scheme 36 Synthetic approach to a linear-hyperbranched block copolymer using polystyrene-block-poly[(hydroxyethyl)ethylene] (PS–b-(PB–OH)) as 
initiating ‘core’. Reprinted with permission from Barriau, E.; García Marcos, A.; Kautz, H.; Frey, H. Macromol. Rapid 124 Commun. 2005, 26, 862. Copyright 
Weley-VCH Verlag GmbH & co. KGaA. 

Stimulus 

Scheme 37 Encapsulation and controlled release from hyperbranched core–shell nanocapsules. 

doxorubicin,138 sugar sulfates to hbPG to obtain heparin ana
logs with a higher lectin-binding efficiency than heparin 
itself,139,140 or short peptides like arginine-glycine-aspartic 
acid (RGD sequence) with anti-inflammatory properties.141 

The attachment of Gd3+ chelators resulted in contrast agents 
for MRI diagnostics.142 The immobilization of enzymes143 is a 
key step toward specific biosensors based on hyperbranched 
polyether scaffolds. In addition, by coupling dithionic acid, 
self-assembled monolayers (SAMs) of hbPG on gold surfaces 
formed, which showed efficient prevention of protein 
adsorption.144 

Besides the biomedical applications, terminal functionali
zation of hbPG can be used to change the thermal properties of 
the polymer. The attachment of mesogenic cyanobiphenyl end 
groups via spacers, results in liquid-crystalline hyperbranched 
polymers and increasey the glass transition to 40–50 °C.145 

Hyperbranched polyethers synthesized by cationic ROMBP 
have barely been used as scaffolds for further functionalization 
because of limited control over the polymerization reaction. Low 
polydispersities and defined molecular weights are essential 

criteria for the development of materials, especially for biomedi
cal applications. Only materials with these properties can 
systematically be investigated in vivo and in vitro because a clear 
structure–effect relationship can be developed to evaluate the 
polymers for these tasks. The same problem occurs for hyper-
branched polyesters synthesized by catalytic ROMBP. 
Additionally, remaining catalyst residues can show toxic effects 
in living organisms. Still, recently developed biocompatible 
hyperbranched polyphosphates can be synthesized by ROMBP 
without catalysts and have successfully been conjugated to drugs. 
Release is possible due to biodegradability of the materials.110 

Besides that, many new monomers have been developed 
just recently for ROMBP and the respective polymerization 
reactions are still under investigation. Given further progress 
in the years to come in polymer synthesis, a variety of new 
materials with well-defined properties will be available for 
further functionalization. Nevertheless, for many potential 
applications of the hyperbranched polymers like in coatings, 
catalyst immobilization or viscosity modification, there is no 
terminal functionalization necessary. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.22.4.3 Multiarm Star Polymers or ‘Hyperstars’ solubility, flexibility, and functionality of the hyperbranched 
core can be modified. 

Various hyperbranched polymers prepared by ROMBP have 
been used as macroinitiators for the synthesis of multiarm 
star polymers, where multiple linear chains are attached to a 
multifunctional hyperbranched core. These structures are also 
referred to as ‘hyperstars’ or could be called 
‘hyperbranched-linear block copolymers’. They can be synthe
sized using a core-first approach (grafting by living 
polymerization from a multifunctional initiator core) or an 
arm-first approach by quenching a living polymerization of 
linear polymers with a multifunctional coupling agent. Again, 
a convenient one-step synthesis is the major advantage over 
dendrimers when hyperbranched polymers are used as macro-
initiators. Nevertheless, low polydispersities are a crucial 
requirement for the synthesis of defined structures after the 
attachment of the linear chains. Therefore, mainly ionic and 
controlled radical polymerization techniques such as ATRP 
have been used for the attachment of the linear chains since 
these techniques provide low polydispersities. Based on this 
consideration, it is not surprising that the ROP of EO to attach 
PEO side chains has been studied extensively using various core 
molecules.146 However, the major focus in this section is on the 
use of ROPs for the synthesis of the arms and the hyper-
branched cores, respectively. Of course, many other polymers 
such as the commercially available Boltorn® polyester147 or 
polyphenylenes148 have been used to name only two. 
Depending on the chemical structure of the arms, polarity, 

hbPG synthesized by anionic ROMBP using the SMA tech
nique (see previously) has been widely used as a 
macroinitiator, owing to its moderate to narrow molecular 
weight distributions. Frey’s group as well as others used hbPG 
as initiator for the anionic ROP of EO or propylene oxide 
(PO) and for the catalytic ROP of L-lactide (LA), glycolide 
(GL), or ε-caprolactone (Scheme 38). Using the more hydro
phobic PO, the glass transition temperatures (Tg) and melting 
temperatures (Tm) of the amorphous PG can be tailored.149 

Knischka et al. found that it was crucial to use hbPG-b-PPO 
stars instead of only hbPG as macroinitiator for the 
grafting-from of EO to attain control over molecular weight 
and polydispersity.150 However, by modifying the reaction 
conditions, Doycheva et al. prepared hbPG-b-PEO copoly
mers.151 Hyperstars with biodegradable polyester side chains 
such as poly(L-lactide)152,153 or poly(ε-caprolactone)154 lead 
to unimolecular micelles with a biodegradable hydrophobic 
shell and a biocompatible hydrophilic core, which are inter
esting as drug-delivery systems in biomedical applications. 
Due to its high crystallinity and poor solubility leading to 
problems in processing, glycolide is barely used as a lactone 
monomer for homo- or copolymers in ROP. By attaching 
polyglycolide (up to 91 wt.%) to a hbPG core by catalytic 
ROP, the solubility can be improved, which opens a road to 
a better processing of polyglycolide materials.155 In addition, 

Scheme 38 Synthesis of various hyperstars using hbPG as multifunctional macroinitiating core. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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hbPG was functionalized with multiple ATRP-initiating 
groups to polymerize several polymethacrylate and polyacry
late side chains from the hyperbranched core.156,157 

Other multifunctional polyethers can be obtained by cationic 
ROMBP of 3-alkyl-3-(hydroxymethyl)oxetane (HMO) (vide 
supra). They possess a similar polyol structure as hbPG, there
fore they are useful macroinitiators for the synthesis of 
hyperstars. After functionalization with isobutyryl bromide 
they were used in ATRP polymerizations as macroinitiators.158 

Hyperbranched poly(3-ethyl-3-hydroxy-2-methyloxetane), 
synthesized by cationic ROMBP was also used as a macroinitia
tor for the synthesis of PEO multiarm star polymers.159 Using 
cationic ROP, Yan et al. synthesized hyperstars by multibranch
ing polymerization of HMO in THF in a one-pot reaction. Due 
to different propagation rates, the hyperbranched core is formed 
first, followed by the attachment of the linear chains.160 

In different approaches, Dworak and co-workers also synthe
sized other star architectures. They used a tetrafunctional 
initiator, grafted blocks of PEO as well as acetal-protected linear 
PG and removed the protective groups under acidic conditions. 
This macroinitiator can be used for the same reaction sequence 
again to obtain defined polymers with up to 200 terminal 
hydroxy units.161 In a recent work, they also used other glycidol 
monomers to obtain multifunctional four-arm stars by ROP.162 

4.22.4.4 Linear-Hyperbranched Block Copolymers 

LHBCs are an emerging field of research in the polymer chem
istry community, since they offer unusual polymer topologies 
both in the solid state and in solution. Three major synthetic 

strategies can be applied to obtain these interesting hybrid 
structures: (1) coupling strategy, (2) chain-first strategy, and 
(3) dendron-first strategy.163 Use of ROP has opened the path
way for several novel structures with interesting properties, 
which were developed just recently. 

Based on the SMA technique, which was described pre
viously, Frey et al. described the first well-defined LHBC in 
2003, where the hyperbranched block was synthesized by 
‘hypergrafting’ of glycidol on a linear precursor in an anionic 
ROMBP.164 Another example, polystyrene-block-hbPGs was 
described in an earlier section.124 

Poly(ethylene glycol)-block-hyperbranched PG (PEO-b-hbPG) 
copolymers prepared using an analogous route are of special 
interest for biomedical applications due to their biocompatible 
polyether-only structure.165 By using a protected amino function 
as initiator, α,ωn-telechelic polymers can be synthesized, while 
the polyfunctionality ωn can be adjusted by the DPn of glycidol. 
The different functional groups can be addressed in different 
chemical reactions, providing orthogonal modifications. These 
polymers are interesting candidates for protein conjugation to 
increase blood circulation times, in analogy to the established 
PEGylation. Using a four-step protocol combining two anionic 
ROP steps and two deprotection steps (Scheme 39), these bio
compatible LHBCs can be obtained with low polydispersities 
(Mw/Mn < 1.3) and molecular weights from 1000 up to 
25 000 g mol−1 in a chain-first strategy.166 EO and 2-ethoxyethyl 
glycidyl ether (EEGE) are polymerized by anionic ROP to obtain 
a linear PEG block with a short linear PG block attached, which 
functions as macroinitiator for the ROMBP of glycidol after 
cleavage of the acetal protective groups under acidic conditions. 

Scheme 39 Four-step synthesis of biocompatible α,ωn-telechelic LHBCs. Reprinted with permission from Wurm, F.; Klos, J.; Räder, H. J.; Frey, H. J. Am. 
Chem. Soc. 2009, 131, 7954.166 Copyright 2009 American Chemical Society. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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The benzyl-protected terminal amino groups are cleaved in the 
final reaction step by catalytic hydrogenation without side reac
tions or degradation of the polyether structure. 

By using aliphatic initiators such as cholesterol or glycerol 
ethers within the same synthesis concept, amphiphilic block 
copolymers can be synthesized which show micelle formation 
and are currently under evaluation as novel stealth liposomes 
for drug-delivery applications.167 

Hyperbranched-linear-hyperbranched (ABA) triblock copo
lymers (HLHBCs) of hbPG-b-PEO-b-hbPG with molecular 
weights up to 45 000 g mol−1 have also been synthesized by 
anionic ROP of EO and EEGE and subsequent anionic ROMBP 
of glycidol.168 In different approaches, Lim et al.169 used a 
linear block of THF, polymerized by cationic ROP, and subse
quent anionic ROMBP of glycidol and studied the micelle 
formation behavior of the polymers, while Malmström 
et al.170 in an analogous grafting procedure synthesized a linear 
block of PEO by anionic ROP and two hyperbranched blocks 
by cationic ROMBP of HMO to obtain HLHBCs. 

4.22.5 Conclusion and Perspectives 

In this chapter, it has been demonstrated that ROMBP (also 
referred to as SCROP) are by now well established as a versatile 
and often preferential method for the controlled synthesis of 
well-defined hyperbranched polymers with moderate polydis
persities. The heterocyclic monomers discussed earlier are 
generally latent ABm monomers that are eligible for pseudo
chain-growth when using SMA conditions (polymerization by 
ring opening – chain growth, condensation of the pending B 
group with the heterocycle – step growth). 

A major advantage of ROPs compared to conventional 
polycondensations is the general absence of polycondensation 
side products. This inherent characteristic allows for the appli
cation of cationic, anionic, and catalytic polymerization 
techniques in the initiated polymerization of suitable cyclic 
monomers, using functional initiators to achieve remarkable 
control over molecular weights and polydispersity. Employing 
SMA conditions, pseudo-chain-growth was realized for glyci
dol, permitting control over molecular weights. Understanding 
and controlling the branching pattern as well as molecular 
weight and polydispersity are an important issue both for the 
elucidation of structure–property relationships and the assem
bly of more complex polymer architectures using ROMBP. In 
this context, the synthetic principles other than ROP and 
detailed examples of the advantages of all basic strategies are 
presented in Chapter 4.11 of this volume. 

In addition to the development of more efficient reaction 
systems for existing polymerization procedures such as the use 
of more efficient or recoverable catalysts or the use of enzy
matic catalysis systems (‘green chemistry’), future development 
of ROMBP reactions will certainly include novel cyclic mono
mers, leading to a variety of branched materials that can be 
obtained under controlled conditions. 

Well-established materials, such as hyperbranched poly-
ether polyols, have been used to develop exciting hybrid 
structures, from multiarm star polymers to LHBCs. Chemical 
modification of the core as well as the multiple terminal and 
interior groups leads to multifunctional materials for 

applications such as catalyst supports for bioconjugation and 
as photosensitizers. Unmodified hyperbranched polymers can 
contribute to applications in materials processing, for example, 
as rheology modifiers or coatings. The convenient synthesis of 
hyperbranched polymers in single reactions makes these mate
rials highly interesting for industrial production. Further basic 
research in this field of polymer science will contribute to the 
development of complex polymer structures with a potential 
for academic and commercial specialty purposes. 
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4.23.1 Introduction to Ring-Opening Metathesis favored.6 Consequently, mono-, bi-, or tricyclic ring structures 
Polymerization 

Ring-opening metathesis polymerization (ROMP) is a poly
merization process that is best accomplished by Schrock-type 
carbenes; that is, high-oxidation-state transition-metal 
alkylidenes in which cyclic olefins, whether mono-, bi-, or 
multicyclic, undergo ring opening and are concomitantly 
joined together to form a polymer chain. ROMP is thus a 
chain-growth polymerization and belongs, together with 
Ziegler-Natta-type polymerizations and group transfer poly
merizations, to the family of polyinsertions. The mechanism 
is based on olefin metathesis.1–4 The ring-opening process 
occurs at the most stable site of the monomer, that is, at the 
double bond (Scheme 1).5 

It is important to note that, as with all metathesis reactions, 
all steps are in principle reversible. Furthermore, the double 
bond of the monomer is formally preserved, resulting in one 
double bond per repeat unit. This high unsaturation of the 
resulting ROMP-derived polymers affects the stability versus 
oxygen of the resulting polymers, particularly of poly(norborn
2-ene) (poly(NBE)). However, a significantly reduced propen
sity versus oxidation is observed for ROMP-derived polymers 
of mono- or disubstituted NBEs as well as of cis-cyclooctene 
(COE)-derived polymers. ROMP may therefore be regarded 
as a reversed ring-closing metathesis (RCM) reaction. It is 
driven by the thermodynamics that are entailed with the reduc
tion in ring strain that occurs during incorporation of the 
monomer into the growing chain. In general, the ring opening 
of 3-, 4-, 8-, and larger-membered rings is energetically 

with large ring strain, for example, NBEs, norbornadienes, 
COEs, cyclooctadienes (CODs), cyclobutenes, are favored. 
The overall ΔG° value for the ROMP process of 7-membered 
and in particular of 5- and 6-membered rings, that is, whether 
positive or negative, strongly depends on the concentration of 
the monomer, substituents at the ring, and the fact whether the 
cyclic olefins are part of a bi- or multicyclic ring system.7 

Finally, as another consequence of the large number of double 
bonds present in ROMP-derived polymers, backbiting 
processes may occur, leading to cyclic oligomers/polymers 
(Scheme 2).8–10 

The extent of this process strongly depends on tempera
ture, monomer concentration, cis/trans configuration of the 
double bonds within the polymer backbone, solvent, reaction 
time, and, probably most important, the steric bulk of the 
monomer used. 

4.23.2 Initiators for ROMP 

During the past 25 years, tremendous efforts have been put 
into the development of well-defined ‘single-site’ 
transition-metal alkylidenes.7,11–21 Among all, the work of 
two groups deserves particular attention, a fact that was also 
recognized by awarding the 2005 Nobel Prize in chemistry 
to R. H. Grubbs22–28 and  R. R. Schrock.29–36 They shared 
this award with Y. Chauvin,5 honored for his fundamental 
work on metathesis chemistry. Mainly the work of Grubbs 
and Schrock led to the development of well-defined 
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Scheme 1 Illustration of the ROMP process. 

transition-metal alkylidenes that rapidly outrivaled the so far 
existing traditional initiator systems (Figure 1). 

These initiators have the advantage of representing 
well-defined compounds and in particular of possessing pre
formed metal alkylidenes. Consequently, an in situ formation 
of the reactive species, that is, of the corresponding metal 
alkylidene, is not necessary. This dramatically reduces the 
load of metal salts and auxiliary ligands and thus does not 
only reduce the costs but also facilitate the purification of the 
final polymers. 

‘Schrock catalysts’ are high-oxidation-state molybdenum 
(tungsten) alkylidenes and were first reported by Schrock 
et al.37 in 1990. The systems possess the general formula 
M(NAr′)(OR′)2(CHR)·L, where M = Mo, W; Ar′ = phenyl, a sub
stituted phenyl group or adamantyl; R = ethyl, phenyl, 
trimethylsilyl, CMe2Ph, or tert-butyl; R′ = CMe3, CMe2CF3, 
CMe(CF3)2, C(CF3)2, aryl, and so on; and L=quinuclidine, 
trialkylphosphane, tetrahydrofuran (THF), and so on. The 

most commonly used and also commercially available systems 
are based on the neopentylidene, the neophylidene, the 2,6-(2
Pr)2-C6H3-imido, the adamantylimido, the tert-butoxide, the 
hexafluoro-tert-butoxide, and the (substituted) binaphtholate 
and biphenolate ligand. 

Grubbs-type initiators are well-defined ruthenium 
alkylidenes,38–41 however, with a more pronounced carbene 
character. The so-called ‘first-generation Grubbs initiators’ are 
based on phosphanes, while the ‘second-generation Grubbs 
initiators’ bear both an N-heterocyclic carbene (NHC) and a 
phosphane.13–15,42,43 Finally, the ‘third-generation Grubbs 
initiators’ contain one NHC and one or two (substituted) 
pyridines.44 Another milestone in catalyst activity was the 
development of Grubbs-type initiators with an internally 
oxygen-chelated ruthenium alkylidene (Figure 2).20 They are 
usually referred to as Grubbs–Hoveyda catalysts and exhibit 
pronounced stability and longevity, for example, in RCM reac
tions. A release–return mechanism has been proposed for these 
systems;45 however, more recent reports make this mechanism 
highly questionable.46 

Finally, Ru-carboxylate47 and bis(trifluoroacetate) derivatives 
of the general formula Ru(CF3COO)2(NHC)(CHR) and 
Ru(CF3COO)2(PCy3)(NHC)(CHPh) (NHC = IMes, IMesH2, 1,3
dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene, 1,3-dimesityl
4,5,6,7-tetrahydro-1,3-diazepin-2-ylidenes; R = 2-(2-PrO)-C6H4, 
2-MeO-5-NO2-C6H3)

18,47–57 have to be mentioned. These cata
lysts are highly active in ROMP and also allow for the (‘living’) 
cyclopolymerization of 1,6-heptadiynes (Figure 3).56–59 

4.23.2.1 ROMP with Schrock Initiators 

Generally speaking, Schrock60 initiators are highly active in the 
ROMP of a vast variety of cyclic alkenes such as substituted 
NBEs, norbornadienes, 7-oxanorbornenes, cyclooctatetraenes 
(COTs), 1,4-CODs, etc., or polycyclic alkenes such as certain 
quadricyclanes.61 In addition, they may be used for 1-alkyne 
polymerization and the cyclopolymerization of 1,6-hepta
diynes.58,62 Despite the fact that they are highly sensitive 

Scheme 2 Inter- (1) and intramolecular (2) chain transfer reactions in ROMP. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 1 Selected examples of Grubbs- and Schrock-type initiators. 

Figure 2 Second-generation Grubbs–Hoveyda catalyst. 

toward traces of oxygen or moisture, they possess a remarkable 
stability versus various functionalities including cyano groups, 
esters, anhydrides, amides, ethers, amines, and so on.31,63,64 

Schrock catalysts exist in form of two rotamers. The one com
pound in which the tert-butyl or CMe2Ph group points toward 
the imido ligand is commonly called the syn-rotamer, while the 
second with the tert-butyl or CMe2Ph group pointing away 
from the imido ligand is called the anti-rotamer (Figure 4). 

These two rotamers, whose reactivity and relative ratio is 
governed by the electronic nature of the alkoxide ligand, are 
responsible for the structure of the final ROMP-derived polymer. 
The rates of interconversion between these two rotamers strongly 
depend on the alkoxide. The ‘living’ polymerizations triggered 
by Mo-bis(tert-butoxide)-derived initiators usually lead to 
the formation of all-trans, highly  tactic  polymers.65 Tacticity of 
such polymers is believed to be controlled by the chirality 
of the alkylidenes, β-carbon (chain end control).28–36,66 

Living, Schrock initiator-triggered polymerizations are best 

Figure 3 Selection of modified Grubbs-type initiators. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 4 syn- and anti-rotamers of a Schrock catalyst. ks/a and ka/s are 
the rate constants for the interconversion of the syn- into the anti-rotamer 
and vice versa. 

terminated by aldehydes in a Wittig-type reaction: 
polymer–CH=[Mo] + RCHO → polymer–CH=CHR + [Mo=O].67 

4.23.2.2 ROMP with Grubbs-Type Initiators 

Compared to molybdenum- or tungsten-based Schrock cata
lysts, the reactivity of ruthenium-based Grubbs catalysts is 
somewhat different. Reactivity in RuCl2(PR3)2(CHPh) may 
efficiently be tuned by the use of different phosphanes68 rather 
than by the nature of the alkylidene moiety or by substitution 
of the chlorides by other, more electron-withdrawing groups.69 

The widely accepted dissociative mechanism25,70,71 is shown in 
Scheme 3. 

The stability as well as the reactivity order that can be 
deduced therefrom is PPh3 <PBz3 <PCyPh2 <PCy2Ph < P-i
Bu3<P-i-Pr3 <PCy3. Concerning the variation of the other 
ligands, an increase in reactivity in the order X=I<Br<Cl and 

Scheme 3 Mechanism of ROMP initiated by Grubbs-type initiators. 

R=H<Ph<alkyl<COOR for RuX2(PR3)2(CHR′) is observed. Vice 
versa, in terms of initiation, an increase in the rate constant 
of initiation has been observed in the order X=Cl<Br<I, 
R′=H<Ph<alkyl<COOR, and PR3=PCy<PPh3. In terms of poly
mer structure, the ROMP of NBEs and norbornadienes using 
ruthenium-based systems generally results in the formation of 
polymers that predominantly contain trans-vinylene units. For a 
detailed discussion on the stereochemistry of ROMP-derived 
polymers and the determination of tacticity refer to the 
chapter by J. G. Hamilton in Ref. 25 and the references 
cited therein. Polymerizations initiated by Grubbs-type 
initiators are best terminated by the use of ethyl 
vinyl ether, yielding vinyl-terminated polymers and 
Ru-(ethoxymethylidenes) with very low ROMP activity.72 

4.23.3 1-Alkyne Polymerization 

The term 1-alkyne polymerization refers to a process in which a 
terminal alkyne undergoes, similar to the ROMP process of a 
cyclic olefin, a [2 + 2] cycloaddition to a metal carbene (alkyli
dene). This can proceed via α- or  β-insertion of the alkyne into 
the metal–carbon double bond (Scheme 4). Both insertion 
mechanisms lead to conjugated polymers. With a few excep
tions,73–75 polymerizations based on α-insertion are the 
preferred ones, since they offer better control over molecular 
weights due to favorable values of ki/kp (ki and kp are the rate 
constants of initiation and propagation, respectively). 

Despite some reports on a successful polymerization of 
terminal alkynes by Grubbs-type initiators, the efficient 
and living polymerization of these monomers is still the 

Scheme 4 α- and β-insertion of a terminal alkyne into a metal alkylidene. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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domain of Schrock-type initiators.49 Importantly, the careful 
tuning of both the steric and electronic properties of the 
catalysts can be used to generate polymerization systems 
where kp is comparable to or larger than ki, resulting  in  
polymerizations characterized by the complete and instan
taneous consumption of initiator. In case an initiator fulfills 
all these criteria, polymers with defined molecular weight 
and low polydispersity (polydispersity index (PDI), typi
cally <1.15) are obtained. In addition, a stoichiometric 
design and the construction of block copolymers are possi
ble. Finally, the formation of a certain backbone structure, 
that is, the relative orientation of one monomer unit to 
another, may be predetermined by the choice of a certain 
initiator. Nevertheless, to rely on these potential advantages, 
a careful investigation of the polymerization system is 
necessary for every single monomer used. 

4.23.4 Supports 

4.23.4.1 Inorganic Surfaces 

4.23.4.1.1 Gold surfaces 
The first surface modification using a ‘grafting-from’ approach 
aimed on the preparation of 1-mercapto-10-(exo-5-norborn-2
enoxy)decane-modified gold nanoparticles for the RuCl2 

(PCy3)2(CHPh)-initiated grafting of ferrocene-containing 
NBEs to produce redox-active polymer-nanoparticle hybrids 
(Scheme 5)76,77 The concept was later extended to insulating 
surfaces such as silicon using a synthetic protocol similar to 
the one described by Grubbs et al. and Buchmeiser et al. 
(see below).78 

A similar approach for the modification of Au surfaces was 
reported by Grubbs and Weiss et al., who used the more rigid 
tether molecule 4-(4-(norborn-5-ene-2-ylmethylenoxy) 
phenylethynyl)tolane-4′-thiol (Figure 5). N-Methyl-7
oxanorborn-5-ene-5,6-dicarbimide and 2,3-bis(tert-butoxydi
methylsilyloxymethylene)-norborn-5-ene were used in a 
‘grafting-from’ approach.79 Similarly, surfaces of gold particles 
were modified with norborn-5-ene-2-ylmethanthiol and the 

Figure 5 4-(4-(Norborn-5-ene-2-ylmethylenoxy)phenylethynyl)tolane
4′-thiol used as anchor group in a ‘grafting-from’ approach for the 
modification of Au surfaces. 

surface-immobilized NBE groups were subsequently used for 
the grafting of NBE using a ‘grafting-from’ approach. The result
ing material was used for the construction of a field-effect 
transistor.80 

Li et al.81 utilized a norborn-5-en-2-yloxydodecan-1-thiol
modified gold cluster. Cross-linking of the core was accom
plished with the first-generation Grubbs initiator RuCl2 

(PCy3)2(CHPh). Both intra- and interparticle cross-linking 
was observed.81 The latter could be avoided by using flat Au 
surfaces. Wu et al.82 described the synthesis of nanometer-sized 
hollow polymer capsules from polymer-grafted gold particles. 
A metathesis-based route utilizing RuCl2(PCy3)2(CHPh) was 
applied, where the terminal alkene groups of the tripodal 
Au-immobilized ligand shown in Figure 6 were cross-linked 
to form a three-dimensional polymer network. Dissolution of 
the gold particles with KCN/K2[Fe(CN)3]/THF yielded the 
desired hollow capsules.82 

Finally, Samanta et al.83 reported on the synthesis of Au 
nanoparticles carrying self-assembled monolayers (SAMs) 
with various functional groups including ferrocene and 
Fischer carbenes (Scheme 6). 

4.23.4.1.2 Silicon-based surfaces 
84,85Juang et al. and Harada et al. reported on the surface 

modification of Si (111). Conversion of the surface Si–H moi
eties into Si–allyl groups allowed to pursue the ‘grafting-from’ 
approach shown in Scheme 7. The thickness of the polymer 
layer could be varied up to 5500 nm by simple variation of the 
monomer, that is, the NBE concentration. 

Scheme 5 Synthesis of Au-hybrid nanoparticles with electroactive copolymer shell structure. 
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Figure 6 Synthesis of nanometer-sized hollow polymer capsules from polymer-coated Au particles. 

Scheme 6 Synthesis of Au nanoparticles bearing functional self-assembled monolayers (SAMs). 

4.23.4.1.3 Silica-based surfaces 
Many applications of surface-modified materials, for example, 
in separation science or heterogeneous catalysis applying con
tinuous flow conditions, require the use of mechanically and 
pressure-stable carriers. Buchmeiser et al.86–88 were the first to 
develop synthetic protocols for both a ‘grafting-from’ and a 
‘grafting-to’ approach for the modification of micrometer-sized 
inorganic, that is, silica particles (Scheme 8). 

Surface-immobilized norborn-5-ene-2-yl-groups were used 
as suitable anchoring groups for the preparation of graft copo
lymers using ROMP. These can easily be introduced in the case 
of silica materials using trichloronorborn-5-ene-2-ylsilane, 

chlorodimethylnorborn-5-ene-2-ylsilane, or trialkoxynorborn
2-ene-5-ylsilanes. To gain access to accurate surface analysis 
using elemental analysis, the former appears favorable, since 
all carbon found in norborn-5-ene-2-ylsilyl-derivatized silica 
can be clearly attributed to the surface-immobilized NBE groups. 
In contrary, the use of trialkoxynorborn-2-ene-5-ylsilanes results 
in the formation of additional surface-bound alkoxysilanes that 
impede accurate quantification of surface-bound NBE groups via 
elemental analysis.89,90 Subsequent ‘end capping’ with a mixture 
of chlorotrimethylsilane and dichlorodimethylsilane followed 
by addition of absolute methanol leads to a sufficient derivatiza
tion of a major part of the surface silanol groups 
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Scheme 7 Surface modification of Si using a ‘grafting-from’ approach. 

Scheme 8 Surface functionalization of silica via ROMP. ‘Grafting-from’ approach (top), ‘grafting-to’ approach (bottom). 

(approximately 90%). For the ‘grafting-to’ approach, the mono
mer was transformed into a living polymer via ROMP and 
subsequently attached to the support by reaction with the sur
face NBE groups. This approach required at least class-IV living 
systems91 and consequently leads to the formation of tentacle 
(brush)-type stationary phases with the linear polymer chains 
attached to the support. Alternatively, the initiator can first be 
reacted with the support to become heterogenized. Monomer is 
added consecutively and grafted onto the surface (‘grafting-from’ 

approach). While the first-generation Grubbs-type initiator 
RuCl2(PCy3)2(CHPh) could be used only for ‘grafting-from’ 
experiments, Schrock-type initiators are applicable to both 
methods. 

With these methods in hand, various monomers including 
the chiral, enantiomerically pure monomer N-(norborn-5-ene-2
carboxyl)-phenylalanine ethylester was surface-grafted on porous 
5 μm silica. Using Nucleosil 300-5, 60 mmol of this monomer 
was immobilized on the surface using a ‘grafting-from’ approach 
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and RuCl2(PCy
86 

3)2(CH-p-F-C6H4) as initiator. With Mo(N-2,6
Me2-C6H3)(CHCMe2Ph)(OCMe(CF3)2)2 as initiator, 40 mmol 
of this monomer could be grafted to the surface using either 
a ‘grafting-from’ or a ‘grafting-to’ approach. The resulting 
chiral stationary phase (CSP) was successfully used as 
high-performance liquid chromatography (HPLC) support in 
the separation of racemic dinitrobenzoyl-protected phenylala
nine ethyl ester.86 The broad applicability of this concept was 
demonstrated by immobilizing a series of β-cyclodextrin (β-CD) 
derivatives, 6-O-(norborn-2-ene-5-carboxyl)-β-CD, tetrakis(6-O
norborn-2-ene-5-carboxyl)-β-CD, 6-O-(7-oxanorborn-2-ene-5
carboxyl)-β-CD, 6-O-(6-(norborn-2-ene-5-carbonylaminohex
oyl)-β-CD, 6-O-(norborn-2-ene-5-ylmethoxymethylsilyl)-β-CD, 
tris(6-O-norborn-2-ene-5-ylmethoxymethylsilyl)-β-CD, tetrakis 
(6-O-norborn-2-ene-5-ylmethoxymethylsilyl)-β-CD, and hexakis 
(6-O-norborn-2-ene-5-ylmethoxymethylsilyl)-β-CD, on Nucleosil 
300-5.92 A ‘grafting-from’ approach using RuCl2(PCy3)2(CHPh) 
as initiator was used throughout resulting in grafting densities 
of 11–34 mmol g−1. The CSPs could be prepared with high 
reproducibility and used within a pH range of 2–10. With 
these stationary phases in hand, a series of β-blockers, dansyl 
(DNS)- or 9-fluorenylmethoxycarbonyl (Fmoc)-protected 
amino acids, and planar chiral ferrocene derivatives 
(Figure 7) could be separated.92,93 Selected data on the separa
tion efficiency, selectivity factor (α), and resolution (Rs) are 
provided in Table 1. Relative standard deviations (RSDs) 
(sn−1) of the mean resolution (Rs) were in the range of 2–7% 
throughout. In a comparative study, poly(7-oxanorborn-5-ene
2,3-dicarboxylic acid)-grafted silica supports, again prepared 
via a ‘grafting-from’ approach, possessed superior separation 
behavior to the analogous coated separation media.94 

Based on our studies on metallocenylalkynes,73–75,95 poly 
(ethynylferricinium)-based anionic exchangers were prepared 
applying the ‘grafting-to’ concept described above.96 Thus, 

S
ig

na
l i

nt
en

si
ty  

 

270 nm 
500 nm 

0 2 4 6 

Time (min) 

Figure 7 Separation of rac-ferroceno[2,3a]inden-1-ones on a poly 
(tetrakis(endo/exo-6-O-norborn-2-ene-5-ylmethoxymethylsilyl)-β-CD)
grafted column. Conditions: T = 21.5 °C, flow rate 0.5 ml min−1, 
acetonitrile/MeOH/acetic acid/triethylamine (90:10:0.15:0.45), UV-detec
tion. Reprinted from Mayr, B.; Schottenberger, H.; Elsner, O.; 
Buchmeiser, M. R. J. Chromatogr. A 2002, 973, 115–122. © Copyright 
2002, with permission from Elsevier. 

metathesis polymerization of 4-ethynyl-1-(octamethylferroce
nylethenyl)benzene using the Schrock-type catalyst Mo(N-2,6
Me2-C6H3)(CHCMe2Ph)(OCMe(CF3)2)2 and subsequent 
grafting of the living polymer onto a (norborn-5-ene-2-yl)
derivatized silica support resulted in the desired octamethylfer
rocene-grafted stationary phase (Scheme 9). Both porous, that 
is, Nucleosil 300-5, and nonporous silica supports, that is, 
Micra, were used. Oxidation with I2 resulted in an octamethyl
ferricinium-based anion exchanger that was successfully used 
for the separation of oligonucleotides (dT12-dT18). 

As shown in preceding investigations, N,N-dipyrid-2
ylnorborn-2-en-5-ylcarbamide can be polymerized in a living 
manner using well-defined Schrock initiators.97 Thus, a class-VI 
living system91 was accomplished with Mo(N-2,6-i-Pr2-C6H3) 
(CHCMe2Ph)(CMe(CF3)2)2. This monomer was grafted on 
NBE surface-functionalized silica, using a ‘grafting-from’ 
approach to generate tentacles of poly-(N,N-dipyrid-2
ylnorborn-2-en-5-ylcarbamide) with a controlled degree of 
polymerization (DP), typically <50 (Scheme 10).98 

It is worth mentioning that the careful end capping of silica 
with a mixture of ClSiMe3 and Cl2SiMe2 eliminates virtually 
any initiator deterioration potentially caused by the interaction 
with the silanol groups. In addition, complete reaction of the 
initiator with the support as evidenced by the absence of any 
soluble polymer was observed.86 The loading of the supports 
with palladium was accomplished by reaction with H2PdCl4. 
Within a few hours, a quantitative reaction was observed result
ing in slightly yellow-colored supports. Values of 0.28 and 
0.08 mmol Pd/g, respectively, were achieved. Not surprising, 
RuCl2(PCy3)2(CHPh) was not capable of polymerizing N, 
N-dipyrid-2-ylnorborn-2-en-5-ylcarbamide or its 7-oxa analo
gue in a quantitative or living manner due to an irreversible 
coordination of the ligand to the ruthenium core. The 
palladium-loaded silica were successfully used in various 
Heck reactions including slurry reactions under standard as 
well as under microwave conditions where removal of the sup
port was simply accomplished by filtration. In particular the use 
of microwave lead to a drastic reduction of reaction times, which 
is of particular interest for applications in high-throughput 
screening (HTS). Turnover frequencies (TOFs) were typically in 
the range of 0.1–0.3 s−1. Alternatively, palladium-loaded silica 
was packed into stainless steel columns, which were subse
quently loaded with monomers for Heck reactions and 
employed as reaction columns as in HTS machines. 
Alternatively, flow-through reactors were realized with 
surface-derivatized silica-packed stainless steel columns. With 
these columns, a constant conversion of iodobenzene with styr
ene (70–80%) was observed over several hours. TOFs were in 
the range of 0.07 s−1. In all these experiments, irrespective of the 
application, only minor amounts of Pd, typically less than 2.5%, 
were leached into the reaction mixture.98 

Grafting of 4′-(norborn-2-en-5-ylmethylenoxy)terpyridine 
was accomplished by ROMP, too. However, polymerization 
of this monomer by the Schrock initiator Mo 
(N-2,6-i-Pr2-C6H3)(CHCMe2Ph)(CMe(CF3)2)2 only fulfilled 
the requirements of a class-V living system.91 Consequently, 
the corresponding surface-grafted support had to be prepared 
applying a ‘grafting-from’ approach as described above86 

(Scheme 11). 
Loading with Cu(I) afforded the desired atom transfer 

radical polymerization (ATRP) support.99–101 Typical metal 
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Table 1 Separation of racemic DNS- and Fmoc-protected amino acids and drugs on 6-O-(norborn-2-ene-5
carboxyl)-β-CD-grafted Nucleosil 300-5 

kL kD a RS kL kD a RS 

DNS-Vala 2.03 5.07 2.50 4.75 DNB-Trpa 6.61 7.88 1.19 0.89 
DNS-Trpa 3.52 5.35 1.52 2.12 DNB-Phea 10.21 6.84 1.49 2.36 
DNS-Thra 0.47 1.44 3.08 2.38 Fmoc-Phea 10.15 9.09 1.12 0.67 
DNS-Sera 0.86 1.59 1.85 1.08 Atenololb 9.09 11.68 1.28 1.05 
DNS-Phea 3.10 5.02 1.62 2.50 Propranololb 2.19 2.60 1.19 0.56 
DNS-Meta 1.72 3.30 1.92 2.71 Metoprololb 2.57 3.27 1.27 0.85 
DNB-Vala 4.32 5.50 1.27 1.22 Proglumideb 2.08 3.54 1.70 2.57 

a99.8:0.2:0.01:0.03, acetonitrile/MeOH/acetic acid/triethylamine. 
b98:2:0.2:0.2, acetonitrile/MeOH/acetic acid/triethylamine. 
Column dimensions: 150 � 2 mm; T = 0 °C; flow = 0.5 ml min−1 . 

Scheme 9 Surface functionalization of silica via 1-alkyne polymerization using a ‘grafting-to’ approach. 

loadings were in the range of 15 mmol g−1. Polystyrene (PS) 
prepared under ATRP conditions with these supports showed 
comparably low polydispersities (PDI = 1.55–1.77). The ATRP 
system consisted of a metal center with one terpyridyl and 
presumably three acetonitrile ligands, which were at least in 
part substituted by monomer. Consequently, and in contrast to 
standard systems,102 the equilibrium Mn+ ↔ Mn+1 in this type 
of reaction did not require conformational changes or dissocia
tion of a terpyridyl ligand. Therefore, polymerization 
proceeded comparably fast within 2 h, however, polymer yields 
were low (<35%). 

The capability of ROMP of polymerizing even more 
complex functional monomers was demonstrated by the 
fact that the cationic NHC precursor 1,3-di(1-mesityl)-4
{[(bicyclo[2.2.1]hept-5-en-2-ylcarbonyl)oxy]methyl}-4,5-dihydro
1H-imidazol-3-ium tetrafluoroborate can be polymerized 
with the Schrock initiator Mo(N-2,6-i-Pr2-C6H3) 
(CHCMe2Ph)(OCMe(CF3)2)2

103 at ambient temperature in 
CH2Cl2. The observed theoretical DP of 7 was in excellent 
accordance with a DP of 7 � 1 found via end-group analysis 
using 1H-NMR. The polymerization system fulfilled at least 
the requirements of a class-V living polymerization system, 
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Scheme 10 Immobilization of norborn-5-ene-5-N,N-dipyrid-2-ylcarbamide on silica-60 using a ‘grafting-from’ approach. 

Scheme 11 Grafting of 4′-(norborn-2-en-5-ylmethylenoxy)terpyridine on silica and loading with Cu(I). 

which allowed for a quantitative conversion into a teleche
lic polymer via reaction of the living polymer in a 
Wittig-type reaction with an excess of ω-(triethoxysilyl) 
propyl isocyanate (Scheme 12). This telechelic oligo-(1,3
di(1-mesityl)-4-{[(bicyclo[2.2.1]hept-5-en-2-ylcarbonyl)oxy] 
methyl}-4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate) 
was then reacted with silica-60. Generation of the free 
carbene with KO-tBu in THF at −30 °C and reaction with 
RuCl2(PCy3)2(CHPh) yielded the immobilized 
second-generation Grubbs catalyst.104 The ruthenium con
tent as measured by inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) revealed catalyst loadings 
up to 0.5 wt.%. RCM carried out with diethyl diallylmalo
nate (DEDAM) as a benchmark gave turnover numbers 
(TONs) ≤80 for a stirred batch. No catalyst bleeding was 
observed (limit of detection for Ru by ICP-OES=0.1 ppm), 
thus offering access to virtually metal-free products. 

In an alternative approach to supported Grubbs-type 
initiators (norborn-2-ene-5-yl-trichlorosilane or norborn-2
ene-5-yl-triethoxysilane) (both exo/endo-mixtures), surface

derivatized silica was reacted with RuCl2(PCy3)2(CHPh), fol
lowed by the addition of exo,exo-7-oxanorborn-2-ene-5,6
dicarboxylic anhydride and 7-oxanorborn-2-ene-5-carboxylic 
acid, respectively. By this ‘grafting-from’ approach, satisfactory 
amounts of both monomers were grafted onto the support. 
Thus, anhydride loadings of 0.22 mmol g−1 (LiChrospher 
300-5) and 1.2 mmol g−1 (Nucleosil 300-7) were achieved. 
Conversion into the corresponding di- and mono-silver salts 
and reaction with RuCl2(PCy3)(IMesH2)(CHPh) gave the 
desired supported catalysts (Scheme 13). Catalyst loadings up 
to 63 mg catalyst per gram (LiChrospher) were achieved. RCM 
reactions carried out with these two silica-supported catalyst 
versions allowed TONs up to 520 for a series of simple 
α,ω-dienes.47 

Identical protocols for the preparation of surface-bound 
thin polymer films using Si/SiO2 surface-bound norborn-5
ene-2-ylsilanes were described by other groups, too.105 

Combining a ‘grafting-from’ approach with microcontact 
imprinting, patterned polymer films of variable thickness 
(5–500 nm) consisting of poly(5-triethoxysilylnorborn-5-ene) 

(c) 2013 Elsevier Inc. All Rights Reserved.



Current and Forthcoming Applications of ROMP-Derived Polymers: Functional Surfaces and Supports 607 

Scheme 12 Living polymerization of an N-heterocyclic carbene (NHC) precursor, formation of ω-(triethoxysilyl)-telechelic oligomer, and immobilization 
on silica. 

Scheme 13 Synthesis of silica-supported second-generation Grubbs-type initiators. 
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Scheme 14 Preparation of hybrid core-shell particles. 

were prepared using RuCl2(PCy3)2(CHPh) as initiator. Lateral 
dimensions as small as 2 mm could be realized.106 Recently, 
Mingotaud et al.107 reported on the immobilization of the 
first-generation Grubbs-type catalyst, RuCl2(PCy3R)2(CHPh) 
(R=(CH2)10-OH) on amino-functionalized silica using seba
coyl chloride. The immobilized system was used for the 
preparation of hybrid core-shell particles using NBE as mono
mer107 (Scheme 14). 

4.23.4.1.4 Other inorganic surfaces 
Skaff et al.108 reported on the synthesis of CdSe–polymer com
posites. A vinylbenzyl-derivatized phosphine oxide was 
physisorbed onto cadmium selenide particles. Subsequent 
reaction with RuCl2(PCy3)2(CHPh) or RuCl2(IMes)(PCy3) 
(CHPh) (IMes=1,3-dimesitylimidazol-2-ylidene) followed by 
addition of COE, 7-oxanorborn-5-ene-2,3-dicarboxylic anhy
dride (ONDCA), dicyclopentadiene, or N-methyl-7
oxanorborn-5-ene-2,3-dicarboxylimide resulted in the desired 
surface modification and formation of the composite, which 
were, without proof, proposed to possess interesting solution 
and electronic properties (Scheme 15).108 

4.23.4.2 Organic Surfaces 

4.23.4.2.1 Merrifield-type resins 
Merrifield-type resins are among the most prominent 
organic supports for solid-phase synthesis, particularly in 

organic synthesis. The most straightforward methods for 
providing anchoring groups for the subsequent attachment 
of other groups or polymers are the chloromethylation of 
polystyrene-co-divinylbenzene (PS-DVB) or the substitution 
of styrene by chloromethylstyrene during synthesis of these 
supports. However, bromomethyl groups appear more 
favorable, since they exhibit enhanced reactivity as com
pared to their chloromethyl analogues. They can be 
generated by bromomethylation using trioxane, tin tetrabro
mide, and trimethylbromosilane109 and, alternatively, via 
conversion of the chloromethyl groups into to the corre
sponding bromomethyl groups via halogen exchange.110,111 

For a ROMP-based grafting, the bromomethylated 
PS-DVB resins were converted into the norborn-2-ene
5-ylmethylethers via standard Williamson ether synthesis. 
Up to 2mmol g−1 of norborn-5-ene-5,6-dicarboxylic anhy
dride was successfully grafted onto such norborn-5-ene-2
yl-derivatized Merrifield resins (2% cross-linked) using 
either a ‘grafting-from’ or a ‘grafting-to’ approach. 

4.23.4.2.2 ROMP spheres 
An alternative to Merrifield resins, that is, the synthesis of 
ROMP spheres for use in combinatorial chemistry, was 
reported by Barrett et al.112 Here, surface functionalization 
was accomplished via reaction of vinyl-PS-DVB with a low 
degree of cross-linking with RuCl2(PCy3)2(CHPh) to form 
the immobilized catalytic species. Reaction with a 

Scheme 15 Synthesis of CdSe–polymer composites. 
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functional monomer, for example, norborn-2-en-5-ylmethyl-4
bromobenzoate, gave the corresponding support with loadings 
up to 3 mmol of functional monomer per gram of resin 
(Scheme 16).113 

The same group reported on the synthesis of ROMPGELs. 
There linear homopolymers of a functional monomer, usually 
NBE-based, were polymerized using a Ru-based initiator (RuCl2 

(PCy3)2(CHPh)). Since these homopolymers were undiluted by 
cross-linkers, high capacities, that is, amounts of functional 
groups approaching 3 mmol g−1, were obtained.  Scheme 17 
summarizes the reaction as well as the functional monomers 
used. In case the homopolymers were soluble in the solvent 
of choice, cross-linking was performed, for example, with the 
aid of norbornadiene or 1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo, 
endo-dimethanonaphthalene (DMN-H6). Such ROMPGELs 
have been used in the Horner–Emmons synthesis of 
α,β-unsaturated esters,114 as scavengers for the sequestration of 
amines and hydrazines (slightly cross-linked with norborna
diene),115 for the preparation of homoallyl alcohols (DMN-H6 
cross-linked),116 and arene-catalyzed lithiations.117 

4.23.4.2.3 Functional supports prepared via ring-opening 
metathesis precipitation copolymerization 
• Supports for solid-phase extraction 
Aiming on polymeric supports for solid-phase extraction (SPE), 
materials had to be created that were entirely pH-stable and 
recyclable. In addition, to be usable in standard SPE equip
ment, both a particle size and particle size distribution had to 
be realized that allowed for a simple removal of the support by 
filtration. In addition, the swelling in those solvents typically 
used in SPE (i.e., methanol, acetone, water) had to be kept 
within acceptable limits (typically <20%). This required a 
substantial degree of cross-linking in the final polymers. In 
contrast, the pressure stability, a key issue in HPLC, was not 
to the fore here. However, a maximum on well-defined ‘work
ing functionality’ had to be present. For these purposes, 
norborn-5-ene-2,3-dicarboxylic anhydride (NDCA) was con
sidered promising for the following reasons. First, the two 
cis-oriented dicarboxylic acid groups resulting from the hydro
lysis of the anhydride would allow for the extraction of basic 
compounds, and, at the same time, also offer access to dipolar 

Scheme 16 Surface grafting of organic supports starting from surface-immobilized vinyl groups. 

Scheme 17 Preparation of ROMPGELs and functional monomers used. 
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interactions or hydrogen bonding. Second, when focusing on 
trace analysis of organic compounds, the high polarity of this 
monomer would allow for a wetting of the resin by water 
alone. Finally, a significant amount of nonpolar sites as pro
vided by the rest of the monomer was considered to be 
essential for the extraction of nonpolar compounds. 

Keeping the above-mentioned prerequisites in mind, a 
ROMP-based precipitation copolymerization setup was cre
ated. In this setup, living homopolymers prepared from a 
functional monomer were finally cross-linked to form poly
meric beads approximately 30–60 μm in size. For the synthesis 
of carboxylic acid-derivatized particles, DMN-H6 was used as a 
cross-linker and its copolymerization with NDCA using the 
well-defined Schrock initiator Mo(N-2,6-i-Pr2-(C6H3) 
(CHCMe2Ph)(OCMe(CF3)2)2 was established for the synthesis 
of high-capacity, vic-dicarboxylic acid-derivatized resins 
(Scheme 18). 

Due to the polymerization technique used, capacities of the 
different weak cation-exchangers (WCXs) could be reproduci
bly varied over many orders of magnitudes (up to 
10 mequiv g−1). The optimum COOH capacity was found to 
be within 2.0–4.0 mequiv COOH per gram. As a result of the 
polymerization setup and sequence, respectively, the new 
materials generally consisted of linear chains of the functional 
monomer attached to a cross-linked interior. While the entire 
backbone provided sufficient sites for hydrophobic (solvopho
bic) interactions, the functional groups guarantee sufficient 
wetting and represented the active sites for ion exchange as 
well as for any additional polar interaction. The new materials 
were applied to the enrichment of a large variety of organic 
compounds, such as phenols, alcohols, aldehydes, carboxylic 
acids, esters, nitrosamines, amines, anilines, lutidines, haloge
nated hydrocarbons, and polynuclear aromatic hydrocarbons, 
both in form of particles and membranes consisting of 
Teflon-embedded particles, from which suitable disks were 
cut out and used for extraction.118,119 The new materials exhib
ited excellent extraction efficiencies for all kinds of basic, 
neutral, and even acidic analytes with a carbon content ≥C5. 

The new resins also showed remarkable stability and were used 
more than 40 times without any loss of performance. 

Following the synthetic protocol described above, N, 
N-dipyridyl amide-functionalized supports suitable for the 
SPE of metal ions from aqueous solutions were prepared, 
too.97 Resins were synthesized via the copolymerization of 
endo-norborn-2-ene-5-yl-N,N-di-2-pyridyl carboxylic amide 
with DMN-H6 using Mo(N-2,6-i-Pr2-C6H3)(CHCMe2Ph) 
(OCMe(CF3)2)2 as initiator. The polymer-bound dipyridyl 
amide ligand showed excellent selectivity toward Hg2+ and 
Pd2+ even under competitive conditions, allowing for the selec
tive extraction of both divalent metal ions over a broad range of 
concentration from complex mixtures. Due to the stability of 
the resulting complexes, high loadings of the material with 
both metals, reaching 57 wt.%, were achieved. 

97,118,119Following the setup first described by Sinner et al., 
Årstad et al.120 homopolymerized phosphane-containing 
monomers with the second-generation Grubbs initiator, 
cross-linked with p-di(norborn-2-ene-5-yl)benzene and used 
in the halogenation of alcohols. In a similar approach, an 
ethyl-1-diazo-2-oxopropylphosphonate-functionalized resin 
was prepared and used for the conversion of aldehydes into 
1-alkynes.121 Fuchter et al.122,123 also developed a ROMP cap-
ture–release approach to the synthesis of porphyrazine 
derivatives (Scheme 19). Crossover Linstead macrocyclization 
of a bis(norborn-5-ene-2-methyloxy-p-phenylenmethyl)-func
tionalized dimercaptomaleonitrile with dipropyl maleonitrile 
yielded both the octapropyl-substituted and the bis-norborn-5
ene-2-yl-substituted species 1 and 2. Subsequent ring-opening 
metathesis copolymerization with a cross-linker (p-di(norborn
5-ene-2-yl)benzene) under the action of the second-generation 
Grubbs initiator RuCl2(PCy3)(IMesH2)(CHPh) resulted in an 
insoluble polymer that could easily be separated from 
soluble 1. Deprotection, removal of the Mg2+ ion, and reaction 
with Ni(dppe)Cl2 and Zn(OAc)2 finally gave the target com
pound (dppe=1,2-diphenylphosphinoethane). 

Following this concept, bis(dimethylamino)-substituted 
porphyrins have been prepared, too.122 Zn derivatives of the 

Scheme 18 Synthesis of functional polymers prepared via ring-opening metathesis precipitation polymerization. 
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Scheme 19 ROMP capture–release approach to the synthesis of porphyrazine derivatives. 

latter in their ROMP sphere-supported form were used for the M
sensitized production of singlet oxygen for the parallel synth de
esis of endoperoxides and ene-adducts.124 

sh
• Catalytic supports 2
Kröll et al.125 reported on the synthesis of a supported version of C
a chiral Schrock catalyst prepared by ROMP. For precipitation yi
polymerization, they prepared a bis(norborn-2-ene)-substituted ba
chiral phenoxide, which could be polymerized without any de
protection/deprotection steps using Ru(CF3COO)2(IMesH2) w
(=CH-2-(2-PrO)-C 18,51 

6H4). Reaction of the polymeric 
support with potassium hydride followed by addition of sy

o(N-2,6-i-Pr2-C6H3)(CHCMe2Ph(OTf)2·DME resulted in the 
sired supported catalyst (Scheme 20). 
Due to the low cross-linked nature of the support, which 
owed a swelling of 700%, resulting in a solvent uptake of 
000%, the catalytic sites showed excellent accessibility. 
onsequently, lower amounts of catalyst were required, while 
elds and the values for the enantiomeric excess (ee) were 
sically identical to those obtained with the supported system 
scribed above. Again, catalyst (molybdenum) leaching 
as <5%. 
The Schrock and Hoveyda groups jointly reported on the 

nthesis of a set of poly(styrene)- and poly(NBE)-supported 

Scheme 20 Synthesis of a poly(norborn-2-ene)-supported, enantioselective Schrock catalyst via ROMP. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 8 Polymer-supported, chiral 2,6-dichlorphenylimido- and adamantylimido-based Schrock catalysts. 

Schrock-type catalysts. Following the synthetic route described 
for the synthesis of a polymer-supported chiral biphenyl-based 
Schrock catalyst,126 analogous systems based on the 
2,6-dichlorophenylimido and adamantylimido ligand were 
prepared (Figure 8). 

Similarly, chiral binaphthyl-based Schrock catalysts con
taining the 2,6-dichlorophenylimido and adamantylimido 
ligand were synthesized (Scheme 21).127 

Finally, in a synthetic protocol very similar to the one 
reported by Kröll et al., the Schrock and Hoveyda groups also 
reported on supported, chiral Schrock catalysts prepared via 
ROMP. They used a bis(norborn-2-ene)-substituted, unpro
tected chiral biphenyl that they subjected to ROMP in 
the presence of a cross-linker, that is, DMN-H6,128 and the 
catalyst precursor, that is, Mo(NR′)(CHCMe2Ph)(OTf)2·DME 
(R′=2,6-iPr2-C

127 
6H3, 2,6-Cl2-C6H3, adamantyl; Scheme 22).

The desired catalyst formed immediately, initiated ROMP and 
the support formed. With all the systems reported by these two 
groups, the ee obtained in a series of asymmetric RCM, ROC, 
and desymmetrization reactions was in most cases very similar 
to the one obtained with the parent, unsupported ones, indi
cating that immobilization did not put any steric constraints 

onto the chiral center, since this might certainly well be 
expected to lead to significant changes in stereoselectivity. 

4.23.4.2.4 ROMP-derived stationary phases prepared by 
coating techniques129 

Coating is a straightforward way of preparing stationary 
phases130–139 and the technique itself is well established. One 
can use virtually any carrier that is suitable in terms of particle 
size, pore size distribution, and pore volume, for example, 
silica, alumina, titania, or zirconia.140 In principle, one can 
distinguish between dynamic and covalent coatings.141,142 

Among these two, dynamic coatings are the most convenient 
ones to perform. In a typical dynamic coating process, 
surface-active coating materials or surface modifiers are dis
solved in a suitable solvent and deposited on a support. 
Coating materials most suitable for dynamic coating are 
strongly adsorbed to the support’s surface via physical interac
tions. The only prerequisite for such coatings is that the 
polymer deposited onto the surface of the supports is insoluble 
in the mobile phase that is to be used later. However, though 
easy to perform, significant changes in pore volume and spe
cific surface area entailed with such coating procedures and 

Scheme 21 Polymer-supported chiral binaphthyl-based Schrock catalysts. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 22 Chiral biphenyl-based Schrock catalysts immobilized on ROMP-derived supports. 

143 must certainly be considered as major drawbacks.
Consequently, despite their ease of manufacture, dynamic sur
face modifications are in many cases not the preferred ones 
since the coatings may eventually desorb from the stationary 
phase in course of the separation process. Therefore, coatings 
covalently bound to the support’s surface have been devel
oped.141 We were particularly interested in the synthesis of 
ROMP-derived, coated, silica-based and hence pressure-stable 
supports based on ONDCA. Such supports were of consider
able interest for numerous reasons. First, such stationary phases 
would withstand the high pressures used in HPLC. Second, 
unlike in poly(maleic acid), the two carboxylic acid moieties 
of the monomer would pertain their cis-orientation after poly
merization (see below). Third, the oxygen in the repeat unit 
significantly enhanced the hydrophilicity compared to the par
ent poly(norborn-5-ene-2,3-dicarboxylic acid). And finally, 
unlike in conventional free radical polymerization, 
well-defined block copolymers with a nonpolar comonomer, 
for example, NBE, are available. The synthesis of the block 
copolymers is outlined in Scheme 23. 

By variation of the block sizes, synergistic effects of 
the hydrophilic, poly(7-oxanorborn-5-ene-2,3-dicarboxylic 

acid)-functionalized part and the hydrophobic poly(NBE) 
part on separations were studied and the optimum copolymer 
composition for particular high-performance ion-chromato
graphic (HPIC) separations was determined. After hydrolysis, 
the resulting polymer backbone of the poly(ONDCA) block 
consisted of a vinylene-spaced poly(tetrahydrofuran) with each 
unit bearing two vic-, cis-configured carboxylic acids. The gen
eral quality of both the coating and the coating method was 
checked by applying the standard Engelhardt test to a poly 
(NBE)-coated material.144 No polar interaction of the analytes 
with the stationary phase, indicating the absence of any free 
silanol groups, was detected. Not unexpected, a loss of pore 
volume and specific surface area was observed, particularly in 
case materials with smaller pores were used. Thus, the specific 
surface area (σ) of silica with 60 Å pore diameter was reduced 
by a factor of 2 while 100 or 300 Å materials showed only a loss 
in σ of approximately 20%. 

Coated silica materials have also been used as stationary 
phases in the separation of isomeric anilines and lutidines. 
A typical separation achieved with these supports is shown in 
Figure 9. High selectivity was achieved, as demonstrated by 
the fast baseline separation of the analytes of interest, which 

Scheme 23 Grubbs-type initiator triggered synthesis of ONDCA-b-NBE copolymers. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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In the course of our investigations on the metal extraction 
capabilities of carboxylic acid-derivatized, ring-opening 
metathesis precipitation polymerization-derived SPE sup
ports (see above), we found that these possessed excellent 
selectivity for lanthanides, even in the presence of other 
metal ions.146,147 In a simple SPE setup, these allowed for 
concentrating rare earth elements (REEs) from various rock 
digests and their subsequent quantification by means of 
ICP-OES. However, irrespective of the excellent extraction 
capabilities, a pressure-stable functional support had to be 
developed to gain access to automated systems. The main 
objective was to finally develop a fast, on-line SPE-HPLC 
routine for the analysis of REEs. For the SPE (pre-) column, 
we utilized poly(NBE600)-b-poly(ONDCA500)-coated silica. 
For evaluation, GSR-3 basalt and GSR-1 andesite were used 
as certified REE-containing materials. To obtain some funda-
mental information about the extraction capability and 
selectivity, silica-60 coated with a ROMP-derived poly
(NBE)-b-poly(ONDCA)129 was used for the extraction of a 
mixture of two radioactive lanthanides, 152Eu and 147Pm.148 

The coated silica showed high extraction efficiencies for these 
two lanthanides as determined by standard SPE experiments 
using β-liquid scintillation counting for quantification. 
Extraction efficiencies, determined over a concentration 
range of 23 ng l−1 to 250mg l−1, thus covering a range of 
seven orders of magnitude, were virtually quantitative in all 
cases. A first important finding was that the pH for lanthanide 
extraction could be extended to a range of 3.5–5.5. This sig
nificantly improved complexation of the REEs by the 
ONDCA-derived ligand was attributed to the presence of the 
additional ether functionality in the ONDCA-derived repeat 
units, which was not present in the poly(norborn-5-ene-2,3
-dicarboxylic acid)-derived system.146 Recovery, HPLC as well as 
ICP-OES experiments confirmed the high selectivity of the new 
sorbent for lanthanides. The final design of the on-line 
SPE-HPLC system is shown in Figure 10. Rock d igests w ere  
obtained from dissolving the corresponding rock sample in an 
LiBO2 melt followed by dissolution in 1 N nitric acid. They were 
then modified with 5-sulfosalicylic acid to mask Fe3+ and 

Figure 9 Separation of 2,6-dimethylaniline (1), N-methylaniline (2), 
pyridine (3), N,N-dimethylaniline (4), 2,6-lutidine (5), and 3,4-lutidine 
(6) on Polygosil 60-10 coated with a poly(NBE600-b-ONDCA500) copoly
mer. Mobile phase: water/acetonitrile 98:2, 10 mM acetic acid, 7 mM 
triethylamine, flow rate 1.0 ml min−1, inj. vol. 5 μl (20 ppm each), UV 
254 nm. Reprinted with permission from Buchmeiser, M. R.; Mupa, M.; 
Seeber, G.; Bonn, G. K. Chem. Mater. 1999, 11, 1533–1540.129 

© Copyright 1999 American Chemical Society. 

were similar with regard to pKa values, size, and chemical prop-
erties. Separation efficiency was positively influenced by the 
presence of the nonpolar sites from the poly(NBE) block. The 
importance of such sites suggests some additional hydrophobic 
interaction of the analytes with the material, the more, since 
separation of these analytes on a silica-based, poly(ONDCA) 
homopolymer-coated column was poor. Finally, isomeric 
hydroxyquinolines129 as well as various flavones145 were suc-
cessfully separated on such columns. Particularly for the latter, 
the new stationary phases allowed fast separations even at 
extreme pH values. For further characterization of the analytes, 
a liquid chromatography (LC) system was coupled to a mass 
spectrometer via an electrospray ionization interface (ESI). 

Figure 10 Schematic drawing of the on-line SPE-RP-ion-pair-HPLC system. Adapted from Buchmeiser, M.R.; Seeber, R.; Tessadri, R. Anal. Chem. 2000, 
72, 2595–2602. © Copyright 2000 American Chemical Society. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 Structure of silica coated with a terpyridine-containing 
ROMP-derived polymer. 

Al3+.146 Methanol was added to prevent the formation of poly-
silicic acid. The entire solution was adjusted to a pH of 4.0 and 
passed over precolumns (60 � 4 mm) packed with poly 
(NBE600)-b-poly(ONDCA500)-coated silica-60. The separation 
of REEs was accomplished using RP-ion-pair chromatography 
applying a gradient separation system consisting of hydroxyiso
butyric acid (HIBA) and sodium octadecylsulfonate. REE 
concentrations prior to enrichment were typically in the range 
of 1 25 ng ml−1– ; the total amount of each REE extracted by the 
precolumn was in the range of 8–270 ng. Quantitative recoveries 
(97–103%) were obtained for most REEs. 

To obtain a silica-based, pressure-stable SPE support capable 
of extracting transition-metal ions, 4′-(norborn-2-en-5-ylmethy
lenoxy)terpyridine was block copolymerized with NBE using Mo 
(N-2,6-i-Pr2-C6H3)(CHCMe2Ph)(OC(CH3)(CF3)2)2 as initiator 
to give a poly(NBE900)-b-poly(4′-(norborn-2-en-5-ylmethyle
noxy)terpyridine60) block copolymer (Figure 11). 

This block copolymer was used for the preparation of 
polymer-coated silica-60 (4.8 wt.% coating). While no main 
group elements were extracted by this support, the selectivity 
order under competitive conditions at pH < 0.6 was Pd ≈ Ag ≈ 
Au ≈ Pt > Re > Ir > Rh > Ru > Fe > Cr ≈ Mn ≈ Cd ≈ Zn. An even 
enhanced selectivity was observed at a pH of 3.5. Quantitative 
recoveries >97% were observed for all metal ions.149 

4.23.4.2.5 Surface modification of polymeric fibers 
Caster and Walls150 described the surface modification of mul
tifilament fibers such as nylon or Kevlar. Both coating 
techniques using preformed ROMP-based polymers and pro
cess contact metathesis polymerization (CMP), initially 
described by Klavetter and Grubbs,151 were used. The latter 
comprises a procedure where the initiator is physisorbed onto 
the surface of a substrate and fed with a ROMP-active mono
mer that finally encapsulates the substrate. Such modified 
fibers were reported to display improved adhesion to natural 
rubber elastomers. 

4.23.4.2.6 ROMP-derived monolithic supports 
Monolithic separation media are an excellent example for a 
successful development in material science that strongly 
affected separation science. Based on theoretical reflections, 
the idea was to produce a support with a high degree of 

continuity that should meet the requirements for fast, yet 
highly efficient separations.152,153 The first experiments into 
this direction were carried out in the 1960s and 1970s.154,155 

Yet it took some 20 years to fully establish this technology and 
to fully adapt these new supports to meet the demands of 
separations scientists and to carry this technology to other 
areas of chemistry, for example, to heterogeneous catalysis or 
tissue engineering. During their evolution, these supports, 
usually referred to as monolithic supports, continuous beds, 
or rigid rods,155 were successfully used in LC, including micro-
separation techniques,156–159 capillary electrochromatography, 
as well as SPE.160 In these separation techniques, the focus was 
first on medium and high-molecular-mass biopolymers,161 but 
was later extended to low-molecular-mass analytes.162–165 

Buchmeiser et al.98,166–177 contributed to that area by develop
ing a ROMP-based synthesis for these types of materials for use 
in separation science, heterogeneous catalysis, and tissue 
engineering.178–180 

• Basics and concepts 
The term ‘monolith’ applies to any single-body structure con
taining interconnected repeating cells or channels. Such 
materials may either be metallic or prepared from inorganic 
mixtures, for example, by a sintering process to form cera
mics,181 or from organic compounds, usually by a 
cross-linking polymerization.182,183 Within the context dis
cussed here, the term ‘monolith’ or ‘rigid rod’ shall comprise 
cross-linked, polymeric materials, which are characterized by a 
defined porosity and which support interactions/reactions 
between this solid and the surrounding liquid phase. Besides 
advantages such as lower back pressure and enhanced 
mass transfer,184,185 the ease of fabrication as well as the 
many possibilities in structural alteration need to be men
tioned. Furthermore, in capillary HPLC, the tedious 
and time-consuming manufacturing of the end frits can be 
omitted. 

Until now, a considerable variety of functionalized and non
functionalized monolithic materials based on either organic or 
inorganic polymers are available. While inorganic monoliths are 
usually prepared from silica precursors, for example, Si(OR)4, 
via sol-gel techniques,162,164,165 organic continuous beds have 
mostly been prepared from methacrylates or poly(styrene)
co-poly(divinylbenzene)182,186–189 applying almost exclusively 
free radical polymerization. However, polymerization techni
ques have been successfully used as well.190 

A profound insight into the technology of both sol-gel and 
free radical polymerization-based monoliths may be found in 
books particularly dedicated to this subject.191 Despite the com
parably poor control over free radical polymerization-based 
systems, the porosity and microstructure of monolithic materials 
has successfully been varied.182 In view of the general applic
ability of a transition-metal-based polymerization technique 
such as ROMP to the synthesis of functional supports and in 
view of the high definition of the resulting materials, Sinner and 
Buchmeiser167 investigated to which extent ROMP could be 
used for the synthesis of monolithic polymers. They demon
strated that continuous matrices could in fact be generated via 
the ring-opening metathesis copolymerization of NBE and COE, 
respectively, with different cross-linkers in the presence of differ
ent porogenic solvents within a device (column). In addition, 
they elaborated different concepts for the surface grafting of 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 12 Construction of a monolith. 

these monolithic supports. The concepts and applications shall 
be outlined in the following chapters. 

• Microstructure of metathesis-based rigid rods 
To understand monolithic supports and the effects of polymer
ization parameters, a brief description of the general 
construction of a monolith in terms of microstructure, back
bone, and relevant abbreviations is given in Figure 12.166,167  As
can be deduced therefrom, monoliths consist of interconnected 
microstructure-forming microglobules, which are characterized 
by a certain diameter (dp) and microporosity (εp). In addition, 
the monolith is characterized by an inter-microglobule void 
volume (εz), which is mainly responsible for the back pressure 
at a certain flow rate. 

The volume fractions of both micropores (εp) and voids 
(inter-microglobule porosity, εz) represent the total porosity 
(εt). This value indicates a percentage of pores in the monolith. 
The pore size distribution can be calculated from inverse size 
exclusion chromatography (ISEC) data192,193 or from mercury 
intrusion.194 Together, these two values translate into a total 
pore volume Vp, expressed in ml g−1. 

The relative ratios of all components, that is, the monomers, 
the cross-linkers, the porogens, and the initiators, allow for 
broad variations in the microstructure of the monolithic mate
rial. Thus, the volume fractions of the interglobular void 
volume (εz) and total porosity (εt) have successfully been var
ied within a range of c. 30–70% and 50–90%, respectively. 
Figure 13 illustrates some of the microstructures that were 
generated. 

•Monolithic materials prepared from NBE-based monomers 
The choice of a suitable initiator represents an important step 
in the creation of a well-defined polymerization system in 
terms of initiation efficiency and control over propagation. 
Only in the case where a quantitative and fast initiation occurs, 
the entire system can be designed on a ‘stoichiometric base’. 
This is of enormous importance, since for the control over the 
microstructure the composition of the entire polymerization 
mixture needs to be varied within quite small increments. The 
initiator needs to be carefully selected from both a chemical 
and a practical point of view. Generally, Schrock31,32,60,66,195 

and Grubbs systems,27 both highly active in the ROMP of 
strained functionalized olefins, can be used. Since the prepara
tion and in particular derivatization of ROMP-based rigid rods 
require some handling that can hardly be performed under an 
inert atmosphere, the less oxygen-sensitive and less reactive 
ruthenium-based Grubbs-type initiators were used first.174 

Thus, the first experiments on the suitability of ROMP for the 
synthesis of monolithic supports entailed the copolymeriza
tion of NBE with DMN-H6 in the presence of two porogenic 
solvents, that is, 2-propanol and toluene, with RuCl2(PCy3)2 

(CHPh).167 Such a setup in fact allowed for the realization of 
the first ROMP-derived monolithic supports (Scheme 24). By 
variation of the polymerization mixture in terms of monomer, 
cross-linker, and porogen content, the volume fraction of the 
interglobular void volume (εz) and the total porosity (εt) were 
successfully varied within a range of 0–50% and 50–80%, 
respectively. The addition of small amounts of triphenylpho
sphine in the low ppm range allowed for tuning the 
polymerization kinetics. NBE-based monoliths prepared by 
ROMP displayed linear plots of pressure versus flow rate, 
which confirmed that the monoliths were not compressed 
even at high linear flow velocities up to 20 mm s−1. ICP-OES 
measurements on totally dissolved samples of various mono
liths revealed that the ruthenium introduced into the 
monolithic matrix in form of the initiator could in fact be 
totally removed by the use of appropriate capping agents, for 
example, ethyl vinyl ether in dimethyl sulfoxide, resulting in Ru 
concentrations <0.1 μg g−1, which corresponds to a metal 
removal >99.99%.178 

Alternatively, monoliths can be prepared from NBE-based 
monomers with the aid of a Schrock initiator.196 Here, the most 
‘inactive’ Schrock initiator, that is, Mo(N-2,6-(2-Pr)2-C6H3) 
(CHCMe2Ph)(OC(CH3)3)2, had to be used to avoid any 
unwanted exothermic reactions. Using various ratios of NBE 
and DMN-H6 in different mixtures of micro- with macroporo
gens, that is, 1,2-dichloroethane, toluene, and THF with hexane 
or pentane, monolithic polymeric materials with continuous, 
interconnected pores in the micrometer range as well as with 
micro- and mesopores in the 1.5–300 nm range could be 
synthesized within the confines of 3 � 100 mm glass columns. 
Hexane and pentane had to be used as porogens instead of 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 13 Structural variations in ROMP-derived monoliths. 

2-propanol since Schrock initiators, in contrast to the Ru-based 
initiators, do not tolerate the presence of the standard protic 
macroporogens. The resulting monoliths were, as evidenced by 
ISEC, characterized by a volume fraction of the pores (εp) of  
approximately 21% and a volume fraction of the 
inter-microglobule porosity (εz) of 68%, resulting in a mono
lithic structure with almost 90% total porosity. Consequently, 
the monoliths showed excellent flow-through characteristics 
with low back pressures at high flow rates and could be success
fully used for the fast separation of proteins. Thus, 
ribonuclease A, insulin, cytochrome c, lysozyme, and albumin 
were separated in less than 140 s. Peak widths at half height 
were in the range of 1.4–3.1 s; resolution was in the range of 
1–2.55. As a consequence of the large fraction of small pores 
(<2 nm, approximately 43%), low-molecular-weight analytes 
such as Fmoc-protected amino acids were successfully sepa
rated in less than 120 s. 

• Monolithic materials prepared from COE-based monomers 
In general, NBE-derived monomers result in polymer structures 
that comprise tertiary allylic carbons (Figure 14). 

Despite the high mechanical and thermal stability of these 
structures,168 which are by far sufficient for short- and 
medium-term analytical applications as well as applications 
in heterogeneous catalysis,197–199 tert-allylic carbons located 
at the surface of a monolithic structure tend to be oxidized, 
resulting in a slow change of surface polarity of such mono
lithic columns. Consequently, the typical long-term stability of 
NBE-based, ROMP-derived columns is limited to less than 
1000 injections. To solve this problem, a novel monomer/ 
cross-linker system had to be introduced. For these purposes, 
Buchmeiser et al. developed a polymerization system based on Scheme 24 Synthesis of a ROMP-derived monolith. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 15 Structure of an NBE-based (a) and COE-based (b) monolith. NBE/DMN-H6/2-PrOH/toluene/initiator=COE/TCOOMS/2-PrOH/toluene/ 
initiator=35:15:40:10:0.2. In both pictures, scale = 10 μm. Separation of a protein standard on an NBE- (c) and a COE-derived monolith (d). Column 
dimensions (3 � 100 mm). Mobile phase A: 95% water + 5% acetonitrile + 0.05% TFA; mobile phase B: 20% water + 80% acetonitrile + 0.05% TFA; linear 
gradient, 22–80% B in 2.5 min, then 80% B up to 4.5 min; flow rate = 3 ml min−1; T = 25 °C; UV 200 nm. Peak order (1) lysozyme A, (2) ribonuclease, 
(3) insulin, (4) cytochrome c, and (5) myoglobin. Adapted with permission from Bandari, R.; Prager-Duschke, A.; Kühnel, C. Macromolecules 2006, 
39, 5222 201–5229.  © Copyright 2006 American Chemical Society. 

Figure 14 tert- vs. sec-allylic carbons in NBE- and COE-based polymers, 
respectively. 

COE and a COE-based cross-linker, that is, tris(cyclooct-4-en
1-yloxy)methylsilane (TCOMS).201 This development was 
guided by the idea that the polymer backbone of poly 
(COE)-derived materials consists of sec-allylic carbons and, 
therefore, presents a viable alternative to NBE-based systems. 
However, compared to NBE-based monomers, COEs are char
acterized by a significantly reduced ring strain, which makes the 
use of a more active initiator than the commonly used 
first-generation Grubbs initiator inevitable. These changes in 
monomer, cross-linker, and initiator required a comprehensive 
redesign of monolith synthesis. As a direct consequence of 

the reduced ring strain in COEs, the reactivity of the initiator 
had to be enhanced. First, the first-generation Grubbs initiator 
RuCl2(PCy3)2(CHPh) was replaced by a fast-initiating 
second-generation Grubbs initiator, that is, by RuCl2(Py)2 

(IMesH2)(CHC6H5) (Mes = mesityl, Py = pyridine).200 To tune 
the reactivity in a way that the polymerization mixtures could 
be conveniently transferred into the compartments of interests 
(i.e., into the columns), small amounts of pyridine in the low 
ppm region were added. Similar to the NBE-based system, the 
final polymerization system consisted of various amounts of 
the monomer (COE), the cross-linker (TCOMS), the macro
porogen (2-propanol), the microporogen (toluene), and the 
modulator (pyridine). An initiator loading of 0.2 wt.% was 
chosen throughout. 

Some important differences between COE- and NBE-based, 
ROMP-derived monolithic supports were identified and need 
to be outlined. Figures 15(a) and 15(b) illustrate the different 
structure of an NBE- and COE-based ROMP-derived monolith 
using the same amounts of monomers, cross-linkers, and poro
gens. Figure 15(c) illustrates the fast separation (<150 s) of a 
mix of proteins, that is, ribonuclease A, lysozyme, insulin, 

(c) 2013 Elsevier Inc. All Rights Reserved.



Current and Forthcoming Applications of ROMP-Derived Polymers: Functional Surfaces and Supports 619 

cytochrome c, and myoglobin on a COE-based monolith 
applying gradient elution. Peak half widths (ω0.5) were <6 s 
and resolution (Rs) was >1.2 throughout. For purposes of com
parison, an NBE-based monolith prepared from the same 
amounts of monomers, cross-linkers, and porogens was used 
for separation (Figure 15(d)). Applying the identical gradient, 
peak half widths (ω0.5) were <7 s and resolution (Rs) was >1.1 
throughout. Some interesting aspects regarding the separation 
mechanism have been deduced from these experiments. 
Since lysozyme (Mw=14 307 g mol−1) and ribonuclease 
(Mw = 13 700 g mol−1) were well separated (Rs = 10.6), separa
tion must be independent of the molecular weight, but 
dependent on the tertiary structure of these analytes. The 
most striking difference in separation behavior of both COE-
and NBE-based columns is observed in the retention times of 
the analytes as well as in Rs and the values for the mean peak 
half width (ω0.5). These findings were related to the structural 
data obtained via ISEC193 for both the COE- and the 
NBE-based monolith.201 

• Further applications in separation science 
Nonpolar, nonfunctionalized polymeric surfaces are widely 
used as stationary phases for both RP-HPLC and IP-RP-HPLC. 
While the former is the method of choice for high-resolution 
separations of peptides and proteins, the latter is eminently 
suited for the separation of single- and double-stranded nucleic 
acids. Using ROMP-derived, NBE-based monoliths, the separa
tion of oligothymidylic acids (dT)12-18 ranging in mass from 
3638 D (dT12) to 5456 D (dT18) was accomplished on a 
semipreparative scale within 2 min (Figure 16).168 

As one can see, the elution order of oligodeoxynucleotides 
strongly correlates with their molecular mass, suggesting 
that an increase in molecular mass directly translates into 
an increase in hydrophobic interaction of the corresponding 
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Figure 16 IP-RP-HPLC separation of an oligodeoxynucleotide (dT)12–18 

on a ROMP-derived NBE-based monolith (3 � 60 mm). Mobile phase: 
100 mmol l−1 triethylammonium acetate at pH 7.0; linear gradient, 
11–16% acetonitrile in 10 min; flow rate, 2 ml min−1; T = 20 °C; detection, 
UV 264 nm; sample: (dT)12–18, 0.1 µg of each oligodeoxynucleotide. 

analyte with the monolith. In addition, a mixture of eight 
proteins (ribonuclease A, insulin, cytochrome c, lysocyme, 
α-lactalbumin, α-chymotrypsinogen A, β-lactoglobulin B, 
and catalase) was separated in less than 90 s by RP 
chromatography.168 

Similar high separation efficiency was obtained for 
double-stranded (ds) DNA.171 The separation of pBR322 
DNA-HaeIII fragments could in fact be accomplished on 
monolithic systems using a two-step gradient (Figure 17). 
There, the amount of DNA material that could be loaded 
onto a 100 � 3 mm inner diameter (i.d.) column without ser
ious loss in separation efficiency was about 2.5 µg. 

• Miniaturized systems: ROMP-derived monolithic capillary 
columns170 

Contributing to ongoing efforts toward the miniaturization of 
analytical devices and to develop systems applicable to the 
coupling to highly sensitive quantification methods such as 
mass spectroscopy, Buchmeiser et al. reported on an extension 
of the concept of ROMP-derived monolithic supports to the 
synthesis of capillary columns. Transferring the synthetic 
concepts, methods, and procedures elaborated for semipre
parative scale separations to 0.2 mm i.d. capillaries, high 
resolution was achieved in the separation of the oligodeoxynu
cleotides (dT)12-18 (2.27 < Rs < 3.47). In addition, four 
homologous oligodeoxynucleotides, ranging in length from 
24 to 27 nucleotides and differing from each other by the 
insertion of one, two, and three thymidines after position 18 
of the 24-mer were baseline separated within 7 min.170 

Investigations on the run-to-run precision revealed that, for 
example, for proteins (lysozyme A, ribonuclease, insulin, cyto
chrome c, and myoglobin), deviations in retention times 
were <1.4%.202 Figure 18 depicts the analysis of a mixture of 
dsDNA fragments obtained by digestion of the pBR322 plas
mid with the restriction enzyme HaeIII. The fragments ranging 
in size from 51 to 587 base pairs were separated by capillary IP
RP-HPLC. The excellent separation efficiency of ROMP-based 
monoliths for dsDNA was documented in peak widths at half 
height of 3.1–8.5 s for the fragments up to about 250 base 
pairs. Longer DNA fragments eluted with peak widths at half 
height around 10–12 s. These higher peak widths were a result 
of the shallower gradient required for total resolution. 

Hydrophobic ROMP-derived monolithic stationary 
phases were also tested for the separation of some proteins 
by RP-HPLC. Figure 19 illustrates the separation of six 
proteins (ribonuclease A, insulin, cytochrome c, lysocyme, 
α-chymotrypsinogen A, and catalase) by capillary RP-HPLC at 
a flow rate of 6 µl min−1. The use of a steep gradient ensured for 
the rapid elution of the proteins as extremely sharp peaks with 
peak widths at half height between 1 and 2 s. The selectivity was 
high, allowing for the separation of all components to baseline 
within less than 5 min. Finally, it is worth mentioning that 
NBE-based monolithic supports were also found capable of 
separating diastereomeric phosphorothioates.170 

Monolithic columns for capillary HPLC were also prepared 
via ROMP of COE, TCOMS, 2-propanol, toluene, and RuCl2 

(Py)2(IMesH2)(CHC6H5) within the confines of 200 µm i.d. 
fused silica columns.203 For evaluation, a protein standard 
consisting of six proteins in the molecular weight range of 
5800–66 000 g mol−1, that is, ribonuclease A, insulin, albumin, 
lysozyme, myoglobin, and β-lactoglobulin, was used again. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 17 Separation of dsDNA fragments on an NBE-based monolith (3 � 100 mm). Mobile phase A: 0.1 mol l−1 triethylammonium acetate, pH 7.0, 4% 
glycerol; mobile phase B: 0.1 mol l−1 triethylammonium acetate, pH 7.0, 40% acetonitrile, 4% glycerol, gradient 10–25% B in 5min, 25–45% B in 12 min, 
flow rate = 2.0 ml min−1; T = 50 °C; UV 254 nm, sample, 0.75 µg pBR322 DNA-HaeIII digest. Reprinted from Lubbad, S.; Mayr, B.; Huber, C.; 
Buchmeiser, M. R. J. Chromatogr. A 2002, 959, 121–129. 171 © Copyright 2002, with permission from Elsevier. 

 

Figure 18 Separation of dsDNA on a monolith (0.2 � – – 3

pH 7.0; 1% MeOH; flow rate 3 µl min−1; UV 254 nm. Adapted with permission from Mayr, B.; Hölzl, G.; Eder, K.; et al. Anal. Chem. 2002, 17074, 6080–6087.  

© Copyright 2002 American Chemical Society. 

 60 mm); mobile phase 4 10% acetonitrile in 1 min, 10 16% ACN in 14 min in 0.1 M Et NH+OAc− , 

Reproducibility of synthesis was checked by determining the 
RSD in retention times (tR), which was found to be in the range 
of 2.9–3.9% for all analytes. The long-term stability of the 
COE-based monolithic columns was checked after more than 

1000 runs at 50 °C and revealed excellent stability of the col-
umns, thus proofing the concept of replacing NBE- by 
COE-based monomers and cross-linkers. No significant altera
tion in separation performance was observed; however, 

(c) 2013 Elsevier Inc. All Rights Reserved.



Current and Forthcoming Applications of ROMP-Derived Polymers: Functional Surfaces and Supports 621 

0.5 INS 

CYT 

U
 

CAT 

m
A

CHG 
RIB 

LYS 

min 

0 1 2 3 4 5 6 

Time (min) 

Figure 19 Separation of proteins (ribonuclease, insulin, cytochrome c, lysozyme, α-chymotrypsinogen A, catalase) on a monolith (0.2 � 220 mm). 
Mobile phase A, 0.05% aqueous TFA; mobile phase B, ACN + 0.05% TFA; linear gradient 10–100% B in 10 min; delay 2 min; RT, flow rate: 5.71 µl min−1 

(400 ml min−1+50/375/40 cm split); 180 bar; inj. vol. 500 nl; conc. 10 µg ml−1, UV 218 nm. Adapted with Permission from Mayr, B.; Hölzl, G.; Eder, K.; et al. 
Anal. Chem. 2002, 74, 6080–6087. 170 © Copyright 2002 American Chemical Society. 

retention times slightly decreased after 1200 injections 
(approximately 1.6–7.2% for all analytes). ROMP-derived 
capillary monoliths were also found applicable to separation 
problems common in medical research.204 Thus, insulin and 
various insulin analogs used in diabetic treatment were ana
lyzed. The monolithic column showed equivalent separation 
efficiency compared to Vydac C4- and Zorbax C3-based sta
tionary phases. Moreover, the high permeability of monoliths 
enabled chromatographic separations at higher flow rates, thus 
shortening analysis times to about one-third without any loss 
in separation efficiency. For the analysis of insulin in human 
biofluid samples, enhanced sensitivity was achieved by using a 
50 µm i.d. ROMP-derived monolith (Figure 20). 

Finally, ROMP-derived, NBE-based columns have also been 
successfully applied in voltage-assisted capillary LC.205 

• Monolithic ROMP-derived columns for size-exclusion chromato
graphy172 

Buchmeiser et al. also applied ROMP to the synthesis of mono
lithic supports for fast, nonaqueous gel permeation 
chromatography (GPC). This approach was characterized by 
some differences concerning the morphologies of monoliths 
used in HPLC and GPC. In contrast to monolithic HPLC 
supports, which allow for the fast separation of biomacromo
lecules because of the lack of micro- and mesoporosity, 
monolithic supports suitable for GPC required porous sup
ports, preferably with a continuous pore size distribution. 
Therefore, the major task was to develop a ROMP-based poly
merization system that allowed for the formation of the desired 
polymeric structure, that is, a monolith containing micro-, 
meso-, and macropores had to be synthesized. This task was 
accomplished by using a mixture of two cross-linkers, 
DMN-H6 and (NBE-CH2O)3SiCH3, for monolith synthesis. 
Reproducibility in elution was confirmed by injecting stan
dards 30 times. Excellent stability in terms of retention time 
tR was observed. Thus, the average value for tR was 
4.499 � 0.001 min, corresponding to an RSD of 0.031%. 
A third-order calibration curve with a good fit (R2 = 0.994) 
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Figure 20 Analysis of human insulin in interstitial fluid samples using 
capillary monoliths of (a) 8 cm � 200 µm i.d. and (b) 8 cm � 50 µm i.d. 
Interstitial fluid samples diluted (a) 1:10 and (b) 1:160 and spiked with 
(1) human insulin (100 fmol µl−1), injection volume 1 µl. Mobile phase: 
(A) 95% water, 5% acetonitrile, 0.05% TFA; (B) 20% water, 80% acetoni
trile, 0.04% TFA; gradient: 0–30min 0–60% B; 50–90% B within 5 min; 
flow rate (a) 1.5 µl min−1, (b) 0 .5 µ lm in−1; T = 25 °C; UV 190 nm. Reprinted 
from Sinner, F. M.; Gatschelhofer, C.; Mautner, A.; et al. J. Chromatogr. 
A 2008, 1191, 274–281. © Copyright 2008, with permission from Elsevier. 

was recorded for PS standards in a range of 
2600–3 280 000 g mol−1. To check the quality of the new GPC 
columns, different narrow PS standards ranging from 265 to 
1 500 000 g mol−1 were applied as unknowns. Deviations in the 
calculated average molecular weight of these samples were 
significantly lower compared to a commercial column. The 
most important feature of the new supports, however, was the 
reduction in separation times to less than 5 min for molecular 
weights in the range of 2000–1 300 000 g mol−1. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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• Functionalization and metal removal 
ROMP triggered with Schrock- or Grubbs-type initiators is a 
living polymerization process. The ‘living’ character91,206–210 of 
ROMP catalyzed by both Grubbs- and Schrock-type initiators 
offers a perfect access to functionalization. In fact, the active 
ruthenium sites can be used for derivatization after rod forma
tion is complete. ICP-OES-based investigations revealed that 
more than 98% of the initial amount of a first-generation 
Grubbs initiator is located at the microglobule surface once 
microstructure formation is complete.169 This can be attributed 
to the highly polar character of the initiator, which preferably 
locates at the interface between the nonpolar, toluene-enriched 
microglobule and the polar, 2-propanol-enriched interface. In 
addition, microglobules are designed in a way that their pore 
size is <1.2 nm, which basically restricts functionalization to 
their surface.172,211 

Using the active initiator covalently bound to the surface of 
the structure-forming microglobules after completed rod for
mation, various functional monomers have been grafted onto 
the monolith surface by simply passing solutions thereof 
through the mold (Scheme 25).166,167 This way, linear polymer 
chains, that is, polymer brushes, were attached to the inner 
surface of the monolith. The degree of this graft polymerization 

Scheme 25 ‘In situ’ functionalization of a ROMP-derived monolith. 

of functional monomers varied within almost two orders of 
magnitude, depending on their ROMP activity. This approach 
generally offers some advantages. First, the structure of the 
‘parent’ monolith is not affected by the functional monomer 
and can be optimized regardless of the functional monomer 
used later. Second, solvents other than the porogens, for exam
ple, methanol, methylene chloride, dimethylformamide, can 
be used for this ‘in situ’ derivatization.98 The versatility of this 
concept was demonstrated by grafting various ester-, amine-, 
phenol-, β-CD-, imidazolium salt-, carboxylic acid-containing 
NBE- or 7-oxanorborn-2-ene-based monomers onto the surface 
of monoliths. An overview over the different monomers that 
have already been grafted is given in Figure 21. 

Using a β-CD-derivatized monolith, the chiral separation of 
proglumide was accomplished.167 In extension to this chemis
try, a postsynthesis grafting method was developed that offers 
access to high-capacity functionalized monolithic systems. By 
applying this method, the amounts of grafted monomers 
exceeded 1 mmol g−1.211 Such high-capacity monoliths are 
very vital for various applications such as catalysis, extraction 
of environmental contaminants, extraction of compounds for 
either pharmaceutical or clinical purposes, or, more general, 
separation techniques.182 

Figure 21 Overview over the functional monomers used. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Because the living initiator is almost quantitatively located 
at the surface of the microglobules, the efficiency of ‘metal 
removal’ from the monolith after polymerization is high. 
Typical residual metal contents are in the low ppm range. 
Noteworthy, Deleuze et al.212 used the same approach for the 
synthesis and functionalization of emulsion-derived polymeric 
foams. ROMP-derived, NBE-based monoliths were also 
subjected to in situ surface functionalization using 2-(N, 
N-dimethylaminoethyl)norborn-5-ene-2-ylcarboxylic amide. 
The resulting functionalized monoliths were used in 
anion-exchange chromatography of oligodeoxynucleotides.213 

Good separation efficiency was achieved allowing for the base
line separation of these analytes. Peak half widths at half height 
were in the range of 8.4–11.4 s, peak resolution were 4.59 and 
2.14, respectively. In situ functionalization of monolithic capil
lary columns with ONDCA gave access to weak anion-exchange 
capillary monoliths suitable for the separation of peptides.214 

As an alternative to this grafting-from approach, 
ROMP-derived monoliths were prepared from 5-norborn-2
enemethyl bromide (NBE-CH2Br) and tris(5-norborn
2-enemethoxy)methylsilane ((NBE-CH2O)3SiCH3)  within  
the confines of surface-silanized borosilicate columns 
(100 � 3 mm i.d.), applying Grubbs’ first-generation catalyst 
RuCl2(PCy3)2(CHPh).215 An investigation of the copolymeriza
tion kinetics of NBE-CH2Br with the ones of (NBE-CH2O)3SiCH3 

revealed that the former was copolymerized slowly. This low 
copolymerization propensity results in relatively high concentra
tions of NBE-CH2Br at a late stage of monolith formation and, 
therefore, larger amounts of this monomer are located at the 
surface of the microglobule. These surface-located NBE-CH2Br 
groups were then converted into weak anion exchangers via 
reaction with diethyl amine. The resulting monolithic 
anion exchangers demonstrated a very good potential for 
the anion-exchange separation of nucleic acids applying a 
phosphate buffer (0.05 mol l−1, pH 7) and  NaCl  (1.0  mol  l−1) as  
a gradient former. Fast and efficient separations, indicated 
by sharp and highly symmetric analyte peaks, were established. 
Except for the 267 and 298 base-pair fragments, the 11 fragments 
of a ds-pUC18 DNA HaeIII digest were baseline separated within 

�8 min. Nineteen fragments of a ds-pBR322 HaeIII digest were 
separated within �12 min. There, only the 192 and 213 base-pair 
fragments and the 458, 504, and 540 base-pair fragments coe
luted. A ds-pUC18 DNA HaeIII digest was used as a control 
analyte in evaluating the influence of organic additives on the 
mobile phase such as methanol and acetonitrile on nucleic acid 
separation. 

ROMP has also been used for the postsynthesis functional
ization of electron-beam curing-derived,216–219 (meth) 
acrylate-based polymeric monolithic materials.220 These 
were prepared via the copolymerization of norborn-2-ene
5-yl acrylate with trimethylolpropane triacrylate (TMPTA) 
and ethyl methacrylate (EMA). In contrast to the acrylate 
and methacrylate moieties, the NBE groups did not undergo 
free radical polymerization in course of the electron-beam 
triggered process and could thus, after monolith formation, 
be reacted with either RuCl2(PCy3)2(CHPh) or RuCl2(PCy3) 
(1,3-dimesitylimidazolin-2-ylidene)(CHPh). After the surface 
attachment of the initiators was completed, a variety of func
tional monomers was successfully grafted onto the surface of 
these supports (Scheme 26). Grafting densities up to 
290 μmol monomer per gram were realized. For purposes 
of completeness, a comparative study of the separation 
performance of ROMP-based NBE- and COE-derived mono
lithic columns with electron-beam curing-derived ones shall 
be mentioned.219 All columns investigated allowed for 
the rapid separation of proteins; however, the novel 
electron-beam curing-derived polymeric columns allowed 
for the fastest separation of these analytes with sufficient 
peak resolution. 

• Applications of functionalized ROMP-derived monoliths in catalysis 
In heterogeneous catalysis, one wants to combine the general 
advantages of homogeneous systems such as high definition, 
activity, and so on, with the advantages of heterogeneous cata
lysis such as increased stability, ease of separation, and recycling. 
Traditionally, monolithic catalytic media are mostly composed 
of metal oxides, porous metals, and certain polysaccharides.221 

The first successful use of metathesis-based monolithic media for 

Scheme 26 Postsynthesis functionalization of electron-beam curing-derived monolithic supports via ROMP (IMesH2=1,3-dimesitylimidazolin-2
ylidene). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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heterogeneous catalysis was accomplished by using these sup
ports as carriers for Grubbs-type initiators based on NHCs.222,223 

To generate sufficient porosity, monoliths with a suitable micro-
porosity (40%) and microglobule diameter (1.5 � 0.5 mm) were 
synthesized. 

Consecutive ‘in situ’ derivatization was successfully accom
plished using a mixture of NBE and a polymerizable NHC 
precursor (Scheme 27).169,224–226 The use of NBE drastically 
enhanced grafting yields for the functional monomer. Using 
this setup, tentacles of copolymer with a degree of oligomer
ization of the functional monomer of 2–5 were generated. 
The free NHC was generated with the aid of a base and 
reacted with RuCl2(PCy3)2(CHPh) to yield up to 1.4 wt.% 
of an immobilized second-generation Grubbs catalyst. 
Monolith-immobilized metathesis catalysts prepared by this 
approach showed high activity in various metathesis-based 
reactions such as ROMP and RCM. The cis/trans ratios of poly
mers (90%) exactly corresponded to the ones found with 
analogous homogeneous systems. In a benchmark reaction 

with DEDAM, these properties directly translated into high 
average TOFs of up to 0.5 s−1. 

Alternatively, monolith-supported second-generation 
Grubbs catalysts containing unsaturated (e.g., IMes = 1,3
dimesitylimidazol-2-ylidene) or saturated (e.g., IMesH2 = 1,3
dimesitylimidazolin-2-ylidene) NHCs28 were prepared by a 
synthetic protocol summarized in Scheme 28. Surface deriva
tization of a monolith was carried out with ONDCA followed 
by conversion of the grafted poly(anhydride) into the corre
sponding polysilver salt. This silver salt was used for the 
halogen exchange with a broad variety of second-generation 
Grubbs catalysts, leading to the desired catalytic species. In the 
benchmark reaction with DEDAM, TONs up to 830 were 
achieved.47 

Model reactions revealed that only one chloride was 
exchanged by the silver carboxylate, while the second chloride 
remains unaffected. However, these systems benefit from the 
presence of free silver carboxylate groups, which actually act as 
a reversible scavenger for phosphine. Thus, the use of 

Scheme 27 Immobilization of an NHC precursor on a ROMP-derived monolith via in situ grafting. 

Scheme 28 Immobilization of a metathesis catalyst on a ROMP-derived monolithic support. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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monocarboxylic acids such as 7-oxanorborn-2-ene-5-carboxylic 
acid instead of the ONDCA resulted in a supported catalyst that 
showed significantly reduced TONs in the RCM of DEDAM. In 
addition and in contrast to supported systems based on pendant 
silver carboxylates, high concentrations of phosphine were mon
itored in the effluent applying a continuous flow setup. Again, 
the use of silica as support results in low TONs around 120. This 
comparably low activity of silica-based systems was attributed 
both to the nonreversible scavenging of the phosphine by resi
dual silanol groups and to diffusion-controlled reactions and 
can in fact be overcome by the use of the above-mentioned 
monolithic systems. 

A monolith-supported version of the Grubbs–Hoveyda 
catalyst was prepared in an analogous approach using a per
fluoroglutaric anhydride-derived ligand (Scheme 29). When 
used in continuous flow experiments, TONs were >500.48,50 

It is worth mentioning that the TONs obtained with these 
two supported versions exceeded all published data on TONs 
of supported well-defined metathesis catalysts at that time. 
Equally important, the contamination of the products with 
ruthenium was (at that time) unprecedented low, that is, 
1.8 ppm. The same group also reported on an extension of 
this work by immobilizing 1,3-dimesityltetrahydropyrimidin
2-ylidene-based on ROMP-derived monolithic supports.17 

The above-described bis(norborn-2-ene)-functionalized, 
chiral biphenyl ligand has also been immobilized on mono
lithic supports. Monoliths were designed in a way that they 
could be cut into pieces and, after encasement, could be used 
for HTS (Scheme 30). 

The high porosity (ca. 60% pore volume) of the monolithic 
supports guaranteed for a sufficient void volume to take up 
solutions of the corresponding educt. The monolithic supports 
thus served simultaneously as catalyst supports, reactions ves
sels, and filtration units. A series of asymmetric RCM reactions 

and desymmetrization reactions were carried out. Using the 
supported chiral Schrock catalyst, very similar enantioselectiv
ity was found as for the parent homogeneous system.227 Metal 
leaching was reported to be <3%. 

A ‘grafting-from’ approach was also used for the immobiliza
tion of dipyridylamide ligands. To avoid any potential 
incompatibilities of the ruthenium-based initiator used with the 
pyridine-containing ligands, a completely new approach was 
elaborated for monolith functionalization with these ligands. 
Since the nitrogen lone pair needed to be protected to prevent 
coordinating to the ruthenium core, the catalytically active 
complex, N,N-dipyrid-2-yl-7-oxanorborn-5-en-2-ylcarbamido 
palladium dichloride, was synthesized and grafted onto a mono
lith using NBE as a comonomer (Scheme 31). Following this 
‘grafting-from’ approach, monoliths containing 7 μmol (0.07%) 
Pd were prepared. In a model reaction between styrene and 
iodobenzene, TOFs of 1.2–1.6 s−1 were found. These figures 
clearly exceed those obtained with supports prepared by 
ring-opening metathesis precipitation copolymerization, which 
gave TOFs of 0.35 s−1 in an identical reactions.228 Pd leaching was 
generally low (2.2% total over 10 h). Alternatively, if used as a 
cartridge, amounts of reactants typical in combinatorial chemis
try (50–100 mg in total) were converted in satisfactory yields 
(<80%).98 

• Pore-size-selective functionalization of monoliths 
An approach to Pd(0)-mediated, ligand-free coupling reactions 
was developed by Bandari et al.229 Electron-beam-triggered free 
radical polymerization-derived monolithic supports prepared 
from a mixture of glycidyl methacrylate and TMPTA in 
2-propanol, 1-dodecanol, and toluene were prepared in a way 
that porous monolithic matrix that was characterized by 
large (convective) pores in the 30 μm range as well as of 
pores <600 nm, formed. The epoxy groups present within the 

Scheme 29 Immobilization of a metathesis catalyst on a ROMP-derived monolithic support using fluorinated carboxylates. 

(c) 2013 Elsevier Inc. All Rights Reserved.



626 Current and Forthcoming Applications of ROMP-Derived Polymers: Functional Surfaces and Supports 

Scheme 30 Monolith-supported chiral Schrock catalyst. 

Scheme 31 Immobilization of a Heck catalyst on a ROMP-derived monolithic support. 

entire monolith were hydrolyzed in pores >7 nm using poly 
(styrene sulfonic acid) (Mw = 69 400 g mol−1, PDI = 2.4). The 
remaining epoxy groups inside pores <7 nm were subject to 
aminolysis with norborn-5-ene-2-ylmethylamine, providing 
covalently bound NBE groups inside these pores 
(Scheme 32). These NBE groups were then reacted with the 
first-generation Grubbs initiator RuCl2(PCy3)2(CHPh). The 
thus immobilized Ru-alkylidenes were further used for 
the surface modification of these small pores applying a 

grafting-from approach. Different monomers, for example, 
N,N-di(pyrid-2-yl)-7-oxanorborn-5-ene-2-ylcarboxylic amide 
were surface-grafted inside the small pores. The thus poly-5 
grafted polymers were then used to permanently immobilize 
Pd2+ and Pt4+, respectively, inside these pores. After reduction, 
metal nanoparticles approximately 2 nm in diameter were 
formed. Monoliths containing Pd nanoparticles inside the con
strained geometries of the small pores were then used in both 
Heck- and Suzuki-type coupling reactions achieving TONs up 

(c) 2013 Elsevier Inc. All Rights Reserved.



Scheme  32  Pore-size-selective functionalization of monolithic supports. 
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Scheme 33 Synthesis of ROMP-derived monolithic membranes (left) and monolithic membrane after I2 extraction. Buchmeiser, M. R. J. Sep. Sci. 2008, 
31, 1921. © Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

to 167 000 and 63 000, respectively. Due to the steric con
straints, the nanoparticles did not significantly change in 
particle size. 

• Monolithic ROMP-derived disks230 

For monolithic disk synthesis, solutions of NBE, DMN-H6, and 
tris(norborn-5-ene-2-ylmethylenoxy)methylsilane, respectively, 
in 2-propanol and toluene (25:25:41:9, all wt.%) were subject 
to ROMP using the first-generation Grubbs initiator RuCl2 

(PCy3)2(CHPh) and triphenylphosphine (PPh3) as m odulator.  
To come up with disks with sufficient mechanical strength, poly 
(amide) membranes were soaked with the polymerization mix
ture (Scheme 33). This way, membrane-supported monolithic 
disks up to 2 mm in thickness were realized. These disks were 
successfully used for the preconcentration of iodine and selected 
organic solutes from dilute aqueous samples by SPE. 
Quantitative measurement of the extracted solutes was achieved 
by diffuse-reflectance spectroscopy (DRS) directly on the surface 
of the disk. 

• Monolithic materials for tissue engineering178,180,231 

In search of alternative scaffolds suitable for tissue engineering, 
we took advantage of the particular properties of monolithic 
supports, which are a tailor-made porosity and pore distribution 
as well as the possibility to create large transport pores in the 
micrometer region. In addition, the molding processes that are 
feasible thereby significantly reduce restrictions in shape. By 
using a 20:20 wt.% mixture of NBE and pentaglycerol bis(7
oxanorborn-5-ene-2-ylcarboxylate) acrylate (PGBA) in a micro
porogen (toluene) and a macroporogen (2-propanol, 5:10 wt.% 
ratio), monolithic structures were realized with the aid of RuCl2 

(pyridine)2(IMesH2)(CHPh) (0.03 wt.%) and low amounts 
(<100 ppm) of additional free pyridine as regulator.78 

Scheme 34 illustrates the basic polyreaction. 

Scheme 34 Synthesis of 7-oxanorborn-2-ene-based, ROMP-derived 
monoliths. 

Large transport pores up to 400 μm, which should facilitate 
neovascularization, could be created. Upon cultivation with 
adipose tissue mesenchymal stem cells and subsequent differ
entiation into adipose and osseous tissue, respectively, the 
novel supports in fact turned out to be biocompatible and 
biodegradable. Thus, excellent ingrowth of the cells into the 
monolithic support and cell proliferation was observed. 
However, the high porosity of these supports and the large 
pores were proposed to be responsible for the comparably 
low mechanical stability. To enhance the mechanical stability 
of the supports, nanoscaled inorganic particles, that is, CaCO3 
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and hydroxylapatite, were added. Simultaneously, to enhance 
the compatibility of the organic support with the polar nano
particles, NBE was replaced by cis-cyclooctene-5,6-diol. The 
Grubbs-type initiators used not only tolerated the presence of 
the inorganic nanoparticles, but, equally importantly, particle 
loadings up to 12 wt.% did not interfere with the phase separa
tion process, allowing for the realization of monolithic 
nanocomposites.232 Equally important, preliminary cell culti
vation studies did not indicate any negative effects of the 
nanoparticles on cell adhesion and growth. 

4.23.5 Summary 

Metathesis-based polymerization techniques have found their 
place in many areas of materials science. This has been made 
possible by developing well-defined and tolerant initiators. 
With these catalytic systems in hand, particular ROMP and 
1-alkyne polymerization have had an enormous impact on 
the development of surface-modified organic and inorganic 
materials. Applications in catalysis and separation science 
have been added to the more ‘traditional’ ones in optics and 
electronics. The ongoing developments in organometallic 
chemistry, that is, in initiator design, in polymer chemistry, 
and in particular in metathesis polymerization, will certainly 
result in the permanent improvement of existing systems and 
techniques as well as in new applications in many areas of 
chemistry and materials science. However, for some applica
tions, the unsaturated nature of the polymers created by ROMP 
still represents a significant drawback as compared to func
tional surfaces prepared by other polymerization techniques. 
Here, intermediary saturation, for example, by hydrogenation, 
must be considered. 
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4.24.1 General 

About 50 million tons of polyesters1 and 7 million tons of 
polyamides2 are produced worldwide annually. Although recy
cling of used plastic has become mandatory for environmental 
reasons, practically, it is still a challenge.3 Successful reuse of 
plastics depends heavily on a well-organized waste manage
ment system. Of all plastics, the waste logistics of polyesters is 
the best organized. About 50% of all PET bottles are collected 
for reuse in the EU.4 

A major problem of reusing polycondensates is their degrada
tion (hydrolysis) during use and reprocessing, resulting in 
materials with inferior properties with respect to the virgin 
materials. In order to compete with virgin feedstocks, the mole
cular weight has to be restored to its original level. This is 
currently done in a solid-state postcondensation (SSP) process. 
To accomplish this, the granulate is heated for 20–50h at 
200 °C under vacuum in the solid state. This is obviously an 
expensive process preventing a massive reuse of polyester and 
polyamide waste. 

In a chain extension reaction, the polymer end groups are 
coupled in a similar statistical way as during a polyconden
sation process. The difference with the (solid-state) 
postcondensation process is that the chain extenders couple 
the polymer end groups within minutes, instead of in 
hours. Chain extension is, therefore, a promising alternative, 
provided that it can be done during an existing compound
ing step, in order to avoid an additional processing step. 
Additionally, the chemistry should proceed unambiguously 
and be well controlled. Polyesters and polyamides possess 
hydroxyl, amino, and carboxylic end groups, which are 
useful linking units. The challenge is to design harmless 
chain extenders that react rapidly with these end groups 
without side reactions (e.g., branching) and without releas
ing harmful reaction products. 

It is virtually unavoidable that coupling units will be incor
porated into the polymer backbone. Nevertheless, no 
measurable influence on the properties is expected since the 
incorporated amounts of ‘comonomers’ are small (< 1 wt.%). 

Chain extenders can be classified into two main groups. In 
one class the coupling proceeds with, and in the other class 
without, the release of a low molecular weight compound. 

Here, we will discuss the first class of compounds only briefly, 
whereas the focus will be on coupling agents without releasing 
volatiles. It appears that the latter is achievable via ring-opening 
reactions. 

4.24.2 Chain Extension 

The residence time during an extrusion step to produce 
end products is in the order of 1 min at temperatures of 
250–300 °C. As a consequence, chain extenders should be 
quite reactive to accomplish the coupling within this short 
period of time. On the other hand, they have to be thermally 
stable to withstand these high temperatures. Chain extension 
of polycondensates like PET can also be done at lower tem
peratures, but then it has to be accomplished in the solid state 
(SSP)5 due to the high melting point (255 °C). As a conse
quence, an additional processing step will be required. 

Polyesters and polyamides have variable amounts of 
hydroxy, amine, or carboxylic end groups. Consequently, the 
chain extenders have to match with the type as well as with the 
concentrations of these end groups. In Scheme 1, an example is 
given of a chain extension reaction via carboxylic end groups of 
polyesters, which will not affect the concentration of the 
hydroxy groups. 

In that case, the increase of the molecular weight will 
depend only on the concentration of the carboxylic end groups. 
This is of course a limitation, but in most cases a moderate 
increase of the number-average molecular weight from15 000 
to 20 000 Da is sufficient to restore the original material prop
erties. The Mn of commodity polycondensates is approximately 
20 000 Da. Synthesis of higher molecular weight polyconden
sates is technically not very feasible in existing commercial 
polycondensation equipments, due to viscosity limitations. 
If higher molecular weights are desired (Mn > 20 000 Da), two 
types of chain extenders can be used (vide infra). Chain exten
sion could therefore also be a useful alternative for making 
high-duty polycondensates. 

Finally, the possibility to connect chains of two different 
polymers by this chain extension mechanism can also be 
applied to make block copolymers. 
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Scheme 1 General scheme of chain extension of polyesters with a chain extender that reacts only with acid end groups. 

4.24.3 Diepoxides 

Compounds containing two or more epoxy functions are well 
known as constituents of epoxy resins. Hence, a large number 
of diepoxides are commercially available. Figure 1 gives an 
overview of the most common ones. 

The general procedure to prepare glycidyl compounds is 
from alcohols, phenols, or acids and epichlorohydrin. The 
reaction with bisphenol A, leading to diepoxide 5, is depicted 
in Scheme 2. 

Most of these compounds have a low volatility which makes 
them suitable for coupling reactions in the melt. The highly two epoxy groups are connected to a central unit. With these 
reactive epoxy group reacts with a variety of functional groups: epoxides, ring opening can occur in two ways: attack either on 
carboxylic acids, alcohols, amines, and so on. Many of the the methylene carbon (α-position), producing a secondary
commercial compounds are glycidyl derivatives wherein the alcohol, or on the methine carbon (β-position), producing a 

primary alcohol (Scheme 3). Generally the α-opening is the 
dominant reaction, but β-opening can happen in up to 20%. 

The reaction of a diepoxide with a carboxylic acid-
terminated polymer will, therefore, result in a coupling of two 
chains. This method has been proposed in a patent6 as early as 
1971. In the late 1990s, a comparative study of chain extension 
of PET by means of several commercial diepoxides has been 
reported.7,8 The reactions were carried out at 270 °C for differ
ent periods of time. The diepoxides 1 and 2 of Figure 1, 
comprising aliphatic cyclohexyl moieties, gave chain extension 
reaction as evidenced by the increase in intrinsic viscosities and 
substantial decrease of carboxyl content of the end products. 
With the diglycidyl ether types (3, 4, and 5), however, 
decreased viscosity values, increased carboxyl content, and 
lower melting points were observed. 

The negative results obtained with the glycidyl compounds 
were confirmed by another group.9 The positive results 
described above for one of the diepoxides, comprising aliphatic 
cyclohexyl moieties, were partially confirmed: the molecular 
weight of the processed PET was increased but the value of the 
untreated original product was not attained. It is not clear why 
epoxy compounds comprising cyclohexyl moieties are more 
effective. One can speculate that the reverse reaction is sterically 
more hindered than with linear glycidyl moieties. 

The chain extension reaction in poly(butylene terephtha
late) (PBT) melt with diglycidyl tetrahydrophthalate has been 
reported in detail.10 This chain extender was found to react 
with the hydroxyl and carboxyl end groups of PBT at a high 
reaction rate and relatively high temperature. The reaction time 
decreased with increasing temperature and above 250 °C, the 

Scheme 3 Ring opening of glycidyl ether by carboxyl function. 

Figure 1 Examples of commercial diepoxides. 

Scheme 2 Preparation of diepoxide of bisphenol A and epichlorohydrin. 
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Figure 2 Epoxides used as chain extenders for PA1010.11 

chain extension reaction could be completed within 2–3 min. 
Shear rate had some effect on the reaction rate, which might be 
due to improved mixing. The melt flow index of the 
chain-extended PBT dramatically decreased (from 35 to 3 g in 
10 min) and the impact strength and elongation-at-break 
increased. The chain-extended PBT appeared to be more ther
mally stable than the virgin product. Compared with the 
conventional solid post-polycondensation method, this 
approach is reported to be simpler and cheaper to obtain 
high molecular weight PBT resins. 

The chain extension of polyamide PA1010 with two diep
oxides (Figure 2)11 has been reported. The reactions were 
carried out at 240 °C and were monitored by viscosity using a 
Haacke viscosimeter. The results indicated that with epoxide 7 a 
higher torque (= viscosity) was obtained than with epoxide 8, 
although both increase dramatically the melt viscosity within 
several minutes. Here, the glycidyl groups are effective, which 
might be due to the lower reaction temperature (coupled 
product is thermodynamically more favorable at lower 
temperatures). 

As compound 7 is trifunctional, it will lead to branched and 
ultimately to cross-linked products. This is sometimes benefi
cial, but mostly undesired. 

Recently, unsaturated (oligomeric) polyesters (UPE) of 
molecular weights in the range of 500–700 Da have been 
chain-extended at temperatures between 130 and 160 °C 
using di- or multifunctional epoxy compounds.12 The exten
ders were bisphenol A diglycidyl ether (5 in Figure 1), 
1,2,7,8-diepoxyoctane, and epoxidized soybean oil. Different 

weight ratios were tried and solubilities, gel times, and mechan
ical and thermal properties of the chain-extended polyesters 
were examined. The study showed that di- or multifunctional 
epoxy compounds are effective chain extenders for UPEs. The 
molecular weights of the chain-extended polymers were in the 
same range as commercial UPEs. The use of these extenders 
decreases the production time and, as a result, increases the 
yield of polyesters equipment, without compromising its solu
bility in styrene or the mechanical and thermal properties of 
the final cured UPE–styrene materials. As viscosity limits do not 
impose any restriction on these low molecular weight UPEs, 
chain extension was carried out in a common polyester reactor 
and proceeds without formation of by-products. The diol loss 
due to evaporation, which is often encountered in the late 
stages of commercial UPE manufacture, is also eliminated. 

In order to produce modified PET resins with improved 
rheology for applications requiring high viscosity and elasticity, 
a novel diimidodiepoxide (9, see Figure 3) was evaluated as 
chain extension agent.13 Its reactivity was compared with that 
of an ethylene/glycidyl methacrylate copolymer. The diepoxide 
showed a higher reactivity than the copolymer and could be 
used at much lower concentrations. The complex chain exten
sion/degradation reactions occurring in the melt were followed 
in a batch mixer. The preliminary results indicated an overall 
decrease in carboxyl content and increase in hydroxyl content, 
intrinsic viscosity, melt viscosity, and storage modulus depend
ing on mixing time and type and concentration of the additives. 

4.24.4 Cyclic Imino Ethers 

All cyclic 1,3-oxaza compounds, depicted in Figure 4, are able 
to give ring-opening reactions and are, as a consequence, in 
potential all chain extender moieties. Despite all these options, 
only bisoxazines (1), bisoxazolines (2), and bisoxazolinones 
(3) are frequently described as chain extenders. 

Figure 3 Structure of diimidodiepoxide used as chain extender of PET.13 

Figure 4 Cyclic 1,3-oxaza compounds14 as potential chain extension moieties (depicts only half of the compounds). 
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Scheme 4 Preparation of cyclic imino ethers from acids or nitriles (R′ = 

Bisoxazolinones will be discussed in Section 4.24.6, whereas 
the bisoxazolines and bisoxazines will be discussed here. 

After the pioneering work of Inata15 in the late 1980s, 
particularly bisoxazolines were considered as the most promis
ing compounds to increase molecular weights. 

Oxazolines and oxazines are easily prepared from amino 
alcohols and carboxylic acids or nitriles, as was shown in an 
early work of Witte and Seeliger16 (Scheme 4). 

The synthetic route via nitriles is generally preferred as the 
reaction proceeds in high yields in a one-step procedure. The 
reaction between acids and hydroxy alkyl amines is rather slow. 
But, the preparation of the hydroxy alkyl amides proceeds fast 
and in high yields if acid chlorides are used instead of acids. 
Nevertheless, (di)acids are interesting starting materials due to 
their abundant availability. 

Ring-opening reactions proceed after activation of the ring 
either by alkylation or by protonation of nitrogen, followed by 
a nucleophilic attack on the C5 carbon, as depicted in 
Scheme 517 for oxazolines. The driving force of the reaction is 
not so much to relieve ring strain but rather the isomerization 
of the iminoether structure into an amide. 

Compounds for which the Brønsted acidity is high enough 
to protonate oxazolines and for which the corresponding anion 
is a suitable nucleophile to attack the C5 carbon can couple via 
a ring-opening reaction. Carboxylic acids fulfill these require
ments and thus polyester or polyamide acid end groups will 
react with bisoxazolines or bisoxazines (Scheme 6). 

Bisoxazoline chain extenders are most frequently reported, 
particularly in patents.18 The reaction of carboxylic acid func
tional polymers with bisoxazolines proceeds well at 
temperatures up to about 200 °C. 

Stanssens et al.19 and others20 have shown that the reaction 
between oxazolines and carboxylic acids is reversible. At higher 
temperatures, the equilibrium shifts, for entropic reasons, 

Scheme 5 Ring-opening reaction of an oxazoline by a compound 
comprising a dissociable proton. 

(CH2)n, n = 2–4). 

toward the starting products, limiting the efficacy of bisoxazo
lines at the processing temperature of most polycondensates 
(> 200 °C). It was shown that at temperatures36 above 200 °C 
bisoxazines are more effective. This can be explained by the fact 
that unsaturated five-membered rings are more stable than the 
corresponding six-membered rings. 

Inata and Matsumura15 showed that 2,2′-bis(2-oxazoline) 
(BOZ), which is less inclined to give the reversed reaction, is the 
most effective oxazoline chain extender for PET. It can be used 
at high temperature, provided that PET is properly dried (BOZ 
is susceptible to hydrolysis). Intrinsic viscosities [η] ranging 
from 0.66 to 1.06 dl g−1 were obtained at 280 °C with up to 
0.5 wt.% of BOZ. The melting temperature (Tm) decreased 
maximally from 255 to 248 °C. However, this is mainly due 
to the increase of the molecular weight, which results in a lower 
Tm. Figure 5 shows the relation between Tm and the intrinsic 
viscosity of pure PET and chain-extended PET. It can be esti
mated that the decrease of Tm due to chain extension is less 
than 2 °C. 

4.24.5 Cyclic Anhydrides 

Hydroxyl and amino groups react rapidly with anhydrides, 
forming esters or amides, respectively, with release of an acid. 
Cyclic anhydrides react similarly, yielding ester- or amide-acids. 
Accordingly, dicyclic anhydrides can couple two compounds 
and were, therefore, studied as chain extenders, particularly for 
polyesters.21 Some examples of commercially available dicyclic 
anhydrides are given in Figure 6. Pyromellitic dianhydride 
(PMDA, 1) is probably the most important member of this 
group. 

Dianhydrides can be prepared in a number of ways, for 
instance, by a selective oxidation of the corresponding alkyl 
compounds.22 

Maleic anhydride copolymers comprise a number of cyclic 
anhydrides and are used as well.23 However, these compounds 
will give branched or even cross-linked polyesters, due to the 
high functionality, and are outside the scope of this chapter. 

Amino end groups of polyamides react with cyclic anhy
drides to form the corresponding amide-acids, after which the 
reaction can continue forming stable imides, as depicted in 
Scheme 7. 

Scheme 6 Coupling of two polymer chains by using bisoxazolines. 
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Figure 5 Relation between Tm and the intrinsic viscosity of PET (open circles) and of chain-extended PET (filled circles).15 

Figure 6 Some commercially available cyclic dianhydrides. 

Scheme 7 Two-step reaction of an amine and a cyclic anhydride. 

In contrast, the reaction of hydroxyl functional compounds 
with cyclic anhydrides, which yields ester-acids, is reversible 
(Scheme 8).24 

Due to entropic reasons, the equilibrium depicted in 
Scheme 8 will shift to the left at higher temperatures. As a 
result, the reaction will not go to completion at processing 
temperatures of PET (about 300 °C). Nevertheless, high viscos
ities are obtained with pyromellitic anhydride (1, PMDA). 
Daver et al.25 have studied the rise of the viscosity of PET after 

Scheme 8 Reversible reaction between a cyclic anhydride and a hydroxyl 
comprising compound. 

reaction with PMDA in detail. The relation between the intrin
sic viscosity and the amount of PMDA is given in Figure 7. 

The intrinsic viscosity of the starting PET was 0.75 and 
dropped to 0.67 dl g−1 after processing for 45 s. This is a com
mon phenomenon of polyesters due to thermal and hydrolytic 
degradation. About 0.25 wt.% of PMDA is sufficient to com
pensate for the viscosity drop. Higher concentrations of PMDA 
will result in higher viscosities but also in a more pronounced 
branching and finally in cross-linking, due to the involvement 
of the acid groups. The acid side groups react via transesterifica
tion reactions. Transesterification reactions are rather slow and 
will consequently continue for a long time. As a result, the 
viscosity will be dependent on the residence time in the melt, 
which is generally undesired. Branched polymers are beneficial 
if high viscoelastic properties are required, for instance, for 
foams to prevent cell collapse.26 

During the reaction of polyesters and cyclic dianhydrides, 
polymers with useless or even undesired acid side groups are 
formed. These acid groups can cause branching or catalyze 
hydrolytic degradation. However, one can take advantage of 
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Figure 7 The relation between the intrinsic viscosity of chain-extended PET and the concentration of PMDA.25 

these acid side groups to couple hereon useful side groups and 
introduce novel properties.27,28 In general, however, acid side 
groups are not desired as linear polymers and processing 
time-independent viscosities are more preferred. 

4.24.6 Bisoxazolinones 

5-Oxazolinones are five-membered azlactones (in some older 
publications referred to as oxazolones) that can be obtained 
from α-amino acids, for example, from α-amino isobutyric 
acid, and carboxylic acids (Scheme 9). 

Oxazolinones react with both amino and hydroxyl 
groups forming amide or ester-amide linkages, respectively. 
Scheme 10 shows the ring-opening reaction with an amine. 

Bisoxazolinones are, therefore, possible chain extenders for 
polymers containing such end groups. Bisoxazolinones are 
preferentially prepared from amino acids and dicarboxylic 

Scheme 9 Synthesis of 5-oxazolinone starting from α-amino acid and 
carboxylic acid. 

Scheme 10 Reaction of a 5-oxazolinone with an amine. 

Figure 8 Structure of liquid bisoxazolinone described by Saint-Loup 
29et al. 

acid dichlorides following the same route as shown in 
Scheme 9. An alternative method, leading to a liquid bisoxa
zolinone with structure shown in Figure 8, is the free radical 
di-addition of bis(mercaptoethyl) ether to a 2-ethenyl oxazoli
none, as described by Saint-Loup et al.29 

Acevedo and Fradet investigated the use of two bisoxazoli
nones, 2,2′-bis(4,4-dimethyl-5(4H)-oxazolinone) (B1) and 
2,2′-(1,2-ethylene)-bis(4,4-dimethyl-5(4H)-oxazolinone) 
(B2), as chain extension agents for amine-terminated polya
mide 12 of molar mass 1000 Da (Figure 9).30 The coupling 
reactions were performed in bulk. 

With B2, the coupling reaction was fast and high molar 
mass polymers were obtained within 10 min at 185 °C. A con
secutive intramolecular side reaction, cyclodehydration of 
α-aminoisobutyryl moieties leading to imidazolinone cycles 
in the chains (see Scheme 11), has been observed, but the 
presence of these structures has no unfavorable consequence 
on the thermal and/or mechanical properties of the end 
products. 

With coupling agent B1, side reactions of oxazolinone rings 
were observed, leading only to low molar mass polymers. 

Reactions of polyamide-12 and amine-terminated poly-
ether (Jeffamine ED-900) with the same coupling agents have 
been applied by the same authors for the synthesis of 

Figure 9 Bisoxazolinones used by Fradet et al. for chain extension of 
amino-terminated polymers. 
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Scheme 11 Formation of imidazolinone groups by cyclodehydration of dipeptide-like moieties formed during amine–oxazolinone chain coupling. 

polyether-block-polyamides.31 High molar mass block copoly
mers were synthesized in bulk within 1 h at 200 °C and under 
atmospheric pressure, instead of several hours at 240 °C under 
vacuum for the usual reaction between dicarboxy polyamides 
and dihydroxy polyethers. No other side reactions than the 
formation of a small amount of imidazolinones have been 
found. DSC studies of the block copolymers showed the exis
tence of phase separation between the soft (polyether) and 
hard (polyamide) blocks. 

In their first papers on this topic, the authors stressed the 
fact that disubstitution at the 4 position of the oxazolinone 
ring was necessary since, in the presence of a base, a hydrogen 
atom abstraction at the 4 position was expected to cause the 
oxazolinone rings to undergo dimerization. Thermal or 
cationic polymerizations have also been reported for these 
compounds. 

In later publications, however, the same authors reported 
that the reaction of bis(5(4H)oxazolinones) derived from natu
rally occurring α-amino acids, that is, with at least one 
hydrogen atom at the 4 position, with amine-terminated poly-
ethers and polyamides in the bulk at 175–200 °C is also 
possible.32 Scheme 12 shows the synthesis in which the bisox
azolinones derived from alanine, valine, phenylalanine, and 
methionine were obtained. 

The chain coupling reactions were found to be extremely 
fast (much faster than with the 4,4-disubstituted reagents) 
leading from polymers to high molar mass copolymers con
taining peptide linkages in less than 5 min. Besides the chain 
extension reactions with polymers, model reactions were car
ried out using primary alkyl amines. The NMR spectra of model 
compounds and polymers showed that the oxazolinone/amine 
addition reaction proceeds in the expected way, without any 
noticeable side reaction. Owing to its very high rate, this 

coupling reaction successfully competes with the degradation 
or polymerization side reactions normally associated with the 
heating of 4-monosubstituted oxazolinones. The chain-
extended polymers exhibit lower crystallinity, higher Tg, and a 
melting temperature close to or lower than that of the starting 
oligomers. 

In the same line of research, Lefèbvre and Fradet33 described 
the bulk chain extension reactions between hydroxy-
terminated poly(oxytetramethylene), poly(oxyethylene), or 
poly(ε-caprolactone) and several bis(4-monosubstituted-5 
(4H)oxazolinones). These polyaddition reactions proceed 
rapidly and without side reactions in the case of poly(oxyte
tramethylene) or poly(ε-caprolactone) when a catalytic 
amount of Ti(OBu)4 is used. The efficiency of the extension 
was much lower in the case of poly(oxyethylene). This was 
attributed to the coordination of poly(oxyethylene) oxygen 
atoms at the active sites of Ti(OBu)4. 

High molar mass block copolymers were synthesized by the 
reaction of mixtures of hydroxy-terminated poly(oxytetra
methylene) and poly(ε-caprolactone) with the same 
bisoxazolinones. Differential scanning calorimetry (DSC) 
study of the block copolymers revealed phase separation 
between the two blocks when the starting polymers have Mn 

of 1000 Da or higher. Lower molar masses of the starting poly
mers yielded amorphous products. 

Block copolymers could also be prepared by the bulk reac
tion of mixtures of amino-terminated aliphatic polyamides and 
polyethers using monosubstituted bisoxazolinones.34 In the 
same paper, it was reported that the coupling also succeeded 
for mixtures of hydroxy-terminated polymers and 
amino-terminated polymers, making this synthetic method 
applicable to a large range of polymers. 

Scheme 12 Synthesis of 4-monosubstituted bisoxazolinones derived from natural α-amino acids. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.24.7 Coupling with Release of Blocking Groups 

Chain extenders that release low molecular compounds during 
coupling reactions do not fit in this ring-opening chapter. 
Nevertheless, they are discussed here as they are probably the 
most developed chain extenders and thus the benchmark. 
Among all potential chain extenders comprising releasing 
groups, bislactams are the most important ones, since they do 
not give side reactions and caprolactam, which is released, is 
hardly toxic. Hence, here, only bislactams will be discussed. 

The most important bislactams are depicted in Figure 10. 
They are easily prepared in high yields from caprolactam and 
acid chlorides. 

During the coupling reaction with hydroxy or amino func
tional polymers, bislactams release caprolactam (Scheme 13) 
that will remain as an inert, low molecular compound in the 
polymer matrix. Although this is obviously not desired, the 
amount is rather low as the usually required amount of chain 
extender is low (< 1 wt.%). 

All the bislactams35 depicted in Figure 10 behave quite 
similarly and their efficacy as chain extender will therefore be 
illustrated here with carbonyl biscaprolactam (CBC).36 

Figure 11 shows the increase of the relative viscosity of 
three commercial PET grades, with different starting viscos
ities (ηrel = 1.56, 1.72, and 1.99 dl g−1, in  m-cresol, 0.5 dl g−1), 
after processing with various amounts of CBC. It can be seen 
that the viscosity increases regularly with the amount of 
CBC. It is worthwhile to mention that the Mark–Houwink 
coefficient of PET prepared by the SSP (0.69) was equal to 
that of the chain-extended product with the same molecular 
weight (0.68), indicating that no branching reactions took 
place. 

In order to increase the reaction rate with polyesters, 
Loontjens36 studied the influence of catalysts in a small-scale 
extruder (DSM micro-compounder). In Figure 12, it can be 
seen that the reaction rate is enhanced considerably by adding 
a titanium catalyst. As a result, the reaction times are now in the 
range of residence times of commercial extruders. 

Figure 10 Structure of carbonyl biscaprolactam (1, CBC), isophthaloyl biscaprolactam (2, IBC), terephthaloyl biscaprolactam (3, TBC), and adipoyl 
biscaprolactam (4, ABC). 

Scheme 13 Chain extension of polyesters with bislactams. 

Figure 11 The relative viscosity of PET (in dl g−1, in  m-cresol) as function of the wt.% CBC. 

1.5

1.6

1.7

1.8

1.9

2

2.1

2.2

0 0.2 0.4 0.6 0.8 1.0 1.2

CBC (wt.%)

R
el

at
iv

e 
vi

sc
os

ity

(c) 2013 Elsevier Inc. All Rights Reserved.



 

3.1 

3.0 

R
el

at
iv

e 
vi

sc
os

ity
 2.9 

2.8 

2.7 

2.6 

2.5 

2.4 

2.3 
0 0.2 0.4 0.6 0.8 1.0 1.2 

CBC (wt.% ) 

Chain Extension by Ring Opening 641 

Extrusion PET, CBC (0.59 wt.%) at 280  °C for 6  min 
 

 

 

 

 

1.2 

1 t 
(3

60
)

t /
 F

or
ce 0.8 

(x
) 0.6 

F
or

ce

0.4 

0.2 

3 mol.% Ti(2Et-HexO)4 

2 mol.% Ti(2Et-HexO)4 

1.5 mol.% Ti(2Et-HexO)4 

1 mol.% Ti(2Et-HexO)4 

Increasing 
amount of 0 mol.% Ti(2Et-HexO)4 
catalyst 

0 60 120 180 240 300 360 
Time (s) 

Figure 12 The normalized torque of the micro-compounder during the processing of PET with CBC in the presence of various concentrations of Ti(2Et
HexO)4. 

Figure 13 The relation between the relative viscosity (in dl g−1, in formic acid/water 90/10 wt.%/wt.%) of nylon-6 (Akulon K123) and the amount of 
added CBC, after processing. 

As amino groups are more reactive (more nucleophilic) 
than hydroxy groups, it is expected that the chain extension 
will be faster with nylons than with polyesters. The same 
authors showed that in the case of nylon-6 the reaction was 
almost finished within 45 s, indicating that the reaction with 
CBC is, indeed, very fast. The viscosity of chain-extended 
nylon-6 as a function of the amount of CBC used is shown in 
Figure 13.36 

A further increase in viscosity is obtainable if, next to bislac
tams, bisoxazines or bisoxazolines are used that react with the 
carboxylic end groups, as will be discussed next. 

4.24.8 Mixed Systems 

With one type of chain extender, the impact on the molecular 
weight will be limited, since polyesters and polyamides have 
not only hydroxy or amino end groups but also carboxylic end 
groups. It seems obvious to use both types of end groups for 
optimal chain extension. But, hydroxy and amino groups react 
with acid groups. As a consequence, a chain extender that reacts 
with acids could react with the complementary chain extender 

that reacts with hydroxy or amino groups. So, if two chain 
extenders are used they should be selected in such a way that 
they react only with hydroxy, amino, and acid end groups, but 
not with each other. It was shown that the combination of CBC 
and bisoxazines or bisoxazolines fulfill these requirements. In 
Figure 14, an example is given of the change of the torque of 
PET in a micro-compounder in the presence of CBC and phe
nylene bisoxazoline (PBOX) or phenylene bisoxazine (PBO).36 

It can be seen that the influence on the torque, and thus on the 
molecular weight, is much more pronounced with two than 
with one chain extender. Moreover, it is clearly shown that 
under those conditions PBOX is much more effective than 
POB. 

Böhme et al. prepared compounds comprising two different 
reactive groups in one molecule.37,38 Compounds 1 and 2 have 
an oxazoline group that reacts with carboxylic groups and an 
oxazinone group that reacts with amino or hydroxy groups. The 
reactions are highly selective and were utilized in the chain 
extension of PA26 and in the synthesis of segmented 
PA12-polyether block copolymers. Using compound 1, the 
synthesis of block copolymers based on amino-terminated 
PA12 and carboxy-terminated PBT was also investigated. 

(c) 2013 Elsevier Inc. All Rights Reserved.



  

   

 

   

   

  

Extruding PET at 280 °C for 6 min 
4200 

CBC (23 mmol kg–1)+1,4-PBOX (17 mmol kg–1) 
3600 

m
) 3000 

T
or

qu
e 

(N
 

2400 CBC (23 mmol kg–1)+1,4-PBO (17 mmol kg–1) 

1800 PBOX
CBC (17 mmol kg–1) or PBOX (17 mmol kg–1) 

CBC1200
PBO (17 mmol kg–1) 
Blank 

600 
0 60 120 180 240 300 360 

Time (s) 

642 Chain Extension by Ring Opening 

Figure 14 The torque of the micro-compounder during the processing of PET in the presence of CBC, 1,4-PBO, 1,4-PBOX, CBC + 1,4-PBO. or 
CBC + 1,4-PBOX. 

Figure 15 Dual chain extenders.37,38 

Although the coupling efficiency has proven to be good, the 
molar masses were not high enough to ensure good mechanical 
properties. In particular, partial hydrolysis of the polyester 
blocks, probably catalyzed by residual carboxylic groups, 
could not be prevented completely (Figure 15). 

Another example is bifunctional coupling agent 3 contain
ing an oxazinone and a lactamate group in one molecule.38 

Model reactions showed that this coupling agent is highly 
selective. At 220 °C, the substitution of the lactamate group 
was about 90%. In a second reaction, the oxazinone group was 
converted with an aliphatic amino compound. This high selec
tivity was utilized in the synthesis of segmented polyester/ 
polyamide block copolymers by sequential conversion of the 
coupling agent with hydroxy-terminated PBT or polycaprolac
tone (PCL) and amino-terminated polyamide 12 (PA12) under 
reactive extrusion conditions. In the case of the PA12/PBT 
block copolymer, ductile behavior was observed, whereas the 
PA12/PCL block copolymer showed elastic properties. Both 
polymers phase separated on the nanometer scale, as evidenced 
by AFM and SEM. 

4.24.9 Conclusions 

Chain extension is a beneficial process to improve the 
mechanical properties of polycondensates by increasing 
molecular weights during processing. Chain extenders are 
used in such a small amount (about 0.5%) that the 

crystallinity is not measurably disturbed. This makes chain 
extension an important enabling technology for upgrading 
polyesters and polyamides. During the preparation of poly-
condensates, the viscosities in these solvent-free processes 
raise enormously, making the synthesis of high molecular 
weight resins virtually impractical. It would be highly ben
eficial if in autoclaves only one low molecular weight grade 
could be produced and the higher molecular weight grades 
during extrusion. A second major advantage would be the 
upgrading of recycled polycondensates. During use, the 
molecular weight of polycondensates drops and, conse
quently, the mechanical properties will deteriorate. 
Restoration of the molecular weight would enable to reuse 
these polymers in their original applications. 

The feasibility of chain extenders is unambiguously 
demonstrated. To achieve this, these compounds must be 
very reactive without giving side reaction. These challenging 
requirements are met by a few compounds. The coupling of 
carboxyl, amino, or hydroxyl end groups via ring-opening 
reactions is by far preferred, since no volatiles are liberated. 
However, most of these reactions are equilibriums, prevent
ing sometimes complete conversions. Chain extension via 
substitution of releasing groups is feasible as well and 
might be even more preferred if the releasing compounds 
are harmless. 

In summary, chain extension is a feasible technology to 
make high molecular polyesters and polyamides during com
mon extrusion steps. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.25.1 Introduction 

Polymerizations in heterogeneous systems (suspension, disper
sion, emulsion, and related polymerizations) have certain 
advantages over polymerizations in bulk and in solution. 
Polymers synthesized in heterogeneous systems can be easily 
isolated, most often by simple sedimentation or, in the case of 
polymers with the density lower than the density of continuous 
medium, by flotation. It is also worth noting that the viscosity 
of polymerization mixture is much lower for the heterogeneous 
polymerization than for the polymerizations in bulk or in 
solution. Low viscosity allows efficient mixing helping to main
tain the uniform distribution of components of polymerization 
mixture and efficient heat transfer providing good control of 
temperature as well as convenient transport of reaction 
products. 

Majority of studies of heterogeneous polymerizations were 
concentrated on radical processes, in particular on polymeriza
tions of vinyl monomers in water-based media. Several 
important technologies are based on the knowledge gathered in 
these studies. On the other hand, the heterogeneous ring-opening 
polymerizations of heterocyclic monomers were investigated to 
much lesser extent, in spite that the first reports on such processes 
are about 40 years old.1,2 Probably, the much slower develop
ment of studies on ionic and pseudoionic ring-opening 
polymerizations in dispersed systems, in comparison with simi
lar studies on radical polymerizations of vinyl monomers, was 
related to experimental difficulties, because the intensively stirred 
polymerizing mixtures must be protected against contamination 
with moisture. However, recently, when microparticles from bio
degradable polyesters obtained by polymerization of lactides and 
lactones found application in medicine as drug carriers and 
building blocks for scaffolds used in tissue engineering,3–6 the 
direct synthesis of particles by the ring-opening polymerization 
attracted much more attention. 

Generally, in polymerizations in dispersed systems, the sus
pension of particles can be stabilized either by electrostatic 
repulsion or by steric hindrance.7 Sufficiently strong stabilizing 
repulsive forces occur only in highly polar media (e.g., in 
water) in which the ionic species are dissociated. Ionic and 
pseudoionic ring-opening polymerizations are usually carried 
out in media with the dielectric permittivities much lower than 
those of water. As a result, the ionic double layer at particle– 
organic continuous medium interface is very thin and therefore 
even at short distances between particles, the compensation of 
particle charge by small counterions effectively reduces the 
repulsive ionic interactions and does not prevent particle aggre
gation. Therefore, in the case of the ionic and pseudoionic 
ring-opening polymerizations, the stability of particle suspen
sion can be assured only by steric stabilization. The mechanism 
responsible for steric stabilization of polymer colloids is illu
strated in Figure 1. 

Particles stabilized sterically are coated with nonionic sur
factant strongly adsorbed or covalently immobilized onto the 
particle’s surface. The molecules of surfactants contain seg
ments efficiently solvated with molecules of the continuous 
medium. When two particles are in close contact, the entangle
ment of chains of surfactants leads to the higher local 
concentration of the chains. This increases the osmotic pressure 
inducing flux of solvent into the interparticle space, therefore 
preventing their irreversible aggregation. Moreover, the high 
local concentration reduces segmental motion of surfactant 
molecules, which leads to an unfavorable decrease in entropy. 
The above-mentioned events lead to the positive change of 
Gibbs energy accompanying reduction of the distance between 
particles and manifest themselves by repulsive forces prevent
ing particle aggregation. The suspension is colloidally stable 
during synthesis and in the postpolymerization period, pro
vided the surface-active agents were properly chosen for the 
particular polymer–continuous medium system. The general 
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Figure 1 Schematic illustration of sterically stabilized particles in close 
contact. 

rule is to select the surfactant containing segments with a high 
affinity to the polymer particles (or the surfactant that is sui
table for the covalent binding to the surface of the particles) 
and segments soluble in the continuous medium (at least at the 
polymerization conditions). 

It is worth noting that chemical reactions responsible for 
polymer formation during the polymerizations in dispersed 
systems are the same as in the case of the polymerizations in 
the bulk or in solution. However, for the polymerizations in 
dispersed systems, the processes responsible for particle forma
tion, transport of initiator and growing polymer into particles, 
and release of the growing chains into continuous medium are 
just as important. As a result, in dispersion polymerizations, 
significant differences in concentrations of monomer and pro
pagating chains in the continuous medium and in the particles 
are very common. Thus, one may expect that the rates of poly
merization in dispersed systems and in solution are different 
even if monomer and initiator concentrations are similar in 
both systems. 

4.25.2 Cationic Ring-Opening Dispersion 
Polymerization 

In the domain of the cationic ring-opening polymerization in 
dispersion, until now only one system has been investigated. In 
1968, Penczek et al. published results of the studies of the 
cationic copolymerization of 1,3-dioxolane and 1,3,5-trioxane 
initiated with BF3 and carried out in cyclohexane in the pre
sence or the absence of poly(ethylene oxide). The initial 
concentration of 1,3-dioxolane in these studies was 20 times 
lower than the initial concentration of 1,3,5-trioxane. The for
mer monomer was used with the purpose of protecting poly 
(1,3,5-trioxane) from depolymerization. It was found that 
depolymerization stops when 1,3-dioxolane monomeric unit 
is the terminal one. 

Microscopic observations revealed that polymer formed dur
ing the above-mentioned process was shaped into the 
raspberry-like particles (see Figure 2). The diameters of particles 
formed in the absence of poly(ethylene oxide) were in the range 
of 25–100 μm, whereas the diameters of particles formed by 
polymerization in the presence of poly(ethylene oxide) (samples 
with Mn equal to 15 000 and 40 000 were used in the studies) 

Figure 2 Copolymers obtained in copolymerization of 1,3,5-trioxane 
and 1,3-dioxolane carried out in the presence of poly(ethylene oxide) 
(Mn = 15 000). Initial concentrations of 1,3,5-trioxane and 1,3-dioxolane 
were equal to 7.0 and 0.35 mol kg−1, respectively. 

were in the range of 8 to about 100 μm, depending on the 
content of polyether. It is worth noting that for the weight 
fraction of poly(ethylene oxide) ranging from 1% to 2.5% (rela
tive to comonomers), the number-average diameter of particles 
was almost constant (within the range from 8 to 12 μm). 

According to the authors, the cationic species present in the 
polymerization mixture participate in not only transacetaliza
tion but also transetherification reactions, yielding copolymers 
with the polyacetal and poly(ethylene oxide) blocks (see 
Scheme 1). These copolymers can function as the in situ-formed 
suspension stabilizers adsorbed onto the surface of polyacetal 
particles via the polyacetal blocks and with the poly(ethylene 
oxide) segments providing steric stabilization. 

The initially formed primary particles are not sufficiently 
stabilized with attached surface-active copolymer and therefore 
aggregate into the larger ones. According to the basic laws of 
geometry, the ratio of surface to volume of the aggregates 
decreases with their increased size and eventually the amount 
of the adsorbed surface-active copolymer is sufficient to pro
vide colloidal stabilization of suspension. It is worth noting, 
however, that the primary particles in aggregates do not lose 
their identity (see microphotograph in Figure 2). Probably, at 
the polymerization temperature equal to 60 °C, the copolymer 
rich in poly(1,3,5-trioxane) is crystalline. The softening tem
perature of poly(1,3,5-trioxane) is close to 180 °C,8,9 which 
prevents fusion of particles. 

Monitoring the dependence of the average diameter of par
ticle aggregates on monomer conversion (shown in Figure 3) 
reveals the important difference between the copolymerization 
of 1,3,5-trioxane and 1,3-dioxolane in the presence and the 
absence of poly(ethylene oxide) used as a precursor of the 
surface-active suspension stabilizer with polyester and poly-
ether blocks. For example, in the polymerization carried out 
in the absence of poly(ethylene oxide), the diameter of particle 
aggregates grows continuously with monomer conversion, 
whereas in the copolymerization carried out in the presence 
of poly(ethylene oxide), the diameter of particle aggregates 
after the initial growth reaches plateau (with Dn close to 
10 μm) for monomer conversion exceeding 40%. 

Because the initiation was completed below 40% of mono
mer conversion, the above-mentioned dependence could 
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Scheme 1 Reaction of cationic species of 1,3,5-trioxane and 1,3-dioxolane copolymerization with poly(ethylene oxide) yielding polyacetal-block
polyether suspension stabilizing the block copolymer. 
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Figure 3 Influence of the average diameter of particles on concentration of 
poly(ethylene oxide) in the copolymerizing mixture of 1,3,5-trioxane ([1,3,5
trioxane] = 7.0 mol kg−1) and 1,3-dioxolane ([1,3-dioxolane] = 0.35 mol kg−1). 
Concentration of BF3OBu2 initiator was equal to: 1.75 � 10−3 mol kg−1 (○), 
3.50 � 10−3 mol kg−1 (●), and 4.50 � 10−3 mol kg−1 (▲). Reproduced with 
permission from Penczek, S.; Fejgin, J.; Sadowska, A.; Tomaszewicz, M. 
Makromol. Chem. 1968, 116, 203.1 

occur only in the system that was colloidally stable and 
allowed for the release of the propagating species from the 
aggregates. The released propagating species form new pri
mary particles and eventually new aggregates. Presumably, 
the propagating copolymer chains with short polyacetal 
blocks can be desorbed from particles and in the subsequent 
reactions (see Scheme 2) form growing copolymer chains 
with longer polyacetal segments, the chains of which are 
able to assemble into the primary particles. 

Combining all of the available experimental data leads to 
the scheme of 1,3,5-trioxane and 1,3-dioxolane copolymeriza
tion shown in Figure 4. 

According to this scheme, after initiation in solution, when 
the propagating chains reach a critical length, the nucleation 
process begins by chain self-assembly (Figures 4(a)–4(c)). 
Because the primary nanoparticles are insufficiently stabilized 
by the attached poly(ethylene oxide) chains, they further aggre
gate into the large particles composed of the primary ones 
(Figure 4(d)). Since the surface-to-volume ratio for the large 
particles is smaller than that for the small particles, the stabili
zation of the former ones is easier. As a result, adsorption of the 
primary nanoparticles onto the large particles stops. In parallel 
to formation of particles, the transacetalization reactions in the 
particle interfacial layer yield growing chains with short poly-
acetal and with long poly(ethylene oxide) segments. These 
chains may be released by desorption and grow in solution 
until their polyacetal segments reach the critical length and, 
due to the lost solubility, nucleate and form new primary 
particles (Figure 4(e)). Thus, in the cationic dispersion copo
lymerization of 1,3,5-trioxane and 1,3-dioxolane, the poly 
(ethylene oxide) chains act as not only the chain transfer agents 
but also ‘particle transfer agents’, limiting size of polymer par
ticles formed in the process (Figure 4(f)). 

4.25.3 Anionic and Pseudoanionic Ring-Opening 
Dispersion Polymerization 

The anionic and pseudoanionic ring-opening polymerizations 
were studied only for ε-caprolactone and for the cyclic dimers 
of lactic acid (L,L-lactide, D,D-lactide, and D,L-lactide). 

The first reports on the dispersion polymerization of cyclic 
esters are related to the patent to Union Carbide (from 1972).2 

However, in this patent, the majority of fundamental problems 
were not clarified. Systematic studies of the dispersion poly
merizations of ε-caprolactone and lactides were started only in 
1994 by Penczek and co-workers.10 Later the studies were 
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Scheme 2 Desorption of propagating chains and nucleation of new particles in the cationic copolymerization of 1,3,5-trioxane and 1,3-dioxolane carried 
out in presence of poly(ethylene oxide). 

Figure 4 Schematic illustration of the cationic dispersion copolymerization of 1,3,5-trioxane and 1,3-dioxolane. (a) – solution before beginning of the 
polymerization, (b) – polymerization in solution, length of polymer chains is shorter than the critical one, (c) – chain-to-globule transition and formation of 
the primary particles, (d) – formation of aggregates of the primary particles, polymerization in aggregates, (e) – escape of growing species from particle 
aggregates to solution and formation of new primary particles, (f) – formation of new aggregates. 

carried out by two research groups (S. Slomkowski, Centre of 
Molecular and Macromolecular Studies, Lodz, Poland, and H. 
Yoshizawa and T. Ono, Okayama University, Japan). 

4.25.3.1 Continuous Media for the Anionic 
and Pseudoanionic Dispersion Polymerizations of 
ε-Caprolactone and Lactides 

Continuous media for the anionic or pseudoanionic dispersion 
polymerization of cyclic esters should fulfill the following 

criteria. Monomers and initiators should be soluble in these 
liquids but polymers must remain insoluble. Moreover, the 
continuous media must be chemically inert toward initiators 
and propagating species. Active centers of the anionic and 
pseudoanionic polymerizations of cyclic esters are the ionic 
or covalent metal alkoxides with polarized metal–oxygen 
bond, respectively. These species react with various kinds of 
protic impurities (such as water, alcohols, and acids). Because 
aliphatic and aromatic hydrocarbons, as well as linear and 
cyclic ethers (with the exception of oxiranes), do not react 
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with metal alkoxides, these compounds were selected for pre
paration of continuous media for the dispersion 
polymerizations of cyclic esters. Unfortunately, no single com
pound of this group of liquids was a sufficiently good solvent 
for monomers and initiators, and nonsolvent for polymers. 
However, it was found that mixed solvents with properly tai
lored composition fulfilled the above-mentioned solubility/ 
insolubility criteria. The dispersion polymerizations of 
ε-caprolactone were carried out in the heptane/1,4-dioxane 
(9:1, v/v) mixture.10 For the polymerizations of lactides 
(D,L-lactide and L,L-lactide), the appropriate mixture was hep
tane/1,4-dioxane in the 4:1 (v/v) ratio.10,11 Recently it has been 
found that the dispersion polymerization of D,L-lactide can be 
effectively carried out in the heptane/xylene 2:1 (v/v) mix
ture.12,13 Traces of water in these liquids were removed either 
by treatment with molecular sieves12 or with sodium– 
potassium alloy.10 

4.25.3.2 Initiators 

The dispersion polymerizations of ε-caprolactone and lactides 
were initiated with initiators used for initiation of polymeriza
tions of the above-mentioned monomers in solution. 
Diethylaluminum ethoxide,10,11,14 stannous 2-ethylhexano
ate,10,11 stannous 2-ethylhexanoate/polyalcohols,12,13,15 and 
2,2-dibutyl-2-stanna-1,3-dioxepane16 were used for the 
dispersion polymerizations of lactides. The dispersion poly
merizations of ε-caprolactone were initiated with 
diethylaluminum ethoxide10 and sodium trimethylsilano
late.17 Of the above-mentioned initiators, only the latter one 
initiated the anionic polymerization. 

4.25.3.3 Suspension Stabilizers 

Colloidal stability of polyester particles formed in the disper
sion polymerization of ε-caprolactone and lactides was 
achieved by adding to the polymerizing mixture block or graft 
copolymers with tailored chemical structure and with 
molecular weight from a few thousands to about 50 000 or 
by producing such copolymers in situ, during polymerization. 

Copolymer stabilizers were built of segments that could be 
efficiently bound to the surface of growing particles (e.g., poly 

(PCL),10,11,14,16 (ε-caprolactone) polylactide,12,13,15 poly 
(dimethylsiloxane),13 or poly(ethylene oxide)13) and blocks of 
polymers soluble in reaction medium (e.g., poly(dodecyl acry
late) (PDA),10,11,14,16 poly(dodecyl methacrylate),12,13,15 or a 
gradient copolymer such as poly{(octadecyl methacrylate)-co
(dimethylaminoethyl methacrylate)}18). 

Poly(dodecyl acrylate)-graft-poly(ε-caprolactone), poly 
(dodecyl methacrylate)-g-poly(D,L-lactide), poly(dodecyl 
methacrylate)-graft-poly(dimethylsiloxane), and poly(dodecyl 
methacrylate)-graft-poly(ethylene oxide) stabilizers were 
obtained by radical copolymerization of dodecyl acrylate or 
dodecyl methacrylate with methacrylate-type macromonomers 
containing PCL, poly(L,L-lactide), poly(D,L-lactide), poly(ethy
lene oxide), or poly(dimethylsiloxane) chains according to 
Scheme 3. 

Poly(dimethylsiloxane) and poly(ethylene oxide) macro-
monomers were commercial products.13 PCL macromonomer 
was obtained in reaction of the terminal hydroxyl end-groups 
of PCL with methacryloyl chloride.10 Poly(D,L-lactide) metha
crylate was obtained by using 2-hydroxyethyl methacrylate as 
an initiator of the D,L-lactide polymerization and stannous 
acrylate as a catalyst.12 

Poly(dodecyl acrylate)-graft-poly(D,L-lactide) could also be 
obtained in situ in dispersion polymerization of D,L-lactide 
initiated with stannous 2-ethylhexanoate and carried out in 
the presence of poly[(dodecyl methacrylate)-co-(2-hydro
xyethyl methacrylate)] (see Scheme 4).15 

4.25.3.4 Typical Recipes for Dispersion Polymerizations 
of ε-Caprolactone and Lactide 

Since in dispersion polymerization of cyclic esters, some experi
mental details are crucial for obtaining product in the form of 
suspension of microspheres free of their aggregates, brief 
recipes for synthesis of poly(D,L-lactide) and PCL microspheres 
are given below. These recipes are based on experiments 
described in Reference 10. 

Scheme 3 Synthesis of stabilizers by copolymerization of dodecyl acrylates or dodecyl methacrylates with (methacrylic acid)-graft-poly(ε-caprolactone), 
(methacrylic acid)-graft-poly(D,L-lactide), (methacrylic acid)-graft-poly(ethylene oxide), and (methacrylic acid)-graft-polysiloxane. 
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Scheme 4 In situ synthesis of poly[(dodecyl acrylate)-co-(2-hydroxyethyl methacrylate)]-graft-poly(D,L-lactide) by dispersion polymerization of D, 
L-lactide. 

4.25.3.4.1 Dispersion polymerization of D,L-lactide 
The polymerization mixture was prepared and dispersion poly
merization carried out in argon atmosphere. D,L-Lactide (4 g) 
and poly(dodecyl acrylate)-graft-poly(ε-caprolactone) were 
dissolved in a mixture of 1,4-dioxane (18 ml) and heptane 
(72 ml). Molecular weight (Mn) of poly(dodecyl 
acrylate)-graft-poly(ε-caprolactone) used in this process was 
equal to 40 000. The number-average molecular weight (Mn) 
and dispersity (Mw/Mn) of PCL grafts were equal to 3100 and 
1.19, respectively. The average number of grafts in one copoly
mer macromolecule was equal to 4.1 and the molar fraction of 
ε-caprolactone units was 0.25. The solution containing 
D,L-lactide and the stabilizer was placed in a reactor, stirred 
with magnetic stirrer, and heated to the reflux. Separately, a 
solution of stannous 2-ethylhexanoate (0.19 g) in a mixture 
containing 2 ml of 1,4-dioxane and 8 ml of heptanes was pre
pared. This solution was added to a boiling solution of D, 
L-lactide and the polymerization was carried out at 95 °C for 
2 h. Then, the hot polymerization mixture was rapidly added to 
100 ml of heptane precooled to 10 °C and the mixture was 
further cooled to 15 °C. The sedimented crude product was 
washed with small portions of heptane and then dispersed in 
heptane. The dispersion was cooled to 5 °C and left standing 
for crystallization of the remaining unreacted monomer. 
Because monomer crystals sedimented within about 2 min 
and poly(D,L-lactide) microspheres began to settle down only 
after about 15 min, the polymer particles were separated by 
fractional sedimentation. The yield of poly(D,L-lactide) micro-
spheres (after purification) was 68%. The number and the 
weight average diameters of poly(D,L-lactide) microspheres 
were Dn = 2.50 µm and Dw = 2.88 µm. The diameter dispersity 
factor close to 1 (Dw/Dn = 1.15) indicated that microspheres 
were quite uniform with respect to their size. The 

number-average molecular weight Mn of poly(D,L-lactide) in 
microspheres was equal to 9400 and the molecular weight 
dispersity factor Mw/Mn was equal to 1.05. 

It is known that the ring-opening polymerization of lac-
tides is an equilibrium process and some monomers are 
present in the reaction mixture even at the very end of poly
merization.19–21 Depropagation (like side reactions if they do 
occur) results in broadening of the molecular weight distribu
tion. Thus, the value of the dispersity close to 1 indicates that 
at the moment when the above-described dispersion polymer
ization of D,L-lactide was stopped, the system was still far from 
equilibrium. 

4.25.3.4.2 Dispersion polymerization of ε-caprolactone 
Dispersion polymerization of ε-caprolactone was carried out 
using the same suspension stabilizer (poly(dodecyl 
acrylate)-graft-poly(ε-caprolactone)) as the stabilizer used in 
the above-described dispersion polymerization of D,L-lactide. 
The polymerization mixture was prepared by dissolving 0.22 g 
of the stabilizer in a mixture containing ε-caprolactone 
(5.55 g), 1,4-dioxane (10 ml), and heptane (80 ml). To this 
solution, 0.1 g of diethylaluminum ethoxide dissolved in 
10 ml of 1,4-dioxane was added. The polymerization was car
ried out for 1 h in argon atmosphere while stirring at the rate of 
60 rpm. The polymerization was stopped by addition of 0.23 g 
of acetic acid dissolved in 100 ml of heptane. The PCL particles 
were isolated by decantation and then washed 10 times with 
small portions of heptane. Their number-average diameter and 
dispersity were equal to Dn = 628 nm and Dw/Dn = 1.04, respec
tively. The number-average molecular weight and dispersity of 
PCL in particles were equal to Mn = 8200 and Mw/Mn = 1.11. 
Thus, the above-described dispersion polymerization yielded 
particles with a narrow distribution of their diameters and a 
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Figure 5 Dependence of parameter ξ = Dn/(Dw − Dn) on the ratio χ = Mn 

(PCL)/Mn(PDA-PCL) for dispersion polymerization of L,L- and D,L-lactides 
initiated with stannous 2-ethylhexanoate. Reproduced with permission 
from Slomkowski, S.; Sosnowski, S.; Gadzinowski, M. Polym. Degrad. 
Stabil. 1998, 59, 153.22 

narrow distribution of molecular weight of the polymer from 
which they were made. 

4.25.3.5 Distribution of Diameters of Polyester Microspheres 
Synthesized in Dispersion Polymerization of Lactides 

In the systems in which particle nucleation and aggregation of 
primary particles occur only in the initial period of the polymer
ization, all particles grow at the later stages simultaneously. As a 
result, the diameter distribution of particles formed in such 
polymerization processes must be narrow. Aggregation of col
loidal particles strongly depends on the properties of stabilizers 
and on their concentration. Properties of the stabilizers are 
determined by their chemical structure. Therefore, in particular 
for the poly(dodecyl acrylate)-graft-poly(ε-caprolactone) and 
poly(dodecyl methacrylate)-graft-poly(D,L-lactide) stabilizers, 
the colloidal stability of polylactide microspheres should 
depend on the number and molecular weight of polyester grafts. 

Comprehensive studies of the dispersion polymerization of 
L,L- and D,L-lactides carried out in the presence of poly(dodecyl 
methacrylate)-graft-poly(D,L-lactide) with Mn in the range of 
21 800–32 300 and with the PCL content in copolymer equal 
to 21 � 2 wt.% revealed that the distribution of diameters of 
microspheres strongly depends on the ratio of the 
number-average molecular weight of PCL grafts (Mn(PCL)) 
and the number-average molecular weight of the whole poly 
(dodecyl acrylate)-graft-poly(ε-caprolactone) copolymer (Mn 

(PDA-PCL)). The diameter distribution of microspheres was 
characterized using a parameter ξ = Dn/(Dw – Dn). In the case 
of the very broad diameter distribution Dw/Dn ≫ 1, the para
meter ξ approaches Dn/Dw, whereas for the very uniform 
microspheres, for which Dw – Dn approaches 0, the parameter 
ξ increases to infinity. The plot of ξ as a function of χ = Mn 

(PCL)/Mn(PDA-PCL) shown in Figure 5 reveals that the most 
uniform microspheres were obtained for χ close to 0.23. The 
average number of PCL grafts in one macromolecule of these 
stabilizers was equal to 1.3. 

Probably, when molecular weight of PCL is too small, the 
anchoring of stabilizer molecules onto the surface of growing 

Figure 6 CV of the diameters of poly(D,L-lactide) microspheres synthe
sized by the ring-opening polymerization which was carried out at various 
concentrations in the presence of the poly(dodecyl methacrylate)-graft
poly(D,L-lactide) stabilizers: stabilizer G1 (circle), G2 (triangle), and G3 

(squares). The parameters characterizing the structure of stabilizers are 
given in Table 1. 

particles is too weak. However, when the Mn(PCL)/Mn 

(PDA-CL) ratio is much higher than 0.23, the length of PCL 
segments is sufficient for efficient binding, but the length of 
poly(dodecyl acrylate) blocks is too short to provide efficient 
stabilization. 

One may expect that the dispersity of particle diameters 
formed in the ring-opening polymerization of lactides should 
depend on not only the structure of stabilizers but also their 
concentration. Therefore, it was rather surprising to notice that 
for the stabilizers with optimized structure, the dispersity of 
diameters of polyester particles did not change significantly in a 
rather broad range of stabilizer concentrations. For example, 
for the dispersion polymerization of D,L-lactide carried out in 
the presence of poly(dodecyl methacrylate)-graft-poly(D, 
L-lactide) stabilizers, the concentration of which was varied 
from 0.5 to 10 g l−1, the coefficient of variation (CV) for dia
meters of synthesized particles in almost all experiments did 
vary quite randomly within the range of 15–33% 
(see Figure 6). Data characterizing the above-mentioned copo
lymers are given in Table 1. Particles with the lowest diameter 
dispersity were obtained for the copolymer G3, which was less 
soluble in reaction medium and thus better adsorbed onto 
particles compared to the others used in these studies.13 

Values Mw and Mw/Mn of stabilizers were obtained from gel 
permeation chromatography (GPC) traces using polystyrene 
standards. 

Important information was obtained also from monitoring 
the dependence of yield of the poly(L,L-lactide) microspheres 
on the concentration of stabilizers.22 Polymerizations were 
carried out in the presence of the poly(dodecyl acrylate)-graft
poly(ε-caprolactone) stabilizer with Mn = 26 400 (Mn of PCL 
was equal to 4700). In these studies, it was found that for the 
stabilizer concentrations lower than 0.6 g l−1, the yield of polye
ster microspheres suddenly decreased and almost the whole 
amount of poly(L,L-lactide) was obtained as the shapeless 
aggregates. 

The above-described features of the dispersion polymeriza
tion of lactides allow for the following conclusions. The 
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Table 1 Poly(dodecyl methacrylate)-graft-poly(D,L-lactide) stabilizers used in ring-opening 
dispersion polymerization of D,L-lactide (based on data from Reference 13) 

Poly(D,L-lactide) graft 
N 

Code Mw of stabilizer Mw / Mn of stabilizer Mw Mw / Mn 

G1 41 300 2.31 3 700 1.30 1.3 
G2 34 500 2.23 3 700 1.30 2.0 
G3 36 500 2.04 3 700 1.30 3.4 
G4 30 700 2.53 6 600 1.40 2.4 

N denotes the average number of poly(D,L-lactide grafts) in poly(dodecyl methacrylate)-g-poly(D,L-lactide) molecule. 

fraction of dodecyl acrylate and dodecyl methacrylate mono
meric units in the stabilizers should be sufficiently high to 
provide steric stabilization of the polylactide microspheres in 
the hydrocarbon-rich (heptane and xylene) media. However, 
when this fraction is too high, the stabilizer prefers to remain in 
solution, because the blocks of poly(D,L-lactide) or PCL are too 
short or are present in a too small number in the stabilizer 
molecules to assure their effective adsorption. For a given con
centration of polymer formed during the heterogeneous 
polymerization, there is a critical concentration of the stabili
zer, below which the polymer particles are insufficiently 
stabilized and therefore aggregate and precipitate as a shapeless 
coagulum. Obviously, there is always a distribution of a num
ber of the adsorbed stabilizer macromolecules in one formed 
polylactide particle. Thus, some particles could be sufficiently 
stabilized, remain in solution, and grow with a similar rate. 
Therefore, the distribution of the particle diameters could be 
still quite low, even if a significant part of polymer forms 
coagulum. 

4.25.3.6 Control of Diameters of Polylactide Microspheres 
Formed in Ring-Opening Dispersion Polymerizations 

It is well known that in dispersion radical polymerizations, the 
diameters of synthesized particles strongly depend on the con
centration of stabilizer.23 In all investigated systems, the 
increased concentration of stabilizer resulted in the formation 
of particles of smaller diameters. This is because the thermo
dynamically most favorable localization of good stabilizer 
molecules is in the interfacial layer of stabilized particles. 
Thus, for the systems with higher stabilizer concentrations, 
the total surface of particles should be larger to accommodate 
all stabilizer molecules. Assuming that the total mass of poly
mer microsphere is equal to m and that their diameters are 
equal to D, one could write 

1 
m ¼ Nd πD3 1  

6 
½ �

where N and d denote the number of particles and the polymer 
density, respectively. 

Since the total surface of microspheres denoted S equals 

S ¼ NπD2 ½2� 
the following relation holds: 

6m 1 
S ¼ ½3� 

d D 

Thus, taking into account that the higher amount of stabi
lizer required for adsorption to the larger surfaces of particles, 
one could expect that for the higher stabilizer concentrations 
particles with smaller diameters are formed. 

The above-described reasoning should be general and thus 
valid also for the ring-opening dispersion polymerization of 
lactides. Indeed, as one can see in Figure 7, in the dispersion 
polymerization of D,L-lactide carried out in the presence of the 
poly(dodecyl methacrylate)-graft-poly(D,L-lactide) stabilizer, 
the diameters of microspheres obtained at the higher stabili
zer concentrations are smaller. It has to be noted, however, 
that the slopes of the plots in Figure 7 are not equal to −1, as it 
should be for the constant surface concentration of stabilizer 
adsorbed on particles, but are equal to − 0.57 � 0.09. This 
discrepancy suggests that for a higher concentration of stabi
lizer in solution, its surface concentration on microspheres is 
also higher. 

It is worth noting, however, that variation of stabilizer con
centration, with the purpose to regulate particle diameters, has 
some limits. It was already mentioned in the previous section 
that when the concentration of stabilizer is too low instead of 
microspheres, the shapeless precipitate is obtained. Using the 
higher initial monomer concentrations with the purpose of 
obtaining larger microspheres also has some limits. For exam
ple, at concentrations of −1

L,L-lactide exceeding 0.4 mol l , the 
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Figure 7 Dependence of the diameters of poly(D,L-lactide) microspheres 
synthesized by ring-opening polymerization on the concentration of the 
poly(dodecyl methacrylate)-graft-poly(D,L-lactide) stabilizers: stabilizer G1 

(circle), G2 (triangle), and G3 (squares). The stabilizers are described in 
Table 1. 
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monomer is not fully soluble in the heptane/1,4-dioxane 
mixed solvent (4:1, v/v) containing the poly(dodecyl 
acrylate)-graft-poly(ε-caprolactone) stabilizer.24 When the 
polymerization mixture is inhomogeneous at the very begin
ning of the polymerization, it is impossible to obtain polymer 
in the form of regular microspheres. In such a system, the 
undissolved monomer particles with irregular shape and with 
the not controlled dimensions are coated with polymer. 

Complications related to the limited monomer solubility 
were solved by addition of new monomer portions only when 
those added earlier were already polymerized. In this way, the 
total concentration of the monomer, which was added initially 
and later in the subsequent portions ([M]tot = [M]1 + [M]2 + …), 
was increased and poly(L,L-lactide) microspheres with dia
meters exceeding 6 μm were obtained. 

In the above-described experiment, the total mass of 
polymer microspheres (m) is related t o m onomer conversion  
[M]tot − [M]tot,e (where [M]tot,e denotes the equilibrium 
monomer concentration) in the following way: 

m ¼ VMPLA ð½M� −tot  ½M�eÞ ½4�
where V is the volume of reaction mixture and MPLA is the 
molecular weight of monomer. 

Combination of eqns [1] and [4] leads to the following 
dependence of diameters of microspheres on the monomer 
conversion: 

D ¼ að½M� −tot  ½ � Þ1 

M  =3 
tot;e ½5�

where   1 

6VM =3

a ¼ 

�
PLA 

πdN 

�
Therefore, the dependence of the number-average dia

1 

meter of poly(L,L-lactide) microspheres on ð½M� − =3
tot  ½M�tot;eÞ

should be described by the straight line passing through the 
origin of coordinate point, provided the coefficient a is con
stant. The dependence of particle diameter on the cubic root 
of monomer conversion is shown in Figure 8. The plot in 
Figure 8 is based on the experiment in which the 
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Þ for particles synthesized by 
dispersion ring-opening polymerization with three monomer additions 
(based on data from References 24 and 25). 

polymerization of L,L-lactide initiated with stannous 
2-ethylhexanoate was carried out in heptane/1,4-dioxane 
mixed solvent (4:1, v/v) containing the poly(dodecyl 
acrylate)-graft-poly(ε-caprolactone) stabilizer.24,25 The 
number-average molecular weight of stabilizer was equal to 
62 000. The ratio of the number-average molecular weight of 
the PCL grafts to the number-average molecular weight of the 
stabilizer was equal to 0.18. The concentrations of initiator 
and stabilizer were equal to 5.70 � 10−3 mol l−1 and 1.67 g l−1, 
respectively. The initial monomer concentration was equal to 
3.50 � 10−1 mol l−1. Polymerization was carried out at 95 °C 
for 1.5 h. After that time the new portion of monomer was 
added and the total concentration of L,L-lactide introduced to 
the polymerization mixture was raised to 6.24 � 10−1 mol l−1. 
Subsequently, when 1.5 h elapsed, a new monomer portion 
was added again and the total concentration of introduced L, 
L-lactide raised to 9.10 � 10−1 mol l−1. Then, the polymeriza
tion was continued for another 1.5 h. 

After completion of each polymerization step, a sample of 
reaction mixture was analyzed. Diameters and diameter distri
butions of microspheres after the first polymerization step were 
equal to Dn = 3.97 μm and Dw/Dn = 1.09. The second step 
yielded particles with Dn = 5.44 μm and Dw/Dn = 1.13. The 
third monomer addition allowed to obtain particles with 
Dn = 6.36 μm and Dw/Dn = 1.20. Thus, the broadening of parti
cle diameter distribution after each monomer addition is 
evident, but it is not very large. 

It is worth noting that experimental points in Figure 8 fit 
very well to the straight line passing through the origin of 
coordinates. According to the discussion presented above, the 
straight line dependence indicates that concentration of micro-
spheres was constant during the polymerization with the 
repeated (three times) monomer addition. 

In summary, for a given stabilizer, there is a range within 
which the decreasing or the increasing of stabilizer concentra
tion leads correspondingly to an increase or a decrease in the 
diameters of formed microspheres. When microspheres with 
the required large diameters cannot be obtained by decreasing 
the concentration of stabilizer (because the system is losing 
colloidal stability), still there is a chance for successful synthesis 
by the multistep monomer addition. 

4.25.3.7 Mechanism of Particle Formation During 
Ring-Opening Dispersion Polymerization 

Any mechanism proposed for the formation of microspheres in 
the anionic or the pseudoanionic ring-opening polymeriza
tions of lactides and ε-caprolactone should conform to the 
following observations: 

1. Shortly after beginning of the polymerization, all propagating 

macromolecules are localized in seeds of microspheres.14 

2. During the main part of the polymerization (i.e., when 

monomer conversion exceeds 20%), the number of micro-

spheres is constant.14,16,17,26,27 

3. Partition of monomer between continuous and condensed 

(microspheres) phases favors the latter one. The concentra

tion of monomer in microspheres is about 10 times higher 

than that in solution.26 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4. The average number of propagating macromolecules per 

microsphere is independent of initiator concentration vary

ing in quite a broad range.16 

The mechanism that fulfills the above given requirements is 
proposed below. According to this mechanism, the polymer
ization is initiated in solution in a homogenous system. When 
growing chains reach a critical length, their conformation 
undergoes transition from coil to globule. In the globular 
form, they aggregate and create seeds of microspheres. In the 
case of dispersion polymerization of ε-caprolactone, the critical 
length at which the propagating chains undergo conforma
tional changes and form seed particles lies in the range of 
5–10 monomeric units.14 After a very short period, the number 
of seed particles becomes so high that for the new chains that 
undergo the coil-to-globule transition, the probability for 
adsorption on seed particles becomes higher than the prob
ability of formation of the new particle seeds. 

The following considerations reveal that the mechanism 
described above also conforms to the requirement of indepen
dence of the average number of growing chains per particle on 
concentration of initiator. It is reasonable to assume that the 
rate at which the particle seeds are formed is proportional to 
the concentration of chains with length longer than the critical 
length. Let us assume that initiation of the polymerization is 
much faster than the seed formation. Thus, for the rate of the 
particle seed formation (dN/dt), the following equation could 
be written: 

dN 1 ¼ kan2 ½6� 
dt 2 

where n denotes the concentration of growing chains (defined 
as the number of chains in a unit volume) with at least the 
critical length (these chains have globular conformation) and 
ka denotes the rate constant of chain aggregation. The coeffi
cient 1/2 was introduced because when two oligomer chains 
aggregate, only one particle seed is formed. 

The growing chains are incorporated into particles by one of 
the following two processes. The first one consists of formation 
of particle seeds as a result of chain aggregation and the second 
one consists of adsorption of oligomers onto the already exist
ing particles. The rate at which oligomer chains are removed 
from solution during the particle seed formation (R1) can be 
described by eqn [7]: 

R1 ¼ −k 2
an  ½7� 

The rate at which oligomer chains are adsorbed onto the 
earlier formed particles (R2) should be proportional to chain 
concentration (n) and to the total surface of particles in a unit 
volume of the polymerizing mixture (Stotal = NS, where N 
denotes the particle concentration and S denotes the average 
surface of a particle): 

R2 ¼ −kadsSnN ½8� 
Thus, the total rate at which the oligomer chains disappear 

from solution (dn/dt = R1 + R2) can be described as 

dn 
dt 

¼ −k n2a − kadsSNn ½9� 

The mass of all seeds of polymer microspheres in a unit 
volume of reaction mixture (m) is determined by their 

number-average molar mass (Mn) and the difference of the 
initial concentration of oligomer chains (n0) and the chain 
concentration at a given time moment (n): 

Mn m ¼ ðn0 − n
N

Þ ½10� 
A 

where NA denotes the Avogadro number. 
The average volume of each microsphere seed equals 

V = m/(Nd), where d denotes density, therefore 

1 M
V ¼ πD3 ¼ n n − n 11  

6 NANd 
ð 0 Þ ½ �

and the formula for S can be written as follows: 

 � 2

6M =3
n S ¼ π

1 
3 ðn0 − n
N

Þ
�

½12� 
A Nd 

Taking into account eqn [12], eqn [9] could be rewritten as 

2

dn 6M 13

¼ −k  
an

2 − kadsnπ
1 n 3
3

� � h
Nðn  

0 − nÞ2 

dt NA d 
 h i1=

i
2 3¼ − keff 2−kan Nðn0 −adsn  nÞ ½13�

Numerical solution of a set of eqns [6] and [13] for 
k −1 eff 5 −1
a = 100 l s and kads = 7.3 � 10 l s , and for the concentration 
of propagating species in the range of 10−3 5 � 10−2 mol l−1 

–

gave number of growing chains per particle (n/N) equal to 
1.8 � 108; it is the value determined experimentally for one of 
the dispersion polymerizations of L,L-lactide.16 

One must remember, however, that the above-discussed 
equations describing formation of particle seeds are valid 
only for the systems in which initiation is much faster than 
propagation; the oligomers with critical length are formed in 
the time period much shorter than the time period required for 
formation of particle seeds and particle nucleation is com
pleted at the early stage of polymerization. 

In the heterogeneous systems with different concentrations 
of reagents in various phases, the kinetics of chemical reactions 
strongly depends on the volume fraction of each phase. Thus, 
the above-discussed mechanism of particle formation should 
have an important influence on the kinetics of the dispersion 
ring-opening polymerization. 

4.25.3.8 Kinetics of Dispersion Polymerization 
of ε-Caprolactone 

In dispersion polymerization, the total volume of reaction 
mixture (Vt) is equal to the sum of volumes of microspheres 
(Vm) and of the continuous phase (Vc): 

Vtot ¼ Vm þ Vc ½14� 
One must remember that each microsphere contains not 

only polymer but also monomer swelling the particle. 
Similarly, the total number of moles of monomer (mtot) is  
equal to the sum of moles of monomer in microspheres (mm) 
and in the continuous phase (mc): 

mtot ¼ mm þ mc ½15� 
Thus, monomer concentration averaged over the whole 

volume of reaction mixture ([M]tot) can be described by the 
following formula: 

(c) 2013 Elsevier Inc. All Rights Reserved.
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mt Vm V½M�tot ¼ ¼ ½M
Vtot V

�m 
tot 

þ c M c 16  
Vtot 

½ � ½ �

where [M]m and [M]c denote monomer concentrations in 
microspheres and in continuous phase, respectively. 

For systems with fast rate of monomer exchange between 
the microspheres and the continuous phase 

½M�m ¼ β ½17� ½M�c 
where β denotes the partition coefficient. 

Denoting the volume fraction of microspheres as α 
(α = Vm/Vtot), the volume fraction of the continuous phase 
(Vc/Vtot) is equal to (1 − α). Thus, eqn [16] could be rewritten 
as follows: 

β ½M�m ¼ ½M
1  αβ 

� ½þ tot 18� 

Remembering that in dispersion polymerization, all propa
gating chains are localized exclusively in microspheres, one 
could write the equation for the rate at which polymer is 
formed in particles: 

d½P�m ¼ kapp 
p;m½M��m½M 19

dt 
�m ½ �

where [P]m and [M*]m denote the concentrations of mono
meric units in polymer chains and the concentration of 
propagating active species in microspheres, respectively, and 
kapp 
p,m denotes the apparent propagation rate constant for poly
merization in microspheres. This constant is called ‘apparent’, 
because it is a function of the rate constants of propagation 
involving various kinds of active centers (e.g., ions, ion pairs 
and ionic aggregates in ionic polymerization, and monomeric 
and aggregated propagating species in the pseudoionic pro
cesses) and a function of the equilibrium constants between 
these species. 

Multiplication of both sides of eqn [19] by α = Vm/Vtot leads 
to the equation describing the rate of polymerization averaged 
over the whole volume of reaction mixture: 

d½P�tot ¼ kapp 
p;m½M�

dt 
�tot ½M�m ½20� 

where [M*]tot = α[M*]m 

Substituting the expression for [M]m from eqn [18] in eqn 
[20] yields 

d½P�tot β 
p 21

d
¼ kapp

t 1  αβ ;m½M��tot½M�tot ½ � þ
Remembering that the concentration of monomeric units in 

polymer (averaged over the whole volume of reaction mixture) 

equals [P]  β app
tot =[M]tot,0 − [M]tot and introducing kappp;d ¼ 1 kþαβ p;m 

(the apparent propagation rate constant in dispersion polymer
ization), the kinetic equation can be written as follows: 

d½M�tot  kapp− 
dt 

¼ p;d ½M��tot½M�tot ½22� 

There are two limiting cases. When the volume fraction of 
microspheres is so small that αβ � 1 the coefficient β/(1 + αβ) 
in eqn [18] simplifies to β. On the other hand, when localiza
tion of monomer in particles is strongly favored (αβ ≫ 1, which 
means that particles are constituted from monomer droplets 
containing small amount of polymer), this coefficient can be 

approximated by 1/α. For polymerization with reversible pro
pagation, eqn [22] should be replaced with the modified one 
(eqn [23]). According to eqn [23] the polymerization process 
reaches an equilibrium at which the equilibrium monomer 
concentration ([M] app/ app

tot,e = kd,d kp,d , where kappd,d denotes the
depropagation rate constant in dispersion polymerization) is 
different from zero: 

d½M
 

�tot ¼ kapp − ½M�� ½M� −p;d tot tot kapp ½23  
dt d;d ½M��tot �

Solution of eqn [23] gives a formula similar to that for the 
polymerization in solution: 

lnð½M� −tot;0  ½M� app
tot;eÞ=ð½M� −tot  ½M�tot;eÞ ¼ k p;d ½M��tott ½24� 

The slope of the plot of the left-hand side of eqn [24] versus 
time allows to determine denotes the depropagation rate con
stant kappp,d . An example of such plot for dispersion 
polymerization of ε-caprolactone initiated with diethylalumi
num ethoxide is shown in Figure 9. 

One has to remember that for the polymerization of 
ε-caprolactone, the equilibrium monomer concentration is 
very low and thus [M]tot,e ≅ 0. 

Experimental points in the kinetic plot shown in Figure 9 
could be approximated with very good accuracy by the straight 
line with the slope 2.02 � 10−3 s−1 for which the apparent 
propagation rate constant was kappp,d = 1.25 � 10−1 l (mol s)−1. 
The short induction period in this plot corresponds to the 
time during which nuclei become particles. 

Figure 10 shows the dependence of the apparent propaga
tion rate constants of the anionic and pseudoanionic 
dispersion polymerizations of ε-caprolactone (kappp,d ) on the 
concentration of propagating species. In Figure 10, there are 
also given plots of the ratios of the apparent propagation rate 
constants for dispersion polymerization and for the polymer
ization in solution (kapp/kappp,d p,s ).

Plots in Figure 10 show that the apparent propagation rate 
constants of the anionic and pseudoanionic dispersion 
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Figure 9 Kinetic plot for dispersion polymerization of ε-caprolactone. 
[Mt]tot,0 and [M]tot denote monomer concentrations averaged over the 
whole polymerizing mixture, the initial concentration and concentration 
at a given time, respectively. Polymerization conditions: [ε-caprolactone] 
= 4.3�  10−1 mol l−1, [(CH CH ) AlOCH CH ] =1.6  � 10−2 

0 3 2 2 2 3 0 mol l−1. 
Reproduced with permission from Gadzinowski, M.; Sosnowski, S.; 
Slomkowski, S.  1996  Macromolecules , 29, 6404.14
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concentration. The kinetic reduction in the formation of cyclic 
oligomers was achieved by using initiators yielding the less 
reactive active centers, which were still able to react with 
strained monomer but were much less reactive toward the 
unstrained linear polyesters. In accordance with the 
above-described principle, the kinetic suppression of the for
mation of cyclic oligomers was noticed for the pseudoanionic 
polymerizations with covalent active species, which are less 
reactive than those in the anionic polymerization. 

It was interesting to find out whether the dispersion poly
merization of ε-caprolactone with all active centers localized 
inside the monomer swollen particles allows for synthesis of 
polymers with narrow molecular weight distribution and with 
controlled molecular weight. Studies were performed for the 
polymerizations carried out in 1,4-dioxane:heptane (1:9, v/v) 
mixture using (CH3CH2)2AlOCH2CH3 and (CH3)3SiONa as 
initiators of the pseudoanionic and anionic polymerizations, 
respectively. Results of these studies are summarized in 
Figure 11. 

The calculated number-average molecular weight (Mn 

(calcd)) was obtained assuming that the functionality of initia
tors of the anionic and pseudoanionic polymerizations was 
equal to 1 and that all the monomer was converted into 
polymer: 

ε − caprolactone
MnðcalcdÞ ¼ M 0

CL 
½ �  ½25� ½I�0 

where MCL and [I]0 denote molecular weight of monomer and 
concentration of initial initiator, respectively. 

The plot in Figure 11 shows very good agreement between 
the calculated and experimentally determined molecular 
weight of PCL (the slope of the linear regression line was 
equal to 1.16). Such dependence is characteristic of polymer
izations with absence of any chain transfer reactions. The low 
dispersity for the high-molecular-weight polymers (Mw/Mn 

close to 1.15) also indicates that chain transfer does not play 
an important role. 

It is worth noting that with respect to transesterification, the 
anionic polymerizations of ε-caprolactone carried out in solu
tion and in dispersion differ significantly. In the anionic 

Figure 10 Dependence of the apparent propagation rate constants of the 
anionic and pseudoanionic dispersion polymerizations (k appp,d ) and depen
dence of the ratio of the apparent propagation rate constants for dispersion 
polymerization and for the polymerization in solution ( app/ appkp,d kp,s ) of  
ε-caprolactone on the concentration of propagating species. Conditions of 
the polymerization: (CH3CH2)2AlOCH2CH3, initiator for the pseudoanionic 
polymerization; (CH3)3SiONa, initiator for the anionic polymerization; initial 
monomer concentration [ε-caprolactone]0 = 0.41� 0.02 mol l−1; continu
ous medium for dispersion polymerization, 1,4-dioxane:heptane (1:9, v/v) 
mixture; for solution polymerization in THF. Reproduced with permission 
from Slomkowski, S.; Gadzinowski, M.; Sosnowski, S. Macromol. Symp. 
1998, 17 132, 451.

polymerizations decrease with increasing initiator concentra
tion. This dependence indicates that like in the case of solution 
polymerizations, in dispersion polymerization, the higher the 
concentration of propagating species, the higher the fraction of 
the less reactive aggregates. It is worth noting also that kapp/kappp,d p,s 

ranges from 8 to 12. Remembering that partition of 
ε-caprolactone between reaction medium and microspheres is 
such that monomer concentration in particles is about 10 times 
higher than that in the continuous phase (β ≅ 10),26 that frac
tion of particles in reaction mixture α ≅ 0.04, and taking into 

account the relation kapp ¼ β kappp;d αβ p;m, one 1 could estimate the 
app

þ
ratio kp,d /k

app 
p,m≅ 7. Thus, for the same initiator concentrations, 

the apparent propagation rate constants for polymerization of 
ε-caprolactone in microspheres and in solution are quite close. 
Their ratio (kapp app

p,m/ kp,s ) ranges from 1.1 to 1.7, 

4.25.3.9 Control of Molecular Weight in Dispersion 
Polymerization of ε-Caprolactone 

Polymerization of ε-caprolactone consists of a complex system 
of reactions including, in addition to propagation, intra- and 
intermolecular transesterification.28 As a result, at equilibrium, 
the system is composed of a linear polymer with a broad 
molecular weight distribution and cyclic oligomers present in 
significant amounts.28–30 Because the equilibrium concentra
tion of cyclics depends very weakly on the initial monomer 
concentration, running the polymerization at high monomer 
concentration allows to decrease the fraction of cyclic oligo
mers in the final product. It has also been found that proper 
selection of initiators allows to separate the time periods during 
which linear macromolecules and cyclics are formed.31–36 In 
such systems, polymerization could be stopped at high mono
mer conversion, before cyclics begin to appear in a significant 
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Figure 11 Relation between the experimentally determined molecular 
weight, dispersity (Mw/Mn), and calculated number-average molecular 
weight (Mn(calcd)) for the pseudoanionic and anionic polymerization of 
ε-caprolactone. Reproduced with permission from Slomkowski, S.; 
Sosnowski, S.; Gadzinowski, M.; et al. Macromol. Symp. 2000, 150, 
259.27 
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Figure 12 GPC trace of the product of the anionic solution polymeriza
tion of ε-caprolactone in THF. Conditions of polymerization:
 
[ε-caprolactone]0 = 6.1 � 10−1 mol l−1, initiator [(CH3)3SiONa]
 
0 = 6.1 � 10−3 mol l−1, and temperature 20 °C. Reproduced with permis
sion from Sosnowski, S.; Slomkowski, S.; Penczek, S.; Reibel, L.
 
Makromol. Chem. 1983, 184, 2159.30
 

polymerization in solution, transesterification yields product 
with the high content of cyclic oligomers (see Figure 12). On 
the contrary, the GPC trace of the product of the anionic dis
persion polymerization indicates that the polymer does not 
contain cyclic oligomers in a measurable amount (see 
Figure 13). Whereas the absence of cyclics reveals the strong 
reduction of intramolecular transesterification, the narrow 
molecular weight distribution proves that intermolecular trans-
esterification is also strongly reduced. 

The reason for the very efficient reduction of transesterifica
tion in the anionic dispersion polymerization of ε-caprolactone 
is not yet fully clarified. However, it is possible that the high 

Figure 13 GPC trace of the anionic dispersion polymerization of 
ε-caprolactone in 1,4-dioxane:heptane (1:9 v/v) mixture. 
Polymerization conditions: [ε-caprolactone] −

0 = 4.0�  10 1 mol l−1, 
initiator [(CH −4 −1

3)3SiONa]0 = 5.1  � 10 mol l , room temperature. From 
calibration on PCL samples with narrow molecular weight distribution 
Mn = 106 600, Mw/Mn = 1.15. Reproduced with permission from 
Slomkowski, S.; Sosnowski, S.; Gadzinowski, M. Colloids Surf. A 
Physicochem. Eng.  Aspects 1999, 15 , 111.263

local viscosity inside of microspheres reduces the reactivity of 
the propagation centers and makes them more selective. 

4.25.3.10 Mechanism of Dispersion Polymerization 
of ε-Caprolactone and Lactides 

All experimental data collected in studies of the dispersion 
ring-opening polymerization of ε-caprolactone and lactides 
conform to the polymerization scheme shown in Figure 14. 

According to this scheme, initially monomer, initiator, and 
stabilizer are dissolved in reaction medium. Initiation begins in 
solution (Figure 14(a)) and propagating chains grow until they 
reach the critical length (Figure 14(c)). In the case of 
ε-caprolactone, the critical chain length ranges from about 5 
to 10 monomeric units. The oligomers with critical length 
undergo the coil-to-globule transition and aggregate forming 
the primary particles onto which the stabilizer is adsorbed. 
Monomer swells the colloidally stable particles and the poly
merization proceeds inside the particles. These particles could 
be considered as microreactors. 

It is worth noting that in the case of the dispersion 
ring-opening polymerizations of lactides and ε-caprolactone, 
the term living can be used in the traditional sense, describing 
processes in which after fast initiation the propagation pro
ceeds without significant contribution of chain transfer and 
termination. The dispersion polymerization of lactides and 
ε-caprolactone also proceeds with rapid formation of particles, 
which after the initial period do not undergo aggregation and 
coalescence. Therefore, in the ring-opening polymerization of 
the above-mentioned monomers, both macromolecules and 
particles can be considered as living. 

4.25.4 Practical Importance of Ring-Opening 
Dispersion Polymerization 

Active species in the ring-opening dispersion polymerizations 
are sensitive to any compounds with carboxyl and hydroxyl 
groups. Thus, these processes are usually carried out in aprotic 
media, most often hydrocarbons and mixtures of hydrocarbons 
with cyclic ethers. Obviously, although the isolation of poly
mer in the form of precipitating particles is convenient, the 
need for recycling of volatile and flammable reaction medium 
makes these processes often inferior to the bulk polymeriza
tions. However, there are some exceptions. The cationic 
dispersion polymerization of 1,3,5-trioxane is an example. 
This process is carried out at temperatures well below the 
melting temperature of the polymer (e.g., at 60 °C, whereas 
poly(1,3,5-trioxane) melts at 180 °C). Thus, the bulk polymer
ization in melt would require more energy for heating 
compared to the dispersion polymerization at the much 
lower temperature. Moreover, crystallization of poly 
(1,3,5-trioxane) shifts equilibrium between monomer and 
polymer to the side of the latter. 

In the case of polylactides and PCL, the synthesis by disper
sion polymerization does not provide any advantage over 
polymerizations in bulk. However, for preparation of materials 
for various medical applications, when biodegradable particles 
with the narrow diameter dispersity, composed of polymers 
with the narrow molecular weight distribution, are needed, the 
dispersion polymerization may be the choice. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure        ε     –       
(b) – polymerization in solution, length of polymer chains is shorter than the critical one, (c) – chain-to-globule transition and formation of the primary 
particles, all active centers in particles, (d) – propagation in momomer swollen microspheres, (e) – end of polymerization, microspheres contain still active 
propagation species. 

14 Schematic illustration of dispersion polymerization of -caprolactone and lactides. (a) solution before beginning of the polymerization,

The carefully controlled treatment of PCL and polylactide 
microspheres with KOH solution allows particles with interfa
cial layer rich in carboxyl and hydroxyl groups to be 
obtained.37 These groups could be used for binding fluorescent 
labels, for example, 6-aminoquinoline and Lucifer yellow.37,38 

In biological and medical studies, the fluorescent particles are 
often used for monitoring an uptake of particulate material by 
cells and for its visualization in various intracellular 
compartments. 

The polylactide and PCL microspheres obtained by the 
ring-opening dispersion polymerization can be used as 
well-defined carriers of biologically active compounds. The 
following strategies were developed for preparation of the 
drug-loaded polyester particles: 

1. Incorporation of bioactive compound into the microspheres 

during dispersion ring-opening polymerization. 
2. Synthesis of microspheres containing prodrug formed when 

the bioactive compound acts as the chain transfer agent and 

becomes covalently attached to polyester macromolecules 

in microspheres. 
3. Adsorption of bioactive compounds onto the surface of 

microspheres. 
4. Swelling of microspheres with liquid bioactive compound. 

The first strategy can be used only in the case of drugs that are 
inert to any components of polymerizing mixture, in particular 
for drugs that do not react with propagation active centers. 

The above-mentioned method was used for synthesis of 
the omeprazole (5-methoxy-2-{[(4-methoxy-3,5-dimethyl
pyridyl)-methyl]sulfinyl}-1H-benzimidazole)-loaded poly(L, 
L-lactide) microspheres.38,39 Omeprazole, an inhibitor of 
(H+ 

–K+)ATPase,40,41 is used as an active substance in drugs 
administered for reduction of HCl secretion in stomach (e.g., 
for treatment of gastric hyperacidity). The omeprazole-loaded 
poly(L,L-lactide) microspheres were synthesized by the disper
sion polymerization of L,L-lactide initiated with stannous 
2-ethylhexanoate and carried out at 95 °C in heptane/ 
1,4-dioxane mixture (4:1 (v/v) ratio) containing dissolved 
poly(dodecyl acrylate)-graft-poly(ε-caprolactone) stabilizer. 
The polymerization was started according to the description 
given in Section 4.25.3.4.1. Shortly after nucleation of micro-
spheres, when the polymerizing mixture became turbid, the 
solution of omeprazole in heptane was added dropwise and 
the polymerization was continued for 2 h. The number-average 
diameter of obtained microspheres (Dn) was 1.73 μm and the 
dispersity (Dw/Dn) was 1.17. The content of omeprazole in 
microspheres was equal to 11%. It is worth noting that GPC 
and 1H nuclear magnetic resonance (NMR) analysis of micro-
spheres dissolved in THF revealed that the process of 
encapsulation did not lead to decomposition of omeprazole.38 

The second strategy was used for the synthesis of PCL 
microspheres containing N,N-bis(2-hydroxyethyl)isonicotina
mide.38 The microspheres were obtained by dispersion 
polymerization of ε-caprolactone carried out at room tempera
ture in heptane/1,4-dioxane mixture (9:1, v/v). The 
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polymerization was initiated with (CH3)3SiONa. N,N-Bis 
(2-hydroxyethyl)isonicotinamide was present in the polymer
izing mixture from the very beginning. The colloidal stability of 
produced microspheres was secured due to the presence of poly 
(dodecyl acrylate)-graft-poly(ε-caprolactone) stabilizer. During 
polymerization, the hydroxyethyl groups of N,N-bis(2-hydro
xyethyl)isonicotinamide participated in chain transfer 
reactions, resulting in the incorporation of the drug into the 
polymer chain. It is worth noting, however, that any PCL 
macromolecule cannot contain more than one molecule of 
this drug. Thus, the drug content in obtained microspheres 
was very low (only up to 6.4%). 

The usefulness of the third strategy, based on adsorption 
of bioactive compounds onto the surface of microspheres, 
was verified for preparation of poly(D,L-lactide) and PCL 
microspheres with adsorbed proteins.10 The protein-loaded 
particles were obtained by incubation of poly(D,L-lactide) 
(Dn = 2.50  μm) or PCL (Dn = 0.63  μm) microspheres with 
human serum  albumin or  with human  γ-globulin solutions. 
PCL microspheres with the maximal content of human 
serum albumin and γ-globulin equal to 9.0% and 23.6% 
(w/w), respectively, were obtained. In the case of much larger 
poly(D,L-lactide) microspheres, the maximal protein content 
was equal to 2.1% and 4.0% for human serum albumin and 
γ-globulin, respectively. 

The model PCL microspheres swollen with lipophilic ethyl 
salicylate were obtained by incubation of particles (5.4 mg of 
microspheres with Dn = 0.62 μm and Dw/Dn = 1.5) with 1 ml of 
a mixture of ethanol–water (7:1, v/v) containing from 1.5 to 
50 μl of ethyl salicylate. The incubation was carried out at room 
temperature for 48 h and particles were isolated by centrifuga
tion. Partition of ethyl salicylate between PCL microspheres 
and continuous phase favoring the former yielded particles 
with drug content from about 9% to 34% (w/w). 

Due to the relatively easy and precise control of diameters of 
polylactide microspheres obtained by ring-opening polymeri
zation, these particles may also be considered as interesting 
candidates for building blocks of polymeric scaffolds used in 
tissue engineering. Recently, there were reports on the advan
tages of polylactide scaffolds for hard tissue engineering that 
were prepared by sintering of poly(lactide-co-glycolide) micro
spheres.42–44 However, for these applications, particles with 
diameters close to 100 μm should be synthesized. 
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4.26.1 Introduction 

4.26.1.1 Preamble 

Conjugated polymers are of considerable scientific and techno
logical interest. They have a fairly long history as a subject of 
intellectual curiosity but, particularly during the past few dec
ades, have become a matter of real interest in practical 
technologies. As will emerge, many of the materials of interest, 
which were initially made and investigated out of the scientific 
curiosity aroused by theoretical speculations, are beginning to 
offer hope of a major shift in the ease of manufacture and 
application of some useful technologies. 

At the time of writing, summer 2010, it is clear that the 
world faces many major challenges and that there are great 
differences in the quality of life for different sections of the 
global population. Science and technology brings benefits to 
some that contribute to their ability to live increasingly healthy, 
interesting, and comfortable lives; by contrast, in some parts of 
the world, many people do not have either adequate food and 
shelter or access to clean water and medical care. The severe 
consequences of these problems are compounded by the pre
dictions of possible damaging climate change, economic 
difficulties, and the world’s limited finite material resources. 
Considerations of this kind make us all aware of the impor
tance of providing wider access to new technologies as a small 
step toward improving quality of life; for example, through 
better and cheaper communications, displays, lighting, medical 
diagnostics and treatment devices; as presently formulated 
many of these things are expensive with regards to the use of 
resources and energy. To begin to tackle this challenge and 

make a contribution toward rectifying some of the current 
gross imbalances, low-cost manufacturing of useful technolo
gical products having low-energy running costs is essential. It 
has emerged that conjugated polymers, many of which are 
polymeric semiconductors, are key materials in realizing this 
objective. This applies to all the technologies listed above, and 
possibly many others. The materials involved are organic poly
mers or oligomers and so, in principle, capable of being 
relatively cheap; they allow large-scale manufacture of devices 
via well-established relatively inexpensive solution-processing 
or printing technologies and they have excellent electronic 
properties for device formulation. Conjugated polymers may 
also have a role to play in the generation of clean energy via 
solar cells and in other electrical technologies such as batteries. 

4.26.1.2 Origins of Interest in Conjugated Polymers 

Although it can be argued that conjugated polymers, in various 
manifestations of pyrolytic graphite, were in use as the fila
ments in the electric lights invented variously by Grove, Swan, 
and Edison during the nineteenth century, those technologies 
were undoubtedly empirically derived, expensive in labor 
and energy terms, and relatively short lived as useful technolo
gies.1–3 In chemistry, the development of competences in 
synthesis, together with structural and theoretical understand
ing, grew rapidly from the early years of the twentieth century. 
With this increasing understanding of chemical bonding came 
speculation concerning the likely properties of materials that 
were nonexistent at the time. For our present context, the 1931 
publication of Hückel,4 a theoretical physicist working on an 
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abstruse problem during economically constrained times, was 
a key step (the reader may find aspects of this paper instructive 
vis-à-vis the history of ideas and societal attitudes to the fund
ing of science in economically stressed times). He postulated 
that sets of electrons in the same unsaturated hydrocarbon 
molecule could be considered to move orthogonally and, as a 
consequence, their behaviors and properties could be treated 
separately; chemists now classify these electrons as sigma (σ) 
and pi (π), and treat σ-electrons as if they were largely localized, 
providing the bonding of the molecular structural framework 
and π-electrons as less tightly bound, delocalized, and more 
mobile. Another ‘scene setting’ factor was the demonstration, 
by Staudinger,5 that molecular weight was the major factor that 
distinguished the properties of the materials we now know as 
polymers from ordinary organic molecules. This early work led 
Lennard-Jones, in 1937,6 to publish a theoretical consideration 
of the likely properties of the π-electrons in a long linear 
chain assembled from sp2 hybridized carbons, each bonded 
to another sp2 carbon and a single hydrogen atom using 
σ-electrons and having an electron in a 2p atomic orbital 
(AO) perpendicular to the σ-bond framework, that is, polyace
tylene, undoubtedly the paradigm for our field. In his model, 
the carbon–carbon bonds would all have the same length and 
the π-molecular orbitals (MOs) would form a continuous band 
structure that was half filled with π-electrons. This band struc
ture had similarities with the picture of bonding in electrically 
conducting metals; consequently, he concluded that polyacety
lene could be expected to display metallic behavior. In the 
same University 19 years later, Longuet-Higgins and Salem 
repeated the calculation in a more sophisticated formalism 
and concluded that such a structure would experience a 
Peierls distortion and alternating carbon–carbon bond lengths 
rather than the equal bond lengths assumed by Lennard-Jones 
in his completely delocalized model. Consequently, they pre
dicted that the π-MOs would form bonding and antibonding 
bands separated by a gap;7 if this was the case, the size of the 
gap would determine whether the material was a semiconduc
tor or an insulator. The obvious thing to do is to make some 
polyacetylene and do the appropriate electrical measurements; 
however, ‘obvious things’ are not necessarily easy things to do 
well. The obvious first choice route is, of course, the direct 
addition polymerization of acetylene (Figure 1). 

Natta’s group were the first to do this job properly; in 1958, 
they polymerized acetylene by bubbling the gas into a solution 
of a transition metal-based catalyst, such as (C2H5)3Al/Ti 
(OC4H9)4 in a hydrocarbon solvent; the dark, air-sensitive, 
insoluble, infusible powder that precipitated was shown, by 
X-ray diffraction, to be trans-polyacetylene.8 As far as I have 
been able to discover from people who knew him, Natta 
thought it a fairly unattractive material and moved on to 
other things; indeed the properties listed were not encouraging 
despite the expectations based on the earlier theoretical calcu
lations. The dark color, which varies with the prevalent 
geometry of the double bonds in the sample, is to be expected 
for any conjugated polyene of significant length that is able to 

adopt a fairly planar conformation; where there is any steric 
inhibition of planarity, the color lightens and, for example, 
poly(hexafluorobutyne) is an off-white, insoluble material 
in which we are led, by a combination of X-ray photoelectron 
spectroscopy (XPS) and MO calculations, to the conclusion 
that successive double bonds are perpendicular to each other 
due to the steric interactions between adjacent trifluormethyl 
groups on the backbone. Although this particular polymer is 
conjugated in the sense of having alternating single and double 
bonds, it is not conjugated in a π-electron delocalization 
sense.9 Similarly, poly(tert-butylacetylene) has alternating 
single and double bonds that are perpendicular to each other 
and is colorless. 

There are many ways of representing simple unsubstituted 
polyacetylene (see Figure 2). Most of the isomers are able to 
adopt a conformation that is fairly close to planar; however, it 
seems certain that an all cis-cisoid form will be forced to adopt a 
helical conformation. The predominant form obtained by con
ventional polymerization at or above room temperature is the 
trans structure; at lower temperatures, cis structures predomi
nate. Trans-transoid or cis-transoid is how the structure is 
generally represented although other conformations and var
ious defects can contribute. Thus, early electron spin resonance 
(ESR) spectroscopic investigation of the as-made material 
showed the presence of free spins, suggesting a material with 
bond alternation defects as shown at the bottom of Figure 2; 
also 13C nuclear magnetic resonance (NMR) spectroscopy indi
cated the presence of sp2 carbons in both cis and trans 
environments and sp3 carbons suggesting cross-links due to 
carbon–carbon coupling. Thus, we can see that even this super
ficially simple polymer structure can exist in a number of 
interchangeable forms. The fact that the material is also air 
sensitive and thermally labile makes it quite a demanding 
material with respect to handling and sample reproducibility. 

Ten years later, the polyacetylene story moved from Italian 
academe to American industry, when two chemists working for 
Cyanamid, Berets, and Smith took Natta’s dark powder and 
compressed it into a disc that turned out to be a poor semi
conductor, the conductivity of which increased in the presence 
of volatile oxidants like iodine and decreased in the presence of 
ammonia vapor.10 

Following these early developments, there came a great 
stimulus to work on the material in 1971 when Ikeda and 
Shirakawa published their discovery that polymerization of 

Figure 1 Addition polymerization of acetylene. Figure 2 Segments of different forms of polyacetylene. 
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acetylene gas at the surface of a concentrated solution of a 
Ziegler–Natta catalyst in an hydrocarbon solvent leads to the 
formation of porous low-density mats of semicrystalline poly-
acetylene fibers that were in a suitable form for relatively easy 
handling and careful investigation of the physics and materials 
science of the material.11 There was a tremendous explosion of 
activity and the field remained of interest to theoreticians, 
materials chemists, and physicists. The polyene structures indi
cated in Figure 2 are expected to be reactive organic chemicals 
and readily subject to reduction and oxidation (redox) chem
istry, allowing mobile delocalized radicals, cations, anions, 
radical cations, and radical anions to be formed on the back
bone and act as charge carriers. The low-density mats of 
polyacetylene fibrils allowed relatively easy access to reagents. 
It was soon shown that polyacetylene undergoes massive redox 
modification on exposure to chemical or electrochemical oxi
dation or reduction and the conductivity of this superficially 
simple polymer has been demonstrated to vary from that of a 
good insulator to that of a metallic conductor.12 Thus, the 
Shirakawa route can lead to materials with a conductivity as 
low as 10−14 S cm−1, comparable to quartz, for cis-polyacetylene 
carefully prepared and handled at low temperature; whereas 
values of 105 S cm−1 or higher have been obtained for 
stretch-aligned films heavily oxidized by iodine.13 Clearly, a 
superficially simple organic polymer like this that can be 
manipulated by redox procedures to display electrical conduc
tivity varying over 19–20 orders of magnitude is likely to attract 
intense interest and so it proved. Polyacetylene as generally 
obtained via the direct route has predominantly trans geometry 
at the vinylenes, often has saturated carbon structural defects 
(probably evidence of cross-links), and is electrically neutral, 
but ESR shows free spins, that is radicals, which are located in 
delocalized nonbonding MOs at the middle of the band gap 
and are associated with structural defects where the sense of the 
conjugation in the polyene chain is reversed (see Figure 2). 
Such electrons are mobile along the chain and can ‘hop’ 
between chains, thus accounting for the observed electrical 
conductivity; the other potential charge carriers mentioned 
above can move in a similar manner. The transport of such 
electronic charge carriers through films under the influence of 
fields is of interest in many of the semiconductor-based 
electronics-based technologies and in batteries; the transport 
of electronically excited states is important in light-emitting 
diode (LED) and photovoltaic technologies; and the transport 
of ions and small molecules has importance in membranes for 
fuel cells and batteries and in various biomedical technologies. 
Synthesis via ring-opening metathesis polymerization (ROMP) 
is finding uses in many such applications and they will occa
sionally be referred to in this section to aid ‘joined-up thinking 
and awareness’ for the reader. 

As-made polyacetylenes are generally semiconductors that 
undergo increases in conductivity of several orders of magni
tude when subject to redox chemistry. Structural changes are 
required to accommodate the counterions necessary to balance 
the charges created on the polyene chains. Pristine polyacety
lene also displays a large third-order nonlinear optical effect. 
This is a remarkable combination of properties in one material. 
This is not the place for a detailed review of this work that led to 
an explosion of publications and the birth of specialist jour
nals. Undoubtedly, polyacetylene became the paradigm for the 
field in that period, although it was soon superseded by other 

materials.14 The work of Hideki Shirakawa, Alan Heeger, and, 
the late, Alan MacDiarmid inspired many to enter the field and 
their work and influence was recognized in 2000 by the award 
of the Nobel Prize for Chemistry to them jointly. 

This section aimed to explain the reasons for the interest in 
conjugated polymers and the history of how that interest devel
oped. In subsequent sections, we consider how ROMPs may be 
used to generate conjugated polymers and how such routes can 
lead to processing options. I wrote a review of this field a few 
years ago and saw little point in just duplicating the approach 
used then since the review is still readily available;2 although 
there is always relevant new work appearing, the availability of 
various ‘search engines’ means that the interested reader can 
readily update even the most recent review. So, in this section, 
I will attempt to avoid the esoteric niceties that tend to fascinate 
protagonists and review the available data and ‘state of the art’ 
from a different, somewhat more general and detached view
point in order to meet the specifications of the publishers who 
said in their ‘Aims and Scope’ for this work: “…articles will be 
written at a level that allows students to understand the mate
rial, while providing active researchers with a ready reference 
resource for information in the field”. 

4.26.2 Ring-Opening Polymerization of Monocyclic 
Polyenes 

4.26.2.1 General Considerations 

Since we defined the paradigm for the field, polyacetylene, as “a 
linear chain assembled from sp2 hybridized carbons each 
bonded to another sp2 carbon and a single hydrogen atom 
and carrying one electron in a 2p AO,” if we want to make it 
by a ring opening protocol, we can, in principle at least, start 
with any monocyclic structure constructed from the same ele
mentary building blocks, namely, a ring of sp2 hybridized 
carbons each bonded to another sp2 carbon and a single hydro
gen atom and carrying an electron in a 2p AO. The first few odd 
members of this family are cyclopropenyl, cyclopentadienyl, 
and cycloheptatrienyl radicals and the even members are cyclo
butadiene, benzene, and 1,3,5,7-cyclooctatetraene and they 
and the hypothetical concept of using them as monomers for 
polyacetylene syntheses are shown in Figure 3. So far, in prac
tice only one of these polymerizations has been realized, 
namely, that of cyclooctatetraene, although, with a bit of 

Figure 3 Hypothetical routes to polyacetylene via ring opening of cyclic 
polyenes. 
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Bonding π-molecular orbitals 

Antibonding π-molecular orbitals 

NBMO NBMO 

Figure 4 Mnemonic for π-MO energies in planar cyclic polyenes. 

‘special pleading’, we will claim another two of the family as 
monomers for the task. Why do these potential monomers 
appear to be of so little use to us? The answer comes from a 
consideration of their π-bonding situations for which a simple 
mnemonic is shown in Figure 4. 

To work out an approximate indication of the relative 
π-bonding energies in this structural series, we simply inscribe 
the appropriate regular polygons, with their points down, 
inside a set of circles of the same radius. Where the vertices of 
the polygons touch the circumference of the circles indicates, to 
a first approximation, where the energies of the associated 
π-MOs lie in relation to the energy associated with an isolated 
electron in a carbon 2p AO, that is, the energy of the nonbond
ing MO (NBMO); this mnemonic assumes that the polygons 
are planar. We can, in light of this, now work through our set of 
cyclic structures starting from the left-hand side considering 
each as a potential monomer. 

4.26.2.2 Unsaturated Three-Membered Rings as Starting 
Materials 

Cyclopropenes are predicted to have a favorable free energy of 
polymerization;15,16 however, examination of the simple 
π-MO picture, shown in Figure 4, for cyclopropenyl radical 
predicts it to have two electrons in the π-bonding orbital and 
one in an antibonding orbital and this latter electron contributes 
to destabilizing the specie that is not available as a monomer. 
One-electron oxidation of cyclopropenyl radical to give a cyclo
propenyl cation would be fairly easy. The synthesis and relative 
stability of cyclopropenyl cation has been the subject of many 
studies,17 but, as far as I can establish, there have not been any 
attempts to use a cyclopropenyl cation salt as a ROMP mono
mer. 3,3-Disubstituted cyclopropenes undergo ROMP,18,19 but 
the linear polymers obtained have not been used as precursors 
for the generation of conjugated polymers. 

3,3-Diphenylcyclopropene has a place in ROMP history as 
its reactions with transition metal complexes can lead to the 
formation of allylidene complexes that are initiators for ROMP 
and, at a stretch of the imagination, can be seen as conjugated 
fragments (see Figure 5).20 

Another possible application of cyclopropene ROMP in the 
investigation of conjugated polymers would be to use its dimer, 
bicycloprop-2-enyl (the structure on the extreme right in 

Figure 5 Allylidenes from 3,3-diphenylcyclopropene. 

Figure 6), as a cross-linking comonomer in a polyacetylene 
synthesis. 

Bicycloprop-2-enyl is known and, although reactive, 
survives in solution in dichloromethane between –90 and 
–10 °C.21 If it was copolymerized with another monomer for 
polyacetylene synthesis, through both of its cyclopropene rings 
it would give the cross-linking structure that has been postu
lated in conventionally prepared polyacetylene on the basis of 
13C NMR spectroscopy, thus confirming or contradicting the 
present view of one of the defects in the material. To the best of 
my knowledge, this experiment has not been tried. Neither 
methylenecyclopropene, an isomer of cyclobutadiene, nor 
any of its substituted derivatives, which could be considered 
as potential monomers for the ROMP synthesis of 
cross-conjugated polymers (see Figure 7) appears to have 
been considered for this purpose; indeed their existence 
appears to be transitory at best. 

4.26.2.3 Unsaturated Four-Membered Rings as Starting 
Materials 

4.26.2.3.1 General considerations 
Cyclobutenes are known to undergo ROMP readily.15 They 
have a favorable free energy for ring opening,16 are stable 
under normal conditions, and are fairly readily available; how
ever, referring to Figure 4, we see that for cyclobutadiene, the 
mnemonic predicts a diradical. This is an oversimplification, 
because the mnemonic was constructed on the assumption that 
the unsaturated compound being considered assumes the 
shape of a regular polygon and in practice this molecule avoids 
becoming a diradical because it distorts to become a rectangu
lar cyclic diene rather than a square; the short sides being the 
double bonds and long sides the single bonds. The molecule 
exists and can be trapped as a 4π donor ligand on a metal or as 
a Diels–Alder adduct but is too reactive to be an effective 
monomer for our purposes since, when generated in the free 
state, it undergoes self-dimerization and oligomerization. 
However, this problem can be circumvented by one of the 
standard strategies of synthetic organic chemistry, namely, to 
hide a sensitive part of a molecule behind a protecting group 
while various synthetic manipulations that are potentially 
damaging to the sensitive unit are being performed and then 
removing the protecting group at the end of the synthesis. 
Protecting groups must be easily put in place and easily 
removed but stable to the reaction conditions and reagents 
used in the synthetic manipulations employed; there are 
libraries of protecting groups and their use has been crucial to 
the success of a great deal of synthetic organic chemistry. We 
established such routes to polyacetylene via protected precur
sor polymers; the approach is summarized in Figure 8.22 –24
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Figure 6 Benzene and its valence bond isomers. 

Figure 7 Hypothetical ROMP of substituted methylenecyclopropene. 

Figure 8 (Top) Durham precursor route to polyacetylene. (Bottom) 
Alternative starting monomers. 

4.26.2.3.2 The Durham route to polyacetylene and related 
matters 
The route involves synthesizing a substituted cyclobutene 
monomer that undergoes ROMP to give a soluble precursor 
that can be converted to polyacetylene in situ after processing. 
In the example shown in Figure 8, the monomer is made via a 
Diels–Alder reaction of hexafluorobut-2-yne with the cyclo
hexa-1,3-diene unit of the valence tautomer of cycloocta
1,3,5,7-tetraene. ROMP of this monomer occurs exclusively 
through the cyclobutene vinylene to give a soluble polymer of 
high molecular weight (M –w in the range 400 1000 kDa) which, 
with appropriate precautions to take account of its relatively 
low thermal stability, can be characterized by the standard 
techniques of polymer chemistry and, after solution processing, 
converted to a clean fully dense (ρ = 1.05 g cm−3 cf. 0.3– 
0.4 g cm−3 for the Shirakawa route material) form of polyace
tylene via a symmetry allowed thermal elimination of 
1,2-bistrifluoromethylbenzene.25 

The route summarized in the top part of Figure 8 is not 
‘atom efficient’ in that a large part of the precursor polymer is 
‘waste’ and in the colored version of this section the process is 

color coded to make it easier to follow. The conversion proto
col (temperature, film thickness, pressure, and mechanical 
stress) determines the details of the product structure that is 
generally obtained as a pinhole-free continuous film.26 The 
cis/trans-vinylene frequency and distribution in the soluble 
precursor polymer is a function of the ROMP initiator used; 
in the first experiments, the ‘classical ill-defined initiator’ 
WCl6/Ph4Sn was used and gave a roughly random 50:50 
distribution, although subsequently we and others have used 
well-defined initiators successfully. During the thermal conver
sion to polyacetylene, each new vinylene formed in the 
polymer backbone is cis as-made as a consequence of the 
symmetry allowed nature of the process, which means that 
the nascent polyacetylene produced by this route has roughly 
75% cis-vinylenes; however, depending on temperature and 
time, it will isomerize to a predominantly trans material. The 
eliminated 1,2-bistrifluoromethylbenzene initially plasticizes 
the polymer, then diffuses through the film and eventually 
evaporates; as expected, the rates of these processes depend 
on temperature and pressure and they overlap in time and 
space, so the process is complicated to disentangle in detail 
but not difficult to understand. However, control of the con
version protocol adopted allows good control of the form of 
the polyacetylene produced; typically, pristine polyacetylene 
obtained by this route has little or no order, has an electrical 
conductivity σ of approximately 3 � 10−8 Ω cm−1, which is 2 or 
3 orders of magnitude lower than typical Shirakawa route 
material, suggesting somewhat greater purity with fewer adven
titious defects or impurities giving rise to charge carriers. The 
value observed is similar to values obtained for the material by 
the Grubbs’ route from cyclooctatetraene vide infra. Whatever 
route is adopted, most polyacetylene samples will undergo 
redox modification into similar conductivity regimes. 

The process described above turns out to be the most effec
tive of several variants tried and allows another potentially 
useful manipulation since, although the pristine precursor 
polymer is colorless when carefully manipulated and 
maintained at a temperature of 0 °C or below, at room tem
perature it begins to slowly convert, the partially converted 
material remaining soluble providing oxygen and light are 
excluded. Yellow-red thin films of the partially converted pre
cursor, containing a distribution of short polyene sequences, 
can be spun cast and the polyene sections in these films are 
susceptible to cross-linking in the presence of air and UV light. 
Irradiation through a mask followed by heating under vacuum 
results in the formation of a negative image of the mask in the 
film in which the black areas are composed, after about 70% 
reduction in volume, of newly formed polyacetylene semicon
ductor embedded in insulating transparent areas of photo-
cross-linked partially converted precursor that looses only 
about 30% of its volume; images with a resolution of about 
0.3 μm were readily obtained; thus, structured patterns of an 
organic semiconductor in an insulating matrix of a cross-linked 
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fluorohydrocarbon polymer can be made in a fairly simple 
manner, although the image is bound to be under some 
stress.27,28 The monomers shown at the bottom of Figure 8 
are more stable (particularly the ones in the middle and on the 
right-hand side) than the bistrifluoromethyl-substituted triene, 
but can nevertheless be used to generate polyacetylene; reading 
from left to right, they result in the elimination of a dialkyl 
phthalate, naphthalene, and anthracene, respectively. All 
three of these eliminated units are less volatile than 
1,2-bistrifluoromethylbenzene and consequently higher 
temperatures and lower pressures are required in the conver
sion step and lower quality polyacetylene films are produced.23 

The increased stability of the precursors derived from the 
monomers in the middle and on the right-hand side at the 
bottom of Figure 8 presumably reflects the smaller thermody
namic gain in going from precursor polymer to polyacetylene 
plus naphthalene and anthracene, respectively. 

If the unconverted or partially converted precursor polymer 
is stretched prior to or during conversion, oriented polyacety
lene is obtained, which displays increased order (X-ray 
diffraction) and anisotropy in its spectroscopic properties and 
electrical conductivity.29 The investigation of the solid-state 
physics of the form of polyacetylene described above, generally 
known as ‘Durham polyacetylene’, was undertaken in the 
group of Friend30,31 who prepared and characterized 
Schottky-barrier diodes, metal–insulator–semiconductor 
(MIS) diodes, and MISFET structures using polyacetylene 
derived from precursor polymer as the active semiconducting 
component of the device structure; these early experiments 
demonstrating the potential of the field that is now generally 
known as ‘plastic electronics’. The material proved a useful 
learning vehicle for the beginning of what has become an 
important area of science and technology, but it has not 
found a place in the development and exploitation of the 
field that has followed; the devices demonstrated had carrier 
mobilities that were too low to be of practical use, vide infra, 
and, added to the cost and synthetic challenges, were soon 
abandoned in favor of other promising materials. 

The observation of improved properties following stretch 
alignment of polyacetylene led to an attempt to achieve poly
ene alignment in material produced from thermally converted 
spun cast precursor polymers. This was an interesting objective 
since it was known that for amorphous organic semiconduc
tors, there was a linear correlation between conductivity and 

carrier mobility;32 device suitability depended on the combina
tion of relatively low conductivity with relatively high mobility; 
since ‘Durham polyacetylene’, being clean, had low conductiv
ity but, being highly disordered, had a low mobility. The 
objective of the exercise was to retain the low conductivity 
while increasing the carrier mobility via spontaneous ordering. 
An example of how this was attempted making use of improv
ing precision and control of ROMP is summarized in Figure 9. 
The route shown in Figure 8 was followed but using the 
Schrock well-defined tetrahedrally substituted molybdenum 
carbene as initiator instead of the classical ill-defined 
WCl6/Ph4Sn system; this gives the living precursor polymer 
shown at the right hand of Figure 9. Using a well-defined 
initiator gives two advantages: first, the initiator-to-monomer 
ratio allows control of the molecular weight and second, the 
molybdenum carbene at the end of the chain allows further 
reaction; in the present case, the living precursor polymer was 
terminated by addition of 4-pentylbenzaldehyde that puts an 
oxygen on the molybdenum and the liquid crystal (LC) meso
gen, 4-pentylphenyl, at the end of the polymer chain. Thermal 
conversion of these precursors gave polyacetylene films 
thar were interpreted, based on conductivity, mobility, and 
polarized UV spectroscopy measurements as consisting of a 
disordered array of ordered domains of polyacetylene. The 
conductivity remained low, as desired, and the carrier mobility 
increased by 2 or 3 orders of magnitude but, unfortunately, 
remained below the target value. Presumably, the observed 
changes in properties resulted from phase segregation of the 
chain-end mesogens in the precursor during or prior to conver
sion and the segregated 4-pentylphenyl domains nucleated 
partial orientation of the forming polyene sequences.33,34 

Polymerization of 7,8-bis(trifluoromethyl)tricycle[4.2.2.0] 
deca-3,7,9-triene with well-defined initiators is further exem
plified by work from, inter alia, the groups of Grubbs and 
Schrock.35–39 Block copolymers of Durham precursor polymer 
(10–200 molecular equivalents) with norbornene or 9-methyl
tetracyclo[6.2.1.1]dodec-4-ene were prepared and spun from 
solution as submicron films for investigation of their 
third-order optical nonlinearity.35 Interestingly, in the case of 
the norbornene block copolymers, there was a red shift with 
higher spin speeds during the film formation, suggesting better 
aligned and longer polyene sequences; the nonlinear optical 
susceptibility (χ3) was probed with third harmonic generation 
and degenerate four-wave mixing and (χ3) increased in 

Figure 9 Durham route to mesogen-terminated polyacetylene. 
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magnitude with increasing polyene block length and were 
always greater in the norbornene copolymers. Schrock also 
used living polymerization with well-defined initiators for the 
preparation of oligopolyenes terminated with t-butyl groups, 
which were purified as single compounds by chromatograph 
for a study of the correlation of spectroscopic properties with 
chain length. The expected phase separation effects on block 
copolymers of the Durham precursor and norbornene leading 
to a distribution of microdots in a polynorbornene matrix have 
also been reported.36–39 

As reported above, the precursor route summarized in 
Figure 8 gives material that undergoes slow conversion to 
polyacetylene at room temperature; although this presents no 
great problem, since most laboratories have access to refrigera
tors and even refrigerated transport is becoming common 
place, several attempts to make a more thermally stable pre
cursor that, nevertheless, undergoes thermal conversion to 
good quality polyacetylene have been made since this might 
aid long-term storage and interlaboratory collaborations. In 
this last part of this section, considering routes from cyclobu
tene derivatives, the last case to be considered is that 
summarized in Figure 10. 

This route involves photoisomerization of the monomer, 
7,8-bis(trifluoromethyl)tricyclo[4.2.2.0]deca-3,7,9-triene, as 
indicated in the top left-hand part of the figure. The dotted 
lines are drawn in that way to aid the eye in recognizing what 
has been joined to what during this 2π +2π intramolecular 
cycloaddition, but they represent full σ-bonds; the monomer 
is kinetically stable since the cycloreversion to starting material 
is symmetry forbidden in the ground state. As expected, this 
new monomer undergoes ROMP through the cyclobutene resi
due to give the precursor polymer shown in the top right-hand 
corner of the figure. This new precursor polymer is also kineti
cally stable and can be spun from solution into thin films that 
can be thermally converted to polyacetylene provided that only 
very thin films are used! The reason for this emphasis on 
caution is that although the precursor is kinetically stable, it 
has considerable stored strain energy per repeat unit, resulting 
from the two three-membered and one four-membered rings 
that are fused together. The strain energy amounts to roughly 
20% of a TNT molecule per repeat unit, and although 
polyacetylene can be prepared from thin films, explosive 

decompositions have also occurred, so this route works but 
provides a hazard and cannot be recommended as practically 
useful in view of the risk involved.40,41 

4.26.2.3.2(i) Hypothetic routes to conjugated polymers from 
cyclobutene derivatives 
The route described in this section was reported by Novak and 
constitutes an ingenious attempt to improve the atom effi
ciency of the original Durham route.42 The route investigated 
is summarized in Figure 11; the monomer shown on the 
left-hand side of the figure is formed via the Diels–Alder addi
tion of an N-alkyl or N-aryl maleimide to the cyclohexadiene 
part of the valence tautomer of cyclooctatriene; this undergoes 
ROMP through the cyclobutene unit and the idea was to ther
mally eliminate the maleimide to give polyacetylene as shown 
below, using all the carbons from the cyclooctatetraene residue. 
In practice, the intended precursor proved to be much more 
thermally stable than anticipated (300 ºC < Td < 344 ºC) and 
upon hydrogenation the methyl derivative showed even greater 
stability with a glass transition at 285 ºC and a thermal stability 
enhanced by approximately 100 ºC. Novak mentioned further 
work in progress to improve the effectiveness of the elimina
tion required but, unfortunately, this came to naught.43 We had 
similar experience with the analogous adduct formed from 
dimethylmaleate and cyclooctatetraene; this also polymerized 
readily via ROMP at the cyclobutene residue, but the putative 
polyacetylene precursor, which required a symmetry allowed 
thermal elimination of a cyclohexadiene derivative, yielded no 
polyacetylene below its decomposition temperature. Novak’s 
route was, in part at least, derived from a successful precursor 
route based on the thermal elimination of a furan diester from 
poly(diethyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxy
late), the left-hand structure in Figure 12, to give trans
polyacetylene at 100 ºC. This precursor was derived from 
the 1,2-vinyl-polymerization of the 2,3-diethylester of a 
7-oxanorbornadiene monomer initiated with a palladium (II) 
catalyst and, while it does not come strictly within the remit of 
this review, it is useful in that it demonstrates that furan deri
vatives are appropriate protecting groups for olefins in putative 
polyene syntheses.44 

After these proposed precursors that were too thermally 
stable to be useful, the next example in this section involves 
speculation about a precursor route from a derivative of cyclo
butene that exists but is definitely unstable. The hypothetical 
route is shown in Figure 13 below. 

Cyclobutadiene was an elusive target for synthesis for 
several years and one extensively investigated starting material 
was 2-pyrone.45–47 A solution of 2-pyrone in ether maintained 
below –10 °C can be photoisomerized in high yield to the 

Figure 10 Durham route via a precursor photoisomer. Figure 11 Novak’s proposed route to polyacetylene. 
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Figure 12 Precursor route to transpolyacetylene from a poly 
(7-oxanorbornene) derivative. 

Figure 13 Hypothetical route to a polyacetylene precursor. 

bicyclo[2.2.0]lactone shown in the middle of Figure 13. This 
compound can be purified and characterized (elemental 
analysis, spectroscopy) and is described as “a colorless, hygro
scopic liquid which is pyrophoric in air at room temperature 
and which can explode on warming in air”.45 Nevertheless, 
with skill and caution it can be handled and it is established 
that the cyclobutene part can act as a dienophile with appro
priately reactive dienes and that the molecule undergoes 
hydrogenation in two steps. Pirkle describes a reaction at 
25 °C with methanol to give CH3OCH=CH–CH=CH– 
COOH;46 most work with this molecule appears to have been 
directed toward eliminating carbon dioxide to generate cyclo
butadiene, often via irradiation in a frozen glassy matrix,47 and 
the author has not discovered any attempt to use it as a ROMP 
monomer. 

4.26.2.3.3 A cross-conjugated polymer via ROMP of a 
cyclobutene derivative 
To close this section on cyclobutene ROMP routes, we consider 
an example that, while not a direct route to a conjugated 
polymer, involves the ROMP of an unsaturated four-membered 
ring and provides access to a semiconducting polymer system. 
The monomer 3,4-diisopropylidenecyclobutane (Figure 14) is  
polymerized by ROMP using a source of titanium carbene, 
Cp2Ti=CH2, as the initiator system.48 The backbone of the 
product is constructed from sp2 carbons but is cross-conjugated 
rather than conjugated. Nevertheless, oxidation of films of the 
pristine-insulating polymer with iodine vapor gives materials 
with conductivities up to 10−3 S cm−1. 

4.26.2.4 Unsaturated Five-Membered Rings as Starting 
Materials 

4.26.2.4.1 General considerations 
The free energy for ring opening of cyclopentene is consider
ably less favorable than that of cyclobutene and, depending on 
the position and kind of substitution on the ring, ΔG can be 
just positive or just negative.15,16 Nevertheless, cyclopentene 
and many of its derivatives do undergo ROMP readily, polymer 
formation being favored by lower temperatures and higher 
monomer concentrations. At one point several years ago, the 
homopolymer from cyclopentene, polypentenamer, was under 
serious consideration as a substitute for commercial diene 
elastomer manufacture; indeed, it was reported that prototype 
vehicle tires were made and road tested before changes in 
economics and tire technology made the venture nonviable. 

The mnemonic in Figure 4 indicates that the cyclopentadie
nyl radical is not a stable entity and will display a strong 
tendency to pick up an electron and become an aromatic 
cyclopentadienyl anion, as is indeed the case. So the direct 
route from cyclopentadienyl radical portrayed in Figure 3 is 
out of the question and routes to conjugated polymers invol
ving ROMP of cyclopentene derivatives will inevitably involve 
other steps in the overall scheme. The ring-opening polymeriz
ability of five-membered rings is enhanced by strain and this 
can be induced by making them part of a polycyclic structure, 
vide infra. 

4.26.2.4.2 An atom-efficient route to polyacetylene from 
benzvalene 
As was mentioned in Section 4.26.2.3.3, the Durham route to 
polyacetylene, while convenient experimentally, is not atom 
efficient and consequently there have been several proposals 
designed to circumvent this problem. Novak’s attempt to over
come this deficiency did not meet with success, but the route 
summarized in Figure 15 provides a somewhat more effective 
attempt to solve this shortcoming. Benzvalene, one of the 
isomers of benzene (see Figure 6 above) constitutes a highly 
strained cyclopentene as a consequence of the two fused cyclo
propane rings in its structure; not surprisingly, it readily 
undergoes ROMP to give the precursor polymer shown in the 
middle of Figure 15. This precursor can be isomerized in the 
presence of mercuric salts to give the desired conjugated poly
mer.49,50 The material can be oxidized by iodine vapor into the 
low-conductivity semiconductor regime, but 13C NMR spectro
scopy indicates a significant content of residual saturated 
carbon. This route works as planned but, like the Durham 
photoisomer route summarized in Figure 10 above, it carries 
a hazard in that the high strain energy per repeat unit in the 
precursor is reported to make it prone to detonation; it should 
therefore only be handled on a small scale and with appropri
ate precautions. 

Figure 14 ROMP synthesis of a cross-conjugated polymer. Figure 15 Benzvalene as a monomer for ROMP. 
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4.26.2.4.3 Real and hypothetical routes to conjugated 
polymers based on initial ROMP of five-membered rings 
There are many potential routes to conjugated polymers and 
the increasing understanding of the correlation between poly
mer structure and physical properties, particularly electrical and 
optical properties, have, not unreasonably, stimulated the ima
ginations of synthetic organic chemists to design syntheses and 
join the worldwide plastic electronics activity to the benefit of 
all. In practice, some of the routes explored work well and 
some, which look equally viable ‘on paper’, do not work at 
all and it seems worth giving some time to considering why this 
is the case. 

4.26.2.4.3(i) Consideration of the dehydrogenation route from 
norbornadiene 
First, as an example, we will consider the generalized scheme 
shown as Figure 16. This potential route has been explored with 
varying degrees of success by various research groups. In essence 
it starts from the norbornadiene skeleton, ROMP through one 
ring leads to a precursor (middle structure in Figure 16), which 
then has to be converted to the desired conjugated structure 
shown on the right-hand side of the figure. This two-step 
approach to conjugated polymer synthesis can be regarded as 
an example of the standard protecting group strategy of synthetic 
organic chemistry. There is a potential drawback to this route in 
that the proposed precursor contains a cyclopentene ring and 
might undergo ROMP leading to cross-linking; however, the 
cyclopentene rings in the norbornadiene monomer are strained 
and considerably more reactive than those in the proposed 
precursor so this is not a great risk or problem; indeed, such 
polymers were made and characterized and are known to be very 
susceptible to oxidation, particularly when the double bond in 
the five-membered ring of the precursor is part of an aromatic 
ring.51,52 Protecting groups, as mentioned in Section 4.26.2.3.1, 
must be stable during manipulation and must be easily and 
completely removed at the appropriate time. In the case outlined 
in Figure 16, the  ‘protecting group’ consists of two tertiary and 
doubly allylic hydrogen atoms and the putative final step is a 
dehydrogenation; in this case, the problems resolve themselves 
into: 

• the reactivity of the dehydrogenating reagent, 
•	 the ease with which the dehydrogenating reagent and the 

by-products of its reactions can be removed from the scene, 
•	 the nature and reactivity of the newly formed conjugated 

polymer, and 

• the conformational requirements of the process. 

We shall meet with these, or an analogous set of considera
tions, frequently in this section on five-membered ring routes 
and the next sections on six- and higher membered rings. 
Several groups have used 2,3-dichloro-5,6-dicyanoquinone 
(DDQ) as the dehydrogenation reagent and this is a potent 
and fairly undiscriminating reagent so the nature of the 

Figure 16 ROMP routes from norbornadiene derivatives. 

intended conjugated polymer and the possible workup proce
dures for the product are important determinants of success or 
failure. In the route summarized in Figure 16, the second step 
is a redox process, the precursor undergoes dehydrogenation 
(oxidation), and the DDQ is reduced from a quinone to the 
hydroquinone, its dihydro form, 2,3-dichloro-5,6
dicyanohydroquinone (DDQH2). The products of reaction 
and any surplus reagent should be immediately removed 
because the nascent conjugated segments shown on the 
right-hand side of Figure 16 are inherently likely to be easily 
oxidized, possibly even more readily than the pristine precur
sor. This imposes experimental problems because neither DDQ 
or its reduction product is easily removed by evaporation and 
the nascent conjugated segment is a chemically reactive cyclo
pentadiene unit and its reactivity with itself and any reagent in 
the vicinity has to be taken into account. There is also a large 
conformational reorganization required on changing from a 
precursor system with two vinylene units in the 3 and 5 posi
tions on the cyclopentene ring, which are syn to each other in 
the precursor, to the essentially planar structure of the conju
gated polymer product. At first sight, this may not seem a great 
restriction because the precursor polymer will almost certainly 
be soluble so, if the conversion is attempted in solution, it 
ought to be able to adopt to the required conformational 
change; however, the product conjugated polymer will almost 
certainly not be soluble and as the conjugation, planarity, and 
insolubility of the forming product increase, the conforma
tional flexibility of the polymer backbone will decrease and 
the dehydrogenation will be severely inhibited. These consid
erations help to explain the lack of significant success via this 
route; however, as will emerge in the section 4.26.2.5 vide infra, 
when the product of the dehydration step is a stable phenylene 
unit rather than a highly reactive cyclopentadiene entity, this 
approach meets with success. 

4.26.2.4.3(ii) Consideration of the dehydrohalogenation route from 
norbornenes 
Another essentially unsuccessful ‘plausible paper chemistry’ 
route to conjugated polymers via a precursor made by ROMP 
through a five-membered ring is summarized in Figure 17. 
The monomer is a halogenated norbornene prepared via 
Diels and Alder cycloaddition between a halogenated olefin, 
for example, 2,3-dichlorohexafluorobut-2-ene, CF3(Cl)C=C 
(Cl)CF3, and cyclopentadiene; this kind of molecule readily 
undergoes ROMP to give the proposed precursor polymer 
shown in the middle of the figure.53,54 

Dehydrohalogenation of this putative precursor polymer was 
expected to be relatively easy because the hydrogens to be 
removed are tertiary and allylic and for the two 1,2-eliminations 
required the four atoms involved in each step are close to 
coplanar that is expected to favor elimination; the author is 
aware of several attempts to put this idea into practice, both in 
his laboratory and elsewhere but, to the best of his knowledge, 
all have failed so far. The proposed precursor polymers are easily 
made, characterized, and handled; they are soluble in a range of 
solvents and can be cast as films. A large number of polymers 
have been made and subjected to thermogravimetric analysis. 
Their physical properties have been investigated and some of the 
fluorohydrocarbon polymers display potentially interesting 
properties as pyro-, piezo-, and electrostrictive materials,55 but 
all attempts to dehydrohalogenate them to give conjugated 
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Figure 17 ROMP routes from norbornene derivatives. 

polymers fail. Thermal and base-catalyzed reactions using a 
variety of bases and conditions, from aqueous through to 
non-nucleophilic hindered bases, eventually result in polymer 
degradation, but no structurally well-defined conjugated poly
mers were obtained (it has been known for authors to claim 
conjugated polymer synthesis on the basis of an organic polymer 
going black on pyrolysis, but in the author’s view this hardly 
constitutes evidence). Similar strictures apply to attempts to 
make polyacetylene by dehydrochlorination of polyvinyl chlor
ide (PVC). The route probably fails because the polymer films 
cannot accommodate the conformational strain imposed on 
going from the flexible precursor polymer to the rigid conjugated 
structure vide supra (Section 4.26.2.4.3(ii)) and because the 
hydrogen halide eliminated in the first step is a very effective 
catalyst for degradation and isomerization of the nascent con
jugated segments. 

4.26.2.4.3(iii) Consideration of potential routes from fulvene-derived 
monomers 
The proposed route outlined in Figure 18 starts with a mono
mer, shown on the left-hand side, produced via a Diels–Alder 
reaction of an acetylene with a substituted fulvene; as expected, 
this monomer underwent ROMP to give the soluble transpar
ent ‘precursor’ polymer shown in the middle of the figure.56 

The design intention was that photexcitation via the styryl 
chromophore would promote a 1,3-migration of one of the 
tertiary bis-allylic hydrogen atoms in the repeat unit, followed 
by a 1,2-hydrogen shift to give the conjugated polymer struc
ture shown on the right-hand side of the figure. 

Irradiation through a mask might then allow a conjugated 
polymer pattern to be photochemically written into the pre
cursor; although plausible, the process did not work and the 
intended precursor polymer proved to be surprisingly photo
stable remaining transparent after UV irradiation. These last 
three plausible routes to conjugated polymers proving, yet 
again, if proof were needed, that “The best laid schemes 
o’mice an’ men, gang aft agley.”57 

4.26.2.4.3(iv) Consideration of potential routes using the 
dichlorovinylene carbonate synthon 
Figure 19 summarizes the work of Harper,58 who took the 
Diels and Adler adduct of dichlorovinylene carbonate with 

cyclopentadiene and showed that it underwent ROMP with 
‘classical’ ROMP initiator systems to give the chlorinated pre
cursor polymer, shown in the middle of the figure, as a soluble 
film-forming material. Exposure of the surfaces of films of this 
precursor polymer to aqueous acids or bases resulted in the 
colorless, transparent films being converted to a lustrous 
‘metallic’ film. Based on the fact that under the same conditions 
the monomer is converted to norbornene-5,6-diketone, and 
analysis of the IR and UV–Vis spectroscopic evidence, it was 
postulated that the lustrous film was a consequence of the 
formation of the conjugated polymer shown on the right-hand 
side of Figure 19. The extent of the conversion reaction was 
controlled by the conditions and duration of the hydrolysis. 
Partially converted films could be cross-sectioned and micro
scopic examination of the edge showed a layer of the 
postulated black conjugated polymer at the surfaces with a 
layer of the colorless, transparent insulating precursor in the 
middle, leading initially to optimism that oxidative modifica
tion of one surface would lead to the fabrication of MIS 
structures. However, this optimism was misplaced and the 
investigation was not pursued further since the lustrous film 
was extraordinarily susceptible to oxidation by atmospheric 
oxygen and very difficult to handle; indeed it was suggested 
that it might make a reasonable glove box oxygen scavenger. 
The molecular structure of the lustrous films was not comple
tely established. However, more recently, Sleiman59 has 
reported the use of the Grubbs’ well-defined initiator, Cl2 

(PCy3)2Ru=CHPh, together with the monomer shown in 
Figure 19 and its 7-oxa-norbornene analog, derived from 
Diels–Alder reaction with furan, to make well-defined homo-
and block copolymers in well-regulated reactions. They report 
narrow molecular-weight distributions characteristic of living 
polymerization, phase segregation in the block copolymers, 
and hydrolytic conversion of the dichlorovinylene 
carbonate-derived segments to a low band gap (0.85 eV based 
on the location of the absorption band edge) semiconducting 
conjugated polymer. 

4.26.2.4.3(v) Consideration of other routes involving an enolization 
step 
The examples summarized in this section are related to the 
previous one since they involve quinone/hydroquinone 

Figure 18 A potential route from a fulvene-derived monomer. 
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Figure 19 Route from a dichlorovinylene carbonate-derived monomer. 

Figure 20 Initial stages of a route via quinones. 

isomerization and enolization. Figure 20 records two 
quinone-derived monomers, both of which were readily poly
merized under ROMP conditions.60 The polymers were 
solution-processable precursors to insoluble conjugated poly
mers. As shown in Figure 20, hydrolysis results in conversion of 
the protected tetramethoxy precursor polymers to quinone 
derivatives that underwent enolization to give fully conjugated 
hydroquinone polymers displaying conductivities in the semi
conductor regime. Quinone/hydroquinone systems in general 
have a fairly complex redox chemistry and, as expected, such 
systems have a complicated redox chemistry and electrochem
istry. The behavior of these materials and of those reported in 
the previous section is also complicated by the presence of 
mobile ionizable protons; those at the doubly allylic tertiary 
carbons in the bottom structures in the figure being transferred 
to the quinone oxygens to form a fully conjugated polymer 
backbone carrying pendant hydroquinone units. 

4.26.2.4.3(vi) Routes involving ROMP of five-membered ring 
systems carrying a conjugated oligomer substituent 
The routes to conjugated polymers via ROMP discussed so far 
in this chapter have predominantly been concerned with incor
porating some or all of the atoms in the monomer into the 
conjugated segments of the product; however, a ROMP mono
mer can be used as a processing aid or a scaffold in the 
syntheses of electroactive and conjugated polymers and this 

section records some of the many systems investigated. The 
generalized concept is shown in Figure 21; the systems of 
interest contain a ROMP polymerizable entity, a linking or 
spacer unit, and an oligomeric conjugated structure attached 
to the linker via a functional group at one end or in the middle 
of the conjugated oligomer. The initially formed polymer can 
be investigated and applied as made or subject to further 
modification (e.g., reactions linking the pendant oligomers 
into longer sequences) as summarized in Figure 21. There are 
many examples of this approach and it is an active area of 
synthesis at the time of writing; the interested reader would 
be well advised to use the journal indexes or contents pages or a 
search engine if interested in a specific structure. 

Polymer brushes in which the frequency and distribution of 
functional surface attachment points can be controlled are of 
interest in several potential device technologies. Grubbs and 
coworkers have described a monomer based on oligo 
p-phenylene ethynylene, with a norbornene at one end and a 
thiol at the other. The thiol can be inserted into a 
self-assembled array dodecanethiol on a gold surface to pro
vide isolated ‘molecular wires’ terminated by norbornene units 
which can then be used to initiate ROMP leading to single 
chain brushes formed from the surface.61 Swager and Moon 
have used similar ideas in the investigation of biosensor design, 
establishing a methodology for making polymer brush struc
tures in which poly(p-phenylene ethynylene) chains are 
directed to be perpendicular to the film surface by ROMP 
grafting from the surface. The aim is to ensure the rapid trans
port of excitons formed in the film to the film surface, thus 
speeding up the biomolecular recognition event in the device. 
The technique worked in that film in which poly(p-phenylene 

Figure 21 Routes using ROMP as a processing aid. 
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ethynylene) chains 71–110 Å thick were formed without aggre
gation that gave higher emission quantum yields than spun 
cast films.62 Polythiophene has proved to be an interesting 
conjugated polymer and, in addition to the standard strategy 
of attaching solubilizing groups to the backbone or chain ends, 
several attempts have been made to overcome its intractability 
by attaching it to a ROMP monomer and either using the 
product polymer as made or subjecting it to chemical or elec
trochemical oxidiation to link up the oligomeric thiophene 
units into larger blocks.63–67 The strategy outlined in 
Figure 21 has been used, inter alia, to make photochromic 
homopolymers based on the light-sensitive conjugated 
1,2-bis(3-thienyl)cyclopentene side chain68 and to make a 
range of conjugated conducting copolymers based on various 
arrangements of phenylene, thiphene, and furan side chains in 
a ROMP scaffold that can be chain extended by electrochemical 
oxidation and hydrogenated to increase stability;69 Sleiman has 
reported using nucleobase-templated polymerization to copy 
the chain length and polydispersity of living ROMP polymers 
into conjugated poly(ethynylene phenylene)s;70 and finally in 
this section we note Coates’ use of ROMP to synthesize alkaline 
anion exchange membranes which, of course, conduct ions 
rather than electrons or electronic charge carriers.71 (It is 
worth noting that this idea has recently been extended to 
eight-membered rings but these do not come within the remit 
of this chapter.) 

4.26.2.5 Routes Involving ROMP of Six-Membered Ring 
Systems 

Benzene, a six-membered ring of sp2 carbons, each carrying a 
hydrogen and one π-electron in a 2p AO perpendicular to the 
σ-framework, is potentially an ideal monomer for ROMP, lead
ing to conjugated polymers but, of course, it is aromatic and far 
too stable for the purpose (Figure 4). The only way to get a 
six-membered ring to undergo ROMP is to place it in a strained 
environment, such as the barralene structures shown in 
Figure 22. 

In the example at the top of the slide, the monomers were 
hexyl- and undecyl-substituted benzobarrelenes and these 
side-chain-substituted systems are soluble and undergo 

Figure 22 Successful ROMP and dehydrogenation routes to poly(ary
lene vinylenes). 

ROMP readily using the Schrock molybdenum carbene initia
tors.72–74 The cis/trans ratio in the product polymer and the 
molecular-weight distribution depended on the substituents at 
molybdenum in the initiator used and the conditions adopted. 
The well-defined Schrock initiator, Mo(=CHC(CH3)2Ph) 
(=NAr)(OC(CH3)(CF3)2)2, gave a relatively slow reaction to 
give the expected precursor polymer in good yield, a molecular 
weight of about Mw ∼ 60 000 kDa and relatively broad 
polydispersity. 

The broad polydispersity is due to competition from termi
nation reactions and/or slow initiation relative to propagation. 
Both the precursor polymers were dehydrogenated using DDQ 
to give solution–processable, relatively stable hexyl- and unde
cyl-poly(napthylene vinylene)s that were strongly fluorescent 
and could be oxidized with nitrosonium tetrafluoroborate to 
conductivities of about ∼10 Ω cm−1, which was 2 orders of 
magnitude higher than those observed for the unsubstituted 
analogue. The solid-state photoluminescence of these materials 
was relatively modest – ∼3% for the homopolymers and ∼10% 
for blends with polystyrene; these materials are structurally 
regular and probably fairly well ordered as a consequence, 
face-to-face ordering of arylene vinylene segments being 
known to result in intermolecular quenching of the excited 
states in such materials. The bottom part of Figure 22 sum
marizes the analogous route reported by Stelzer and coworkers 
to poly(anthracenylene vinylene)s.75 They used the same initia
tor and experimental conditions as the Grubbs group but 
obtained only a low-molecular-weight product with a mixture 
of cis- and trans-vinylenes rather than an all-trans system seen 
for the upper case. The monomer suffers two disadvantages in 
the lower case: first, it is more sterically hindered than that 
shown at the top of the figure and second, in the upper struc
ture the monomer presents two double bonds to the growing 
polymer chain end, whereas in the Steltzer case only one hin
dered double bond is available for reaction. In the lower case, 
the initially formed precursor polymer was dehydrogenated 
with DDQ, but these workers found it very difficult to remove 
the DDQH2 from the poly(anthracenylene vinylene) product; 
possibly because there were strong interactions between the 
anthracene residues, which are expected to be relatively easily 
oxidized, and the DDQ or DDQH2, whatever the reasons the 
Stelzer group were unfortunate in their system, which serves to 
underline the validity of the earlier quotation from Reference 
57. Another related monomer, 2,3-dicarboxybicyclo[2.2.2] 
octa-2,5,7-triene has been polymerized in benzene or methy
lene chloride using the same protocols and catalysts reported 
above. Addition of hexafluoro-t-butanol and tetrahydrofuran 
(THF) to the polymerization mixture had a marked accelerating 
effect on the rate. The precursor polymers obtained were suc
cessfully dehydrogenated with DDQ to give ester-substituted 
derivatives of poly(phenylene vinylene) (PPV). Hydrolysis of 
the esters allowed the synthesis of the anhydride and hence the 
disodium salt of the bis-carboxylate, thus giving rise to a 
water-soluble, fluorescent PPV derivative. Curiously at the 
time of publication, but now widely accepted, dehydrogena
tion of the precursor polymer to the extent of about 80% gave a 
significantly higher photoluminescence efficiency than the 
completely converted material, indicating an unexpected 
advantage, as far as photoluminescence is concerned, of having 
a disordered structure. 
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There being no examples of ROMP of seven-membered 
rings as routes to conjugated polymers known to the author, 
we now move directly to a consideration of eight-membered 
rings. 

4.26.2.6 Unsaturated Eight-Membered Rings as Starting 
Materials 

4.26.2.6.1 The direct route to polyacetylenes via ROMP of 
cyclooctatetraenes 
The first thing to note when considering cycloocta
1,3,5,7-tetraene as a potential monomer is that our mnemonic 
(Figure 4) is of no help in this case because this molecule 
adopts a nonplanar conformation and it can be treated as, 
indeed, an alternating bond length cyclic polyene. There are 
planar cycloocta-1,3,5,7-tetraenes; two examples are the 
perfluoroalkylated and the fully bicyclo[2.1.1]hexa-2
ene-annelated derivatives, but to achieve planarity they have 
to be heavily substituted and this makes them unsuitable as 
monomers for ROMP.76,77 It turns out that cyclooctatetraene 
does undergo ROMP effectively and since cyclobutadiene is too 
reactive, benzene is too stable, and the higher cyclic conjugated 
molecules are not readily available, it is the only unadorned 
cyclic polyene that can be used as a monomer for our purposes. 
This reaction, which is summarized in Figure 23, has been 
studied by several groups over the years. 

Korshak et al. were the first to demonstrate the feasibility of 
this approach (Figure 23, R=H) and they obtained polyacety
lene as a black powder using the ‘classical’ initiator system 
WCl6/Al(C2H5)2Cl in toluene.78 The product yield was only 
6%. Subsequently, the same group improve the yield to 40%; 
this was achieved using the catalyst W(OCH(CH2Cl)2)n Cl6−n/ 
Al(C2H5)2Cl as the initiator and condensing the cyclooctate
traene directly onto a layer of solid catalyst.79 

They also reported that oligomeric side products were 
formed although they were identified by mass spectroscopy 
and not individually isolated; compounds identified included 
the cyclic polyenes (CH=CH)n where n = 5–8. This pioneering 
piece of work established the occurrence of backbiting reac
tions in competition with polymerization in this system. They 
also reported that the cis double bond content depended on the 
Al:W ratio in the catalyst; at an Al:W ratio of 1, a blue/black film 
with a cis-vinylene content of >80% was reported, whereas at an 
Al:W ratio of 2, the film had a golden hue and < 40% cis
vinylene content. 

The Grubbs group have reported a lot of work on this 
synthesis; in early experiments using the Schrock,80 W(=CHC 
(CH3)3)(=NAr)(OC(CH3)(CF3)2)2, and the Osborn, W(=CHC 
(CH3)3)(OCH2C(CH3)3)2Br2.GaBr3,

81 well-defined catalysts, 
they were able to demonstrate much better control over the 
reaction.82 Dissolution of such initiators in neat 

Figure 23 ROMP of cycloocta-1,3,5,7-tetraene and substituted descri
analogues. film; t

cyclooctatetraene gave high-quality lustrous films of polyacety
lene within a few seconds; the films were silvery in color and 
had very smooth surfaces. This synthesis presented a protocol 
for the well-controlled generation of a sensitive conjugated 
polymer like polyacetylene in situ. Cyclooctatetraene has all 
cis double bonds and the nascent ROMP product must contain 
at least 75% cis-vinylene units; however, as discussed earlier, it 
is known that the thermodynamically stable configuration of 
polyacetylene that is of interest with respect to semiconducting 
behaviour is the trans transoid form (see Figure 2). Solid-state 
13C NMR is the most widely used analytical method for study
ing the isomerization and structure of solid polyacetylene. The 
exact shifts observed depend on cis/trans-vinylene geometry 
and the nature of the nearest neighbor vinylenes. The analysis 
is complicated but the evolution of chain microstructure can be 
followed quite well. In the nascent polymer, two peaks are 
observed; the more intense peak, corresponding to cis-vinylene 
units in all cis sequences, occurs at 126.4 ppm, with a weaker 
signal for the trans-vinylenes in cis sequences occurring at 
132.2 ppm. The spectrum changes during thermal isomeriza
tion; the original signals decay and are eventually replaced by a 
dominant peak at 135.9 ppm, which are due to carbons in trans 
transoid sequences. The peak has a small upfield shoulder 
attributed to residual cis units between trans vinylenes. This 
study provided a useful improvement in the processing of 
polyacetylene since, while in the liquid stage of the synthesis, 
the liquid could be painted out onto substrates. The films of 
polyacetylene obtained were somewhat brittle, but they could 
be coated onto a rigid substrate and examined for both semi
conducting (pristine material) and conducting (after exposure 
to volatile redox reagents) properties. This new form of poly
actylene turned out to have structural features and physical 
properties similar to those of conventional Shirakawa polyace
tylene (density, X-ray diffraction spacing, I2-oxidized 
conductivity) but has a smoother surface and a lower intrinsic 
conductivity (< 10−8 

–10−5 S cm−1), implying a significantly 
higher purity. It is also worth noting that working with a neat 
liquid, like cyclooctatetraene or its derivatives, has considerable 
advantages from the point of view of convenience and safety as 
compared to working with gaseous acetylene. The method also 
provides greater synthetic flexibility since derivatives of 
cyclooctatetraene are fairly readily made as are copolymers. As 
an example, copolymers with 1,5-cyclooctadiene and norbor
nene are easily made by this route and monomer feed ratio 
controls the distribution of polyene block lengths, allowing 
control of processability, film color, and conductivity. Thus, 
films of homo poly(cyclooctadiene) are colorless, but copoly
mers containing 20% of cyclooctatetraene are orange, 40% red, 
80% red-black, and 100% silver.83 Grubbs’ group have studied 
this direct route from cyclooctatetraenes to conjugated poly
mers in considerable detail; various experimental conditions 
were investigated, a range of initiators was employed, and 
cyclooctatetra-1,3,5,7-ene and a variety of substituted cyclooc
tatetraenes were used either on their own or in conjunction 
with mono- and polycyclic olefins as comonomers. Some of 
the conclusions from this large volume of work, leading to the 
synthesis and characterization of many new materials, are 
reported briefly below.84 

The simple homopolymer of cyclooctatetraene, obtained as 
bed above, is formed as a smooth, shiny, but rather brittle 
his disadvantage could be overcome by the introduction 
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of substituents without serious reduction in the desired electro
nic properties. The polymerization of simple mono- and 
disubstituted acetylenes leads to polyenes in which there are 
alternating double and single carbon–carbon bonds along the 
polymer backbone, but there is no π overlap between adjacent 
double bonds; thus, for example, poly(t-butylacetylene) and 
poly(hexafluoro-2-butyne) are undoubtedly polyenes, but 
both are close to white in color because steric interactions 
between neighboring substituents twist the polyene backbone 
so that successive π bonds cannot be coplanar. When 
monosubstituted cyclooctatetraenes are polymerized, the sub
stituents in the product can, formally, occur once on every eight 
carbons of the backbone; however, in practice in the case of 
neat monomer, backbiting reactions occur to the extent of 
7–16%, resulting in the elimination of monosubstituted ben
zenes but no unsubstituted benzene. This means that no ROMP 
occurs at the substituted double bonds and that statistically the 
substituents will be on every fourth or fifth double bond in the 
chain, because reaction occurs at any of the unsubstituted 
double bonds in the monomer. The consequence of these 
considerations is that 1,2- and 1,3-placement of substituents, 
required for significant steric interaction leading to nonplanar
ity, is vanishingly small. Substituted polyenes formed by this 
route were generally soluble as made but, consistent with rea
sonable expectations concerning order/disorder effects on 
solubility, tended to become less soluble when the nascent 
cis-vinylene sequences were isomerized to the more ordered 
trans sequences either by prolonged storage at room tempera
ture or by warming. A single methyl substituent on the 
monomer does not improve the product properties at all; it 
remains brittle and insoluble, but butyl or larger n-alkyl sub
stituents give films that are flexible and very slightly soluble. 
Evidence for the postulated isomerization process is that, as 
made, the polymers give red-brown solutions that turn blue on 
prolonged standing at room temperature. These products 
resemble conventional Shirakawa polyacetylene in some 
respects; thus, they are oxidized into the metallic conductivity 
regime on exposure to iodine vapor. Branched chain or aro
matic substituents give polymers that are completely soluble as 
made, but become insoluble as the trans-vinylene content and 
molecular order increase on standing. Really bulky substitu
ents, such as t-butyl, provide access to a completely soluble but 
yellow materials because the steric bulk close to the polyene 
chain prevents extended backbone planarity; this polymer 
remains an insulator on exposure to iodine vapor that is also 
consistent with the steric inhibition of planarity. 

Careful selection of substituents provides access to soluble 
and highly conjugated forms of substituted polyacetylene, 
for example, when R is trimethylsilyl.84 The readily solution-
processed polyenes prepared by this route were studied as 
active components in devices such as Schottky barrier structures 
and solar cells and advantages of polymeric semiconductors 
demonstrated.85–87 These advantages stemming, at least in 
part, from the milder solution-based processing as compared 
to the conventional, highly energetic vacuum sputtering by 
which metals may be deposited. For solar cells fabricated by 
spin coating thin transparent films of trimethylsilyl-substituted 
polyacetylene from solution onto n-type silicon and subse
quently oxidizing the semiconducting polymer layer with 
iodine vapor. These authors reported that the photovoltages 
much greater than those obtained from similar structures based 

on thin films of conventional vacuum deposited metals onto 
the same substrate; again the improvement was attributed to 
the mild solution-processing conditions. These early promising 
observations concerning the advantages of organic polymers in 
the fabrication of electronic devices have been fully born out in 
the subsequent development and exploitation of ‘organic elec
tronics’ although, in the event, these early examples were not to 
be adopted as the materials of choice in the commercialization 
of the area. The area continues to be developed and the use of 
well-defined initiators has allowed the convenient synthesis of 
telechelic soluble, end-functionalized polyenes and polyacety
lene block copolymers.88 For full details of this extensive 
program of work, the reader is referred to the articles and 
reviews cited; but we will close this section with one further 
example. When the substituent R in Figure 23 is chiral, soluble 
polyacetylenes are the products.89 The π – π * transition of the 
conjugated backbone demonstrates a large CD effect, indicat
ing that the backbone chain must be dissymmetric or in a 
dissymmetric environment. Consequently, we can conclude 
that the presence of a chiral substituent on the backbone results 
in twisting the chain predominantly in one sense rather than 
just electronically perturbing the chromophore. The explora
tion of the electronic and optical properties of substituted 
polyacetylenes derived from substituted cyclooctene ROMP 
continues to attract interest; for example, thick optical quality 
films of poly(cycloocta-1,3,5,7-tetraene) display large ultrafast 
third-order nonlinearities of use in the construction of ultrafast 
image correlation devices.90 We can conclude that the route 
indicated by Figure 23, coupled to the developments in living 
ROMP, offers the best option for precision and control in the 
synthesis and manipulation of polymeric polyenes. 

Finally, for this section we note Lonergan’s work on the 
polymerization of ionically functionalized cyclooctatetraenes 
(syntheses and kinetics) and the nature of the product poly
mers as both ionic and electronic conductors.91 

4.26.2.6.2 Other conjugated polymer syntheses starting from 
eight-membered ring monomers 
ROMP of eight-membered rings has been used constructively 
to make processable block copolymers of regioregular poly(3
hexylthiophene) and polyethylene in which both blocks are 
crystalline. To introduce the conjugated segment, this method 
utilizes an allyl-functionalized poly(3-hexylthiophene) as a 
chain transfer during the living ROMP of cyclooctene; subse
quent hydrogenation of the poly(octenamer) block giving a 
highly linear polyethylene block terminates with an oligothio
phene (see Figure 24). Linear polyethylene is an excellent 
thermoplastic and this novel block copolymer offers the 
opportunity to explore new processing techniques, new 
morphologies, and the electrical and optical properties 
for conjugated polymers in which the conjugated part is dis
tributed in high-quality insulating polymer whose dielectric 
properties have proved invaluable in many earlier 
technologies.92 

The Nuckolls’ group has recently described two novel 
metathesis polymerizations involving eight-membered ring 
monomers. The first is summarized in Figure 25 and involves 
the nontrivial synthesis of helical (5Z,11E)-dibenzo[a,e] 
cyclooctatetranene via a double Wittig reaction with the 
1,2-bis(triphenylphosphonium ylide) derived from ortho
phthalaldehyde with ortho-phthalaldehyde. The monomer is 

(c) 2013 Elsevier Inc. All Rights Reserved.



Ring-Opening Metathesis Polymerization in the Synthesis of Conjugated Polymers 675 

Figure 24 Synthesis of poly(3-hexylthiophene)-block-polyethylene. 

Figure 25 ROMP of a strained cyclooctadiene derivative. 

strained and the density functional theoretical calculations 
indicate a strain energy of 18 kcal mol−1 compared to the cis, 
cis-vinylene analog. This monomer is described by the authors 
as ‘spring loaded’ which seems an appropriate metaphor since 
X-ray diffraction indicates that it adopts a helical conformation 
and indeed it is the associated strain that makes it polymeriz
able. The cis,trans-vinylene isomer shown in the figure 
undergoes living polymerization when initiated with the 
well-defined Grubbs’ initiator, Cl2(PCy3)2Ru=CHPh, whereas 
the cis,cis-isomer does not. This is the first example of a PPV in 
which all the phenylenes are 1,2-incorporated into the polymer 
chain.93 

The second example from this group is summarized in 
Figure 26. In their initial work, the polymerization of 5,6
didehydrodibenzo[a,e]cyclooctatetraene (the totally unsubsti
tuted version of the monomer shown in the figure) was 
described, but the monomer was unstable and high polydis
persities in a nonliving polymerization were observed.94 

However, more recently they have developed syntheses of 
substituted analogs of 5,6-didehydrodibenzo[a,e]cyclooctate
traene and shown that with a mixture of [(N(tBu)Ar)3

Mo≡CCH2CH3] and three equivalents of ortho-nitrophenol as 
initiator reliable living alkyne metathesis to gives high molecular 
weights and low polydispersities in polymers with alternating 
alkyne and alkane linkages along a poly(ortho-phenylene) 
backbone, as shown in the figure. 

4.26.2.7 Monomers with Larger than Eight-Membered Rings 
as Starting Materials 

The events following the astute observation by Jeremy 
Burroughes of light emission from a layer of PPV held under 
an electrical potential that led to the description of the use of 
such materials as the electroluminescent layer in polymer-
based LEDs,95 and the enormous amount of research and 
development associated with this area has now entered the 
‘folk law’ of the organic electronics field. [2.2]Paracyclophane
1,9-diene, the monomer shown on the left-hand side in 
Figure 27 (where R=H), is the obvious monomer to use in 
ROMP for the synthesis of such materials and Thorn-Csányi 
and coworkers were the first to show that this was possible. 

They obtained PPV as an insoluble, yellow fluorescent pow
der; soluble copolymers were obtained with cyclopentene, 
cyclooctene, and cycloocta-1,5-diene as comonomers. In the 
UV–Vis spectra of the copolymers with cyclooctene, distinct 
absorption peaks are resolved that can be assigned to sequences 
of one, two and three paraphenylene vinylene repeat units; this 
shows that the polymer formation is not a straightforward 
chain-growth ROMP reaction since the presence of the units 
with one and three paraphenylene vinylene repeat units can 
only arise from secondary metathesis at the vinylenes.96–98 

Bazan showed that [2.2]paracyclophane-1-ene (the monohy
drogenated monomer of Figure 27) is polymerized using the 
Schrock initiator Mo(=CHC(CH3)2Ph)(=NAr)(OC(CH3)(CF3)2)2 

in toluene solution to give a soluble polymer that, as formed, 
has 98% cis-vinylenes. When the double bonds are isomerized 
to trans geometry, the polymer rapidly becomes insoluble, 
emphasizing the problems associated with processing the 
more ordered material. They developed a precursor route to 
circumvent the solubility problem by attaching OSi(CH3)2C 
(CH3)3 at one of the saturated carbons in [2.2]paracyclophane
1-ene; this gave a soluble polymer on ROMP even in all trans
vinylene structures and replacement of the silyl group by 
hydroxyl gave a precursor amenable to acid-catalyzed dehydra
tion to PPV.99 Bazan used this route to materials for an 
exploration of the effects of chain length and interchain con
tacts on fluorescence quantum yields.100 The concept 
summarized in Figure 27 has been extensively exploited and 
extended. The Turner group has made block copolymers having 
a controlled distribution of 1,4- and 1,3-phenylene vinylene 
segments via living ROMP of the appropriately substituted 

Figure 26 Cyclic alkyne ROMP. Figure 27 Phenylene vinylene ROMP. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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cyclophanedienes and been able to use such structures to study 
luminescence and energy transfer in a range of systems; they 
synthesized a range of soluble monomers with various substi
tuents (R in Figure 27).101–104 ROMP of ferrocenophanes 
(ferrocenes with the cyclopentadienyls bridged by a vinylene) 
and ferrocenylenes (with diene bridges) has also been 
reported.105–107 

Summary 

The synthesis of conjugated polymers via ring ROMP was briefly 
discussed and the author has attempted to follow this brief 
without too many diversions. However, the reader whose inter
ests are primarily in conjugated polymers and not necessarily in 
the way in which they are made should note that metathesis 
catalysts can be used in acyclic diene metathesis (ADMET) synth
esis, alkyne metathesis, and ring-closing reactions of dipropargyl 
derivatives; these reactions having been extensively examined 
and shown to yield conjugated polymers in the conventional 
sense of ‘conjugated’.108 Some aspects of this were covered in 
Reference 2, and journal indexes and search engines will provide 
more data. Meanwhile, Chujo and others are exploring 
through-space conjugated polymers rather than conventional 
conjugation. 
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4.27.1 Introduction 

PEGylation is the process of covalent attachment of poly(ethy
lene glycol) (PEG) to another molecule, in most cases a drug or 
therapeutic protein. It leads to the formation of prodrug – 
pharmaceutical substance administered in an inactive or 
significantly less active form. The covalent attachment of PEG 
to a drug or therapeutic protein involves ‘stealth’ effect 
(e.g., reduced immunogenicity and antigenicity), an increase 
in the hydrodynamic size of agents, which prolongs its circula
tory time by reducing renal clearance. Importantly, PEGylation 
can also provide water solubility to hydrophobic drugs 
and proteins. ISI Web of Science database in the period 
1995–2010 lists more than 1400 papers on ‘PEGylation’ as a 
keyword. Since the first PEGylated product was approved by 
the Food and Drug Administration (FDA) in 1990, PEGylation 
has been widely used for improving biomedical efficacy and 
physicochemical properties of therapeutic proteins. 

The clinical value of PEGylation is now well established. 
PEGylation can impart several significant pharmacological 
advantages over the unmodified form, such as 

• improved drug solubility; 
•	 reduced dosage frequency, without diminished efficacy with 

potentially reduced toxicity; 
• extended circulating life; 
• increased drug stability; and 

• enhanced protection from proteolytic degradation. 

Even though nearly four decades of development in 
PEGylation technology has proven its pharmacological advan
tages and acceptability, the technology still lags in providing a 
commercially attractive, generic process to produce highly spe
cific PEGylated therapeutic products at a high yield. As a 

multimillion dollar annual business with growing interest 
from both emerging biotechnology and established multina
tional pharmaceutical companies, there is great scientific and 
commercial interest in improving present methodologies and 
in introducing innovative process variations. 

4.27.2 Properties of PEGs 

PEG, which has the general formula HO–(CH2CH2O)n –H with 
typical molecular weights (MWs) of 500–20 000 Da, unlike 
other polyethers (general formula [(CH2)xO]m, for PEG x = 2), 
is soluble both in common organic solvents, like the other 
members of the series, and in water. This characteristic behavior 
seems to be due to a crucial balance of the hydrophobic forces 
exerted by the ethylene units, –CH2–CH2–, with the hydrophi
lic interaction of the oxygens presented in the oxirane units and 
in the terminal groups. The latter play an important role in the 
shortest chains; their importance diminishes when the poly
merization degree m increases. As a result of these two 
competitive forces (hydrophilic and hydrophobic), the PEG is 
soluble in water in all proportions at temperatures lower than 
the boiling point of solvents. As far as PEG molecular confor
mation is concerned, it is well stated that in the crystalline state 
PEG assumes a helical conformation (like other important 
biological macromolecules, e.g., DNA) that contains seven 
oxyethylene units, –CH2–CH2–O–, with two helical turns per 
fiber identity period (19.3 Å), that is, 72 helix structure.1 

Experimental evidences support the hypothesis that PEG 
retains some of its helicity even in dilute aqueous solutions,2 

assuming a more ordered conformation in the presence of 
water compared to the one in the melted state. Moreover, the 
similarity of the ether oxygen spacing (2.88 Å) with that of 
oxygen in water (2.85 Å) evidently provides a good structural 

Polymer Science: A Comprehensive Reference, Volume 4 doi:10.1016/B978-0-444-53349-4.00101-1 679 

(c) 2013 Elsevier Inc. All Rights Reserved.



680 Oligomeric Poly(ethylene oxide)s. Functionalized Poly(ethylene glycol)s. PEGylation 

fit of the PEG coil to the hydrogen-bonding network in water. 
Furthermore, each oxyethylene PEG unit is able to coordinate 
3–5 water molecules, thus increasing the polymer hydrody
namic volume by an approximately 5- to 10-fold greater 
amount than that predicted by the nominal MW. 

PEGs above triethylene glycol range from white liquids to 
waxlike solids. Storage under an inert atmosphere is recom
mended since, although stable toward several chemical 
reagents, PEG is sensitive to oxidation that may cleave the 
chain. As with all the synthetic polymers, PEG is polydisperse; 
the Mw/Mn value is about 1.04 for polymers with MW ranging 
from 2 to 10 kDa, while reaching values up to 1.2 for 
higher-MW polymers. 

PEGs are widely used as lubricants, solvents, binders, and 
intermediates in the rubber, food, pharmaceutical, cosmetic, 
agricultural, textile, paper, petroleum, and many other indus
tries. The following is a brief listing of some properties of 
interest: 

•	 amphipathic behavior – soluble in water, chloroform, 
methylene chloride, and benzene, and insoluble in diethyl 
ether and aliphatic hydrocarbons; 

•	 nontoxic: PEG (MW = 1000–5000 Da) can be safely adminis
tered (in vivo) in 10% solutions to rats, guinea pigs, rabbits, 
and monkeys. FDA approval has been granted for internal 
consumption; 

• poorly immunogenic; 
• causes cell fusion (in high concentrations); 
•	 forms two-phase systems with an aqueous solution of 
other macromolecules such as dextran or concentrated salt 
solution; and 

• can be used to precipitate proteins and nucleic acids. 

If PEG is covalently coupled with proteins, the conjugates may 
exhibit the following properties: 

•	 enables solubilization of enzymes and bioactive substances 
in organic solvents or in aqueous solutions; 

• renders proteins nonimmunogenic; 
• prolongs the clearance time of PEG–protein drug in vivo; 
• stabilizes the physiological function of bioactive substances; 
• alters pharmacokinetics of various drugs; and 

•	 separates biological macromolecules, membranes, cell parti
cles, and cells. 

The most important applications of PEG are biological since 
PEG is compatible with human blood and tissue.3 Therefore, 
despite its apparent simplicity, PEG is the focus of much inter
est in biomedical and biotechnical communities. 

4.27.3 Chemistry of PEGylation 

PEG is synthesized by an anionic ring-opening polymerization 
of ethylene oxide initiated by a nucleophilic attack of an alk
oxide ion on the epoxide ring. Having only one or two terminal 
functional groups, PEG has a limitation with a poor loading 
capacity. Most used PEGs for prodrug modification are either 
monomethoxy PEG (Figure 1, structure 1) or dihydroxy PEG 
(Figure 1, structure 2). High water solubility makes PEG 

1 H3C O
O OHn 

2 HO OH
O n 

Figure 1 Structural formulas of PEG molecules. 

polymer a versatile candidate for the prodrug conjugation. 
PEG is also considered to be somewhat hydrophobic due to 
its solubility in many organic solvents. 

In order to couple PEG to another molecule such as poly
peptide, polysaccharide, polynucleotide, or small organic 
molecule, activation of one or both termini is necessary. The 
activation of PEG involves introduction of various functional 
groups such as activated carbonates, activated esters, aldehydes, 
or alkyl 2,2,2,-trifluoroethanesulfonates (tresylates), depend
ing on the type of the reactive group on the molecule that 
will be coupled. A variety of chemical modifications are used 
to obtain an activated functional PEG derivative.4 

Most applications of PEG conjugation involve labile mole
cules. Therefore, the coupling reactions require mild chemical 
conditions. In the case of polypeptides, the most common 
reactive groups involved in coupling are nucleophiles, such as 
thiols, α-and ε-amino groups, carboxylates, or alcoholates. 
However, the thiol group is rarely present in proteins and is 
often involved in active sites. On the other hand, carboxylic 
groups are difficult to activate without intra- or intermolecular 
cross-linking reactions with the protein amino groups. 
Therefore, amino groups, namely, the α- or  ε-amino groups of 
lysine residues, are the usual sites of PEG linking.5 PEG succi
nimidyl ether or ester and PEG-aldehyde have proven very 
useful for conjugation to amino groups of lysine residues, 
while PEG-maleimide reacts with thiols of cysteine residues. 
Such reactions are also applicable to the conjugation of drug 
molecules where appropriate reactive functionality is available. 

4.27.3.1 Activated PEG Derivatives for Conjugation with 
Amines 

4.27.3.1.1 Alkylating PEGs 
In their early work, Davis and co-workers used cyanuric chloride 
to activate PEG for coupling to proteins.6,7 2,4
Dichlorotriazine-activated OH groups of PEG (Figure 2, struc
ture 3) are capable of reacting with various nucleophilic 
functional groups through displacement of one of the chlorine 
atoms. Although the reactivity of the remaining chlorine toward 
the nucleophilic protein residues is lower, it is still sufficient 
to allow cross-linking reactions. To avoid this problem, 
Matsushima et al.8 synthesized 2,4-bis(methoxy-PEG)-6-chloro
1,3,5-triazine (Figure 2, structure 4). The lower reactivity of the 
single chlorine leads to a more selective coupling with lysine and 
cysteine residues and an absence of side reactions. 

Another alkylating reagent for nonspecific modification of 
multiple amino groups through formation of secondary amine 
linkages to proteins, viruses, and liposomes is PEG-tresylate 
(Figure 2, structure 5).9 Although the PEG-tresylate is more 
specific toward amino groups than dichlorotriazine-PEG, the 
conjugation products are not well defined and may contain 
degradable linkages.10 
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Figure 2 Alkylating PEGs: (3) 2,4-dichlorotriazine-PEG; (4) 2,4-bis(methoxy-PEG)-6-chloro-1,3,5-triazine; (5) trifluoromethanesulfonyl-PEG; 
(6) PEG-aldehyde; and (7) PEG-epoxide. 

The use of activated PEG-aldehyde (Figure 2, structure 6) is  
a convenient way for conjugation that gives a permanent link
age after Schiff base formation followed by cyanoborohydride 
reduction.11 However, the reaction rate for the Schiff base for
mation is quite slow with consequent inactivation of labile 
molecules. 

The reaction of the hydroxyl group of PEG and epichlorohy
drin allows a terminal epoxy moiety to be introduced, which can 
be subsequently employed for amine conjugation (Figure 2, 
structure 7).12 Similar to PEG-aldehyde, the use of PEG-epoxide 
for conjugation suffers from low reactivity and lack of specificity 
since the formed hydroxy groups may also react. 

4.27.3.1.2 Acylating PEGs 
Most widely used PEG chemistries are those producing conju
gates through acylation. Activated esters of PEG carboxylic acids 
can react with primary amines at nearly physiological conditions 
to form stable amides. A popular and extensively employed 
method for the activation of PEG toward amines is based on 
PEG succinimidyl (NHS) esters. The NHS ester can be intro
duced into the PEG chain end in two steps. Initially, PEG is 
acylated with succinic anhydride to yield an ester with a terminal 
carboxylic group. Important An important advantage of this 
method is that producing the carboxylic acid intermediate 
allows purification of the PEG derivative by removing unsubsti
tuted or disubstituted PEG impurities.13 The second reaction 
step is coupling of NHS ester to the succinylated PEG.14 It is 
important to know that the spacer between the activated ester 
and the polyether chain may vary by up to three methylene units 
(Figure 3, structure 8).15 Changing the distance between the 
ester group and the PEG backbone has a profound effect in 
terms of lowering the reactivity toward amines and water. The 
major drawback of this method is the possible hydrolysis of the 
ester bond to the succinylated PEG. A way to avoid this problem 

is coupling of NHS to PEG via carbonate (Figure 3, structure 
9).16,17 The carbamate group formed as a result of amine con
jugation is stable to hydrolytic cleavage. 

Other activated esters that have been used to couple 
PEG to proteins via acylation include PEG 4-nitrophenyl car
bonate (Figure 3, structure 10 ), PEG 2,4,5-trichlorophenyl 
carbonate (Figure 3, structure 11), and PEG imidazol-1-yl 
carbonate (Figure 3, structure 12).18,19 They are prepared by 
reacting chloroformates or carbonylimidazole with the PEG 
hydroxy end group. All these derivatives are less reactive than 
the above-mentioned succinimidyl carbonate. Generally 
speaking, however, the lower activity of the coupling moiety 
will result in a higher selectivity toward a specific amino acid 
residue within the protein. 

4.27.3.1.3 Carbodiimide method 
The PEG conjugation can also be accomplished directly by 
activating the polymer in situ with the use of a carbodiimide.20 

In this manner, the carboxylic group of succinylated PEG14 

is activated and coupled to various peptides.21 When organic 
solvents are used, N,N′-diisopropylcarbodiimide (DIC) is 
the coupling agent of choice. The water-soluble 1-(3
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
(EDC) is suitable for reactions in the aqueous phase (Figure 4). 

4.27.3.2 Activated PEG Derivatives for Thiol Conjugation 

A few proteins possess thiol groups suitable for PEG binding. 
Usually, these are free cysteine residues in proteins and their 
PEGylation is the main approach to site-specific modification. 
In the absence of a free cysteine in a native protein, they can be 
introduced through genetic engineering.22 In this way, it is 
possible to direct the site-specific PEGylation at protein areas 
that will minimize a loss in biological activity and, at the same 
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Figure 3 Acylating PEGs: (8) PEG 2,5-dioxocyclopentyl succinates; (9) PEG succinimidyl carbonate; (10) PEG 4-nitrophenyl carbonate; (11) PEG 
2,4,5-trichlorophenyl carbonate; and (12) PEG imidazol-1-yl carbonate. 

Figure 4 Structures of carbodiimides: (13) N,N′-diisopropylcarbodiimide 
(DIC) and (14) 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro
chloride (EDC). 

time, decrease the immunogenicity. On the other hand, the 
cysteine addition through genetic engineering increases the 
risk of unwanted disulfide formation and protein dimerization. 



The PEG derivatives, such as PEG vinyl sulfone,23 PEG
maleimide,24 PEG-iodoacetamide,25 and PEG 4-pyridyl disul
fide,26 which have been developed for PEGylation of cysteine 
residues are shown in Figure 5. 

Each of the above-mentioned derivatives is characterized by 
its own advantages and disadvantages. PEG vinyl sulfone exhi
bits low reactivity toward thiols at slightly alkaline conditions 
(pH 7–8) and forms stable thioether linkage to the protein. The 
reactivity increases at elevated pH and PEG vinyl sulfone may 
react with lysine residues. PEG-maleimide, on the other hand, 
is more reactive to thiols even under slightly acidic conditions 
(pH 6–7), but is less stable in water. It can undergo ring 

Figure 5 Thiol-reactive PEGs: (15) PEG vinyl sulfone; (16) PEG-maleimide; (17) PEG-iodoacetamide; and (18) PEG 4-pyridyl disulfide. 
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opening or the addition of a water molecule to the double 
bond. PEG-iodoacetamide reacts slowly with free thiols by 
nucleophilic substitution forming a stable thioether linkage. 
It is necessary to perform the reaction in the dark to avoid the 
release of free iodine, which is capable of reacting with other 
amino acids. Although the thioether linkage is stable, a slow 
cleavage of one of the amide bonds can take place through 
hydrolysis. PEG 4-pyridyl disulfide reacts specifically with thiol 
groups in wide pH interval (pH 3–10) to form disulfide lin
kages with the protein molecule. Disulfide bonds are also 
stable, except under reducing conditions when the linkage is 
broken to thiols. The advantage of the latter modification 
procedure is that by strong hydrolysis PEGylated cysteine quan
titatively gives rise to carboxymethylcysteine. This stable 
derivative may be evaluated by standard amino acid analysis, 
offering a method to assess the cysteine conjugation.25 

4.27.3.3 Activated PEG Derivatives for ‘Click’ Conjugation 

Recent efforts geared toward expanding the scope of conjuga
tion chemistry for proteins and small molecules include ‘click’ 
chemistry.27 A click reaction is defined as one that has a wide 
scope of applications, gives high yields, and is chemo- and 
regiospecific. In addition, click reaction conditions should be 
mild, and the product should be isolated by facile methods 
such as recrystallization or distillation. A common example of 
click chemistry being introduced in bioconjugation is the 
1,3-dipolar cycloaddition of alkynes and azides.28,29 Typical 
PEG derivatives for click reactions are shown in Figure 6. For 
example, Deiters et al.30 reported an elegant example of 
site-specific PEGylation of proteins using click chemistry. The 
methodology is based on the site-specific incorporation of 
4-azidophenylalanine into proteins in yeast. The incorporated 
azide group was then used in a mild click reaction with an 
alkyne-derivatized PEG to produce selectively PEGylated pro
tein. This strategy should be useful for the generation of 
selectively PEGylated proteins for therapeutic applications. 

Hiki and Kataoka31 recently reported the synthesis of het
erobifunctional PEG derivatives, having a primary amine or 
carboxylic acid group at one chain end and an azide group at 
the other (Figure 6, structures 21 and 22). Such functional 
PEGs are expected to have significant versatility in click chem
istry, due to the mild reaction conditions used (aqueous 
buffers) and the high degree of chemoselectivity of the reaction. 

19 HO O
O n 

20 HO N +NO n – N

N O S21 +N O NH2 
–N 

n 

N O S OH22 N+ O n –N O 

Figure 6 PEG derivatives for ‘click’ conjugation: (19) PEG-alkyne; (20) 
PEG-azide; (21 and 22) bifunctional PEG-azides. 

Currently, there are a number of commercially available 
PEG derivatives of high quality.32–34 Various kinds of activated 
PEG derivatives having great features such as narrow MW dis
tribution and extremely low impurity profile are supplied. 
These include monofunctional linear-type, branched-type, 
multiarm/bifunctional-type, and heterofunctional-type struc
tures that are conjugated with terminal end-groups, such as 
maleimide, aldehyde, and amine, in wide MW range. The 
products are suitable for numerous applications of drug deliv
ery techniques, such as PEGylated protein drugs, PEGylated 
nanoparticles (NPs) like liposomes and polymer micelles, 
PEG hydrogels, and PEG linker for antibody-conjugated NPs. 
The most popular PEG oligomer derivatives available on the 
market are presented in Table 1. 

The purity of functionalized PEG derivatives is very impor
tant, especially for the synthesis of PEG–biomolecule hybrids. 
High-purity PEG derivatives are obtained from polydisperse oli
gomers through fractionation procedures as shown in Figure 7. 

4.27.4 PEG Conjugation to Peptides and Proteins 

4.27.4.1 Importance of Peptide/Protein–Polymer 
Conjugation 

Naturally produced peptides and proteins can be regarded as 
highly refined polymers. They are monodisperse and have a pre
cisely defined primary amino acid sequence, which allows them 
to hierarchically fold and organize into three-dimensional struc
tures. This permits them to exhibit biofunctional features such as 
catalysis or receptor recognition. As a downside to this delicate 
folding behavior, proteins are sensitive to temperature and pH 
changes. Furthermore, they have limited solubility in organic 
solvents, are susceptible to enzyme degradation, and their use in 
biomedical applications can be restricted by their possible toxicity 
and undesired elicited immune response. 

The potential value of proteins as therapeutics has been 
recognized for years. More than 100 pharmaceutical biotech 
companies are working on the development of bioactive pep
tides. As a result, more than 70 therapeutic peptides are on the 
market. Unfortunately, the delivery of human proteins still 
suffers from a short blood circulation time and low stability, 
and therefore requires the use of high doses to maintain ther
apeutic efficacy. As peptide drugs can target metabolic diseases, 
the delivery requires few side effects to ensure compliance and 
high safety levels because the drug has to be taken for several 
years. In addition, peptide drugs are successful against cancer, 
which requires high selectivity and efficiency of drugs in 
life-threatening circumstances. The drawbacks in peptide/pro
tein delivery can be overcome by backbone modification. 

Peptide/protein–polymer conjugates are hybrid materials, 
which are designed either to benefit from the synergistic behavior 
of both components or to overcome shortcomings inherent to the 
components alone. Creating bioconjugates by combining poly
mers with peptides or proteins is an emerging multidisciplinary 
field of research that is enjoying increasing attention. The result
ing bioconjugates can synergically combine the properties of the 
individual components and overcome their separate limitations. 
The protein or peptide element can impart biofunctional proper
ties to the bioconjugate, whereas the polymer component can 
improve protein stability, solubility, and biocompatibility. It 
should be mentioned that in contrast to peptides and proteins, 
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Table 1 List of most popular commercially available functionalized PEGs 

Methoxy-PEG 1 OH group per chain. Protein 
PEGylation 

PEG-diamine Highly appreciated function 

PEG-azide ‘Click’ chemistry

Azido-PEG-amine 

Boc-amino PEG amine Protected amino group 

PEG t Bu-propionate Activated ester group 

Methoxy-PEG acid Conjugation reaction 

PEG diacid 

O
 

Boc-amino PEG diglycolic acid Protected amino groups 

O Boc-amino PEG propionic acid
 

Fmoc-amino PEG propionic acid 

Methoxy-PEG thiol Thiol group – strong nucleophile 
conjugation reactions 

PEG thiol propionic acid 

PEG acid disulfide Reduction-sensitive groups 

Methoxy-PEG disulfide 

(Continued) 
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Table 1 (Continued) 

PEG succinimidylpropionate, Conjugation chemistry 
disulfide

Biotin-PEG-amine; biotin-PEG acid Affinity label toward avidin and 
streptavidin 

Biotin-PEG disulfide 

Maleimidopropionamido- Conjugation chemistry 
propionylmaleimide-PEG 

synthetic polymers are a mixture of many different macromole
cules. The incorporation of synthetic polymers may introduce 
new important properties, such as self-assembly and phase beha
vior, and even modulate protein activity. Approaches such as 
PEGylation or lipidization allow increasing the stability (and 
accordingly require fewer administrations), which results in a 
more ‘natural’ level of the compound comparable with the 

Purification 

Figure 7 Polydisperse PEG fractionation into a single oligomer. 
Reprinted from http://www.polypure.com/technology/32 with permission a
of Polypure AS, Norway. r

endogenous system. This has opened the door to a wide range 
f applications, which have already been extensively reviewed in 
ecent literature.4,35–40 For a suitable conjugation to chemical and 
iopharmaceutical drugs, many polymers have been proposed as 
arriers, and among these PEG has gained particular impor
ance.41–43 In fact, PEGylation was the first major success of 
olymer–drug conjugates and one of the key technologies and 
ritical elements that stimulated further development of nanocar
iers for controlled drug delivery.44 

.27.4.2 PEGylated Protein Drugs 

eptide drugs functionalized with linear PEG have been stu
ied extensively in vitro and in vivo, and the use of PEG for drug 
onjugation is now well established. The conjugation of mono
ethoxy poly(ethylene glycol) (mPEG) with the protein is 
ccomplished mainly by reaction with the available amino 
roups. The primary amino groups are abundantly present on 
he surface of proteins in lysine residues and the N-terminus. 
This facilitates easy functionalization with activated PEGs both 
by alkylation, which maintains the positive charge of the pro
tein at physiological pH, and by acylation, which is 
accompanied by loss of charge at the conjugation site. Such 
reactions usually result in formation of conjugates composed 
of a globular protein at its core to which several polymer chains 
are covalently linked. The composition of such a graft copoly
mer system is dependent on the number of available 
ttachment sites (NH2 and other nucleophilic groups), the 
eactivity of the mPEG, and reaction conditions. Due to the 
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polyfunctional nature of proteins and peptides, however, such 
approaches ultimately lead to a mixture of products. 

PEG was initially chosen as the polymer for protein mod
ification as it was already used as ‘safe’ in body care products 
and approved for use as excipient in many pharmaceutical 
formulations. Another advantage is that it could be synthesized 
by using anionic polymerization to have a MW of narrow 
polydispersity and also to have one terminal functional group 
(monosubstituted mPEG), making it ideal for protein modifi
cation without risk of cross-linking. Moreover, this highly 
hydrated PEG chain makes it theoretically ideal to ‘mask’ sites 
responsible for the immunogenicity of proteins to which it was 
bound. As already mentioned, PEG can impart several proper
ties to the linked molecules, namely, increased half-life (t1/2) 
due to reduced kidney clearance; protection against degrading 
enzymes or reduced uptake by reticuloendothelial system 
(RES), thanks to the polymer steric hindrance; increase in 
water solubility, particularly relevant for some anticancer 
drugs with low solubility; prevention of immunogenicity of 
proteins; and selective tumor accumulation. The covalently 
attached PEG chains form a shield against attacking proteases, 
which is further enlarged by the accumulation of water mole
cules by the polymer, which furthermore improves the water 
solubility of the compound. 

Although there is evidence of limited in vivo chain degrada
tion for very small PEGs by alcohol dehydrogenase,45 aldehyde 
dehydrogenase,46 and cytochrome P-450,47 PEG is considered 
a non-biodegradable polymer, and for human use it is com
monly used at MWs below its kidney clearance threshold. 
Therefore, one of the limitations is the accumulation of PEG 
in the liver, especially if high-MW PEG chains are employed.48 

So far, the highest PEG MW employed for a conjugate approved 
for human therapy (i.e., PEGASYS®) is 40 kDa. In fact, the 
threshold for an easy kidney filtration is about 40–60 kDa (a 
hydrodynamic radius of approximately 4.5 nm49) and over this 
limit the polymer remains in blood circulation for longer per
iods of time and accumulates in the liver. Of interest is the 
sigmoidal relationship between PEG MWs and their in vivo t1/2, 
which fits the theoretical models of renal excretion of macro
molecules based on the pore sizes of the glomerular capillary 
wall, in this case with a marked increase in circulation times in 
the range of 20–30 kDa.50,51 This behavior implies that the 
influence of PEG on the t1/2 of protein conjugates is not easily 
predictable and several cases in case studies were, therefore, 
carried out to determine the increases in the t1/2.

52 

In terms of PEGylation parameters two different approaches 
can be identified based on the type of protein studied: 

•	 Heterologous protein. Usually, the main limit of these proteins 

is the immunogenicity rather than a short pharmacokinetics. 

Therefore, both the PEG MW and coupling chemistry should 

ensure a wide shielding of the protein surface or, at least, the 

immunogenic sites. Basically, in these cases low-MW PEGs 

(5–10 kDa) and random amine coupling are used. Typical 

examples of this approach are the nonendogenous enzymes. 

It is important to note that all the enzymes studied react with 

small substrates; these can cross the PEG layer around the 

protein and easily reach the active site. Conversely, active site 

approach of large and hindered substrates would be pre

vented, thus compromising the enzyme activity. This would 

suggest that PEGylation may not be a suitable approach for 

immunogenic enzymes having big substrates. 
•	 Endogenous protein. For these biopharmaceutical drugs, the 

prolongation of body circulation t1/2 is the driving force in 

seeking a polymer conjugate. Most of the endogenous pro

teins act through a receptor-mediated activity. This dictates 

the strategy for an optimum PEGylation approach, namely, a 

site-specific conjugation to generate mono-PEGylated iso

mers. In particular, the site of polymer attachment must be 

far from the receptor recognition area. In this case, it is 

mandatory to use high-MW polymer. 

The idea of protein PEGylation was first developed by F. Davis 
to enhance both the blood circulation time and the stability 
(against enzyme attack or immunogenic recognition) of the 
recombinant protein drugs.53 In 1977, Abuchowski et al.6 

demonstrated that, as therapeutic agents, PEG-conjugated pro
teins are more effective than their corresponding unmodified 
parent molecules. Since then, several pharmaceutical proteins 
have been PEGylated and have been shown to have properties 
of use in clinical applications. 

Davis and co-workers demonstrated that covalent attach
ment of PEG to serum albumin and catalase leads to the 
reduction of immunoreactivity toward respective antibodies.6,7 

Since then, many articles concerning the chemical modification 
of proteins by conjugation with PEG derivatives have been 
published. Inada et al.54,55 performed protein modifications 
in order to reduce immunogenicity and suppression of immu
noglobulin E (IgE) production in medical processes. Lee and 
Sehon56 reported that the formation of IgE-class antibodies 
caused by ragweed pollen allergen in vivo is suppressed by the 
administration of PEG-allergen. PEGylated derivatives also 
exhibit passive tumor targeting by the enhanced permeability 
and retention (EPR) effect. This is a consequence of the highly 
active angiogenesis in many solid tumors, resulting in an 
increased tumor vascularization and blood flow.57 

The most important classes of protein-based pharmaceuti
cals are shown in Table 2. 

The utility of PEGylation has been translated into drug 
delivery of nonhuman proteins. Thus, PEGylated bovine ade
nosine deaminase (ADAGEN®) has been successfully 
commercialized by Enzon Inc. in replacement therapy to treat 
severe combined immunodeficiency disease.59 The 
PEG-modified enzyme contains multiple chains of PEG5000 
per molecule of enzyme, and has a t1/2 about 6.4 times that of 
unmodified enzyme in rats.60 Enzon Inc. has also utilized 
PEGylation for effective drug delivery of L-asparaginase. This 
PEGylated construct (ONCASPAR®) was shown to be as effec
tive as the native drug in treating patients with acute 
lymphoblastic leukemia, but with much lower degree of immu
nogenicity than the native one.61 

PEGylation has gained significant attention during the past 
years, with PEGASYS®62 and PEG-INTRON®,63 two 
α-interferon (α-IFN) derivatives used to treat chronic infection 
by hepatitis C in adults. The plasma circulation t1/2 of PEG
INTRON® is about 8 times that of native IFN α-2b, allowing a 
weekly subcutaneous dosing of the conjugated protein. 
Another example is NEULASTA®, which is a PEGylated form 
of granulocyte colony-stimulating factor (G-CSF) and serves to 
treat neutropenia.64 If the PEG chain is long enough 
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Table 2 Classes of protein-based medicines that can be improved by PEGylation. Reprinted from Choi et al.58 with permission of Springer 
Science + Business Media, Germany 

Protein type PEGylation need Comment 

Replacement Half-life extension required for proteins that 
proteins need frequent administration 

Peptides Half-life extension required. Mask 
immunogenicity for nonendogenous 
proteins 

Full anti- Half-life extension is not generally required. 
bodies PEGylation could mask effector function 

Enzymes Half-life extension may be required 

Site-specific PEGylation would improve product homogeneity. There is a need for 
improved efficiency in production. Proteins include cytokines, growth factors, 
and blood factors 

Many peptides are in development. Site-specific PEGylation is required since the 
relative steric-shielding effects of PEG will be much greater than with larger MW 
polypeptides 

Full antibodies are expensive to produce at the doses required for clinical efficacy. 
Effector function is not required for many applications 

Multisite, hyper-PEGylation of nonhuman proteins is preferred to avoid 
immunogenicity 

(MW = 20 000 Da), renal clearance will be diminished, all of 
which leads to a much longer t1/2 and, therefore, increased 
bioavailability of the peptide. Furthermore, allergic reactions 
are diminished because the immune system cannot attack PEG. 
Clinical results have been also reported for several other 
PEG-conjugated proteins, including IL-2.65 

The peptide PEGylation has also generated interest in the 
drug delivery studies. Modification of recombinant (r)-hirudin 
(naturally occurring anticoagulant polypeptide) with two PEG 
chains through urethane bonds affords PEG-hirudin that exhi
bits a significantly prolonged t1/2 resulting in enhanced 
antithrombotic activity and no observable immunogenicity.66 

Mono- and di-PEGylated species of salmon calcitonin (thera
peutic polypeptide hormone) showed slightly enhanced 
pharmacokinetics and lower renal excretion compared to the 
unmodified polypeptide.67 

The vast majority of PEGylated products are mixtures with 
PEG conjugated at different sites on the protein, leading to 
positional isomerism. In recent years, site-specific PEGylation 
has become a key goal because the issue of positional isomers 
has caused some questions to be asked about the nature of 
heterogeneous product mixtures. In particular, such mixed 
products can have a variety of biological activities and the 
physical and pharmacological properties of proteins are chan
ged depending on the site and the number of PEG molecules 
conjugated to the protein. The search for more specific mod
ification methods has been the topic of significant academic 
research during the past decade.67,68 Well-defined peptide/pro
tein–polymer conjugates are defined as hybrid constructs that 
combine (1) a defined number of peptide/protein segments 
with uniform chain lengths and defined monomer sequences 
(primary structure) with (2) a defined number of synthetic 
polymer chains. The constructs are obtained by coupling spe
cific amino acid residues on the peptide/protein with specific 
functional groups located at defined positions on the synthetic 
polymers. Site-specific modifications would first of all help 
with the purification and characterization of the obtained pro
ducts, because mixtures are avoided. Furthermore, if the 
modification is directed to a specific location, the protein activ
ity might be better preserved. For instance, the site for polymer 
conjugation can be located far away from the active site to 
avoid interference with the biological functioning of the pro
tein. Alternatively, it can also be located nearby, or even within 
the active site, in order to control the biological activity of the 

protein. Terminal amine conjugation is typically conducted by 
reductive amination and is considered to be a substantially 
site-specific PEGylation strategy.69 The second successful 
approach is insertion of an unpaired cysteine as a PEGylation 
site.58 

Block polymers of PEG-polycation (A–B) or PEG-
polycation-PEG (A–B–A) have been used to condense a nucleic 
acid drug, to form PEGylated micelles, with the water-insoluble 
nucleic acid–polycation electrostatic complexes (polyplexes) 
forming the core of the PEGylated polymeric micelle.70 In the 
2000s, a number of companies (e.g., Alnylam, Roche, Merck, 
and Calando) have been involved in clinical trials for delivery 
of siRNA from similar lipoplexes and polyplexes.71,72 

4.27.4.3 PEGylated Enzymes 

A new approach in biotechnological processes is to prepare 
enzymes modified with PEG that has both hydrophilic and 
hydrophobic properties.73 Generally, enzymes are used as sus
pended powders in organic solvents, and the dispersion degree 
may be a critical factor in the expression of catalytic activity. 
The activity of one enzyme depends on the number of produc
tive encounters that occur between the enzyme and a substrate. 
As expected, due to diffusion limitations, dispersed enzymes in 
organic solvents were found to exhibit 10- to 1000-fold 
reduced catalytic activities in comparison with enzymes dis
solved in aqueous solution.74 Consequently, every method 
that may increase dispersion in organic solvents may improve 
the catalytic performance and those methods that will allow 
complete dissolution will be highly desirable. Among the pro
posed methods to solubilize enzymes, PEGylation is preferred 
because the amphiphilic polymer conveys its dissolution prop
erties to the proteins. It was found that the solvent might 
influence enzyme stability, rate of reaction, and selectivity. 
Among the several enzymes that were PEGylated and studied 
in organic solvents so far, we will mention only a couple of 
examples that may illustrate the potentials and limitations of 
this procedure. Candida rugosa lipase treated with PEG 
4-nitrophenyl chlroformate75 and PEG-cyanuric chloride76 

were found to exhibit enhanced stability in isooctane, where 
the first conjugate was found to be more active than the second 
one. In both cases, however, they exhibited decreased lipase 
and esterase activities, compared to activity in aqueous systems 
although transesterification activity was improved.77 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.27.5 PEG Conjugation with Small Drugs 

In contrast to the successful PEG modification of proteins for 
drug delivery, only a few examples of small organic drug con
jugates with PEG have been prepared through permanent bond 
formation and they did not result in clinically improved com
pounds.78 For example, PEG amide derivatives of doxorubicin 
(Dox) and amphetamine were prepared and tested only 
in vitro.79 PEGylation of paclitaxel through carbamate deriva
tive formation was also reported aiming at solubilization and 
delivery of this anticancer drug (Figure 8).80 The water-soluble 
PEG-paclitaxel derivatives are nontoxic but as prodrugs 103 

times less active in vitro than the native drug. Most likely this 
is due to the shielding effect of the PEG chain, which blocks the 
activity at the target cells or the insufficient PEG-paclitaxel 
concentration in the cells. 

The prodrug design represents an optimization of drug 
delivery. As already mentioned, the prodrug is a biologically 
inactive drug derivative that releases the active substance 
usually as a result of enzymatic transformation within the 
body.81–83 It has also improved delivery properties over 
the parent molecule. The stability of the drug conjugate linkage 
and its potential for controlled degradation determine the 
prodrug effectiveness. The most often employed prodrugs are 
usually based on hydrolyzable or enzymatically cleavable 
bonds such as esters, carbonates, carbamates, and hydrazones. 
In special cases, certain amides can be broken down by pepti
dases or cathepsins. 

Several highly water-soluble PEG esters of paclitaxel were 
prepared and studied by Enzon Inc. researchers. They proved to 
function as prodrugs, that is, their breakdown occurred in a 
predictable manner.84,85 Although a PEG-paclitaxel derivative 

entered phase I clinical trials, the company discontinued the 
development of this product. 

Camptothecin is another active drug against many types of 
cancer. However, the poor water solubility and physiological 
instability hamper its clinical implementation. A PEGylated 
camptothecin was developed to improve both water solubility 
and blood circulation time in vivo. The PEGylated derivative 
consists of 40 000 Da PEG chain, with the drug attached at both 
chain ends through ester linkages (Figure 9).85 

Functionalization of drugs with linear PEG suffers from the 
following drawbacks: 

•	 The loading capacity of linear PEG is limited to the polymer 

chain ends, giving a maximum of two biologically active 

agents per polymer molecule. 
•	 Drug release from linear polymer conjugates relies on degra

dation of the linker in a continuous process, rather than a 

precisely triggered event. 
•	 Simple PEGylated drugs also lack targeting functionality that 

would enable specific interactions with diseased tissue. 

The research efforts trying to overcome the above-mentioned 
limitations include drug linking to branched polymer architec
tures, including PEG-dendrimers, and hyperbranched and graft 
copolymers. For example, a few studies have been performed to 
overcome the low PEG loading through branching the 
chain end groups or coupling them with small dendron struc
tures.86–89 It seems that the use of multiarm PEGs is a 
promising approach to solve the problem with low PEG load
ing. Another advantage of this approach is that the linked drug 
molecules are quite distant from each other, thus overcoming 
the steric hindrance occurring with PEG dendrons. 

Figure 8 Synthesis of PEG-carbamate-paclitaxel. 
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Figure 9 PEGylated camptothecin. 
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4.27.6 PEGylated Dendrimers as Drug Delivery 
Systems 

Dendrimers possess important distinctions from linear 
polymers, namely, their MW and size are well defined. 
Indeed, many dendrimers have been prepared and purified 
as single ‘monodisperse’ macromolecules. This exquisite level 
of structure control is a function of the stepwise dendrimer 
synthesis that differs from the statistically dictated step- and 
chain-growth polymerization methods used to prepare more 
conventional linear and branched polymer architectures. 
Taken together, the monodispersity, degree of branching, 
and size control of dendrimers provide access to precise 
polymer materials that are expected to limit or eliminate 
undesirable effects of size variation in polymer drug delivery 
systems. Moreover, dendrimers as nanomaterials with multi
ple chain ends are also tunable in terms of functional group 
type and density. This multifunctional design provides an 
advantage over linear polymers for covalent attachment of 
drugs, imaging agents, targeting ligands, and other biologi
cally relevant moieties. 

Among the many types synthesized to date, poly(amidoa
mine) (PAMAM) dendrimers are used extensively in 
therapeutic research, benefiting from the convenience of com
mercial availability of a range of dendrimer sizes and chain-end 
functionality. PAMAM-based dendrimers have progressed con
siderably in drug and gene delivery, for example, as anti-HIV 
(VivaGel®) and diagnostic (Stratus®) agents, and as the gene 
delivery reagent SuperFect®.90 The core-shell architecture of 
PEGylated PAMAM dendrimers is useful for encapsulation 
of hydrophobic small-molecule drugs, and the in vivo behavior 
of these systems as drug delivery agents has been evaluated.91 

Studies were performed on the PEGylated versus 
non-PEGylated PAMAM delivery carriers of the anticancer 
drug fluorouracil. The drugs were sequestered noncovalently 
into the dendritic core, and held there by hydrogen bonding. 
PEGylated PAMAM was seen to sequester an order of magni
tude more fluorouracil than PAMAM itself, attributed in part to 
steric effects of the PEG corona that hinder drug release. The 
presence of the PEG coating led to a sixfold decrease in drug 
release rate and lower hemolytic toxicity, for a better overall 
performance relative to non-PEGylated PAMAM. 

Bow-tie dendrimers functionalized with both PEG and Dox 
were prepared as drug delivery carriers to combine 
pH-dependent drug release with passive tumor targeting.92 

This sophisticated synthetic strategy, combining different poly
mer architectures and compositions in one structure, also 
provides a pH-triggered delivery of the drug. Each component 
of this polymer therapeutic plays a role in the delivery design 
that seeks to minimize side effects associated with Dox treat
ment. The dendritic polyester scaffold forms not only the 
delivery carrier, but is also biodegradable, such that following 
delivery of the therapeutic drug, the degraded dendrimer can 
clear from the bloodstream without accumulating in the liver 
or kidneys. 

Recently, an amino acid-based dendrimer was PEGylated 
and conjugated to camptothecin in an effort to provide a new 
drug delivery platform. Fox et al.93 synthesized a 
second-generation lysine dendron, which was subsequently 
functionalized with aspartic acid, providing two different func
tionalities at the periphery: an amine and a carboxylic acid. The 

amine was PEGylated, while the acid was coupled with a 
camptothecin derivative, yielding a 40 kDa PEGylated 
poly(L-lysine) (PLL) dendrimer–camptothecin conjugate, 
typically loaded with 4–6 wt.% camptothecin. The drug 
conjugate showed improved blood circulation time over the 
drug alone, as well as increased uptake in tumor tissue, and was 
shown to increase the survival rate of tumor-bearing mice. 

PEGylation of the PLL dendrimers results in enhanced con
trol over the pharmacokinetics and degradability of these 
materials, as well as the biodistribution, and rate of renal 
clearance.94 The blood circulation t1/2 of the dendrimer could 
be manipulated based on the MW of the peripheral PEG chains 
that are conjugated to the PLL core. 

Xu et al.95 reported the synthesis, uptake, and release profile 
of dendrimer–drug conjugates composed of a polyethylenei
mine (PEI) core and PEG corona. Covalent PEGylation in this 
system was accomplished through imino groups. Imine lability 
at pH < 6 is thus expected to give polymer fragmentation within 
the acid regions associated with tumor vasculature and lysoso
mal compartments. The PEGylated dendrimers gave markedly 
enhanced drug loading, from 54 mmol per mole carrier for the 
PEI dendrimer to 440 mmol per mole carrier for the fully 
PEGylated PEI dendrimer. 

4.27.7 PEGylated Inorganic–Organic Core-Shell 
Nanoparticles 

Inorganic nanoparticles (INPs) are important in our lives 
because of their use as drugs, imaging agents, and antiseptics. 
Among the most promising INPs being developed are metal, 
silica, inorganic dendrimers, organic–inorganic hybrids, and 
bioinorganic hybrids. In this chapter, we focus on the most 
widely studied gold and silica NPs. Gold NPs are very impor
tant and promising in imaging, as drug carriers, and for 
thermotherapy of biological targets and useful in the fight 
against cancer. Metal NP contrast agents enhance magnetic 
resonance imaging and ultrasound results in biomedical appli
cations of in vivo imaging. Silica NPs have been used in drug 
delivery and gene therapy. Nanometer-sized silica particles find 
outstanding applications in various industrial fields, such as 
electronic substrates, electrical and thermal insulators, and 
humidity sensors. Spherical mesoporous silica with high col
loidal stability and a biocompatible external surface is 
especially desirable for biological applications such as drug 
delivery or diagnostics. 

The functionalization of the external surface plays an 
important role in the colloidal stability of the INPs and their 
interactions with the environment, that is, with living cells and 
other biological substrates.96,97 In particular, the functionaliza
tion of the outer NP surface with PEG was well developed98–100 

due to the remarkable ability of PEG to resist protein adsorp
tion.101,102 All these features increase the NP blood circulation 
time for in vivo applications.103,104 PEGylated silica NPs pro
duced through the sol–gel method have received great 
attention in recent years, as nanocarriers for biomedical appli
cations.105 The synthesis of the PEGylated NPs was carried out 
in two steps (Figure 10(a)). 

In the first one, the PEG precursor was obtained by prepar
ing an intermediate leaving group, poly(ethylene glycol) 
tosylate and then combining it with (3-aminopropyl) 

(c) 2013 Elsevier Inc. All Rights Reserved.
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CMS-PEG550 CMS-PEG5000 CMS-PEG550-PEG5000 

Figure 10 PEGylated colloidal stable mesoporous silica NPs (CMS NPs): (a) Synthesis of PEG-silane precursor; (b) scheme of PEGylated CMS NPs 
through the delayed co-condensation approach; and (c) scheme of different PEGylated NPs. Reprinted from Cauda, V.; Argyo, C.; Bein, T. J. Mater. Chem. 
2010, 20, 8693.106 with permission of the Royal Society of Chemistry, UK. 

triethoxysilane (APTES) to create the linear PEG-silane precur
sor. The tosylate-leaving group facilitates the modification of 
the long PEG chain (MW = 5000 Da). In the second step, the 
PEG-silane moiety was co-condensed with a small amount of 
silica precursor, tetraethyl orthosilicate (TEOS), at the outer 
surface of the growing colloidal mesoporous silica NPs in the 
colloidal mesoporous silica (CMS) synthesis batch107 

(Figure 10(b)). Specifically, three different PEGylated colloidal 
mesoporous silica CMS NPs were prepared (Figure 10(c)), thus 
co-condensing the mesoporous particles with short 
(MW = 550 Da) and long (MW = 5000 Da) PEG chains and 
also with a mixture of the two chains with 75 mol.% 
PEG550/25 mol.% PEG5000 (Figure 10). 

The PEGylated mesoporous NPs are stable in simulated body 
fluid at 37 °C for 1 month. Longer and denser polymer shells are 
most efficient in slowing down the biodegradation kinetics in 
comparison with the unfunctionalized mesoporous NPs. 

The stability of the PEGylated silica NPs as water colloi
dal suspensions depends on the PEG/silica mass ratio 
(Figure 11).108 By properly selecting the PEG concentration, 
NPs smaller than 150 nm were obtained, stable to aggrega
tion in water media up to 6 months. The stabilization is due 

PEG/Silica ratio 

Figure 11 PEGylated silica cluster structure change with increasing the 
PEG/silica ratio.108 Reprinted from Branda, F.; Silvestri, B.; Luciani, G.; et al. 
Colloid Surf., A 2010, 367, 12.108 with permission of Elsevier Ltd., UK. 

to both steric and electrostatic effects. In this view, PEG is 
expected to play key role both in clusters formation and in 
their aggregation. As traditional micelles, derived from 
amphiphilic block copolymers, silica/PEG clusters can be 
regarded as nanosized molecular containers able to capture 
and concentrate in their small volume other species. The 
presence of functionalized silica NPs, of very high specific 
surface, promises to have new functionalities and open the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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perspective to innovative applications, particularly in the 
biomedical field. 

The use of gold nanoshells as imaging and therapeutic 
agents for cancer has been well documented in recent years. 
The main reason for their popularity lies in their unique 
core-shell nanostructure made up of a spherical dielectric 
core material such as silica or polystyrene that is surrounded 
by a gold layer.109 The optical scattering properties of such 
structures coupled with their optical tunability have spurred 
the use of gold nanoshells as promising optical contrast 
agents, where their optical response can be adjusted to 
match the light source of different wavelengths used in dif
ferent imaging modalities. Several in vitro studies110,111 using 
gold nanoshells targeted on cancer cells have demonstrated 
effective destruction of the cancer cells upon exposure to 
near-infrared (NIR) radiation, with cell damage limited to 
the laser treatment spot. 

PEGylation of gold nanoshells provides an effective 
means to reduce their RES clearance in body. Connor 
et al.112 succeeded in preparing gold NPs circulating in the 
bloodstream for long periods using PEG modification. The 
PEGylation of gold nanoshells has been reported in several 
in vivo application studies.113–117 PEGylated gold nanoshells 
were synthesized in a four-step process as shown in 
Figure 12. 

The three factors that can affect the ability of macrophage 
to ingest gold nanoshells include the PEG surface density, 
PEG MW, and size of the gold nanoshells. It is also impor
tant to note that even though the effective PEGylation of 
gold nanoshells can minimize their RES uptake, the nonbio
degradability of gold nanoshells presents other issues 
regarding their clearance and toxicity of long-term 
accumulation. 

Lipka et al.119 studied 5 nm Au NPs, either stabilized with a 
ligand of phenylbis(4-sulfonatophenyl)phosphine (Phos) or 

1. Synthesis of silica 
nanoparticles 

Silica Silica 
core core 

2. Surface 3. Gold hydroxide 4. Growth of 
functionalization seeding by DP gold shell layer
with APTES method 

Gold 
nanoshell 

HS O CH3
O 

5. PEGylation of gold 
nanoshells by mPEG 

Gold 
nanoshell 

(a) (b) (c) 

Figure 13 Symbolic illustration of (a) 5 nm Au-Phos nanoparticles; 
(b) 5 nm Au-PEG750 nanoparticles; and (c) 5 nm Au-PEG10k nanoparticles. 
NPs in b and c are coated with dodecane-1-thiol and amphiphilic polymer 
(light gray shell), to which PEG of different molecular weights is covalently 
bound. Reprinted from Lipka, J.; Semmler-Behnke, M.; Sperling, R.; et al. 
Biomaterials 2010, 31, 6574.119 with permission of Elsevier Ltd., UK. 

surface-modified with PEG of different chain lengths of either 
750 Da (PEG750) or 10 kDa (PEG10k) on top of a polymer 
shell (Figure 13). 

Almost 40 years after the initial studies, PEGylation is 
now a well-established tool able to address the limitations 
of proteins, peptides, and oligonucleotides and, in addition, 
a number of PEG-drug conjugates have been tested clini
cally for both parenteral and oral administration. 
PEGylation is a mature and tested technology, which has 
already resulted in nine FDA-approved therapeutics, testify
ing to the safety and applicability of the methodology. 
Since its introduction, PEGylation has been focused mostly 
on existing therapeutic proteins and their life-cycle manage
ment. However, with the development of protein 
nanobodies and scaffolds, which are believed to represent 
the next-generation therapeutics but require t1/2 extension 
to exert a clinically meaningful effect, even wider medical 
use can be expected. 

Figure 12 Synthesis and PEGylation of gold nanoshells. Reprinted from Kah, J.; Wong, k.; Neoh, k.; et 118 al. J. Drug Target. 2009, 17, 181. with 
permission of Taylor & Francis Ltd., UK. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.28.1 Bioactive Polymers from the Ring-Opening 
Metathesis Polymerization 

4.28.1.1 Introduction 

Synthetic polymers provide new opportunities to perturb or 
interrogate biological systems. Recent advances in polymer 
chemistry and catalyst design are providing the means to 
synthesize well-defined macromolecular architectures. The 
ability to precisely control parameters such as polymer archi
tecture, ligand valency, and binding epitope orientation has 
facilitated the production of polymers with potent and unique 
biological activities. Indeed, one advantage of using synthetic 
polymers is that they can be optimized and customized for 
specific applications. 

The macromolecular nature of bioactive polymers renders 
their properties distinct from those of small molecules 
(Figure 1), and these polymer attributes are being exploited. 
In diagnostic imaging, for example, polymers can exhibit 
enhanced sensitivity. The relaxivity of a magnetic resonance 
imaging (MRI) contrast agent can be augmented through its 
incorporation into a polymer.1 Likewise, polymers can bear 
many copies of an imaging agent, such as dyes and radiotracers, 
which can lead to signal enhancement (Figure 1(a)).2 

Moreover, polymers have prolonged circulation half-lives,3 a 
feature that has been used not only in cellular imaging but also 
for drug delivery. Indeed, there are many situations in which 
the bioactive species must have sufficient residence time to 
observe its localization or to deliver a chemotherapeutic agent. 
For instance, the larger pore size present in the tumor vasculature 
allows macromolecules to passively diffuse into the tumor, 
rendering polymers ideal delivery agents (Figure 1(b)).4 

An additional benefit of this strategy is that the lymphatic system 
is defective for most tumors; thus polymers have long residence 
times, a phenomenon referred to as the enhanced permeation 

and retention (EPR) effect.3 These applications capitalize on the 
bulk properties of polymers. 

The distinctive recognition properties of polymers can also 
be used to advantage. For example, polymers can function as 
potent inhibitors of biological interactions by occupying more 
than one binding site (Figure 1(c)). Through their ability to 
interact with subsites on a single receptor or with multiple sites 
on an oligomeric receptor, polymers can bind avidly to a target. 
Polymers interacting through this binding mode can act to 
block subsequent interactions not only through their avidity 
but also because their backbone can serve as a steric barrier 
(a phenomenon referred to as steric stabilization).5 Their 
ability to bind multiple receptors also means that polymers 
can cluster proteins and thereby act as potent activators of 
biological signaling (Figure 1(d)).6 Because polymer valency 
and length can be altered, signal output can be tuned. Thus, the 
attributes of polymers can be optimized to generate com
pounds that offer novel insights into biological mechanisms 
or have potent activity in disease prevention and treatment. 
These applications are predicated on the development of new 
methods for the controlled synthesis of these materials. Here, 
we focus on one powerful method for the synthesis of bioactive 
polymers, the ring-opening metathesis polymerization 
(ROMP). 

A major advance in polymerization via metathesis occurred 
when Schwab et al.7 and Schrock8 unveiled well-defined transi
tion metal catalysts. Molybdenum- and ruthenium-based 
catalysts are highly active in olefin metathesis reactions. The 
general mechanism that underlies their reactivity is outlined in 
Figure 2.9 The catalyst reacts with the alkene via a [2 + 2] 
cycloaddition reaction to afford a metallocyclobutane inter
mediate. Cycloreversion with concomitant ring opening 
relieves strain and unleashes a new metal carbene that reacts 
with subsequent monomers to yield the polymer chain. 

Polymer Science: A Comprehensive Reference, Volume 4 doi:10.1016/B978-0-444-53349-4.00097-2 695 

(c) 2013 Elsevier Inc. All Rights Reserved.



696 Current and Forthcoming Applications of ROMP Polymers – Biorelated Polymers 

(a) (c) 
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(b) (d) 

Tumor cell 

Signaling protein 

Figure 1 Applications of bioactive polymers. (a) Imaging: Polymers can 
incorporate multiple copies of a dye, radiotracer, or other reporter, which 
can lead to signal enhancement in imaging. (b) Tumor targeting and drug 
delivery: Macromolecules can preferentially accumulate in tumor tissue by 
enhanced permeation and retention. (c) Inhibition: Polymers can function 
as potent inhibitors of biological processes. (d) Activation of cell signal
ing: Polymers can act to cluster cell-surface receptors thereby activating 
cell signaling. 

A critical feature of ROMP is that the polymerization can be 
living, such that chain termination and transfer events are 
much slower than chain propagation.10 In this way, ROMP 
affords polymers or block copolymers with defined lengths 
and low polydispersity indexes (PDIs). By exploiting these 
mechanistic features, ROMP can be used to rapidly synthesize 
defined bioactive polymers with structural features optimized 
for the desired application. 

4.28.1.2 Attributes of ROMP for Controlling Bioactive Ligand 
Incorporation 

4.28.1.2.1 Functional group tolerance of metal carbene 
initiators 
Alkene metathesis is especially attractive as a method for the 
assembly of biologically active polymers. The alkene functional 
group is rarely essential for a bioactive epitope, so a catalyst 
with high chemoselectivity for alkenes is invaluable for assem
bling polymers bearing bioactive groups. In the late 1980s, the 
finding that transition metal salts could be used to carry out 
ROMP in water11,12 presaged the development of the afore
mentioned functional group-tolerant metathesis catalysts. One 
useful class of initiators is molybdenum alkylidenes, which are 
highly reactive toward alkenes and typically provide polymers 
with low PDI values.13 These initiators can also be used to 
control the stereochemistry and tacticity of the polymer back
bone.8 Despite their advantages, they can be sensitive to some 
oxygen-containing functional groups, and trace amounts of 
oxygen and water in the reaction system can be problematic. 
The development of ruthenium carbene initiators was a major 
step forward for biological applications. They not only give rise 
to polymers with narrow PDI values,14,15 but are also remark
ably selective for alkenes even in the presence of polar 
functionality, such as hydroxyl, ester, and amide groups. 
Indeed, densely functionalized bioactive ligands, such as sul
fated sugars,16 peptides,17 and small-molecule drugs,18 have 
been used successfully in ruthenium-catalyzed ROMP. 

4.28.1.2.2 Control over polymer length 
The powerful ROMP initiators can be not only highly chemo
selective but can also exert excellent control over polymer 
length. As mentioned above, these initiators can carry out living 
polymerizations, in which unwanted termination reactions do 
not effectively compete with propagation. For a living polymer
ization, when initiation rates exceed those of propagation, 

Figure 2 Mechanism of ROMP catalyzed by metal carbene initiators. Examples of ruthenium (1) and molybdenum (2) initiators are highlighted. 
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polymers of defined lengths and excellent PDIs are obtained. 
Thus, by varying the monomer-to-initiator (M:I) ratio, length 
and therefore ligand valency can be controlled. Polymers that 
vary in length and consequently in the number of recognition 
elements they display have been used in diverse biological 
applications including as inhibitors of protein–carbohydrate 
interactions,19 as novel and selective antimicrobial agents,20 

and as effectors of biological responses.21,22 Specific illustra
tions of how polymer length control can be used to enhance 
inhibition of biologically relevant processes are provided in 
Section 4.28.1.4.2. 

4.28.1.3 Synthetic Strategies for Bioactive Ligand 
Incorporation 

4.28.1.3.1 Homopolymers and random copolymers 
Many biologically important epitopes (e.g., sugars, peptides, 
small molecules) have limited solubility in solvents that are 
compatible with ROMP. This problem has been addressed 
through modification of the monomers by introducing 
protecting or solubilizing groups.23,24 The use of protected 
monomers, however, can give rise to problems with 
protecting-group removal subsequent to the polymerization 
reaction. Conditions successfully optimized for the monomer 
are often ineffective for the polymer. Moreover, when these 
problems are encountered, characterization of the resulting 
mixture of partially protected products is often challenging. 

Because the conditions for final protecting-group removal can 
be harsh, eliminating this step allows for the synthesis of 
materials containing sensitive bioactive epitopes. 
Consequently, the ability to synthesize substituted polymers 
utilizing both defined initiators and unprotected monomers 
constituted a critical advance in the synthesis of bioactive sub
stituted polymeric displays via ROMP. Methods that have been 
used successfully for the incorporation of polar bioactive 
ligands are highlighted. 

• Polar catalysts for aqueous metathesis 
The introduction of ruthenium catalysts significantly broa
dened the scope of ROMP because of their high activity and 
functional group tolerance. After the demonstration that 
ROMP of 7-oxonorbornenes could be carried out in water 
using RuCl3,

11,12 Mortell et al.25 capitalized on this observation 
by using ROMP to prepare bioactive polymers (Figure 3). The 
application of well-defined ruthenium initiators under aqu
eous conditions is complicated by catalyst insolubility, 
prompting researchers to search for water-soluble ruthenium 
catalysts (Figure 4).26,27 In early investigations, catalysts pos
sessing water-soluble triaryl phosphines (3) were shown to 
catalyze the polymerization of norbornenes in water.28 

Although these catalysts initiated ROMP of norbornene 
monomers, the propagating species decomposed before poly
merization was complete. Thus, control over the polymer 
products was limited. Alternative water-soluble catalysts for 

Figure 3 Synthesis of carbohydrate-substituted polymers under aqueous conditions. 

Figure 4 Examples of ruthenium catalysts for aqueous ROMP. 
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conducting living polymerizations have subsequently been 
sought. In particular, polar or ionic functional groups have 
been introduced via modifications to the N-heterocyclic car
bene29 or benzylidene ligands.30,31 Modifications to the 
catalyst, however, can have deleterious effects on the kinetics 
of the polymerization. Accordingly, few examples have demon
strated that water-soluble versions of the ruthenium catalysts 
provide living polymerizations.31,32 We anticipate that the 
design of new polar catalysts with favorable kinetics of poly
merization will undoubtedly advance the utility of ROMP, 
especially for generating bioactive polymers and for expanding 
the utility of metathesis in complex biological milieu. 

• Emulsion conditions for polar monomers. 
The chemoselectivity of even early defined ruthenium carbene 
catalysts was readily apparent;33 however, as mentioned above, 
the insolubility of these catalysts under aqueous conditions 
posed a problem for their use with polar monomers. To over
come solubility differences between the catalyst and the 
growing polymer chain, Fraser and Grubbs34 utilized a 
mixed solvent system of water and dichloromethane that 
contained the cationic emulsifier dodecyltrimethylammonium 
bromide (DTAB) to polymerize carbohydrate-functionalized 
norbornenes (Figure 5(a)). These conditions afforded a 
glucose-substituted polymer in excellent yield. These data sug
gest that polymerization reactions conducted under these 
conditions can yield biological probes. Indeed, Manning 
et al.35 applied emulsion conditions to generate potent ligands 
for carbohydrate-binding proteins (Figure 5(b)). When sul
fated sugar-functionalized norbornene derivatives were 
subjected to polymerization in a mixture of dichloromethane 
and methanol, however, the reaction was incomplete and the 
polymer product precipitated. Under aqueous conditions with 
DTAB as a surfactant, however, the polymerization proceeded 
with complete and rapid consumption of the monomer. 
Emulsion conditions have been utilized for the polymerization 

of a variety of monomers containing bioactive groups 
including disaccharides,36 sulfated monosaccharides,37,38 tri
saccharides,39,40 and small molecules,41 although the kinetics 
of the polymerization can be variable leading to broadened 
molecular weight distributions. 

• Polar mixed reaction solvents 
Although emulsion conditions facilitate the polymerization of 
highly functionalized monomers, homogeneous reactions 
afford more reproducible kinetics of polymerization and there
fore more defined polymer products. To this end, Kanai et al.42 

devised homogeneous conditions for the polymerization of 
monomers bearing unprotected monosaccharides. Initiation 
was performed in a mixture of methanol, water, and dichlor
omethane; propagation was conducted by adding a mixture of 
water and methanol to dissolve the resulting oil (Figure 6(a)). 
These conditions resulted in polymers of narrow PDI (1.2) 
relative to standard emulsion conditions. Still, they did not 
afford polymers with a degree of polymerization (DP) greater 
than 50, although they did allow for the production of poly
mers of biologically relevant lengths that display unprotected 
carbohydrate residues. 

Related conditions were used in the polymerization of 
carbohydrate-substituted cyclooctene monomers by Rawat 
et al.43 (Figure 6(b)). They conducted polymerization 
reactions on monomers with pendent sulfated carbohydrates 
using a mixed solvent system of 1:5 methanol/dichloroethane 
to solubilize the monomer. Polymerization using a 
water-soluble version of the Grubbs–Hoveyda catalyst was 
unsuccessful; however, catalyst 9 provided glycopolymers 
with acceptable PDI values (1.3–1.6) and in good yields 
(51–88%). Under these conditions, polymers with a DP of 86 
were obtained. Together, these examples highlight the range of 
conditions that can be used to afford carbohydrate-substituted 
polymers. 

Figure 5 Polymerization of monomers bearing unprotected carbohydrates using emulsion conditions. (a) Monomers with unprotected carbohydrate 
groups can be polymerized using defined initiator 8. (b) Bioactive polymers can be generated under emulsion conditions. 
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Figure 6 Polymerization of bioactive functionalized monomers using polar mixed reaction solvents. (a) Polymerization of unprotected 
carbohydrate-functionalized oxanorbornene monomers. (b) Polymerization of cyclooctene monomers bearing sulfated carbohydrates using highly active 
catalyst 9. (c) Peptide-functionalized norbornene monomers were polymerized using defined catalyst 10. DCE, 1,2-dichloroethane; Pbf, 2,2,4,6,7
pentamethyl-dihydrobenzofuran-5-sulfonyl. 

Peptide-substituted monomers are also polar, so their poly
merization raises issues similar to those encountered with 
carbohydrate-bearing substrates. Moreover, even with the che
moselective ruthenium catalysts, monomers bearing peptides 
are challenging and peptide side-chain protection is necessary, 
as amines, guanidinium groups, and other chelating function
ality can result in deactivation of the catalyst or degradation of 
propagating intermediates.44 Additionally, variability in PDI 
can result from aggregation of the growing polymer chain and 
therefore premature termination. To address these issues, polar 
solvent mixtures similar to those described for carbohydrates 
(i.e., dichloromethane and methanol) were employed to afford 
peptide-functionalized polymers in good overall yield 
(52–92%) and acceptable PDI (1.1–1.3) (Figure 6(c)).45 The 
use of solvent mixtures can result in polymers of narrow PDI, 
which is beneficial for optimizing the biological activity of 
polymers. 

• Postpolymerization modification 
A complementary strategy for using ROMP to synthesize poly
mers that contain biologically important epitopes has been 
developed. This method does not rely on the polymerization 
of the epitope as part of the monomer unit. This postpolymer
ization modification (PPM) strategy utilizes a general 
monomer unit that contains a reactive functional group that 
can be modified subsequent to polymerization (Figure 7).46,47 

By choosing a monomer with solubility in nonpolar solvents, 
the advantages of ROMP can be exploited to construct materi
als with defined lengths. Because the biological epitope is 
introduced after the polymerization, less-soluble molecules 
can be conjugated to the polymer in polar solvents such as 
dimethylsulfoxide or dimethylformamide, which are incompa
tible with the current polymerization catalysts.48 This mode of 
synthesis offers the advantage that polymers of same length 
and polydispersity can be prepared and their biological activ
ities directly compared. As a result, a desired biological 
response (e.g., inhibition, activation) can be optimized or 
structure–activity relationships for a given process can be 
derived. Examples of postpolymerization strategies for the 
investigation of signaling are highlighted in Section 4.28.1.4.4. 

4.28.1.3.2 Block copolymers 
The unique properties of block copolymers have led to their use 
in many biological applications including as therapeutics,49 

imaging agents,50 and drug delivery platforms.51–53 In general, 
each block can be endowed with specific properties. For exam
ple, blocks with disparate properties (e.g., hydrophilicity, 
hydrophobicity) can facilitate intermolecular interactions that 
result in macromolecular assemblies.54 Alternatively, a rela
tively unexplored opportunity for block copolymers is to 
endow each block with a distinct biological function. For 
these and other applications, defined block copolymers can 
be produced by taking advantage of the kinetics of ROMP. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 7 Bioactive ligands can be appended to a polymer using PPM to generate (a) homopolymers or (b) random copolymers. 

There are two synthetic approaches that can be employed to 
generate block copolymers: coupling of two end-functionalized 
polymer chains or the sequential addition of monomers. The 
first synthetic method involves linking two end-functionalized 
polymer chains. In a typical example, monomers are polymer
ized using ROMP, and the propagating metal carbene is used to 
append the resulting polymer to another preformed polymer. 
This strategy has been used to prepare block copolymers 
through the reaction of end groups via Wittig-type reactions;55 

however, the utility of the resulting materials for biological 
applications has yet to be explored. By contrast, the second 
strategy is versatile and widely utilized. It has been used to 
synthesize block copolymers with a variety of architectures, 
including diblock and cyclic block copolymers 
(Figure 8(a)).56 For example, monomers bearing different 
bioactive groups have been polymerized sequentially.57 

Alternatively, a general block copolymer template can be pro
duced and then elaborated to install bioactive groups 
(Figure 8(b)). The latter method is powerful in that block 
copolymers with diverse properties can be accessed from a 
single scaffold composed of orthogonally reactive blocks.58 

4.28.1.3.3 End-labeled polymers 
The mechanistic features of ROMP provide opportunities to 
incorporate specific polymer end labels. The propagating 
metal center in ROMP can be used to introduce a distinct 
functional group at the polymer terminus (Figure 9(a)).59 

Molybdenum alkylidene intermediates can react with 
aldehydes to terminate the polymerization.8 By contrast, poly
merization reactions mediated through ruthenium carbene 
intermediates can be terminated with electron-rich alkenes to 
form less-reactive Fischer carbenes.60,61 Electron-rich alkenes 
bearing groups that can undergo subsequent chemoselective 
reactions have been used in many applications. For instance, 
end labeling with substituted vinyl ethers bearing ketones has 
been used for the incorporation of bioactive ligands containing 
thiosemicarbazide62 or alkoxylamine63 functionality for the 
formation of acylhydrazones and oximes, respectively. 
Termination of the polymerization with vinyl carbonate or 
vinyl lactone moieties affords polymers bearing aldehyde and 
carboxylic acid end groups, respectively (Figure 9(b)).64 All of 
these strategies provide a site for subsequent bioactive ligand 
incorporation. 

Figure 8 Strategies for synthesizing block copolymers displaying bioactive epitopes. (a) Sequential polymerization of monomers bearing a bioactive 
epitope. (b) PPM of two orthogonally reactive blocks. 

(c) 2013 Elsevier Inc. All Rights Reserved.



Current and Forthcoming Applications of ROMP Polymers – Biorelated Polymers 701 

Figure 9 End-labeling strategies for the incorporation of bioactive epitopes. (a) Termination of the polymerization can be effected with aldehydes 
(molybdenum alkylidenes) or vinyl ethers (ruthenium carbenes) to install a single reporter group. (b) Termination of ruthenium carbenes with a vinyl 
carbonate or vinyl lactone leaves a terminal aldehyde or carboxylic acid that can be further derivatized. (c) Sacrificial synthesis: An acetal or thioacetal block 
can be unmasked to reveal a single terminal alcohol or thiol that can be modified selectively. 

An alternative end-capping strategy is to employ sacrificial 
synthesis (Figure 9(c)).65–67 In contrast to the aforementioned 
methods of end labeling, sacrificial synthesis utilizes an addi
tional block of a cleavable monomer to polymerize onto the 
desired polymer. This block is then removed in a subsequent 
reaction, thereby liberating a functional group such as an alco
hol or thiol, which can be used for further derivatization. While 
it would not be labeled ‘atom economical’ as an end-labeling 
strategy, the approach can be extremely efficient. In addition, 
the sacrificial block serves as a highly effective mask for reactive 
functional groups. 

The utility of end-labeling strategies has been exploited to 
convert polymers into highly effective biological probes. Some 
examples of end labeling with fluorophores for imaging cellu
lar internalization will be discussed in Section 4.28.1.4.3. 

4.28.1.4 Applications of Biologically Active Polymeric 
Displays 

4.28.1.4.1 ROMP-derived multivalent ligand design 
An important advantage of using synthetic ligands to inves
tigate biological interactions is that the effect of ligand 
structure on activity, such as binding affinity or biological 
signaling, can be determined. The opportunities that ROMP 
offers to vary ligand structure are valuable because multi
valent ligands can engage in a range of different binding 

modes and these can contribute to potency and mechanism 
of action (Figure 10).5 The ability of a multivalent ligand 
to utilize a given mechanism depends on its architecture 
and the receptor of interest. Variables such as the valency of 
the display and the density and orientation of the epitopes 
may have an influence. Indeed, multivalent ligands rarely 
utilize a single binding mechanism. Because ligand features 
can be varied using ROMP, the activities of the compounds 
that result can be optimized for the desired response. The 
examples that follow highlight the use of multivalent ligand 
design to either perturb or interrogate biologically relevant 
interactions. 

4.28.1.4.2 Polymers from ROMP as inhibitors 
As mentioned previously, the first protein ligands generated 
by ROMP were carbohydrate-substituted polymers.68 These 
compounds inhibited the cell-binding activity of the tetra
meric glucose-binding protein concanavalin A (ConA) with 
activities >1000-fold better than that of the monovalent 
glucose derivative. Their interactions with ConA were not 
only avid but also extremely selective.69 These early studies 
demonstrated that ROMP could afford bioactive ligands. At 
the time, however, effective transition metal catalysts for 
ROMP were just being developed and not widely available; 
therefore, the original investigations used heterogeneous 
polymers. Still, their potencies and selectivities provided 
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(a) 

Compound P-selectin IC50  (mM ) L-selectin IC50  (mM ) E-selectin IC50  (mM ) 

sLeX 3.4 3.5 3.3 

R  =  H 2.2 75% at 3.0 2.9 

R  =  SO3Na 0.084 0.17 90% at 3.0 

(b) 

Compound P-selectin IC50  (mM) L-selectin IC50  (mM ) E-selectin IC50  (mM) 

R  =  H 7.8 0% at 20.0 20.0 

R  =  SO3Na 13% at 20.0 13% at 20.0 13% at 20.0 
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(a) (c) (e) 

(b) (d)

Figure 10 Binding modes of multivalent ligands. (a) Chelate effect: Simultaneous engagement of multiple ligands to multiple receptors. (b) Receptor 
clustering: Multivalent ligands can alter the proximity of ligand-bound receptors. (c) Subsite binding: Multivalent ligands can bind to a secondary binding 
site on the same receptor. (d) Statistical rebinding: Multivalent ligands have a higher local concentration of binding epitopes that can favor rebinding. 
(e) Steric stabilization: Once a multivalent ligand is bound to its target, the backbone can act as a steric impediment to subsequent binding events. 

impetus to use ROMP to generate multivalent inhibitors of 
carbohydrate-binding proteins. 

• Polymers as inhibitors of leukocyte rolling 
Protein–carbohydrate interactions have been found to be impor-
tant in the early stages of inflammation. The protein targets, the 
selectins (E-, P-, and L-selectin), bind anionic saccharides to 
mediate leukocyte rolling at sites of tissue damage.70 Polymers 
generated by ROMP that display sulfated carbohydrates have 
been devised to block these protein–carbohydrate interactions. 
For example, ROMP was used to generate polymers presenting 

sulfated galactose derivatives as mimics of sulfated glycolipid 
(sulfatide) arrays.38 The resulting materials can inhibit selec
tively the binding of HL60 cells (a leukocyte cell line) to 
selectin family members (Figure 11(a)). In a P-selectin adhesion 
assay, the monosulfated polymers were approximately as potent 
as the monomeric ligand sialyl Lewisx (sLex), but the polymers 
substituted with 3,6-disulfogalactose residues were 40-fold more 
active. The potent polymeric ligand was not only effective at 
blocking P-selectin but it also exhibited 20-fold preference for 
P- over L-selectin. Interestingly, the method of polymer synthesis 
influenced the activity of the resulting products. Specifically, 

Figure 11 Polymers displaying sulfated galactose derivatives are inhibitors of selectin–ligand interactions. The ability of the polymers to inhibit the 
binding of HL60 cells to immobilized selectins is reported as the concentration required for 50% inhibition (IC50). Polymers were generated using 
(a) homogeneous conditions or (b) emulsion conditions. For compounds for which IC50 values were not available, the percent inhibition at a particular 
concentration is reported. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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polymers synthesized under emulsion conditions were less 
potent than those generated under homogeneous conditions 
(Figure 11(b)). The authors hypothesized that the highly 
charged monomers had broader molecular weight distributions 
under homogeneous conditions. Therefore, high
molecularweight polymers are likely to be potent inhibitors. 
These studies highlight that polymer valency can influence 
potency. 

Multivalent ligands were used to mirror the features of 
another class of selectin ligands, the sulfated O-glycoprotein 
mucins. Naturally occurring ligands for L-selectin are highly 
glycosylated proteins that display many copies of the sulfated 
saccharides. These proteins bind to L-selectin and thereby facil
itate leukocyte rolling.71 It was envisioned that polymers 
generated by ROMP might serve as excellent mucin mimics. 
To assess whether multivalent ligands could block this rolling 
event, a series of sulfated carbohydrate polymers were synthe
sized bearing Lex, sLex, and sulfatide epitopes to assess the 
importance of sulfation pattern for inhibition of L-selectin
mediated rolling (Figure 12(a)).16,40 Polymers functionalized 
with the sulfated variants of the trisaccharide Lex or the tetra
saccharide sLex were potent inhibitors of leukocyte rolling. 
Interestingly, the position of the pendent sulfo groups was 
found to be critical for polymer activity, suggesting that 
sulfation in vivo could have a dramatic effect on cell 

adhesion (Figure 12(b)). Unexpectedly, the potency of the 
sulfated polymers was enhanced under flow rates similar to 
those that occur in blood vessels. This finding is interesting 
as both the polymers and the O-glycoprotein mucins are 
expected to adopt an extended conformation under these 
conditions. 

The ability of the polymers to block L-selectin was not due 
solely to their inhibition of natural ligand binding. These com
pounds were found to decrease the concentration of L-selectin 
on the cell surface by inducing its proteolytic release (or shed
ding) from the cell (Figure 12(c)).16,39 The authors postulate 
that the polymers bind multiple copies of L-selectin at the cell 
surface, and it is the clustering of L-selectin that leads to pro
tease activation and subsequent cleavage of L-selectin. 
Together, these studies foreshadow the power of ligands gen
erated by ROMP for clustering receptors and thereby activating 
biological processes. 

• Polymers as inhibitors of neuronal growth 
Another important class of sulfated glycoconjugates is the 
glycosaminoglycans (GAGs). GAGs are sulfated, linear polysac
charides that are central components of the extracellular matrix 
(ECM). They are involved in myriad biological functions, 
including blood coagulation, angiogenesis, tumor growth and 
metathesis, and neurite outgrowth.72 Chondroitin sulfate, 

Figure 12 Synthetic multivalent compounds promote L-selectin shedding thereby inhibiting its function. (a) Polymers designed as mimics of the 
glycolipid sulfatides or the highly O-glycosylated mucins that display the oligosaccharides Lex or sLex. (b) Data from an assay measuring L-selectin
mediated cell rolling. IC50 values are reported on a saccharide residue basis. (c) Assessment of ligand-induced shedding of L-selectin. Polymers 1, 4, and 
5 promote L-selectin shedding but polymers 2 and 3 do not. L-selectin shedding from human neutrophils was detected with a fluorophore-conjugated 
anti-L-selectin antibody using flow cytometry. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 13 Polymers that mimic chondroitin sulfate are inhibitors of 
hippocampal neuronal growth. (a) Structure of chondroitin sulfate. 
(b) Structure of the synthetic multivalent mimics of CS. The activity of the 
highest valency polymer was comparable to that of CS. n.i., no inhibition. 

a polymer of repeating disaccharide units consisting of 
N-acetylgalactosamine and D-glucuronic acid (Figure 13(a)), 
is an important member of the GAG family. Chondroitin sul
fate polysaccharides are linear and consist of 40–200 sulfated 
disaccharide units. Highly sulfated sequences within the chain 
serve as recognition sites for growth factors and other pro
teins.73 GAG-mediated recruitment of essential growth factors 
can profoundly affect cell proliferation, motility, development, 
and proliferation.74 

Rawat et al.43 envisioned using ROMP to generate multi
valent saccharide derivatives that mimic the features of 
chondroitin sulfate. Although such a polymer would not 
directly resemble the linear polysaccharide, the authors sur
mised that appending sulfated sugars to the polymer would 
yield a species capable of interacting with proteins that bind to 
highly sulfated saccharide substructures. To this end, they gen
erated a series of disaccharide-substituted polymers using M:I 
ratios of 25–80. As soluble chondroitin sulfate can block neur
ite outgrowth, the resulting polymers were evaluated for this 
inhibitory activity. Although the disaccharide alone was unable 
to block the outgrowth of hippocampal neurons, a polymeric 
display of this epitope was effective. These results suggest that 
the polymers are distracting target proteins from binding to 
cell-surface chondroitin sulfate. The potency of the polymers 
depended on their lengths: polymers with 25 disaccharide units 
had moderate activity (41% inhibition relative to isolated 

chondroitin sulfate-E) while polymers with an M:I ratio of 80 
were more potent (86% inhibition) (Figure 13(b)). These data 
indicate that the chondroitin sulfate chains act as scaffolds to 
assemble multiple proteins. In addition, they highlight the 
ability of polymers generated by ROMP to mimic linear 
GAGs. The authors postulate that the strategic placement of 
epitopes is sufficient to recapitulate many of the properties of 
natural GAGs. Thus, the ability to control both the density and 
placement of biological epitopes bodes well for using ROMP to 
generate mimics of other linear polysaccharides. 

• Polymers as inhibitors of integrin-mediated cell adhesion 
Integrins are a family of cell adhesion proteins that mediate 
critical physiological processes including cellular adhesion, 
proliferation, and trafficking, but they are also involved 
in pathological processes such as tumor cell invasion and 
inflammation.75 Many integrins bind to the peptide motif 
arginine–glycine–aspartate (RGD) found within ECM proteins 
such as fibronectin and vitronectin. As a result, researchers have 
focused on developing RGD-based inhibitors that block the 
interactions between an integrin and its ligand.76,77 Maynard 
et al.78 used ROMP to generate a series of polymers that contain 
both the peptide sequences Gly-Arg-Gly-Asp-Ser (GRGDS) and 
Pro-His-Ser-Arg-Asn (PHSRN), the latter of which was sug
gested to bind synergistically with the RGD motif. These 
compounds were tested for their ability to block cell adhesion 
to fibronectin-coated surfaces. Specifically, fibroblasts, which 
use their cell-surface integrins to bind to ECM proteins like 
fibronectin, were treated with the monovalent peptide 
GRGDS or polymers displaying GRGDS, and cell adhesion 
was quantified (Figure 14). The concentration at which 50% 
inhibition was observed (IC50) was found to be 1.33 mmol for 
the monovalent peptide but 0.18 mmol for the polymeric inhi
bitor, indicating that the latter is about sevenfold more active. 
A polymer displaying the PHSRN peptide, which binds with low 
affinity to integrins, was an ineffective inhibitor of adhesion; 
however, copolymers functionalized with GRGDS and PHSRN 
sequences blocked cell adhesion with an IC50 of 0.04 mmol 
(33-fold more potent than RGD alone). Thus, the multivalent 
display is critical for achieving sufficient avidity. These data 
highlight the benefit of using ROMP to generate effective ligands 
for integrins. Such compounds could be used to examine the 
role of integrins in specific processes or as targeting agents to 
bind to cells with upregulated levels of integrins.79,80 

Peptide-functionalized polymers synthesized by ROMP 
have also been used to investigate the importance of integrins 
in fertilization. The β1 integrin on the surface of the egg is 
thought to play a key role in the fusion of gametes through 
recognition of the peptide sequences glutamate–cysteine– 
aspartate (ECD) and glutamine–cysteine–aspartate (QCD) 
within the integrin-binding domain on the sperm.81 This initial 
binding event is thought to be critical for successful fertiliza
tion, but the role of β1 integrins in this process has been 
controversial. To investigate the importance of this interaction, 
Lee and Sampson82 used ROMP to synthesize polymers 
equipped with the ECD and QCD peptide sequences to assess 
their ability to block gamete fusion. Short oligomers of QCD 
(M:I 2) had modest potency (IC50 of 500 μM), while longer 
polymers (M:I 100) were more active (IC50 of 4.1 μM). Control 
polymers with peptide sequences glutamate-serine-alanine 
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Figure 14 Polymers that present the integrin-binding domain GRGDS and a sequence that binds synergistically, PHSRN, are inhibitors of fibroblast 
adhesion. IC50 values were determined by measuring the ability of each compound to block human fibroblasts from binding to fibronectin-coated surfaces. 
n.i., no inhibition. 

(ESA) that do not interact with the protein showed no inhibi
tion (Figure 15(a)). Interestingly, triblock copolymers 
consisting of terminal ECD and QCD peptide sequences with 
spacers that do not interact with the receptors had nearly the 
same inhibitory potency as homopolymers of the same length 
(Figure 15(b)). These results indicate that only a small percen
tage of peptides on the homopolymers are required for binding 
to the cell surface, suggesting that the size of the polymer plays 
a critical role in its inhibitory activity. 

The relationship of polymer scaffold to potency in the 
gamete fusion assay was tested. Polymers of varying lengths 
were synthesized that incorporate a backbone derived from 
polyethylene glycol (PEG) or from norbornene polymerization. 
In all cases, the inhibitory potencies of the PEG backbones were 
diminished. The authors speculated that increased flexibility in 
the PEG backbone was responsible for lower binding affinities. 
This conclusion is logical, although it should be noted that the 
relative flexibilities of these polymer classes have not been deter
mined. In summary, these studies highlight the importance of 
different polymer features in the inhibition of fertilization and 
may guide the design of future cell adhesion inhibitors. 

4.28.1.4.3 ROMP to generate polymers for monitoring 
cellular internalization 
Because of their high molecular weight and polarity, many 
polymers are cell impermeable. Strategies to promote polymer 
uptake have been explored to facilitate drug or gene delivery.83 

Specifically, polymeric micelles can be designed such that they 
are taken up into endosomes and, in these acidic compart
ments, release their cargo.84 Additionally, many charged 
polymers display groups that both facilitate solubilization 
and promote Coulombic attraction to cell surfaces.85,86 

Alternatively, polymers can be decorated with groups that tar
get internalizing cell-surface receptors.17,87 A general strategy to 
facilitate polymer uptake into the cytoplasm could provide 
novel therapeutic strategies and illuminate signaling processes. 

• Artificial translocation domains 
Kolonko and Kiessling63 devised a strategy to enhance polymer 
internalization using artificial translocation domains (ATDs). 
Specifically, they used PPM (see Section 4.28.1.3.1) to install 
guanidinium groups that facilitate uptake. Internalization is 
believed to occur through association of the guanidinium 
groups with the negatively charged sulfate groups of 
cell-surface GAGs such as heparan sulfate.88 This association 
is followed by internalization via an energy-dependent endo
cytic pathway. To visualize internalization, polymers were 
terminated with a vinyl ether bearing a ketone, which 
was used for subsequent functionalization with a 
hydroxylamine-containing rhodamine dye via a hydrolytically 
stable oxime linkage.89 Cell permeability of the polymers was 
assessed by confocal microscopy. Cellular internalization was 
rapid for polymers with an M:I ratio of 10, occurring in 5 min 
(Figure 16). As expected from studies using oligoarginine 
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Figure 15 Polymers generated by ROMP inhibit fertilization. (a) The inhibitory potency of homopolymers conjugated with the peptide sequence QCD 
increases with polymer valency. Polymers functionalized with the noninteracting peptide ESA do not inhibit fertilization, as determined by the fertilization 
index (FI) and fertilization rate (FR). (b) A triblock copolymer consisting of terminal ECD and QCD peptide sequences and noninteracting peptide ESA 
inhibited fertilization with a potency similar to that of homopolymers of the same length. n.i., no inhibition. 

peptides,85 longer polymers (M:I 25) were internalized less 
efficiently. Given the ability to append other molecules to the 
polymer end group, these results demonstrate that ROMP can 
afford ATDs for delivering cargo to the interior of cells. 

• Receptor-mediated internalization of polymers 
The ability to track polymer movement within cells would 
constitute a critical advance in understanding and optimizing 
polymers as delivery agents. Ideally, imaging strategies that 
allow observation of polymer internalization should involve 
minimal sample manipulation to limit artifacts. Exploring how 
receptor-mediated uptake of polymers influences their traffick
ing in a complex physiological environment requires the 
synthesis of polymers possessing epitopes that bind to a spe
cific receptor. Such compounds could be exploited to 
understand polymer internalization in live cells and also to 
direct polymers to specific cell types. To this end, ROMP 
has been used to generate polymers that display B-cell
receptor-specific epitopes. The incorporation of a masked 

terminal fluorophore90 provides the means to visualize the 
process of polymer internalization in real time and in live 
cells.91,92 The synthetic route utilizes a vinyl ether bearing an 
azide group as a terminator. The resulting end-functionalized 
polymer can undergo subsequent reaction with an 
alkyne-functionalized rhodamine dye using copper-catalyzed 
azide/alkyne cycloaddition (CuAAC, a reaction that is classified 
as click chemistry).93,94 

To target the polymers to B cells that display a specific 
receptor, ROMP-derived polymers were functionalized with 
the immunogenic antigen 2,4-dinitrophenyllysine (DNP). 
These polymers bind to a cell line that displays a 
DNP-specific B-cell receptor (BCR).95 Clustering of the BCR 
promotes B-cell activation and uptake of antigen. Binding and 
internalization of the polymer was shown to be 
receptor-mediated, as colocalization was observed with the 
polymer and a marker specific to the BCR (Figure 17). 
Because the fluorophore is masked until it encounters endoso
mal esterases,91,92 fluorescence was observed only upon 
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Figure 16 Polymers with ATDs can be generated by ROMP. The ATD promotes cellular internalization. HeLa cells were incubated with polymer and 
visualized by using confocal fluorescence microscopy. The polymeric ATD is seen in endocytic vesicles (punctate fluorescence) as well as in the cytoplasm 
(diffuse fluorescence). Scale = 25 μm. 

polymer internalization. This feature of the probe eliminates 
the need for subsequent washing steps to eliminate back
ground fluorescence. Thus, this strategy offers the benefit of 
monitoring polymer internalization and trafficking in real time 
and highlights the utility of end-capping strategies for incor
poration of probes used in cellular imaging. 

4.28.1.4.4 ROMP to generate polymers for probing cell 
signaling responses and mechanisms 
• Polymers as modulators of bacterial chemotaxis 
Polymers have been used to explore the sensory signaling 
cascade in bacteria that results in chemotaxis. The ability of 
a cell to sense and respond to extracellular signals is essential 
for its function and survival. Through 40 years of intensive 
study, the bacterial chemotaxis system has emerged as a 
paradigm for transmembrane signaling and molecular infor
mation processing.96,97 In Escherichia coli, four primary 
ligand-binding membrane-bound chemoreceptors Tsr, Tar, 
Tap, and Trg mediate responses to a range of attractants 
including serine, aspartate, dipeptides, and glucose/galactose, 
respectively.98,99 Upon binding their respective ligands, these 
receptors initiate a signaling process that ultimately controls 
whether bacteria move toward or away from the ligand. How 
bacteria can respond sensitively (e.g., to five molecules of 
attractant)98 has been a mystery. A model was advanced 
proposing that bacterial chemoreceptors within the plasma 
membrane collaborate to amplify signals.100 To test 
this hypothesis, Gestwicki et al.101 synthesized a series of 
galactose-substituted polymers of increasing length. They 
postulated the galactose epitopes would serve as attractants 
and the polymer length variation would provide a means to 
cluster the chemoreceptors to different extents. The shortest 
polymer (M:I 10) had a potency similar to that of monovalent 

galactose but polymers generated using higher M:I ratios 
(e.g., 25:1) were about 100-fold more potent as attractants 
(Figure 18). These results imply that chemoreceptor– 
chemoreceptor interactions are important in signal transduction. 

Bacteria cluster their chemoreceptors at the cell poles, and 
subsequent studies using polymers generated by ROMP 
revealed the importance of the chemoreceptor lattice.102,103 

Specifically, polymers were used to alter the organization of 
the chemoreceptor lattice. Interestingly, polymer treatment 
resulted in the amplification of signals to other attractants 
(serine or aspartate). These results emphasize that occupation 
of one receptor type can influence signaling from another. In 
E. coli this effect is important only for attractant and not for 
repellent signaling. When the repellent leucine is displayed on 
a polymer backbone (M:I of 50 or 100), it becomes an attrac
tant (Figure 19(a)).21 This intriguing result was hypothesized 
to result from loosening of the chemoreceptor lattice such that 
polymers functionalized with repellents disrupt preorganized 
lattice formation. Interestingly, monovalent repellents stabi
lize the chemoreceptor array (Figure 19(b)), but attractants 
appear to loosen it. Disrupting resting-state interactions pre
sent in unstimulated signaling complexes could be a general 
mechanism for activating cellular responses. Importantly, the 
ability of multivalent ligands to activate distinct signaling 
processes, relative to their monovalent counterparts, high
lights the utility of ROMP-derived materials for exploring 
fundamental questions in cell biology. 

• Polymers as probes of immune signaling 
The ability of cell-surface receptors to recognize and respond 
to ligands provides impetus to discover natural or 
non-natural ligands that can be used to perturb or interro
gate cell signaling. Because cells naturally encounter 
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(a) (c) (e) 

(b) (d) (f)

Figure 17 DNP-functionalized polymers synthesized by ROMP are taken up by cells via BCR-mediated endocytosis. To stain the DNP-specific BCR, 
cells were treated for 30 min with Cy3-conjugated anti-IgM. Rhodamine-labeled DNP-substituted polymer was added and images were acquired 
immediately without washing (a, b) or after 15 min (c, d). Panel (e) depicts data from the emission of both the Cy3 and rhodamine probes. Panel (f) is a 
bright field image of the B cells. Scale = 39 μm (a, b) and 10 μm (c–f). 

multivalent displays in physiological settings, polymeric 
ligands can serve as excellent probes of biological responses. 
For example, the immune system employs multivalent 
interactions to initiate signaling events that lead to immu-
nity or tolerance. B lymphocytes have a cell-surface receptor 
that senses antigen and directs responses toward antibody 
production (immunity) or anergy (tolerance).102,104 

B-cell responses to either foreign or self-antigens are elicited 
through a multiprotein complex containing a 
membrane-bound antibody termed the B-cell receptor 
(BCR). Engagement of the BCR by multivalent antigen can 
result in B-cell survival, proliferation, and differentiation or 
B-cell quiescence or programmed cell death.105,106 A num-
ber of features  of the  antigen  are  thought  to  influence  
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Figure 18 Galactose-substituted polymers generated by ROMP promote bacterial chemotaxis. Data are from Escherichia coli treated with galactose, 
monomer, or polymers (10mer or 25mer) at the given concentrations. A decrease in the mean angular velocity is indicative of a more potent 
chemoattractant. 
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Figure 19 Polymers synthesized by ROMP to probe chemotactic responses of Escherichia coli to the repellent leucine. (a) Polymers 1 and 2 were sensed 
as repellents (increased angular velocity), but higher valency polymers (e.g., 3 and 4) were sensed as attractants (lower angular velocity). The angular 
velocity of unstimulated cells is denoted by the dashed line. (b) Percentage of E. coli exhibiting diffuse staining when treated with chemostimulant addition. 
Adapted cells (black) were treated with 1 mM stimuli 5 min prior to fixation. The results indicate that leucine-substituted polymers induce a change in the 
localization of the chemoreceptors. By contrast, monovalent leucine stabilizes the chemoreceptor array. Inset: Example of cells displaying polar (P) or 
diffuse (D) staining of chemoreceptors. 
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signaling including its functional affinity (avidity), dose, 
and valency. 

How antigen structure influences B-cell responses was 
examined using polymers synthesized by ROMP.22 Polymers 
functionalized with the aforementioned DNP were evaluated 
for their ability to elicit anti-DNP antibody production in mice. 
Polymers of different valencies were used to interrogate the role 
of receptor clustering in B-cell activation. Animals treated with 
the highest valency polymer (M:I 500) exhibited DNP-specific 
antibody levels that were significantly higher than that 
achieved with the lower valency polymers (Figure 20(a)). 
These investigations indicate that polymers generated by 
ROMP could be used to activate signaling in vivo without caus
ing toxicity. 

One key manifestation of antigen-induced signaling in B 
cells is an increase in intracellular calcium ion concentration. 
Assessing the magnitude of changes in calcium ion concentra
tion provides an insight into whether the observed 
valency-dependent differences in antibody production in vivo 
correlate with B-cell signaling. Accordingly, calcium flux was 
measured when cells were treated with polymers of different 
valency (Figure 20(b)). Intracellular calcium levels rose with 
longer length polymers, suggesting that higher valency poly
mers are more potent inducers of signaling. An unexpected 
finding of these studies, however, was that even the 
low-valency polymers activate signaling. Thus, differences in 
polymer activity cannot be attributed merely to whether they 
can contribute to signal amplification.105 

The signal amplitude elicited by various multivalent 
ligands was related to their ability to promote BCR clustering 
(Figure 21(a)). A greater degree of clustering was observed 
in cells treated with the higher valency polymers (M:I 500) 
and the corresponding signal was high. Interestingly, the poly
mers could effect clustering of both occupied and unoccupied 
receptors, suggesting that BCR–BCR interactions can contri
bute to signal amplification (Figure 21(b)). Intriguingly, 
the influence of ligand valency on receptor clustering and 
the magnitude of output responses were similar in the unre
lated processes of bacterial chemotaxis and B-cell signaling. 
These data suggest that there may be similarities in how 
responses to low concentrations of signals are amplified. 
Moreover, the data indicate that ROMP can be used to gen
erate polymers that elicit specific cellular responses both 
in vitro and in vivo. 

• Signaling polymers that cluster multiple types of receptors 
B-cell signaling events critical for immune system regulation 
often rely not only on the BCR but also on coreceptors. 
Coreceptors add context to BCR responses to antigen by either 
augmenting or diminishing B-cell activation. They therefore are 
critical for the ability of cells to respond appropriately to for
eign and self-antigens.107,108 An important coreceptor on B 
cells is CD22 (Siglec-2), which acts to suppress B-cell activa
tion. CD22 binds glycoconjugates possessing terminal sialic 
acid residues.109 Glycoconjugates of this type are present on 
some antigens, and they are also abundant on the glycans that 

Figure 20 Polymers generated by ROMP elicit antibody production in vivo. (a) The levels of anti-DNP antibodies in BALB/c mice were determined 
15 days after the injection of synthetic multivalent ligands. The higher valency polymer (500mer, red) induced production of DNP-specific IgM antibodies, 
but the 10mer (blue) did not. (b) Changes in calcium concentration induced by multivalent ligands. An increase in calcium flux was observed for higher 
valency polymers. 
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Figure 21 Bioactive polymers induce BCR clustering. (a) Visualization of B-cell receptor (BCR) in untreated cells or cells treated with DNP-substituted 
polymers (10mer or 500mer). BCR clustering is more pronounced in cells treated with high valency polymers. (b) Polymers cluster both ligated and 
unligated receptors. DNP-specific BCR (IgM) and unliganded BCR (IgG) colocalize and cluster in the presence of polymers. 

reside on the B-cell surface.110,111 Accordingly, interactions of 
CD22 with cell-surface glycoproteins (cis interactions) might 
sequester it from interacting with glycosylated antigens (trans 
interactions). 

While the importance of cis interactions in the modulation 
of immunity has been established,110 the functional role of 
trans interactions was unclear. Polymers generated by ROMP 
were used to investigate whether trans interactions could recruit 
CD22 to modulate BCR signaling.112 As mentioned previously, 
a hallmark of B-cell activation and signaling is the increase in 
intracellular calcium ion concentration. As expected, homopo
lymers (M:I 250) decorated with DNP epitopes resulted in 
B-cell activation. Homopolymers presenting a trisaccharide 
CD22 ligand (M:I 250), however, did not bind because of 
masking by cis interactions (Figure 22(a)). By contrast, a copo
lymer consisting of DNP and CD22 could bind and colocalize 
both CD22 and the BCR. Interestingly, this copolymer attenu
ates B-cell signaling, indicating that CD22 can function in trans 
(Figure 22(b)). These findings suggest that immune responses 
to glycosylated antigens that can bind CD22 will be sup
pressed; therefore, they highlight a new role for antigen 
glycosylation. Together, these studies underscore the value 
and versatility of ROMP for generating polymers that can elicit 
biological responses by assembling multiple types of proteins. 

4.28.1.4.5 Block copolymers 
• Potential for polymeric micelles in imaging 
Probes for optical imaging of tumor cells can facilitate the 
noninvasive diagnosis of cancer progression.113 Polymers can 
be especially useful for imaging tumor cells because of their 
preferential accumulation in solid tumors due to the EPR 
effect.4 The extent of polymer localization within the tumor 
microenvironment is dramatically affected by many factors 

including polymer charge,53,114 molecular weight,115,116 and 
solution conformation.117 One effective strategy for targeting 
tumor cells has been to use amphiphilic assemblies, such as 
liposomes118,119 or micelles,120,121 suggesting that imaging 
agents with these architectures might be valuable. 

To this end, the Grubbs group has used ROMP to generate 
amphiphilic block copolymers bearing fluorine-18 for positron 
emission tomography (PET) imaging.2 Norbornene-imide 
monomers bearing a cinnamoyl group were used as building 
blocks because photo-cross-linking could be used after poly
merization to impart stability to the micelle. Monomers 
bearing oligoethylene glycol units with terminal mesylate 
groups were used to generate a second block. The mesylate 
group serves as a reactive handle for subsequent fluorine-18 
incorporation. The functionalized PEG chains are biocompati
ble and block copolymers were assembled using catalyst 9 to 
afford amphiphilic micelles. The hydrodynamic radius of the 
polymers was readily controlled by varying the monomer to 
catalyst ratios (Figure 23). Late-stage installation of fluorine-18 
provided the means to generate polymers that can be used in 
PET imaging. This study highlights the versatility of ROMP for 
controlling the size of block copolymer assemblies. It will be 
interesting to determine the utility of the different-sized macro
molecular aggregates in tumor imaging. 

• Polymers generated by ROMP localize to tumors 
Miki et al.122 have implemented ROMP to generate amphiphi
lic copolymers equipped with near-infrared dyes for in vivo 
tumor imaging. Their probes are based on triblock copolymers 
consisting of hydrophobic, hydrophilic, and dye segments 
(Figure 24). Norbornadiene monomers were used in the poly
merization, and the resulting polymers were rendered water 
soluble through subsequent dihydroxylation of the polymer 
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Figure 22 Polymers synthesized by ROMP can bind simultaneously to the BCR and the inhibitory coreceptor CD22 and attenuate cell activation. (a) The 
ability of polymers 1–3 to bind to the BCR and activate signaling (calcium flux, right). DNP homopolymers (1) activate signaling, but copolymers (3) that 
bind both the BCR and CD22 inhibit B-cell activation. (b) Schematic depiction of the recognition processes that lead to activation (green) or inhibition (red) 
of B-cell signaling. The activation process involves upregulation of intracellular Ca2+ and tyrosine phosphorylation (as represented by the upward arrow). 

Figure 23 Amphiphilic block copolymers that incorporate fluorine-18 for PET imaging. Ms, mesylate. 

backbone. The triblock copolymers form micelles with low 
critical micelle concentration values, indicating that the 
self-assembled block copolymers are stable in aqueous solu
tion. When mice were injected with the copolymers, the 
imaging agents accumulated in the tumors and were observable 
for 2 weeks. The authors speculate that the long retention time 
in the tumor is a result of the stability of the polymer assem
blies. This study provides another example of in vivo use for 
polymers generated by ROMP. 

• Block copolymers for drug delivery 
Bertin et al.123 used ROMP to synthesize amphiphilic copoly
mers that function as both targeting and drug delivery agents. 
Copolymers were generated using a monomer possessing ethy
lene glycol units bearing tosyl groups and another conjugated 
to the nonsteroidal anti-inflammatory drug indomethacin. 
This drug has shown anticancer activity and the authors wanted 
to deliver it to tumor cells (Figure 25). The amphiphilic block 
copolymers produced form micelles in aqueous media, such 
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Figure 24 Triblock copolymer synthesized for in vivo tumor imaging. ICG, indocyanine green. 

Figure 25 Amphiphilic copolymer for tumor targeting and drug delivery. Antibodies targeted to the human epidermal growth factor receptor-2 (HER-2) 
on cancer cells were appended to the polymer through conjugation of exposed lysine residues. The conjugates are taken up in cancer cells. Ts, tosyl. 

that the hydrophobic drug is sequestered in the lipophilic core 
of the nanoparticle while the tosyl groups are exposed on the 
surface. The tosyl groups could be displaced to append anti
bodies that recognize the transmembrane human epidermal 
growth factor receptor-2 (HER-2), a receptor upregulated in 
cancer cells. The macromolecular conjugates were tested for 
internalization by the human breast carcinoma cell line 
SKBR3. The functionalized block copolymer assemblies were 
taken up efficiently, and internalization depended on antibody 
conjugation. These data indicate that the uptake of these 
micelles depended upon their ability to interact with an endo
cytic receptor. Thus, ROMP can be used to generate polymers 
that present both targeting groups and chemotherapeutic 
agents and such conjugates may lead to new types of 
polymer-based chemotherapeutics. 

• Copolymers as antimicrobial agents 
The ability of an organism to sense and respond to bacterial 
infection is an important line of defense in innate immunity. 
When organisms are invaded by pathogens, natural antimicro
bial peptides (AMPs) are produced, which confer a level of 
protection for the host and are among the first class of com
pounds produced after infection.124 A common feature of most 
antimicrobial peptides is their positive charge and facial 
amphiphilicity, which are thought to be important for inser
tion into the negatively charged membrane of various 
pathogenic organisms.125 This insertion causes membrane 
reorganization and disruption, which ultimately leads to pore 
formation and cell lysis.126 Because of the differences in the 
surfaces of bacterial and mammalian cells, AMPs can selectively 

attack bacteria within a host organism. Moreover, resistance to 
AMPs is much harder to evolve than antibiotic resistance;127 

consequently, the development of polymers that recapitulate 
the features of AMPs could yield antimicrobial agents. 

Researchers have sought to mimic the molecular architecture 
and activity of AMPs using synthetic polymers.128–131 Lienkamp 
et al.128 have used ROMP to generate synthetic mimics of anti
microbial peptides (SMAMPs). Homopolymers functionalized 
with both hydrophobic and hydrophilic moieties were designed 
to mimic the natural amphiphilicity of AMPs. In addition, 
the effect of size and hydrophobicity of the polymers on their 
antibacterial activity and selectivity toward the growth of the 
bacteria E. coli and Staphylococcus aureus and on their hemolytic 
activity toward red blood cells was assessed (Figure 26). 
Homopolymers functionalized with the less hydrophobic 
methyl esters were inactive and nonhemolytic for S. aureus and 
E. coli as well as red blood cells. The highest antibacterial activity 
was obtained with polymers possessing propyl substituents; 
these compounds had a minimum inhibitory concentration for 
90% bacterial killing (MIC90) of 6.25μmm l−1 for E. coli 
and 15 μmml−1 for S. aureus. The activity of more hydrophobic 
polymers was decreased (MIC90 >200  μmml−1). Hemolytic 
activity, however, increased with increasing hydrophobicity of 
the polymers (HC50 <50μ gml−1). Interestingly, the molecular 
weight of the polymers was shown to affect the growth of E. coli 
and S. aureus. Oligomers and low-molecular weight polymers 
(3k) were shown to have antibacterial activity against S. aureus 
but little activity against E. coli. Conversely, higher molecular 
weight polymers (10k) were more active against E. coli than 
S. aureus. Thus, an optimal balance of amphiphilicity and 
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MIC90 (μg ml–1) HC50 (μg ml–1) Selectivity 

Compound E. coli S. aureus E. coli S. aureus 

1 >200 100 2000 <10 20 

2 50 50 1400 28 28 

3 6.25 15 50 8.3 3.3 

4 >200 >200 50 <10 <10 

5 >200 >200 1250 <6.3 <6.3 

6 3.75 200 <50 13 <0.25 

7 >200 <3.75 >200 10 >533 
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Figure 26 Polymers generated by ROMP can function as antimicrobial agents. The minimal inhibitory concentration that prevents 90% bacterial growth 
(MIC90) and hemolytic activity toward red blood cells (HC50 = concentration that promotes lysis of 50% of red blood cells) were assessed for each 
compound. Selectivity is defined by the ratio of HC50/MIC90. 3k and 10k refer to polymers with molecular weights of 3000 and 10 000 g mol−1, respectively. 

molecular weight of the polymers influences their antibacterial 
activity and selectivity. 

Greater selectivity for antimicrobial activity over hemoly
sis led to the synthesis of copolymers. The combination of 
an inactive and nonhemolytic block with an active and 
hemolytic block afforded copolymers that were 533-fold 
more selective for bacteria over red blood cells and 50-fold 
more selective for S. aureus over E. coli. Thus, tuning the 
overall hydrophobicity and charge density of the polymers 
afforded polymer selectivity. These results indicate that poly
mers generated by ROMP can function as potent and 
selective antimicrobial agents. 

• Copolymers possessing an intracellular delivery block 
Applications of block copolymers typically result from imbuing 
each block with distinct properties (e.g., hydrophobicity or 
hydrophilicity) such that the resulting polymer can form a 
macromolecular assembly. Biologically active block copoly
mers that could be designed in which each domain serves a 
distinct biological function would prove valuable. For instance, 
a strategy in which one block could serve as an internalization 
component for cellular uptake of polymers would be valuable. 
Kolonko et al.132 devised a strategy in which one block was 
designed to function as an ATD (see Section 4.28.1.4.3). 
Specifically, they used ROMP to control block length and 
thereby installed a short block displaying guanidinium groups 

that facilitates uptake (Figure 27). The block copolymer was 
internalized with localization in both vesicles and the cyto
plasm. A homopolymer lacking the ATD failed to undergo 
internalization. These data reveal that the ATD can promote 
uptake of block copolymers. This strategy can yield 
cell-permeable bioactive polymers. 

4.28.1.5 Conclusions 

ROMP can be used to construct polymers for diverse biological 
applications. Advances in design are affording new catalysts 
with exceptional chemoselectivity. Thus, even more complex 
polymers can be assembled. In addition, catalysts and condi
tions can be devised to vary polymer structure and thereby 
optimize polymer function. To date, ROMP has been used to 
generate polymers with diverse functions, including inhibitors 
of receptor–ligand interactions, novel drug delivery agents, 
innovative imaging agents, and incisive mechanistic probes of 
multivalent interactions. Ligands generated by ROMP have 
been applied to illuminate the role of receptor organization 
in bacterial chemotaxis and cell-mediated immunity. Indeed, 
applications of ROMP are providing new materials for under
standing and tuning biological responses. Further advances in 
ROMP will undoubtedly fuel new and imaginative applications 
of bioactive polymers. 
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Figure 27 Block copolymers in which one block serves as an ATD can be internalized by cells. Fluorescence microscopic images of live HeLa cells 
incubated with the rhodamine-labeled polymer for varying time points at 37 °C are shown. The block copolymer localizes in both endocytic vesicles 
(punctate staining) and the cytoplasm (diffuse fluorescence). Scale = 25 μm. 
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4.29.1 Introduction and Historical Background 

Polyphosphoesters (PPEs) represent a wide range of biodegrad
able polymers with phosphoester bonds in the backbone. 
Due to the pentavalency of the phosphorus atom, various 
side groups can be connected to the polymer backbone. 
Depending on the nature of the side groups, the PPEs can be 
described as polyphosphate, polyphosphonate, polyphosphite, 
or polyphosphoramidate, as shown in Figure 1. In this chapter, 
we focus on the introduction of polyphosphates with P–O 
linkage between the backbone and the side group. 

Past interests in phosphorus-containing polymers have pri
marily concentrated on their flame-retardant properties. 
However, due to the high cost of synthesis of polymers in 
comparison to carbon analogs and their instability, research 
interest in PPEs faded in the 1960s. Thereafter, Prof. Penczek 
and his colleagues pioneered the research on PPEs in basic 
science and biological applications in the 1970s. They pro
posed that, as analogs of nucleic and teichoic acids, these 
polymers could represent interesting classes of biomacromole
cules. They also extensively studied the synthesis of PPEs and 
elucidated the mechanisms of reactions, summarized in 
excellent reviews.1–4 Based on these foundations, several repre
sentative groups such as Zhuo’s and Leong’s groups have 
explored the biomedical applications of PPEs since the 1980s. 
Initially, they synthesized polymers for controlled drug deliv
ery5–10 and subsequently expanded applications to tissue 
engineering and gene delivery.11–13 Parts of these studies have 
been summarized in comprehensive reviews.13–15 

In recent years, the development of PPEs has made great 
progress on aspects of both synthetic methods and biomedical 
applications. This is mainly attributed to the innovation in 
synthetic approaches of these polymers. Wang and his collea
gues first found that, under the catalysis of stannous octoate 
(Sn(Oct)2) or aluminum isopropoxide (Al(OiPr)3), one can 
obtain well-defined PPEs by controlled ring-opening polymer
ization (ROP) of five-membered cyclic phosphoester 
monomers.16–18 Thereafter, Iwasaki’s group reported the first 
example of ROP of PPEs using an organocatalyst such as 1,8
diazabicyclo[5.4.0]undec-7-ene (DBU) or 1,5,7-triazabicyclo 
[4.4.0]dec-5-ene (TBD), which further contributed to the pre
paration of PPEs.19 Based on these methods, a series of 
PPE-containing polymers with different topological structures 
such as block copolymers, graft copolymers, miktoarm star 
polymers, and hyperbranched polymers have been developed. 
Novel properties of PPEs such as thermosensitivity have been 
discovered and the functionalization of PPEs through the side 
groups has become easy with these processes. More impor
tantly, the biomedical applications of PPEs have been further 
advanced. For example, PPE-containing polymers have been 
fabricated as nanoparticle carriers for hydrophobic or hydro
philic drugs and even for small interfering RNAs (siRNA) in 
cancer therapy. The recent progress of PPEs in terms of synth
esis and biomedical applications has been partially reviewed by 
Wang et al.20 recently. 

This chapter consists of three main parts. First, controlled 
ROPs of cyclic phosphoester monomers are elucidated. Second, 
the novel properties of PPEs such as thermosensitivity and 
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Figure 1 Structures of PPEs. 

functionality are described. The final part is devoted to a sum
mary of the biomedical applications of PPEs in drug and 
nucleic acid delivery as well as in the field of tissue engineering. 

4.29.2 Controlled Syntheses of PPEs by Ring-Opening 
Polymerization 

Syntheses of PPEs by ROP were pioneered by Prof. Penczek and 
his colleagues at the end of the 1970s, initially as analogs of 
nucleic and teichoic acids, later on as biomembranes designed 
as polymer–inorganic hybrids or for mimicking biomineraliza
tion.21 They studied synthesis extensively and elucidated many 
of the mechanisms of different preparation methods, including 
anionic and cationic ROPs,22,23 polycondensation,24,25 and 
polyadditions.26 These methods are still the main approaches 
for the syntheses of PPE-based biomaterials, although interfa
cial polymerization27 and recently reported enzyme-catalyzed 
polymerization28 are possibly alternative methods. 

However, the polymerization methods described above 
always face difficulties when it is necessary to prepare PPEs 
with a well-defined structure, controlled composition, and 
tunable molecular weight. It is also difficult to synthesize block 
copolymers of PPEs with other biocompatible polymers for 
potential physicochemical property adjustment in biomedical 
applications.13 Recently, Wang et al. and Iwasaki et al. reported, 
respectively, that some metal-containing catalysts and organoca
talyst can efficiently catalyze the ROP of five-membered cyclic 
phosphoester monomers with controlled/living polymerization 
characteristics.16–19 These processes remarkably enhance the 
ability to design and prepare PPE-containing polymers with 
well-defined structures. Thus, we plan to introduce these studies 
in the first part of this chapter. As reported recently, three differ
ent approaches have been employed to perform the controlled 
synthesis of homopolymer or block copolymers of PPEs. We will 
discuss the ROPs in the sequence of Al(OiPr)3, Sn(Oct)2, and  
organocatalyst reactions. 

4.29.2.1 Controlled Polymerization with Al(OiPr)3 

Al(OiPr)3 has been used as an initiator and catalyst for the 
polymerization of aliphatic polyesters such as poly 
(ε-caprolactone) (PCL) and poly(lactic acid) (PLA) through 
the ‘coordination insertion  mechanism.29 

– ’ The polymerization 
process can be readily controlled, and it involves selective 

cleavage of the acyl–oxygen bond of the monomer, to make a 
hydroxyl end group after hydrolysis or acidolysis.30 It has been 
reported that two main species, trimer (A3) and tetramer (A4) 
of Al(OiPr)3, react with ε-caprolactone (ε-CL) with different 
polymerization rates. A3 initiates the polymerization of ε-CL 
efficiently and quantitatively, while A4 cannot initiate 
polymerization.31,32 

Although Al(OiPr)3 has showed high potency for ROP, it 
was not used for the controlled polymerization of cyclic phos
phoester monomers before the year 2006. Wang et al. first 
investigated the ROP of a model five-membered cyclic phos
phoester monomer, namely methoxyethyl ethylene phosphate 
(MOEEP) (eqn [1]). It was found that this monomer can be 
initiated with A3 in tetrahydrofuran (THF). The linear depen
dence of ln{([M]0 − [M]eq)/([M] − [M]eq)} on polymerization 
time shown in Figure 2 is in agreement with first-order kinetic 
plots for polymerization, indicating living polymerization of 
the MOEEP monomer, where [M]0, [M], and [M]eq are concen
trations of MOEEP at time 0, time t, and equilibrium. 
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Figure 2 Kinetics of homopolymerization of MOEEP initiated with alu
minum isopropoxide trimer (A3). Conditions: 20 °C in THF, 
3[A3] = 5.0 � 10−3 mol l−1, initial concentration of MOEEP 
[M]0 = 0.25 mol l−1. [M] and [M]eq are concentrations of MOEEP at time t 
and equilibrium. Reproduced with permission from Wang, Y. C.; 
Shen, S. Y.; Wu, Q. P.; et al. Macromolecules 2006, 39, 8992–8998.17 
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1  ½ �

The structural similarity between the cyclic phosphoester 
monomer and lactone may suggest the same ‘coordination– 
insertion’ mechanism as shown in eqn [2].17 

½2� 

In addition, it has also been revealed that the rate of propa
gation of the PPE block is affected by the structure of the 
pendent group connected to the phosphorus. For example, 
when the side group is isopropoxy, the polymerization rate is 
much lower than that of the monomer with an ethoxy group.16 

The rate constant was 4.3 � 10−2 l mol−1 min−1 at 90 °C in 
toluene when the side group was isopropoxy group, while it 
increased to 1.6 � 10−1 l mol−1 min−1 at 50 °C in the same sol
vent when the side group was replaced by an ethoxy group. 
Nevertheless, this polymerization procedure will facilitate the 

Block copolymerization of PCL and PPEs can be performed 
with the initiation of Al(OiPr)3.

16,17 In a typical example, the 
polymerization of ε-CL was initiated by A3 in THF, followed by 
the addition of phosphoester monomer (eqn [3]). The actual 
formation of the expected block copolymers was confirmed by 
nuclear magnetic resonance (NMR), Fourier transform infrared 
spectroscopy (FT-IR), and gel permeation chromatography 
(GPC). Kinetic studies revealed that the Mn of PPE follows a 
linear relationship with monomer conversion (up to 94.3%), 
and the molecular weight distribution remains narrow with 
dispersity (PDI) around 1.2, indicating that a limited amount 
of inter- or intramolecular transesterification reactions 
occurred. This enables the synthesis of block copolymers with 
narrow molecular weight distribution, controlled molecular 
weights, and adjustable compositions. 

synthesis of block copolymers of aliphatic polyesters and PPEs 
with defined molecular architectures and properties for poten
tial biomedical applications. 

4.29.2.2 Controlled Polymerization with Sn(Oct)2 

As one of the most widely used catalysts for the polymerization 
of cyclic esters, Sn(Oct)2 has been reported to catalyze the 
polymerization of ε-CL, lactide (LA), or analogs in bulk or in 
solution by the formation of stannous alcoholate active centers 
in the presence of ROH or RNH2.

33,34 Polymer chain propaga
tion has been described as simple monomer insertion into 
the –Sn–OR bond.33 Polymerization of cyclic phosphoester 
monomers with the catalysis of Sn(Oct)2 has been studied in 

½3� 
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either THF or bulk with the co-initiation of Sn(Oct)2 

and alcohol or a macroinitiator containing a hydroxy 
end group.18,35–38 Similar to the mechanism proposed for ε-CL 
and LA polymerization,33,39–41 a stannous alkoxide species is 
produced between the alkoxy group and Sn(Oct)2. The  reaction  
of stannous alkoxide with monomers by means of coordination– 

polymerization mechanism.18 By this means, block copoly
mers of PPE with poly(ethylene glycol) (PEG) or aliphatic 
polyesters (e.g., PCL or polylactide) can be synthesized conve
niently under the co-initiation of Sn(Oct)2 with a hydroxyl 
group-ended polymer chain, while the block lengths of PPE 
can be well controlled.35–38,43 

insertion generates the first actively propagating chain end 
(1 mer*), consisting of both the initiating alkoxy fragment and 
the active propagating center derived from the first monomer unit 
and stannous alkoxide (eqn [4]). 

Figure 3 shows the first-order kinetic plots for the polymer
ization of monomer ethyl ethylene phosphate (EEP) at 
different temperatures, where [M]0, [M], and [M]eq are concen
trations of EEP at time 0, time t, and equilibrium. The linearity 
of these plots demonstrated that the EEP consumption is in 
first order with reaction time and can be described by 

d
p 

½EEP� 
R ¼ ¼ k

d appð½EEP�−½EEPt 
�eqÞ

where Rp is the rate of polymerization and kapp is the 
apparent propagation rate constant. Since the relationships 
shown in Figure 3(a) are linear, the slopes of these plots 
are equal to kapp. It has been found that kapp increases 
20-fold on increasing the polymerization temperature from 
0 to 40 °C, and an Arhennius analysis has revealed that the 
relationship between kapp and polymerization temperature 
is consistent with the following equation, where ln kapp is 
linearly dependent on 1/T: 

  

¼
�

E
k a
app  Aexp − 

RT 

�
Figure 3(b) shows the conversion dependence of EEP on 

reaction time. Practically, at 40 °C, approximately 90% conver
sion of EEP can be achieved in 30 min, while only less than 
40% conversion of EEP was observed at 0 °C under otherwise 
identical polymerization conditions. 

The above kinetic studies revealed that the ROP reaction is 
first order and suggested the formation of active center 
stannous alkoxide as well as a coordination–insertion 
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Figure 3 Kinetics of EEP ROP initiated with Sn(Oct)2 and dodecanol. 
Conditions: [EEP] = 1.0  mol l−10 , [Sn(Oct)2]0 = 0.025 mol l−1, [dodecanol]0 = 
0.05 mol l−1, THF solvent; (a) effect of reaction temperature 40 °C (■), 
25 °C (●), 0 °C (▲); (b) EEP conversion at various reaction time, 40 °C (■), 
25 °C (●), 0 °C (▲). Reproduced with permission from Xiao, C. S.; 
Wang, Y. C.; Du, J. Z.; et al. 18 Macromolecules 2006, 39, 6825–6831.
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Figure 4   Mw Mn  Mn      
merization of 2-isopropoxy-2-oxo-1,3,2-dioxaphospholane (IPP) by using 
DBU as the catalyst. Broken lines suggest the theoretical amount of each 
polymerization condition. Reproduced with permission from Iwasaki, Y.; 
Yamaguchi, E.  Macromolecules 2010, 43, 2664–2666.19

Plot of / and vs. monomer conversion for the poly

It is worth noting that significant side reactions may occur 
with prolonged reaction time; furthermore, it is possible to 
generate branched structures due to side chain transfer. 
Transesterification during the polymerization of cyclic aliphatic 
esters is known to cause the scission of the backbone chain and 
the formation of different structures.44 Differing from tetravalent 
carbon atoms in aliphatic cyclic esters and polyesters, the phos
phorus atom is pentavalent, and, therefore, the side chain transfer 
reaction may be more complicated. As illustrated in eqn [5] 

there is a concern with environmentally sensitive metal com
pounds, and it is also expected that there should be no metal 
contaminant in PPEs, particularly when they are synthesized for 
biomedical applications. In addition, although the synthesis of 
PPEs with high molecular weights using metallic catalysts has 
been successful,37,38,48,49 there have been limitations on the 
molecular weight distributions. Taking advantage of organoca
talysts in the syntheses of polyesters, polycarbonates, and 
silicones,50 Iwasaki’s group first prepared well-defined poly 

(* represents the active center), intramolecular and intermolecu
lar chain transfer to the backbone or the pendant group may lead 
to homo, branched, or macrocyclic structures, particularly when 
the reaction time is extended after monomer consumption 
reaches equilibrium. However, by controlling the polymerization 
conditions or the reaction time, such side reactions can be sup
pressed to synthesize PPEs with a well-defined linear structure. 

On the other hand, although it seems difficult to prepare 
homo- or block copolymer of PPEs with high molecular weight 
(e.g., number-average molecule weight (Mn) higher than 
20 000) when performing polymerization in THF using 
Sn(Oct)2 as the catalyst, higher molecular weights can be 
achieved by bulk polymerization. The molecular weights in 
bulk polymerization can achieve around 40 000–50 000 
according to GPC analysis, and monomer conversions are 
above 70%. The molecular weight distributions of the block 
copolymers are around 1.50, which are slightly higher than 
those obtained in solution polymerization.37,38,45–47 

4.29.2.3 Controlled Polymerization with Organocatalysts 

The ROP process of cyclic phosphoesters using metallic com
pounds has been very successful, as described above. However, 

(2-isopropoxy-2-oxo-1,3,2-dioxaphospholane) (PIPP) using 
DBU or TBD as the organocatalyst.19 PIPP with both a narrow 
molecular weight distribution and a high molecular weight was 
obtained. As shown in Figure 4, the plot of the average mole
cular weight (Mn) versus conversion of monomer IPP was linear 
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up to 60% conversion. The linearity of the plot suggested that 
the number of macromolecules in the reaction system was con
stant during polymerization. The molecular weight distributions 
of PIPPs are narrow and stable during the polymerization pro
cess. Iwasaki et al. indicated that DBU and TBD might form 
hydrogen bonds with the alcohol, similar to the mechanism of 
ROP of lactone and LA with organocatalysts proposed by 
Hedrick and co-workers.51,52 Based on this hypothesis, ROP of 
IPP with DBU may occur through a quasi-anionic polymeriza
tion mechanism through activation of the alcohol, but TBD may 
serve as a dual activation catalyst for both the phosphoester 
monomer and the initiator. With this method, block copolymer 
of different PPEs has been reported using organocatalysts.53 

4.29.3 Topological Structure of PPE 

The development of PPE synthetic chemistry makes the synth
esis of PPEs with various structures possible. Recently, 
PPE-based polymers with different topological structures 
including linear random copolymers, block copolymers, star 
polymers, miktoarm polymers, and brush and 
hyperbranched polymers have been synthesized. Among 
them, linear homopolymers or random copolymers of PPEs 
are perhaps the most studied. Different block copolymers with 
AB, ABA, and ABC architectures have been synthesized by con
trolled ROP. By the combination of ROP of PPE with other 
controlled polymerization methods, such as living radical poly
merization, or ‘click’ chemistry, more complex architectures 
including miktoarm, comb, or graft copolymers can be synthe
sized. The richness of structures has allowed the convenient 
adjustment of material properties of PPE for biomedical 
applications. 

4.29.3.1 Random Copolymers of PPE 

Random copolymers of PPE with other polymers have been 
synthesized by ring-opening copolymerization of cyclic phos
phate monomers with other monomers (e.g., ε-CL, D,L-LA, 
trimethylene carbonate, 2,2-dimethyl trimethylene carbonate, or 
dioxanone). Many random copolymers have been reported, such 
as poly[(ε-CL)-co-(MOEEP)],17 poly[(D,L-LA)-co-(methyl ethylene 
phosphate)],54 poly[(trimethylene carbonate)-co-(EEP)], poly 
[(2,2-dimethyl trimethylene carbonate)-co-(EEP)],55 and poly 
[(p-dioxanone)-co-(EEP)].56 The incorporation of phosphoester 
linkages into the polymer backbone increases the solubility of 
copolymers in common organic solvents and decreases the 
glass-transition temperature. As a result, the processability of 
copolymers can be greatly improved.42 

4.29.3.2 Block Copolymers of PPE 

One of the significant advantages of controlled ROP of PPE with 
Al(OiPr)3, Sn(Oct)2, or organocatalysts over traditional methods 
relies on the syntheses of block copolymers of PPEs with other 
polymers, such as PEG and polyesters. Undoubtedly, the success 
of block copolymer (e.g., AB, ABA, ABC, or star-type block 
copolymers) synthesis is a significant development in PPE chem
istry in recent years.20 

Block copolymers of PCL and PPEs have been successfully 
synthesized through a two-step sequential ROP of CL and 

MOEEP, with a trimer of Al(OiPr)3 as the initiator.17 The mole
cular architecture can be well controlled through adjusting the 
feed ratios between monomers and the initiator, while the side 
reactions on the other hand can be limited by properly ceasing 
the reaction. In addition, a series of biodegradable block copo
lymers of poly(ethyl ethylene phosphate) (PEEP) with varied 
PCL or poly(L-lactic acid) (PLLA) lengths (1 and 2) have been 
synthesized in solution or in bulk through ROP of EEP mono
mers under the co-initiation of Sn(Oct)2 and PCL- or 
PLLA-bearing hydroxyl end groups.35,36,38 

Similarly, diblock copolymers MPEG-b-PEEP (3) with dif
ferent compositions that are composed of monomethoxy poly 
(ethylene glycol) (MPEG), copolymers of EEP, or isopropyl 
ethylene phosphate (PEP) have been synthesized by ROP in 
bulk.37,46,47 

Pluronic analogs based on block copolymers of poly(pro
pylene oxide) and PEEP (PEEP-b-PPO-b-PEEP) (4) have been 
synthesized by ROP of EEP using commercially available PPO 
as the macroinitiator and Sn(Oct)2 as the catalyst. Interestingly, 
the aqueous solution of the polymers can form a thermo
responsive hydrogel, which can be used for sustained drug 
release in biomedical applications.57 

Iwasaki and his colleagues prepared block copolymers of 
PIPP-b-poly(2-methacryloyloxyethylphosphorylcholine) (PIPP
b-PMPC) (5) via the combination of organocatalyst ROP and 
atom transfer radical polymerization (ATRP) methods.19 In that 
work, PIPP was prepared by ROP of cyclic phosphoester mono
mers using DBU or TBD as the organocatalyst. The resulting PIPP 
exhibited a narrow molecular weight distribution but a high 
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molecular weight. PIPP was further modified and used as a 
macroinitiator to initiate the polymerization of MPC in the 
presence of copper(I) bromide (CuBr) and 2,2′-bipyridine 
(bpy). With a well-defined structure, the polymer can form 
biocompatible nanomaterials with potential for biomedical 
applications.19 

The linear block copolymer PEEP-b-PIPP (6) has been pre
pared by Liu et al.53 The authors used a two-step ROP 
procedure of EEP and IPP, in turn using Sn(Oct)2 and DBU as 
the initiators. First, propargyl alcohol and Sn(Oct)2 were used 
as the initiator and the catalyst to prepare linear polyphosphate 
PEEP by the ROP of EEP in THF. Then, the PEEP was further 
used as the macroinitiator and DBU was used as the organoca
talyst to carry out the ROP of IPP in bulk, producing the linear 
block copolymer PEEP-b-PIPP. 

Ni and his colleagues prepared block copolymers of 
PEEP-b-poly[2-(dimethylamino)ethyl methacrylate] (PEEP-b-
PDMAEMA) (7) via the combination of ROP and ATRP.58 

The PEEP block terminating with bromine (PEEP-Br) was first 
prepared by ROP of EEP using 2-hydroxyethyl 2-bromoisobu
tyrate as a bifunctional initiator and Sn(Oct)2 as the catalyst. 
ATRP was then used to polymerize DMAEMA monomers in a 
methanol/water mixture with PEEP-Br as the macroinitiator, 
resulting in diblock copolymers of PEEP-b-PDMAEMA. These 
block copolymers are expected to have potential applications 
in gene therapy. 

4.29.3.3 Star/Miktoarm Block Polymers of PPE 

ROP has also been utilized for the preparation of star and 
miktoarm block copolymers containing PPEs. Biodegradable 

star block copolymers with four arms composed of hydropho
bic PCL and hydrophilic PEEP (SS-PCL-b-PEEP) (8) have been 
successfully synthesized using a ‘core-first’ strategy. The copo
lymers were obtained by polymerization of CL, followed by 
ROP of EEP in the presence of Sn(Oct)2.

59 

In another study, amphiphilic ABC 3-miktoarm star terpo
lymers composed of PCL, MPEG, and PEEP (9) have been 
synthesized by a combination of ROP and ‘click’ chemistry.60 

MPEG-armed PPE core-cross-linked nanogels have been 
prepared by a one-step ROP, using MPEG as the arm 
to polymerize a difunctional phosphate monomer, namely 
3,6-dioxaoctan-1,8-diyl bis(ethylene phosphate) (TEGDP), to 
obtain the core-cross-linked star polymer.61 This synthesis pro
cedure is surfactant-free, and the core material is constituted of 
a PPE which has been demonstrated to be biodegradable35,36 

and which may have wide applications in drug delivery.13 

4.29.3.4 Graft/Comb Polymers of PPE 

Up to now, a variety of well-defined brush copolymers with var
ious architectures have been synthesized by controlled/‘living’ 
polymerization methods, such as ATRP, ring-opening metathesis 
polymerization (ROMP), nitroxide-mediated free radical polymer
ization (NMP), ROP, reversible addition fragmentation chain 
transfer (RAFT) polymerization, as well as a combination of these 
polymerization techniques via various synthetic strategies. Three 
methods are usually applied for the preparation of graft/comb 
polymers, termed ‘graft onto’, ‘graft through’, and  ‘graft from’ 
approaches.62,63 The synthetic advancement in PPEs also provided 
helpful approaches to graft/comb PPE-containing polymers. 

Novel biodegradable amphiphilic brush-coil block copolymers 
consisting of PCL and PEGylated PPEs (10) have been synthesized 
by ROP of a PEGylated phosphoester monomer with the initiation 
of PCL.64 The composition and structure of the copolymer have 
been well characterized by 1H NMR,  13C NMR,  and  FT-IR,  and the  
molecular weight and molecular weight distribution have been 
analyzed by GPC measurements to confirm the brush structure. 
The block copolymer is amphiphilic and forms micellar structures 
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in water, and the obtained brush copolymer micelles are biode
gradable in the presence of Pseudomonas lipase. 

Amphiphilic centipede-like brush copolymers (11) with  bio
degradable PCL and PEEP as side segments have been prepared 
by a one-pot syntheses strategy.65 The syntheses combined ROP 
of EEP through a ‘grafting from’ strategy and ‘click’ reaction with 
α-propargyl-ω-acetyl-PCL through a ‘grafting to’ strategy, using 
multifunctional poly(tert-butyl methacrylate)-co-poly 
(2-hydroxy-3-azidopropyl methacrylate) as the main chain, 
which bears hydroxyl and azide groups from the junction points. 
The reactions are controllable, and the structure of the obtained 
centipede-like brush copolymers has been well characterized. 

In another study, a series of biocompatible and biodegrad
able block copolymers of PCL with ‘clickable’ PPE (12) have 

been reported.43 These block copolymers were synthesized 
through controlled ROP of five-membered cyclic phosphoester 
monomer, propargyl ethylene phosphate (PAEP), initiated with 
hydroxyl-ended PCL. The polymerization follows first-order 
kinetics; thus the molecular weight and composition of the 
copolymers are tunable by adjusting the feed ratio of the PAEP 
monomer to the macroinitiator. Azide-functionalized PEG has 
been grafted to the copolymer by Cu(I)-catalyzed ‘click’ chem
istry of azides and alkynes, generating ‘brush-coiled’ polymers. 
The mild conditions associated with the click reaction are shown 
to be compatible with PCL and PPE backbones, rendering the 
click reaction a generally useful method for grafting numerous 
types of functionality onto block copolymers. The block copo
lymers also show good biocompatibility with cells, supporting 
their suitability for a range of biomaterial applications. 

4.29.3.5 Hyperbranched Polymers of PPE 

Hydroxyl functionalized five-membered cyclic phosphoester 
monomers, namely 2-(2-hydroxyethoxy)ethoxy-2-oxo-1,3,2
dioxaphospholane (HEEP), have been prepared for the 
synthesis of a water-soluble hyperbranched polyphosphate 
(HPHEEP) (13). The polymer was synthesized through a 
so-called self-condensation ROP (SCROP) in bulk without 
the addition of any catalyst.53,66 The terminal hydroxyl groups 
potentially provide a unique opportunity for further modifica
tion and functionalization in biomedical applications.67–70 
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4.29.4 Thermoresponsive PPEs 

Thermoresponsive polymers are promising for biomedical appli
cations, including as smart drug/gene delivery systems, injectable 
tissue engineering scaffolds, and cell culture and separation 
sheets.71,72 However, either the most frequently studied thermo
responsive polymers such as poly(N-isopropylacrylamide) 
(PNIPAAm), oligopoly(ethylene glycol), poly(N,N′
diethylacrylamide), and poly(2-carboxyisopropylacrylamide) are 
non-degradable or the lower critical solution temperature (LCST) 
cannot be tuned. 

Iwasaki and co-workers first reported that PPEs with alkyl 
side groups are thermosensitive. Their LCSTs are tunable by 
adjusting the composition of polymers.73 The possibility of 
varying the molecular designs and the changeable LCST of 
PPE polymers are significant advantages over conventional 
biodegradable polymers (e.g., aliphatic polyesters). This kind 
of biocompatible and thermoresponsive PPEs can be used as 
novel smart biomaterials. 

The influence of molecular weights and compositions of PPE 
on thermoresponsiveness has been carefully investigated by 
Wang et al., through the synthesis of block copolymers of PPE 
with either PCL or PEG.37,38 Block copolymers of PEG with 
specific PPEs show thermo-induced self-assembly behavior in 
aqueous solution, resulting in micellar nanoparticles (MNPs) 
with a hydrophobic PPE core and a hydrophilic PEG shell 
when the temperature is higher than its LCST. These polymers 
are biocompatible and hydrolytically degradable. The molecular 
weight and compositions of block copolymers have been modu
lated through the controlled random ROP of EEP and IPP, using 
MPEG as the initiator and Sn(Oct)2 as the catalyst (eqn [6]). It 
has been clearly demonstrated that the phase transition tempera
tures of polymer solutions can be finely adjusted by the 
molecular weights and the composition of PPE blocks.37 

On the contrary, amphiphilic block copolymers of hydro
phobic PCL and thermoresponsive PPEs form MNPs in 
aqueous solution with PCL as the core and PPE as the shell, 
when the temperature is lower than its LCST. The block copo
lymers were synthesized as described in eqn [7].38 Cyclic 
phosphoester monomers with methyl, ethyl, and isopropyl 
side groups have been used for the random polymerization of 
PPE to balance the hydrophobic/hydrophilic properties. The 
thermo-induced transition of obtained micelles is reversible, 
and the thermosensitivity is also affected by the molecular 
weight and composition of the PPE block. It has also been 
observed that the concentration of sodium chloride in the 
medium affects the transition temperature, which in turn 
allows more convenient adjustment of their thermosensitivity. 

When thermoresponsive diblock copolymers of MPEG and 
PPE are coated onto the surface of gold nanoparticles, the col
lapse temperature of coated nanoparticles can be finely adjusted, 
supporting their potential use in cancer diagnosis and therapeu
tics.46 Three diblock copolymers composed of MPEG and PPE 
with different compositions have been prepared and thioctic 
acid has then been conjugated to the terminal hydroxyl group 
of the PPE block by esterification. Thermoresponsive diblock 
copolymer-coated gold nanoparticles were then prepared in the 
presence of thioctic acid-modified block copolymers. The clear 
core–shell structure of the coated gold nanoparticles was 
demonstrated by transmission electron microscopy, exhibiting 
an average gold core diameter of about 10 nm surrounded by a 
MPEG-b-P(EEP-co-PIPP) shell with a thickness of about 30 nm. 
The collapse temperature was tunable, ranging from 28.0 to 
44.5 °C, depending on the relative ratio of the PIPP component. 

However, unlike the block copolymer of thermoresponsive 
PPE with PCL or PEG, the ABC 3-miktoarm star terpolymer 
(MPEG)(PCL)(PPE) (9) self-assembles into nanoparticles in 
aqueous solution but changes its morphology with tempera
ture variation.74 The terpolymer (MPEG)(PCL)(PPE) is 
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Figure 6 Schematic illustration of nanogel formation. Reproduced with permission from Wu, J.; Liu, X. Q.; Wang, Y. C.; Wang, J. J. Mater. Chem. 2009, 
19, 7856–7863.47 

(a) (b) 

(c) (d)

Figure 5 Phase transition of PEEP14-PPO52-PEEP14 aqueous solution at 
25 wt.%: (a) clear solution at 4 °C, (b) turbid solution at 17 °C, and (c and d) 
opaque gels at 25 °C. Reproduced with permission from Wang, Y. C.; Xia, H.; 
Yang, X. Z.; Wang, J. J. 57 Polym. Sci. Pol. Chem. 2009, 47, 6168–6179.

composed of hydrophilic MPEG, hydrophobic PCL, and ther
moresponsive PPE chains, emanating from a central junction 
point. Such a terpolymer forms spherical micelles at lower 
temperatures, but it transits into a short nano-rod morphology 
at temperatures higher than its cloud point. This 
temperature-induced morphological transition may be used 
for stimulus-controlled drug delivery. 

Block copolymers of poly(propylene oxide) and PEEP 
(PEEP-b-PPO-b-PEEP) have also been synthesized to 
mimic thermoresponsive Pluronic copolymers.57 In addition to 
the thermo-induced gel formation property like thermorespon
sive Pluronic copolymers, PEEP-b-PPO-b-PEEP is biodegradable 
and more biocompatible for potential biomedical applications. 
The aqueous solution of PEEP-b-PPO-b-PEEP at a concentration 
range from 20 to 40 wt.% undergoes thermo-induced phase tran
sitions from a clear solution to a turbid solution, then to opaque 
gel and syneresis phases, depending on the molecular weights of 
the PEEP blocks (Figure 5). Such a thermoresponsive hydrogel 
can be utilized for sustained drug release and cell encapsulation. 

The thermoresponsiveness of PPE with a specific chemical 
structure can also be used for the convenient fabrication of 
nanoparticles, which can be used as carriers of chemotherapeu
tic drugs for cancer therapy. Biodegradable nanogels based on 
PPEs with tunable sizes have been synthesized by a 

template-free method as potential carriers for drug delivery.47 

As shown in Figure 6, the nanogels were obtained by 
cross-linking thermo-induced PPE-based nanoparticles with 
subsequent swelling at low temperatures. The nanogels loaded 
with doxorubicin (DOX) were efficiently taken up by A549 
tumor cells and the drug could be released intracellularly, 
resulting in enhanced growth inhibition activity to tumor 
cells in comparison with free DOX treatment. 

Nanoparticles can even be cell-targetable with ligand mod
ification. In another study, a versatile approach for the 
engineering of biodegradable nanogels with adjustable sizes 
for targeted drug delivery to hepatocytes has been reported.75 

Block copolymers of PEG and thermoresponsive PEEP have 
been synthesized and the end groups have been modified 
with acryl groups. Such polymers formed self-assemblies, 
induced by NaCl, while the sizes of the assemblies were depen
dent on the concentration of the polymer and salt. After photo
cross-linking, well-controlled nanogels with adjustable sizes 
have been engineered (Figure 7). With the integration of lacto
syl moieties by mixing PEG-b-PEEP diblock copolymers, where 
the chain end of PEG is modified with a lactosyl group, the 
obtained nanogels can be targeted to HepG2 cells by receptor 
mediation. These nanogels can deliver drug molecules to cells 
more efficiently, resulting in enhanced cytotoxicity. 

Liu et al. have reported pH- and temperature-responsive 
double hydrophilic diblock copolymers, PEEP-b-PDMAEMA.58 

In aqueous solution, these diblock copolymers show obvious 
pH- and temperature-responsive behavior, self-assembling into 
nanoparticles with different sizes and morphologies at different 
pH values. The LCSTs of the diblock copolymers depend on the 
degree of polymerization of each block. With a decrease in 
PDMAEMA units, increasing LCST can be observed. 
Additionally, the diblock copolymers can effectively condense 
plasmid DNA, resulting in small (about 95 nm in diameter) and 
positively charged complexes. These dual-responsive double 
hydrophilic diblock copolymers are expected to have potential 
applications in gene therapy. 

4.29.5 Functional PPEs 

Unlike commonly studied polyesters, the unique advantage of 
PPE is the functionalization ability owing to the pentavalent 
nature of the phosphorus atoms. However, previous reports on 
PPE functionalization were mainly performed through 
post-polymerization modification. Owing to the success in 
ROP of cyclic phosphoester monomers, functional PPEs can 
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Figure 7 (a) Size dependence of Acr-PEEP150-b-PEG6K-b-PEEP150-Acr assemblies on concentrations of polymer and NaCl; (b–d) representative 
transmission electron microscopic images of nanogels prepared under conditions of polymer (5 mg ml−1) with NaCl at 5 mg ml−1 (b), 10 mg ml−1 (c), and 
20 mg ml−1 (d). Reproduced with permission from Wang, Y. C.; Wu, J.; Li, Y.;     2010, , 3520 3522.75 et al. Chem. Commun. 46 –

be obtained by direct polymerization of functionalized mono
mers. As reported, a series of functionalized monomers bearing 
reactive pendant groups including hydroxyl groups, amino 
groups, thiol groups, and so on (14–18) can be synthesized 
and functionalizable PPEs become available. These polymers 
can be applied in biomedical applications, particularly for the 
construction of novel controlled drug delivery systems. 

methoxy)-2-oxo-1,3,2-dioxaphospholane (GEP) (14), using 
hydroxyl end-capped PCL and Sn(Oct)2 as the macroinitiator 
and catalyst, respectively, followed by a deprotection process 
(eqn [8]).45 Interestingly, these amphiphilic functionalized 
block copolymers can self-assemble into micellar or vesicular 
aggregates in aqueous solution, depending on the composi
tion. Combining the advantages of PCL and PPE with 

Block copolymers of PCL and PPE bearing functional 
hydroxyl pendant groups, denoted as PCL-b-PHEP, have been 
synthesized through the ROP of functionalized cyclic phos-
phoester monomer 2-(2,2-dimethyl-1,3-dioxolan-4-yl-

functional hydroxyl pendant groups for further biological 
modification, such amphiphilic block copolymers potentially 
provide novel opportunities for the design of drug delivery 
systems and therapeutic applications. 
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The side groups of PPE can also be ‘clickable’. Biocompatible 
and biodegradable block copolymers of PCL with ‘clickable’ PPE 
have been synthesized through controlled ROP of PAEP (15).43 

Azide-functionalized PEG has been grafted to the copolymer to 
demonstrate the reactive feasibility by Cu(I)-catalyzed ‘click’ 
chemistry of azides and alkynes, generating ‘brush-coil’ polymers. 
The mild conditions associated with the click reaction have been 
shown to be compatible with PCL and PPE backbones, rendering 
the click reaction a generally useful method for grafting numer
ous types of functionality onto block copolymers. Block 
copolymers also show good biocompatibility with cells, suggest
ing their suitability for a range of biomedical applications. 

The functionality of PPE has also been used to develop bio
compatible hydrogels. A cyclic phosphate monomer 2-(2-oxo
1,3,2-dioxaphospholoyloxy) ethyl methacrylate (OPEMA) (16), 
bearing photo-cross-linkable double bonds, has been synthesized 
to prepare biodegradable hydrogels for cell encapsulation.76 The 
polymers are synthesized by ROP using PEG as the initiator and 
Sn(Oct)2 as the catalyst (eqn [9]). Further cross-linking of side 

½9� 

methacrylate groups of PPE under photo-initiation results in 
various hydrogels with different cross-linking densities and degra
dation properties. These hydrogels are used for cell encapsulation 
and exhibit potential in tissue engineering. 

To make amino-group functionalized PPEs, which will be posi
tively charged and therefore have potential for nucleic acid delivery, 
the functional phosphoester monomer 2-(N-tert-butoxycarbonyla
mino)ethoxy-2-oxo-1,3,2-dioxaphospholane (PEEABoc) (17) has  
been synthesized. Based on the ROP of PEEABoc using 
hydroxyl-terminated MPEG-b-PCL as the macroinitiator, an 
amphiphilic and cationic triblock copolymer consisting of MPEG, 
PCL, and poly(2-aminoethyl ethylene phosphate) has been devel
oped, which is denoted mPEG-b-PCL-b-PPE-EA (eqn [10]).77 This 
amphiphilic polymer can self-assemble into nanoparticles in aqu
eous solution and absorb siRNA for RNAi-based therapy. 

Functional PPE with thiol side groups can be used for the 
stabilization of nanoparticles, which potentially overcome 
the shortage of MNPs in drug delivery. A triblock copolymer 
of PCL-b-poly((2,4-dinitrophenyl)thioethyl ethylene 

½10� 
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phosphate)-b-PEG) (PCL-b-PDNPTEP-b-PEG) has been 
synthesized through consecutive ROP of ε-CL and 
2,4-dinitrophenylthioethyl ethylene phosphate (18), fol
lowed by the conjugation of PEG (eqn [11]).78 After 
deprotection, the resultant triblock copolymer bearing free 
thiol groups forms core–shell–corona micelles in aqueous 
solution. Selective cross-linking of the shell layer of the 
micelle stabilizes the micellar structure against dilution. 
Thus, release of drug from the nanoparticles is retarded by 
the cross-linking and is accelerated under simulated intracel
lular reductive conditions, due to the degradation of disulfide 
bonds. The enhanced intracellular drug release behavior and 
enhanced cytotoxicity have been demonstrated in A549 cells. 

characteristics of the triblock copolymers showed that these copo
lymers are completely biodegradable under enzymatic catalysis of 
Pseudomonas lipase and phosphodiesterase I.61,64,79,80 Paclitaxel 
has been successfully loaded into the micelles, and the in vitro 
release profile was correlative to the polymer composition.35 

The functional end group and side chains of the PPE shell can 
be easily modified with biofunctional molecules or ligands for 
specific drug delivery.81 Wang et al. reported that MNPs of a 
diblock copolymer PCL-b-PEEP can be surface conjugated with 
galactosamine to target the asialoglycoprotein receptor 
(ASGP-R) of HepG2 cells.81 Such surface conjugation enhanced 
cell binding and internalization through specific recognition 
between galactose ligands with ASGPR. Figure 8 shows the 

½11� 

4.29.6 Biomedical Applications of PPEs 

4.29.6.1 Delivery of Therapeutic Small Molecules with PPE 

The advancement of controlled polymerization of PPEs makes 
it feasible to combine PPE-containing block copolymers with 
other hydrophobic polyesters such as PCL and PLLA, and so on. 
During this process, it has been observed that PPEs with suita
ble side groups are hydrophilic; thus these kinds of copolymers 
self-assemble into core–shell nanoparticles in aqueous solu
tion with PPEs as the protective shell. The core–shell structure 
renders these nanoparticles capable of encapsulating hydro
phobic anticancer drugs and works as delivery systems. 

To this end, Wang et al. have synthesized a series of amphi
philic triblock copolymers of PPE and PCL (PEEP-PCL-PEEP) 
using Sn(Oct)2 as the catalyst. These amphiphilic block copoly
mers formed micelles with a hydrophobic core of PCL and a 
hydrophilic shell of PEEP in aqueous solution. It was found 
that the size and critical micelle concentration values of the 
micelles were dependent on both hydrophobic PCL block length 
and PEEP hydrophilic block length. The in vitro degradation 

differential interference contrast (DIC), fluorescence, and 
merged images of HepG2 cells after 2 h incubation at 37 °C 
with rhodamine-123-loaded micelles with or without galactosa
mine conjugation. The intensity of fluorescence observed in 
HepG2 cells incubated with NP-Gal (nanoparticles with galac
tosamine modification) markedly increased compared with that 
of HepG2 cells incubated with nonmodified NP. This illumi
nated the preponderance of NP-Gal on cellular uptake due to the 
interaction between galactosyl moieties with ASGP-R on HepG2 
cells. Moreover, paclitaxel-loaded MNPs with galactose ligands 
exhibited comparable activity to free paclitaxel in inhibiting 
HepG2 cell proliferation. At a paclitaxel dose of 0.3 μM, only 
12% viable cells were observed following treatment with NP
Gal-PTX (nanoparticles with galactosamine modification and 
paclitaxel encapsulation), which was comparable to cells treated 
with free paclitaxel. In contrast, about 50% of the cells remained 
alive following treatment with NP-PTX (nanoparticles without 
galactosamine modification but with paclitaxel encapsulation) 
at the same paclitaxel dose due to the poor inhibition activity of 
MNPs without galactose ligands.81 

(c) 2013 Elsevier Inc. All Rights Reserved.



PCL-b-PPESH-b-PEG SH 

SH SH 

S
-S

 S
-S

SH SH

O SH 
O 

OH 
GSH

OH GSSG 

CH O O O 3 Nucleus
 
O OH
 

H2N OH 

732 Polyphosphoesters: Controlled Ring-Opening Polymerization and Biological Applications 

NP NP-Gal 
(a) 

(b) 

(c) 

Figure 8 Differential interference contrast (DIC, a), fluorescence (b), and 
merged (c) images of HepG2 cells after 2 h incubation with nonmodified 
micelles (NP) or galactosamine-conjugated micelles (NP-Gal) at 37 °C. 
Reproduced with permission from Wang, Y. C.; Liu, X. Q.; Sun, T. M.; 
et al. J. Control Release 2008, 128, 32–40.81 

To overcome the intracellular release barrier and maximize 
the delivery efficiency of anticancer drugs, promising 
approaches have been developed that allow carrier systems to 
release the drug by intracellular stimuli, such as pH,82–85 

glutathione (GSH),86–89 and enzymes.90 Upon reaching the 
targeted tissue, such carriers can be rapidly localized intracellu
larly and subsequently provoked by these stimuli to release the 
drug, hence inducing aggressive activity within tumor cells and 
leading to maximal therapeutic efficacy with reduced side 
effects. As an intracellular stimulus, GSH can reduce disulfide 
bonds in the cytoplasm due to the significantly high intracel
lular concentration of GSH (∼10 mM) in comparison to the 
extracellular level (∼2 μM).91 

Based on these considerations, a single disulfide-linked bio
degradable diblock copolymer of PCL and PEEP, named PCL
SS-PEEP (19), has been synthesized and used as a smart drug 
delivery carrier to accelerate intracellular drug release. The poly
mer forms biocompatible micelles in aqueous solution and can 
encapsulate the anticancer drug DOX in the PCL core. The main 

feature of this MNP is its rapid response to intracellular reduc
tive stimuli such as GSH. Under GSH stimulus, the PEEP shell 
detaches from the nanoparticle and thus disassembles the 
core–shell micellar structure, resulting in rapid drug release. 
Based on the results from FACS and CLSM measurements, the 
GSH-sensitive micelles rapidly released DOX intracellularly 
and led to enhanced growth inhibition in A549 tumor cells.92 

Although shell cross-linking of polymer micelles can 
increase the stability of MNPs against dilution in the blood 
circulation, it may also potentially prevent burst release of the 
drug from nanoparticles, and the ineffective release of drug in 
cells may hinder the efficiency of chemotherapy. It is expected 
that drugs encapsulated in micelles can be retained in nano
particles during circulation but are specifically and more 
rapidly released in the interior of targeted cells.93–95 

Therefore, maintenance of cross-linkages of the micellar shell 
may indeed act as a barrier to intracellular drug release.96 

To overcome this barrier, reversibly cross-linked core–shell– 
corona micelles based on a triblock copolymer composed of 
poly(aliphatic ester), PPE, and PEG have been synthesized (eqn 
[11]), and a responsive delivery system has been developed 
(Figure 9).78 This amphiphilic polymer forms core–shell– 
corona micelles with free thiols in the shell. Cross-linking of 
the micelles within the shell reduces their critical micellization 
concentration and enhances their stability against severe con
ditions. The redox-sensitive cross-linkage allows the facilitated 
release of entrapped anticancer drugs in the cytoplasm in 
response to the intracellular reductive environment. DOX, an 
anthracycline drug widely used to treat various types of cancer, 
has been used as the model drug. DOX-loaded shell 
cross-linked micelles (SCMs) were incubated with 
20 � 10−3 M GSH, and a rapid release of DOX was observed, 
reaching 30% at 24 h. However, the release of entrapped DOX 
was greatly retarded from the SCMs with a very minimal burst 
release in the absence of GSH. 

From the viewpoint of nanogel development for enhanced 
therapeutic efficacy, the nanogel itself and the most desirable 

Figure 9 Schematic illustration of the formation of cross-linked micelles and intracellular drug release. Reproduced with permission from Wang, Y. C.; 
Li, Y.; Sun, T. M.;      2010, , 1201 1206.78 et al. Macromol. Rapid Commun. 31 –
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synthesis approaches are expected to meet the following 
requirements: (i) facile, controllable, and biocompatible synth
esis methods; (ii) surface pegylation to achieve potential long 
circulation in vivo; (iii) active targeting ability to specific site or 
cells; and (iv) biocompatibility and biodegradability with a 
response to the intracellular environment in the cells.75 

A smart nanogel based on PPE has been synthesized by a 
template-free process from a triblock copolymer 
PEEP151-PEG2K-PEEP151 diacrylate consisting of PEG and bio
degradable PEEP segments (Figure 6). It assembled into 
nanoparticles in aqueous solution at a temperature higher 
than its LCST. Such nanoparticles were further cross-linked 
and subsequently swelled into nanogels at physiological tem
perature that could be used as an efficient carrier for DOX 
delivery to A549 tumor cells.47 

In another study, Wang et al. reported biodegradable nano
scopic hydrogels synthesized in a template-free method by 
photo-cross-linking salt-induced polymer assemblies and deter
mined their applicability for targeted drug delivery to 
hepatocytes. As described above, the approach is based on 
block copolymers containing PEEP, which undergoes a 
salt-induced hydrophobic-to-hydrophilic transition. The functio
nalized block copolymers Acr-PEEP150 -b-PEG6K-b-PEEP150-Acr 
are soluble in water but self-assemble into core–shell structural 
nanoparticles upon the addition of salt. After UV cross-linking to 
fix the structure and dialysis to remove the salt, the nanoparticles 

become totally hydrophilic, generating nanogel particles with an 
inner reservoir for water-soluble drugs (Figure 10).75 

Based on the unique core–shell structure, hyperbranched 
multiarm copolymers have been prepared as unimolecular 
micelles to overcome the disadvantages of classical micelles in 
recent years.97–102 The unimolecular micelle does not disassem
ble in dilute solution and is stable to environmental changes 
in vivo. Meanwhile, the highly branched structure of hyper-
branched multiarm copolymers can provide many nanocavities 
for drug encapsulation. Liu et al. have reported a series of hyper-
branched PPEs for drug delivery applications which integrate the 
advantages of hyperbranched polymers and PPEs together. 

A drug nanocarrier has been constructed through 
self-assembly of phospholipid-analogous hyperbranched poly
mers (HPHEEP-alkyls) which contain a polar hyperbranched 
polyphosphate head group and many aliphatic tails (eqn [12]). 
HPHEEP-alkyls have been synthesized by self-condensing ROP 
of HEEP and then capped with palmitoyl chloride. The size of the 
nanomicelles could be controlled conveniently from 98 to 
215 nm by adjusting the capped fraction of the hydroxyl groups 
with hydrophobic palmityls. Confocal laser scanning microscopy 
and flow cytometry analysis demonstrated their good cell perme
ability. These nanomicelles were easily internalized by cells and 
were mainly located in the cytoplasm rather than in the nucleus. 
Chlorambucil-loaded micelles were investigated for proliferation 
inhibition of the MCF-7 breast cancer cell line in vitro.67 

Figure 10 Schematic illustration of nanogel engineering by photo-cross-linking salt-induced polymer assembly for targeted drug delivery. Reproduced 
with permission from Wang, Y. C.; Wu, J.; Li, Y.;     2010, , 3520 3522.75 et al. Chem. Commun. 46 –
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The potential of HPHEEP as a carrier for intracellular drug 
delivery has also been evaluated by conjugation of chlorambu
cil to HPHEEP (Figure 11). The IC50 value (dose required for 
50% cellular growth inhibition) of the conjugated 
chlorambucil against the MCF-7 breast cancer cell line in vitro 
was found to be 75 μg/ml, measured by the MTT assay, which 
was only slightly higher than that of the free chlorambucil 
(IC50 =50  μg ml−1). The significant activity of the conjugate 
could be attributed to the biodegradability of HPHEEP, 
which releases free chlorambucil in cells.69 

A full-polyphosphate nanocarrier has been constructed 
through self-assembly of amphiphilic hyperbranched 

multiarm copolymers (denoted as HPHEEP-star-PPEPs) 
(eqn [13]). The hydrophilic core and hydrophobic 
multiarm of HPHEEP-star-PPEPs are composed of 
hyperbranched and linear polyphosphates, respectively. 
HPHEEP-star-PPEPs can self-assemble into nanocarriers in 
aqueous media with controlled sizes from 48 to 74 nm by 
adjusting the length of the hydrophobic arm. These 
nanocarriers possess excellent biocompatibility against 
NIH 3T3 cells and are easily internalized by live cells. 
Chlorambucil-loaded nanocarriers have been investigated 
for the proliferation inhibition of MDA-MB-231 breast 
cancer cell line in vitro.68 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 Synthesis route of HPHEEP–chlorambucil/RB conjugates. Reproduced with permission from Liu, J. Y.; Huang, W.; Pang, Y.; et al. 
Biomacromolecules 2010, 11, 1564–1570.69 

In another study, an amphiphilic hyperbranched multiarm 
copolymer [H40-star-(PLA-b-PEP-OH)] was synthesized 
through a two-step ROP procedure (Figure 12). First, Boltorn 
H40 was used as the macroinitiator for the ROP of L-LA to form 
the intermediate (H40-star-PLA-OH). Then, the ROP of EEP 
was further initiated to produce H40-star-(PLA-b-PEP-OH). 
Benefiting from the amphiphilic structure, H40-star
(PLA-b-PEP-OH) was able to self-assemble into micelles in 
water with an average diameter of 130 nm. In vitro evaluation 
of these micelles demonstrated their excellent biocompatibility 
and efficient cellular uptake. DOX-loaded micelles were inves
tigated for the proliferation inhibition of HeLa human cervical 
carcinoma cell line, and the DOX dose required for 50% cellular 
growth inhibition was found to be 1 μg ml−1.70 

4.29.6.2 Delivery of Plasmid DNA with PPE 

Delivery of nucleic acids (e.g., plasmid DNA, siRNA, or anti
sense oligomers) is promising for the treatment of numerous 
diseases, including cancer.103–106 Cationic polymers have been 

one of the most important kinds of nonviral carriers for nucleic 
acid delivery, due to their ability to bind negatively charged 
nucleic acids by electrostatic interactions.106–112 Typical catio
nic polymers used in this field are poly(ethylene imine) (PEI) 
and polylysine (PLL).113–115 

As biodegradable polymers, PPEs have shown great poten
tial as carriers for drug delivery. In addition to their 
biodegradability, PPEs also have a pentavalent phosphorus 
atom in the backbone, which makes them readily modifiable 
and appropriate as vectors of nucleic acids. As the first example, 
Wang et al. designed and synthesized a degradable PPE, 
namely, poly(2-aminoethyl propylene phosphate) (PPE-EA) 
(20) as a gene delivery vector.11 In the study, the authors 
synthesized a PPE-EA polymer with high molecular weight, 
which was able to efficiently condense DNA and also exhibited 
the ability to protect DNA from nuclease degradation. More 
importantly, PPE-EA mediated a higher level of gene expression 
when compared with PEI and PLL, which was due to the con
trolled release of plasmid DNA from the PPE-EA/DNA 
complexes, achieved as a result of PPE-EA degradation. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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PPE-EA and its degradation products are biocompatible, 
rendering it a promising gene delivery vector. 

The efficiency of PPE-EA as the carrier of plasmid DNA has 
also been examined in vivo.116 The in vivo gene transfer effi
ciency of the PPE-EA/DNA complexes was evaluated in mouse 
muscle following intramuscular injection using LacZ as a 

model gene. The expression levels of β-galactosidase encoded 
by LacZ gene in mice which received complexes with N/P ratios 
of 0.5 and 1, respectively, were compared with those given 
naked DNA injections. As shown in Figure 13, naked DNA 
injection showed a peak expression, and the expression leveled 
off between days 7 and 14. In contrast, PPE-EA/DNA com
plexes with an N/P ratio of 1 yielded a lower level of 
expression at day 3, peaked at day 7, and then decreased at 
day 14. This corresponded to 13-fold and 6-fold higher gene 
expression than naked DNA expression at days 7 and 14, 
respectively. It is interesting to note that the complexes with a 
lower N/P ratio, 0.5 versus 1, were more effective. Complexes 
with an N/P ratio of 0.5 gave 17-fold higher β-gal expression on 
day 7, and the level persisted until at least day 14. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 12 Schematic illustration of synthesis and self-assembly of H40-star-(PLA-b-PEP-OH) for drug delivery. Reproduced with permission from 
Liu, J. Y.; Huang, W.; Pang, Y.; et 70al. Langmuir 2010, 26, 10585–10592.  
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Figure 13 β-Galactosidase expression in mouse muscle after intra
muscular injections of naked DNA and PPE-EA/DNA complexes with 
various N/P ratios. Mean � SD (n = 6). Effect of N/P ratio on β-Gal 
expression level. Naked DNA and complexes (N/P, 0.5, 1.0, 1.5, 2.0) were 
given at a dose of 2 μg of DNA per muscle in 40 μl of saline. Reproduced 
with permission from Wang, J.; Zhang, P. C.; Mao, H. Q.; Leong, K. W. 
Gene Ther. 2002, 9, 1254–1261.116 

Unexpectedly, the PPE-EA/DNA complexes with N/P ratios of 
.5 and 2 were ineffective. It is likely that the slow release of 
lasmid DNA in the muscle due to the degradation of PPE-EA 
esulted in this enhancement of gene expression. 

Due to the potential of sustained release of plasmid DNA 
rom PPE complexes, Wang et al. further investigated the effect 
f polymer structure of PPEs (mainly the side group) on their 
ransfection performance as gene carriers.117 They synthesized 
ationic PPEs with different side chain charge groups and com
ared their behaviors in terms of gene transfer. It was found 
hat poly(N-methyl-2-aminoethyl propylene phosphate) 
PPE-MEA) (21), with a secondary amino group 
–CH2CH2NHCH3) side chain, released DNA over several 
ours at N/P ratios from 0.5 to 5, whereas poly(6-aminohexyl 
ropylene phosphate) (PPE-HA) (22), bearing –CH2(CH2)4 

H2NH2 groups on the side chain, did not release DNA in 
he same ratio range over 30 days. Hydrolytic degradation 
nd DNA binding results suggested that side chain cleavage, 
esides polymer degradation, was the predominant factor 
hich affected DNA release and transfection efficiencies. The 
ide chain of PPE-MEA was cleaved faster than that of PPE-HA, 
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resulting in poor cellular uptake and no transgene expression 
for PPE-MEA/DNA complexes in COS-7 cells at charge ratios 
from 4 to 12. In contrast, PPE-HA/DNA complexes were stable 
enough to be internalized by cells and effected gene transfec
tion (3400-fold higher than background at a charge ratio of 
12). Interestingly, gene expression levels mediated by PPE-MEA 
and PPE-HA in mouse muscle following intramuscular injec
tion of complexes showed a reversed order: PPE-MEA/DNA 
complexes mediated 1.5–2-fold higher luciferase expression 
in mouse muscle compared to naked DNA injection, while 
PPE-HA/DNA complexes induced delayed and lowered lucifer
ase expression compared to naked DNA. These results 
suggested that the side chain structure is a crucial factor deter
mining the mechanism and kinetics of hydrolytic degradation 
of PPE carriers, which in turn influences the kinetics of DNA 
release from PPE/DNA complexes and their transfection abil
ities in vitro and in vivo. 
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Gene transfer into the central nervous system (CNS) offers 
the prospect of manipulating gene expression for studying 
neuronal function and eventually for treating neurological dis
orders. The feasibility of using PPE-EA/DNA complexes for 
gene transfection in the CNS has been explored after intracis
ternal and intrastriatum injection in mice using luciferase as the 
reporter gene.118 

It has also been demonstrated that sustained release of 
plasmid DNA from its complexes with PPE-EA facilitates gene 
expression in the mouse brain (Figure 14). Gene transfer effi
ciency increased with an N/P ratio from 0.2 to 2 and then 
dropped as the N/P ratio reached 10 (Figure 14(a)). The time 
course study shown in Figure 14(b) demonstrates prolonged 
gene expression in the mouse brain following intracisternal 
injection of PPE-EA/pCAG-Luc complexes. Although PEI/DNA 
provided the highest transgene expression at 2 � 105 RLU/brain 
at the first day after injection, about fourfold higher than that 
produced by PPE-EA/DNA at an N/P ratio of 2 and twofold 
higher than the expression mediated by naked DNA and 
PPE-EA/DNA at an N/P ratio of 0.5, by the third day after 
injection, the luciferase expression level of PPE-EA/DNA at an 
N/P ratio of 2 increased to 1.8 � 105 RLU/brain, while the 
expression levels of the other three groups remained 
unchanged. After 10 days, the expression level for PPE-EA/ 
DNA at an N/P ratio of 2 was about the same as on day 3, 
while those of the other three groups began to drop. Up to 28 
days, PPE-EA/DNA at an N/P ratio of 2 still provided a level of 
transgene expression at 8 � 104 RLU/brain, similar to that 
observed at previous time points. This level was significantly 
higher than those offered by PEI/DNA, naked DNA, and 

Figure 14 Luciferase expression in mouse brain after intracisternal 
injections of PPE-EA/pCAG-Luc complexes: (a) effects of N/P ratios; 
(b) time course study. Values are presented as mean � SD (n = 6). 
Reproduced with permission from Li, Y.; Wang, J.; Lee, C. G. L.; et al. 
Gene Ther. 2004, 11, 109–114.118 

PPE-EA/DNA at an N/P ratio of 0.5. This study demonstrated 
that biodegradable PPE-EA may mediate prolonged gene trans
fer in the CNS through sustained release of plasmid DNA, 
with an efficiency superior to naked DNA and its complexes 
with PEI. 

The advantage of sustained release of plasmid DNA using 
PPE-EA as the carrier has also been demonstrated in a 
multi-layered membrane model. Wang et al. further fabricated a 
multilayer film by layer-by-layer assembly using PPE-EA and 
plasmid DNA as the pair of polyions,119 aiming to sustain gene 
expression in the cells cultured on the surface of multilayer film. It 
was expected to modulate the behavior of ‘seed’ cells by prompt
ing or prolonging specific protein expression by the cells, which 
could be beneficial for tissue engineering applications. 

The multilayer film of PPE-EA and plasmid DNA degraded 
upon incubation in phosphate-buffered saline at 37 °C and 
sustained the release of bioactive plasmid DNA for up to 
2 months. On the other hand, the surface of PPE-EA facilitated 
mouse osteoblast cell adhesion, and the sustained DNA release 
directly prolonged gene expression in osteoblast cells cultured 
on the surface. Osteoblast cells cultured on (pEGFP-N2/PPE
EA)10 film showed sustained expression of green fluorescence 
protein for up to 20 days in culture. The transfected cell ratio 
was 42.1% at day 5 and increased to 46.9% after 10 days in 
culture (Figure 15). However, when using non-degradable PEI 
to fabricate the multilayer film (pEGFP-N2/PEI)10, only about 
10% cells cultured on the surface were positive, regardless 
of the observed cytotoxicity of such films. The study 
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rationale behind the design is that PCL block is hydrophobic, 
which could induce micellar core formation and stabilize the 
nanoparticles, while hydrophilic PEG can protect siRNA and 
extend blood circulation for systemic administration and the 
positively charged PPE-EA block serves as an siRNA binding site 
and is expected to release siRNA. These unique tri-layered 
MNPs allow siRNA loading after nanoparticle formation 
while maintaining uniformity and mediate gene expression 
silencing in the presence of serum while showing good bio
compatibility in cells. 
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Figure 15 The local transfection efficiency of osteoblast cells on 
(pEGFP-N2/PPE-EA)10 films at different times in physiological condition: 
(a) the histogram of the fluorescence intensity of the cells cultured on 
films; (b) the percentage of EGFP-positive cells. Values shown are 
averages � SD (n = 2). Reproduced with permission from Lu, Z. Z.; Wu, J.; 
Sun, T. M.; et al. Biomaterials 2008, 29, 733 119–741.  

demonstrated that without any additional transfection reagent, 
films fabricated from biodegradable PPE-EA polycations and 
plasmid DNA are capable of sustained delivery of transcription
ally active DNA to cells cultured on the film. Such a multilayer 
system may be useful in the surface modification of tissue 
engineering scaffolds. 

4.29.6.3 Delivery of siRNA with PPE 

RNA interference (RNAi) has recently emerged as a powerful 
method for biological research and holds great potential for the 
treatment of human diseases.103,105,120–122 Due to its fast 
degradation in the physiological milieu, poor cellular uptake, 
inefficient translocation into the cytoplasm, and lack of target
ing ability, delivery of synthetic siRNA for disease treatment 
remains the major obstacle to its therapeutic application. 
Various delivery vehicles have been developed as carriers for 
siRNA delivery to treat human diseases, including cancer.110,123 

Cationic PPE has shown superiority in delivering plasmid 
DNA, owing to its fast degradation at neutral pH or in 
cells.11,116,117,119 Considering that the intracellular release of 
siRNA is indeed a very important barrier for the performance of 
gene silencing, cationic PPE can be used as the carrier for 
siRNA. It may facilitate the release of siRNA and hence improve 
the delivery efficiency. In 2008, Wang et al. reported the first 
PPE-containing polymer, namely poly(ethylene glycol)-b-poly 
(ε-caprolactone)-b-poly(2-aminoethyl ethylene phosphate) 
(mPEG-b-PCL-b-PPE-EA) (23) for efficient siRNA delivery.77 

The triblock copolymer was amphiphilic and self-assembled 
in aqueous solution to form tri-layered cationic MNPs. The 

As shown in Figure 16, expression of GFP was significantly 
downregulated in HEK293 cells transfected with pEGFP-N2 
(Figure 16(a)). FACScan analysis revealed that the number of 
GFP-expressing cells transfected with GFP22 siRNA/MNPs 
(N/P = 50:1) was comparable with those transfected with com
plexes of GFP22 siRNA using Lipofectamine 2000 transfection 
when increasing the siRNA dose (Figure 16(b)). Gene silencing 
efficiency using MNPs was dependent on the N/P ratio, as
increasing the N/P ratio from 50 to 100 resulted in significantly 
enhanced inhibition of gene expression (Figure 16(c)). Such 
enhancement was possibly due to the improved siRNA inter
nalization by cells when the N/P ratio was increased. It has 
been demonstrated that the relative geometrical mean fluores
cence intensities (GMFI) of HEK293 cells incubated with 
MNPs/FAM-siRNA showed an N/P ratio-dependent increase 
when compared with those treated with free FAM-siRNA at 
the same siRNA dose, indicating that siRNA internalization by 
cells was improved with an increased N/P ratio (Figure 16(d)). 

The potential of mPEG-b-PCL-b-PPE-EA as an siRNA carrier 
has been further evaluated in vivo for cancer therapy. Wang et al. 
studied in vivo cancer treatment using a complex of 
mPEG-b-PCL-b-PPE-EA with siRNA, termed a micelleplex, by 
targeting the acid ceramidase (AC) oncogene through systemic 
administration.124 A tumor xenograft model was generated in 
female athymic (nu/nu) mice by injection with BT474 breast 
cancer cells. They compared the tumor growth inhibition efficacy 
of systemic administration of micelleplexsiAC (siAC represents 
the specific siRNA targeting AC) with micelleplexsiN.C. or blank 
vehicle administration. Mice were treated every day, beginning 
on the 10th day after xenografts were seeded. As shown in 
Figure 17, intravenous injection of micelleplexsiAC in 
tumor-bearing mice showed particularly significant inhibition 
of tumor growth, whereas neither micelleplexsiN.C. at the same 
siRNA dose nor blank MNP at the same concentration affected 
tumor growth, indicating that micelleplexsiAC-delivered siAC dis
plays sequence-specific antitumor activity in vivo. Importantly, 
this delivery system does not activate the innate immune 
response, demonstrating its potential for systemic delivery of 
siRNAs for cancer therapy. 

Cancer therapy relying on a single therapeutic strategy may 
remain suboptimal. The combination of two or more thera
peutic approaches with different mechanisms can 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 16 (a) Fluorescence images of HEK293 cells with GFP expression silenced by MNPs or Lipofectamine 2000 with GFP22 siRNA or with naked 
GFP22 siRNA or without treatment (mock cells). Dose of siRNA for MNPs and naked GFP22 siRNA was 150 nmol l−1, while dose of siRNA for 
Lipofectamine 2000 was 20 nmol l−1. (b) Relative gene silencing efficiency in GFP-expressed HEK293 cells. N/P ratios of MNPs to siRNA were fixed at 50:1. 
Dose of siRNA for Lipofectamine 2000 and naked siRNA was 20 and 100 nmol l−1, respectively. (c) Effect of N/P ratios of MNPs to siRNA on gene silencing 
efficiency. Dose of siRNA for Lipofectamine 2000 and MNPs was 20 and 100 nmol l−1, respectively. (d) Dependence of the relative geometrical mean 
fluorescence intensities (GMFI) of HEK293 cells to N/P ratio. Cells were treated with MNPs carrying FAM-siRNA at a dose of 100 nmol l−1. Reproduced with 
permission from Sun, T. M.; Du, J. Z.; Yan, L. F.; et al. Biomaterials 2008, 29, 4348–4355.77 

cooperatively prohibit cancer development and is a promising 
strategy for effective treatment of cancers with synergistic or 
combined effects.108 Taking this into consideration, Wang 
et al. further developed the mPEG-b-PCL-b-PPE-EA system to 
form a ‘two-in-one’ micelleplex for simultaneous delivery of 
therapeutic siRNA and anticancer drug paclitaxel for synergistic 
cancer therapy (Figure 18).125 

They first demonstrated that MNPs were capable of simulta
neous encapsulation of both siRNA and paclitaxel to form a 
‘two-in-one’ micelleplex. Thereafter, they confirmed both 
in vitro and in vivo that the ‘two-in-one’ micelleplex could effec
tively co-deliver the two cargos into the same tumor cells. 
They demonstrated that the ‘two-in-one’ micelleplex, 
paclitaxelmicelleplexsiPlk1, could synergistically inhibit tumor cell 
proliferation in vitro. They further assessed whether the synergis
tic effect of paclitaxelmicelleplexsiPlk1 on cell proliferation 
inhibition in vitro could also be achieved in terms of tumor 
growth inhibition following systemic administration. 
Mice bearing MDA-MB-435s xenografts were treated with 
paclitaxelmicelleplexsiPlk1 or various other formulations through 

i.v. injection every other day from the 12th day after xenograft 
implantation. As indicated (Figure 19(a)), the delivery of pacli
taxel by paclitaxelmicelleplexsiNonsense at a lower paclitaxel dose 
(0.667 µg kg−1 per injection) hardly affected tumor growth com
pared with PBS treatment. Delivery of siPlk1 (0.223 mg kg−1 per 
injection) by micelleplexsiPlk1 only moderately inhibited tumor 
growth. However, simultaneous delivery of the same doses of 
paclitaxel and siPlk1 by paclitaxelmicelleplexsiPlk1 exhibited parti
cularly significant inhibition of tumor growth compared with 
PBS treatment (p < 0.0001). More importantly, a synergistic inhi
bitory effect of the two therapeutic agents on tumor growth was 
demonstrated (combination index < 1). In contrast, combinator
ial delivery of separate siPlk1 and paclitaxel by micelleplexsiPlk1 

and paclitaxelmicelleplexsiNonsense only showed moderate inhibi
tion of tumor growth and no synergistic effect was observed, 
primarily due to the more separate internalization of the two 
micelleplexes by tumor cells as demonstrated above. 
Additionally, the co-delivery system paclitaxelmicelleplexsiPlk1 

showed a more effective antitumor growth effect than Taxol at 
the same paclitaxel dose (Figure 19(b)). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 17 Antitumor growth by intravenous injection of various formu
lations. (a) Inhibition of BT474 xenograft tumor growth by micelleplexsiAC. 
Doses of siRNA and micelles for intravenous injection were 1 mg kg−1 and 
19.5 μg kg−1 per injection, respectively. (b) Images of BT474 xenograft 
tumors at the end time point of the treatment. The control group received 
Phosphate Buffered Saline (pH 7.4, 0.01 M) (PBS) injections. Reproduced 
with permission from Mao, C. Q.; Du, J. Z.; Sun, T. M.; et al. Biomaterials 
2011, 32, 3124–3133.124 

4.29.6.4 PPE for Tissue Engineering Applications 

Tissue engineering is a medical engineering technology that 
offers a promising new approach to create biological alterna
tives for regenerating different tissues.126 An artificial 
extracellular matrix in which cells can proliferate and differenti
ate with subsequent new tissue generation is critical in tissue 

engineering. Scaffolds provide necessary substances on which 
cells can attach, and they regulate cell proliferation, differentia
tion, and function in tissue engineering applications. Both 
natural extracellular materials and synthetic biodegradable 
polymers have been used to fabricate scaffolds for tissue 
engineering.127 

It is known that the properties of scaffolds including the 
surface properties, stiffness, and so on are critical for cell– 
scaffold interactions.128 Therefore, structural variation of the 
components comprising the scaffold is required. Fortunately, 
PPEs are indeed structure adjustable; both the backbone and 
side chain groups can be readily manipulated to alter their 
physicochemical properties. Additionally, it has been shown 
that the phosphoester bond in the PPE backbone can be 
cleaved by water under physiological conditions and the ulti
mate hydrolytic breakdown products of the polymers are 
phosphate, alcohol, and diol. It is expected that the phosphate 
group can capture calcium ions in the medium, which help to 
produce abundant hydroxyapatite-like calcium phosphate 
deposits, which further promote their applications in tissue 
engineering. Due to the unique features of PPEs, a variety of 
PPE-containing scaffolds have been fabricated for tissue 
engineering. 

4.29.6.4.1 PPE as a nerve guide conduit 
The first example of PPEs used in tissue engineering was an 
elastic PPE copolymer.12,14 The copolymer P(BHET-EOP/TC) 
(24) was obtained by polycondensation of bis(hydroxyethyl) 
terephthalate and ethyl ortho-phosphodichloridate (EOP), fol
lowed by chain extension with terephthaloyl chloride in a 
second polycondensation step. 

The obtained copolymer P(BHET-EOP/TC) has been fabri
cated into conduits to guide nerve regeneration. One day after 
implantation, some of the nerve guide conduit chambers (three 
out of four type II conduits) became filled with a solid structure 
that bridged the two nerve stumps (Figure 20(a)). This structure 
appeared as a blood clot and was loosely attached to the stumps. 
On day 3, the solid structure was present in all tubes examined 
(Figure 20(b)). By microscopic examination, small threads dis

siPlk1 Paclitaxel 

mPEG-b-PCL-b-PPEEA 

Figure 18 Schematic illustration of MNP formation and the loading of paclitaxel and siRNA. Reproduced with permission from Sun, T. M.; Du, J. Z.; 
Yao, Y. D.; et 125al. ACS Nano 2011, 5, 1483–1494.  
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Figure 19 (a) Inhibition of MDA-MB-435s xenograft tumor growth by micelleplexsiPlk1 in comparison with various formulations (n = 6). (b) 
Comparison of tumor growth inhibition effect between i.v. injection of Taxol and paclitaxelmicelleplexsiPlk1 with the same dose of paclitaxel (n = 6). MDA
MB-435s xenograft tumor-bearing mice received one i.v. injection every other day from the 12th day post xenograft implantation in all of the experiments. 
The dose of paclitaxel per injection was 0.667 μg kg−1 and the dose of siRNA was 0.223 mg kg−1, if required. The tumor tissues were collected for western 
blot analyses 24 h after the last injection. Reproduced with permission from Sun, T. M.; Du, J. Z.; Yao, Y. D.; et  ACS Nano 2011,  5, 1483–1494.125al.

paclitaxel

Figure 20 Macroscopic views of (a) the sciatic nerve repaired at the proximal stump with a type II PPE conduit prefilled with saline at the time of 
implantation. (b) A macroscopic picture of the matrix cable across 10 mm gap at 3 days in a type II PPE conduit. (c) Micrograph of a longitudinal section of 
the acellular fibrin matrix found at 3 days. The original magnification was � 200. (d) A regenerated nerve 3 months after surgery. A conduit, 14 mm in total 
length, was used to bridge a 10 mm gap. The obtained copolymer P(BHET-EOP/TC) has been fabricated into conduits to guide nerve regeneration.12 

tributed with a predominantly longitudinal orientation were 
observed (Figure 20(c)), suggesting an accumulation of ‘brain 
matrices’. The structure had become connected with the stumps 
5 days post-implantation. Regenerated axons could be observed 
2 weeks later in the proximal part of regenerated cables and 
1 month later in the distal sciatic stump, 5 mm distal to the 
suture line. Most of them were unmyelinated and were present 
together with numerous Schwann cells. After 3 months, positive 
reflex responses were observed in 40% of the rats that were 

implanted with type I and 92% of those implanted with type II 
conduits when the nerve trunks distal to the conduits were 
pinched in anesthetized animals. All the rats had a regenerated 
cable inside the conduits, which had bridged a 10 mm gap 
between the nerve stumps (Figure 20(d)). The regenerated 
cables were centrally located within the conduits, surrounded 
by a fine epineurium. The cables contained numerous fascicles 
of myelinated as well as unmyelinated axons. Most of the axons 
in the distal nerve trunks were already myelinated. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.29.6.4.2 PPE for bone tissue regeneration 
and osteogenesis 
Recent research into PPE scaffolds for tissue engineering has 
been more focused on bone tissue regeneration because of the 
attractive osteoinductive potential of phosphate-containing 
polymers.12,14,129 

Wang et al. have recently demonstrated that surface modifi
cation with PEEP can enhance osteoblast adhesion, 
proliferation, and function.130 In this study, a diblock copoly
mer PLLA-b-PEEP was used to modify a PLLA surface by a 
spin-coating process. X-ray photoelectron spectroscopy measure
ments were used to demonstrate the enriched phosphorus 
atomic composition of the surface. Initial osteoblast attachment 
and proliferation on the modified surfaces were significantly 
enhanced. Moreover, cellular alkaline phosphatase activity and 
mineral calcium depositions were also promoted by PEEP mod
ification (Figure 21). Gene expression determined by reverse 
transcription polymerase chain reaction further revealed that 
type I collagen and osteocalcin expression were upregulated in 
osteoblasts cultured on the modified surfaces, which indicated 
that PEEP modification might be potentially osteoinductive.130 

Although the mechanism of the osteoinductive property of 
PPEs is still not clearly understood, it has been reported that 
phosphate groups may have a direct influence on osteogen
esis.131 Anseth and co-workers found that the tethered charged 
phosphate groups on the polymer scaffold directly affected the 
differentiation fate of human mesenchymal stem cells (hMSCs) 
and led to osteogenesis.131 Penczek’s group elaborated a trans-
esterification method and prepared a number of related poly 
(alkylene phosphates).21,132,133 These biorelated polymers 
have shown ability to bind cations134 and to actively transport 
cations of biological importance (Mg2+,Ca2+) through bio
membranes.135 Such interactions with cations mimicked the 
biomineralization processes. The hydrolysis of PPE generates 
phosphate groups, which might contribute to the osteoinduc
tive property of PPEs. 

Such an advantage of PPE-based scaffolds has also been 
demonstrated in a hydrogel for marrow-derived mesenchymal 

stem cell (MSC) encapsulation. Elisseeff and co-workers have 
synthesized a water-soluble macromer, PEG di-[ethyl phospha
tidyl (ethylene glycol) methacrylate] (PhosPEG-dMA), which 
can be photopolymerized using UV light with 0.05% photo-
initiator (Figure 22).136,137 They observed that the polymer 
was hydrolytically degradable, and alkaline phosphatase, a 
bone-derived enzyme, accelerated degradation. Gene expres
sion and protein analysis demonstrated that a hydrogel 
containing an intermediate concentration of the phosphoester 
promoted the gene expression of bone-specific markers with 
the encapsulation of MSC. Mineralization of the 
phosphoester-containing hydrogels increased in the presence 
of phosphorus because the degradation product, phosphoric 
acid, can capture calcium ions to produce abundant 
hydroxyapatite-like calcium phosphate deposits. 

Wang et al. have explored therapeutic chondrogenesis with 
rabbit synovium-derived mesenchymal stem cells (SMSC) encap
sulated in photopolymerized hydrogels. A non-degradable poly 
(ethylene glycol) diacrylate (PEGDA)-based hydrogel and a bio
degradable phosphoester poly(ethylene glycol) (PhosPEG)-based 
hydrogel were both applied as three-dimensional scaffolds for 
mediation of SMSC chondrogenesis in vitro.138 

Another phosphoester-containing and photo-cross-linkable 
hydrogel was obtained from acrylated PPE-HA, which was 
synthesized by the conjugation of acrylate groups to the side 
chains of PPE-HA.139 Goat mesenchymal stem cells encapsu
lated in the gel maintained their viability when cultured in 
osteogenic medium for 3 weeks. 

In addition, Wang’s group developed a one-step 
method to synthesize photo-cross-linkable macromers 
based on copolymers of PEG and PPE and further photo-
polymerized them to form hydrogels, which were capable 
of cell encapsulation.76 Qiu and co-workers have prepared 
a series of unsaturated PPEs (eqn [14]), which can be 
cross-linked. They have investigated the cross-linking, 
mechanical properties, degradation, and biocompatibility 
of these materials as injectable and biodegradable bone 
substitutes.140–143 

(a) (b) 

(c) (d) 

Figure 21 Von Kossa staining views of osteoblasts cultured for 14 days on different surfaces: (a) PLLA85-b-PEEP58; (b) PLLA85-b-PEEP110; 
(c) PLLA85-b-PEEP224; and (d) PLLA. Reproduced with permission from Yang, X. Z.; Sun, T. M.; Dou, S.; et al. 130 Biomacromolecules 2009, 10, 2213–2220.

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 22 Schematic illustration for macromer PhosPEG-dMA synthesis, PhosPEG Gel photogelation, and degradation. Reproduced with permission 
from Wang, D. A.; Williams, C. G.; Li, Q. A.; 137et al. Biomaterials 2003, 24, 3969–3980.  
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4.29.7 Conclusions and Outlook 

The applications of PPE have expanded remarkably owing to 
significant improvements in controlled synthesis approaches, 
which make the synthesis of different macromolecular struc
tures accessible. Furthermore, these materials show the 
capability of self-assembly to form nanostructures, a variety of 
functionalities, and a corresponding diversity of properties. 
Although PPEs have shown great potential in drug/gene 

delivery and cell-responsive tissue engineering, many aspects 
of investigation or optimization still need to be further 
detailed: (1) fundamental aspects of PPEs in chemistry need 
further studies to match the requirements for potential com
mercial developments; (2) the in vivo fate of PPEs still remain 
unclear, particularly when they are used for drug and gene 
delivery; (3) some PPEs have shown enhanced cell adhesion 
and/or proliferation function in vitro, but in vivo activities with 
respect to osteoinductiveness need further evaluation; and 

(c) 2013 Elsevier Inc. All Rights Reserved.
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(4) other aspects like the thermoresponsiveness of some PPEs 
and their applications still need detailed investigations. 
Although still under-researched, this class of materials with a 
biodegradable backbone is promising for biomedical 
applications. 
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4.30.1 Introduction 

The introduction of novel polymer systems into the modern 
marketplace is a challenging endeavor. In the simplest terms, if 
a new material possesses the proper performance-to-cost ratio, 
it will achieve at least some degree of commercial success. 
However, both ‘performance’ and ‘cost’ are imprecise terms, 
as there are a number of factors that contribute to each of 
these designations for a given material. 

The performance of a material is always judged relative to 
the benchmark of an existing technology. Whereas some appli
cations may be underserved by the incumbent material 
regarding particular performance criteria, design solutions are 
frequently employed to compensate for such limitations in 
material properties. For example, ‘low toughness’ or ‘low mod
ulus’ is solved through thicker parts, while ‘poor abrasion 
resistance’ can be mitigated through the use of matte surfaces. 
A new material can be successfully introduced to the market
place when overall cost savings are possible through more 
efficient part manufacturing, even if the new material itself 
commands a higher unit price. 

In some instances, the incumbent polymeric materials 
exceed the minimum property requirements for a given appli
cation. For example, DVDs, traditionally made of 
polycarbonate (PC), arguably do not require the high tough
ness and glass transition temperature provided by the polymer. 
In this scenario, a new polymer could compete on a ‘low-cost’ 
approach; although the new material does not match the 

performance of the incumbent product, it provides adequate 
properties at a lower price. 

Cost is always a factor in the adoption of a new polymer. 
New materials invariably face two major challenges when com
paring total cost versus incumbent technologies. First, it is 
difficult to compete against a mature material when the econo
mies of scale for production of the new material have not yet 
been realized. The millionth kilogram of an existing product 
will always be cheaper to produce than the first kilogram of a 
new one. Not only does the new material need to undercut the 
existing product, but its entire raw material supply chain must 
also meet the increased demand while minimizing an increase 
in price. Second, the degree of cost savings to the material’s end 
user must be sufficient to justify the risk of adopting a new 
product without a proven history in the application. This inher
ent reluctance to switch materials is more than just aversion to 
risk (which can be considerable, especially in the high-end 
biomedical and aerospace industries, where the price of failure 
is high), but extends to up-front costs like those associated with 
equipment reengineering and personnel training. 

An additional challenge to the commercialization of new 
polymer products is the finite scope and depth of market 
knowledge in any technologically innovative company. For 
example, a company that holds market expertise in rubber 
products for tires will invariably struggle to introduce a poly
mer into the medical plastics market or the architectural 
coatings market. Therefore, a key requirement for successfully 
bringing new products to market is the coupling of technological 
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innovation with a thorough understanding of the decision dri
vers for materials selection in the target applications. Without 
this type of market research, a new polymeric material may find 
itself a ‘solution in search of a problem’ and commercially 
stagnant. 

Since the 1950s, a number of research projects related to the 
preparation of polymers via ring-opening metathesis polymer
ization (ROMP) have been reported, some of which have 
resulted in products of commercial significance. The scope of 
this chapter is limited to those significant commercial products 
for which considerable development efforts have been demon
strated in the public domain. Although there are additional 
applications proposed in the open literature beyond those 
listed here, emphasis is placed on areas where the ‘market 
pull’ has been matched to some degree with the ‘technology 
push’ and commercialization resources have been deployed 
sufficiently to support the market interest. 

4.30.2 Olefin Metathesis in the Petrochemical 
Industry 

The compounded challenges of process and market develop
ment required in the introduction of a new polymeric material 
make for often low-yielding commercialization efforts. 
Accordingly, early successes for a given technology often come 
from ‘direct replacement’ applications, where the developer’s 
process development expenses can be predictably recovered 
from sales into an existing merchant market. This was certainly 
the case for olefin metathesis, where several successful petro
chemical processes were implemented to fill demand in 
existing markets. Two of these processes, OCT® and SHOP, 
have grown to million metric tons per year capacities, and 
their successes illustrate the competence of olefin metathesis 
in the context of large-scale commercial endeavors. 

4.30.2.1 Phillips Triolefin Process and OCT® 

The first commercial olefin metathesis process, known as the 
Phillips Triolefin Process, was implemented by Phillips 
Petroleum Company just a few years after their initial report 
on the conversion of propylene to 2-butenes and ethylene.1 The 
process employed a heterogeneous WO3/SiO2 catalyst at a 
temperature of approximately 400 °C. The plant, operated by 
Shawinigan near Montreal, Quebec (Canada), opened in 1966 
to convert excess propylene to butenes and polymer grade 
ethylene that were in short supply at the time. It operated at a 
capacity of 30 000 metric tons of butenes and 15 000 metric 
tons of ethylene per year until the early 1970s, when an 
increased demand for propylene rendered the process uneco
nomical. Production was halted in 1972.2,3 

Because olefin metathesis is an equilibrium reaction, the 
Triolefin Process can be run in the reverse direction to produce 
propylene from 2-butene and ethylene. Lyondell licensed the 
Phillips Triolefin process and opened the first propylene plant 
based on this technology in 1984, eventually expanding capa
city to 450 000 metric tons per year.4 In 1997, Lummus 
Technology, who engineered the first two applications under 
license from Phillips, purchased the technology from Phillips. 
The metathesis of ethylene and butenes to propylene is now 
commercialized as Olefins Conversion Technology (OCT®) 

and represents the largest growing technology for on-purpose 
propylene production, with individual OCT® unit capacities of 
up to 800 000 metric tons per year.5 Lummus Technology has 
licensed over 30 units worldwide with total propylene capacity 
exceeding 6.8 million metric tons per year, representing over 
8% of the world’s production of propylene. 

4.30.2.2 SHOP 

Next to OCT®, olefin metathesis finds its largest scale applica
tion as a component in the multistep Shell Higher Olefins 
Process (SHOP). Overall, SHOP converts ethylene into linear 
olefins. In the first step of the process, ethylene is oligomerized 
with a homogeneous nickel catalyst in 1,4-butanediol solvent 
to form a fixed distribution of linear alpha olefins with even 
carbon numbers from C4–C40. These olefins are immiscible 
with the polar solvent and are readily separated from the 
catalyst solution. The linear olefins then enter a distillation 
unit that isolates the highest value products (C6–C18). The 
heavier and lighter olefins are recombined in an isomerization 
unit that converts the terminal olefins to internal positions, 
providing a mixture comprised of linear internal olefins con
taining fewer than 6 carbons or greater than 18 carbons. 

The metathesis process step occurs next. The mixed olefin 
stream from the isomerization unit is fed to a MoO3/Al2O3 

metathesis catalyst operating at 100–125 °C and 10 bar. The 
metathesized products are linear internal olefins with a broad 
chain-length distribution. Internal olefins between C11 and 
C18 are collected and the remaining heavy and light olefins 
are recycled back into the isomerization unit.6 By reengineering 
the process, Shell can use SHOP to tailor its otherwise fixed 
product distribution to meet changes in market demand. 

The initial SHOP capacity in 1977 was 104 000 mt yr−1 of 
linear olefins, which Shell currently markets under the trade 
name Neodene®. Following several expansions, the current 
SHOP operating capacity is 330 000 metric tons per year at 
Shell’s Stanlow (UK) site, and 920 000 mt yr−1 at Geismar, 
Louisiana, giving an overall capacity of roughly 1.25 million 
mt of Neodene® per year.7 

4.30.3 Polymer Modification 

4.30.3.1 Hydrogenated Acrylonitrile-Butadiene Copolymers 
(Therban® AT) 

Lanxess (then part of Bayer Materials Science AG) was an early 
adopter of the functional group-tolerant Grubbs ruthenium-based 
olefin metathesis catalysts, using them to produce a line of hydro
genated acrylonitrile-butadiene copolymers (HNBR).8 HNBR is a 
specialty elastomer with excellent oil and heat resistance and is 
used in the automotive industry for belts, seals, and gaskets. It is 
made by hydrogenation of the workhorse acrylonitrile-butadiene 
copolymer (NBR). The saturated backbone accounts for the 
increased thermal and chemical stability relative to NBR, but also 
results in an increase in viscosity. Accordingly,HNBRposes p roces
sing challenges, especially for intricate parts, and often plasticizers 
are needed for adequate processibility. 

The viscosity of HNBR is determined by acrylonitrile content, 
degree of hydrogenation, and molecular weight. Altering either of 
the first two characteristics can result in a change in the final 
material performance, whereas a decrease in molecular weight 
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results in a high-performing, low-viscosity product. Lanxess 
developed a process to make low-viscosity HNBR that involves 
the partial metathesis degradation of high-molecular-weight NBR 
with a second-generation Grubbs catalyst prior to hydrogenation. 
Importantly, the process accommodates a bulk commercial NBR 
feedstock to produce an intermediate NBR with reduced mole
cular weight. Upon ultimate hydrogenation, an HNBR with 
lower molecular weight and viscosity is produced.9 Lanxess’s 
Therban® AT line of reduced viscosity HNBR has product grades 
with Mooney viscosities of about 40, compared to > 60 Mooney 
units for conventional HNBR. The added production costs due to 
the metathesis step are offset by lower processing costs of the 
lower viscosity material. Furthermore, the reduced viscosity 
reduces or eliminates the need for added plasticizers, which can 
increase the operating lifetime of HNBR products. Lanxess con
tinues to expand its Therban® AT product offerings, such as the 
trial product ULV Therban® AT 3400 VP that has viscosities 
between 100 and 1000 Pa s, providing flows of 1000–10 000 
times faster than other low-viscosity Therban® AT grades.8 

4.30.3.2 Hydrogenated Metathesized Soy Wax (NatureWax®) 

Waxes made from hydrogenated or partially hydrogenated soy
bean oil have gained traction for use in candles and other 
applications as natural alternatives to petroleum-based paraffin 
waxes. These products can compete on a cost basis when crude 
oil prices are high, but even during periods of relatively 
low-cost petroleum, the soy-based waxes can capture a segment 
of the overall market that is willing to pay a premium for a 
‘natural’ product. 

Unmodified soybean oil is a triglyceride comprised of satu
rated, as well as mono-, di-, and tri-unsaturated fatty esters, 
containing an average of about 4.5 olefins per molecule. Partial 
hydrogenation results in a reduction of the overall unsaturation 
to provide soft wax. This soy wax suffers from a low melting 
point that causes excessive dripping in free-standing candle 
applications and wick drowning in jar candles. Fully hydroge
nated soy wax has a higher melting point but tends to form 
microcrystalline regions upon solidification and accordingly 
produces a brittle wax not suitable for candles.10 

Elevance Renewable Sciences offers a metathesis-modified 
soy wax in their NatureWax® product line. In a process codeve
loped by Cargill and Materia, a second-generation Grubbs 
catalyst is added to soybean oil to form a mixture of triglyceride 
oligomers, with the concomitant release of the hydrocarbon 
tails (Scheme 1). Hydrogenation of the mixture yields a wax 
that is firmer than soft soy wax but less brittle than hydroge
nated soy wax.11,12 Applications for this metathesis-modified 
wax range from candle to personal care applications, as well as 
other traditional wax markets. 

4.30.4 ROMP Polymers Based on Dicyclopentadiene 

4.30.4.1 Raw Material Considerations 

As the capacity for ethylene production grew during the latter 
half of the twentieth century, the supply of related olefin 
streams has also grown. Ethylene production from steam crack
ing of liquid petroleum feedstocks such as naphtha results in 
the formation of, among other by-products, a considerable 
quantity of species containing five carbon atoms, the ‘C5 
stream’. The supply of purified C5 products has steadily 
climbed as applications have been established for isoprene, 
piperlyene, and dicyclopentadiene (DCPD, formed from the 
spontaneous Diels–Alder dimerization of cyclopentadiene). By 
2005, the global merchant market for DCPD had reached 
500 000 metric tons per year, the largest fraction of which was 
used for chemical modification of unsaturated polyester resins. 
In the context of olefin metathesis, DCPD can be polymerized 
directly or cracked to its monomer, cyclopentadiene, and con
verted to any number of ROMP-active norbornenes. 

Although DCPD is an inexpensive, readily-available raw 
material, the predominant merchant grade (85% nominal pur
ity) contains levels of impurities that render it unsuitable for 
effective polymerization using any olefin metathesis catalysts 
developed to date. The use of high purity monomer streams is 
not unusual for polymer production, but in this context it 
meant that the early developers of ROMP-polymerized 
DCPD-based resin systems each needed to create a new supply 
chain around a previously unavailable high purity grade of 
DCPD. 

Scheme 1 Process for production of hydrogenated metathesized soy wax. 
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4.30.4.2 Polydicyclopentadiene Based on Traditional 
Catalysts (Telene®, Metton®, Pentam®) 

During the 1980s, resin systems for the molding of polydicy
clopentadiene (pDCPD) parts were introduced by the B.F. 
Goodrich Company (sold as Telene®) and by Hercules (sold 
as Metton®). Later, Goodrich licensed technology to Nippon 
Zeon that marketed the product under the Pentam® brand in 
Asia. These resin systems were based on ill-defined catalysts 
generated in situ from molybdenum or tungsten salts mixed 
with cocatalysts, promoters, and/or inhibitors (details of the 
chemistry can be found elsewhere).13 Due to the exceptional 
reactivity of the strained bicyclic olefin in DCPD, these were 
formulated as two-part resin systems, with the monomer and 
catalyst kept separate until just prior to curing. Curing was 
effected by mixing the two complementary parts, typically in 
impingement or other in-line mixers. Unlike most thermoset 
resins, the fully cured pDCPD exhibited high toughness in 
addition to relatively high use temperature (> 100 °C). To 
some extent, these properties could be attributed to the combi
nation of relatively low cross-link density and the steric bulk of 
the bicyclic structure (Scheme 2). 

Maintaining an air-free, moisture-free environment is criti
cal for traditional pDCPD catalyst systems to maintain good 
catalyst reactivity and high extent of curing. Due to this envir
onmental sensitivity, the traditional pDCPD products have 
been closely tied to the reactive injection molding (RIM) pro
cess that allows for fast, in-line mixing of the two-part system 
before injection into the mold cavity under inert conditions. 
Fortunately, existing RIM processing equipment designed for 
molding polyurethane parts could be adapted readily for 
pDCPD resins. The RIM method of processing benefits from 
low tooling costs especially for large parts (up to 100 kg) 
because of the relatively low clamping pressures required. 
Also, the low viscosity of DCPD-based resin filling the part 
allows for a high degree of flexibility in part design unlike 
traditional injection molding of thermoplastics. However, pro
duction of plastic parts by the RIM process does have certain 
limitations. Production molding of pDCPD by RIM typically 
requires cycle times of 2–4 min, compared to the 5–30 second 
cycle times common in traditional injection molding. As a 
result, the RIM process is typically too costly for large volume 
part production (> 15 000 parts per year). 

As a result of a complex array of business, regional brand
ing, and licensing transactions, the ownership of these first 
pDCPD products has changed several times during the past 
few decades. However, pDCPD has established a continuous 

market presence, with an estimated global market for pDCPD 
in 2006 of approximately 25 000 metric tons per year for 
specialty parts, including hoods, wind deflectors, and fasciae 
for heavy truck and agricultural and industrial equipment. 
These types of parts benefit from the key characteristics of 
pDCPD such as high toughness/impact resistance, high heat 
distortion temperature, and good chemical resistance relative 
to alternative materials of construction. 

The formulation and processing technology of traditional 
pDCPD has continued to progress. For example, filler-reinforced 
and flame-retardant resin systems are currently offered in addi
tion to the standard resin. Furthermore, improvements have 
been made to reduce the odor caused by residual DCPD mono
mer through process improvements. However, these resin 
systems based on traditional catalysts have not expanded to 
molding outside of the RIM processing paradigm. 

4.30.4.3 Early Applications of Grubbs Ruthenium Catalysts in 
pDCPD (Cyonyx®, Prometa®) 

4.30.4.3.1 pDCPD in neat resin systems 
Beginning in the 1990s, the new generations of well-defined 
olefin metathesis catalysts such as those developed by Prof. 
Robert Grubbs and Prof. Richard Schrock were beginning to be 
evaluated for commercialization in pDCPD materials. The first 
company to recognize the importance of the user-friendly char
acteristics of the Grubbs catalysts and license the technology for 
pDCPD molding from the California Institute of Technology 
was Advanced Polymer Technologies (APT). Although APT lar
gely focused on the development of RIM-prepared or cast 
components for corrosion applications, typical of traditional 
pDCPD materials, it promoted new applications in other areas 
through licensing. In particular, the A.O. Smith Corporation 
launched a line of high-performance, corrosion-resistant com
posite pipe products under the trade name Cyonyx®. Compared 
with traditional steel or composite pipe products, Cyonyx® 
offered low weight, excellent impact resistance, and superior 
resistance to halogens (liquid bromine and chlorine gas). In 
creating Cyonyx®, Smith also developed novel composite tech
nology14 and demonstrated flame-retarding methodologies.15 

Unfortunately, shortly after the spin-off and merger of A.O. 
Smith’s fiberglass piping division to form Smith Fibercast, this 
promising but not yet established product was discontinued. 

In the early 2000s, APT entered into a joint venture with BF 
Goodrich, known as Cymetech, LLC, which within a few years 
became owned by an investment firm after BF Goodrich exited 
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Scheme 2 Polymerization and cross-linking of DCPD. 
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the chemicals business. Cymetech retained its facilities in 
Huntsville, Texas, which supplied Telene® pDCPD product 
lines acquired from Goodrich and in Calvert City, Kentucky, 
which produced Ultrene® high purity DCPD. In 2003, 
Cymetech launched its Prometa® line of ‘engineering’ pDCPD 
resins based on the Grubbs ruthenium catalyst technology. 
Upon introduction, these new pDPCD resin systems were 
reported to meet or exceed the physical properties of the 
pDCPD products based on traditional catalysts while offering 
improvements of reduced sensitivity to impurities and signifi
cantly less odor evolution.16 Four formulations of Prometa® 
pDPCD were introduced for various processes including RIM, 
rotational molding, resin transfer molding (RTM), and 
vacuum-assisted RTM (VARTM). The primary applications were 
molded parts for the corrosion industry, parts for agribusiness, 
tanks for aerospace, and various specialty industrial compo
nents. Cymetech also investigated the use of pDCPD in liners 
of composite tanks for cryogenic liquids, based on the work of 
Toplosky, demonstrating that pDCPD exhibits superior elonga
tion at break at 77 K compared to epoxy and polyester.17 In Asia, 
Cymetech formed a partnership with Hitachi Chemical, who 
promoted pDCPD technology under its Metathene™ designa
tion. Hitachi developed a variety of electronic and consumer 
(e.g., bathroom fixtures) applications during the 2000s but cur
rently appears to be inactive in this area.18 

By the mid-2000s, Materia, Inc., a small company based in 
Pasadena, California, was demonstrating some success in the 
commercialization of various olefin metathesis catalyst tech
nologies related to specialty chemicals and polymer materials. 
Combining the exceptional toughness and corrosion resistance 
offered by pDCPD with the facile processing of ruthenium-
based catalysts, Materia had been evaluating a variety of 
applications including ballistics, blast containment, and 
high-performance composites (Figure 1). Some of the Materia 

Figure 1 A full metal jacketed 9 mm bullet fired into a cast panel of 
pDCPD cured using the first-generation Grubbs catalyst, demonstrating p
the exceptional toughness of pDCPD (viewed on edge, thickness of r
1.5 in). t

technology in the area of sporting goods had been licensed to 
Easton Sports, a manufacturer of sports equipment based in 
Van Nuys, California. Materia and Easton codeveloped several 
materials for product lines in the areas of baseball, hockey, and 
archery equipment. 

Materia patented technology related to variable density 
composites19 (including syntactic foam and metal-filled tool
ing and prototyping materials) and methods for adhering 
hydrocarbon resins such as pDCPD to various surfaces.20 

They have also demonstrated the infusion of very low-viscosity 
cycloolefin resins into porous substrates, such as wood, to 
make novel composite materials with enhanced mechanical 
performance, improved chemical and moisture resistance, 
and greater durability.21 In 2004, Materia acquired from 
Cymetech the licensing and patent rights related to pDCPD, 
in addition to the Huntsville production facility. Since the 
acquisition, Materia has been active on the pDCPD front 
through its efforts to commercialize resins in the area of RIM 
parts, syntactic foam parts, and tooling block. 

4.30.4.3.2 pDCPD in glass and carbon fiber composites 
Fiber-reinforced polymer (FRP) materials are composite mate
rials that represent a key application area for thermoset 
polymer systems. Typically, FRP composites are comprised of 
reinforcing fibers within a continuous matrix resin and provide 
excellent mechanical properties at relatively low weight. 
Therefore, composites based on fiberglass or carbon fibers are 
commonly used to make high-stiffness or high-strength parts 
for applications such as boat hulls, sports materials, shower 
surrounds, and wind turbine blades. Several processes are 
employed in the manufacture of fiber composite parts. One 
process for manufacturing large fiber composites, known as 
VARTM, has become increasingly common because of its low 
cost, versatility, and compatibility with the desire for low 
worker exposure to hazardous volatile organic compounds 
(VOCs). The VARTM process, sometimes referred to as vacuum 
infusion, involves sealing multiple layers of reinforcing 
fiber-based fabrics between a mold surface and a flexible film. 
After the system is placed under vacuum, resin is allowed to 
flow into the fabric, then heated through a prescribed curing 
protocol. 

Due to the excellent toughness exhibited in nonreinforced 
pDCPD-molded parts, it was hypothesized that pDCPD-based 
composites would have high fracture toughness as well. 
Furthermore, the low viscosity of pDCPD-based systems 
appeared to be well suited for the VARTM process. However, 
several characteristics of pDCPD resins have traditionally pre
sented processing challenges in composite applications using 
standard processing techniques such as VARTM. First, since 
infusion of the fabric with resin can be slow, especially in 
large parts, significant ‘pot life’ or working time is required for 
the resin/catalyst mixture (0.5–2.0 h) for most parts. For a 
successful process, the viscosity of the resin cannot change 
significantly during this period. Given the reactivity of DCPD 
in the presence of most olefin metathesis catalysts, the viscosity 
of such mixtures would typically increase too quickly to allow 
for complete filling of the part. In addition, the hydrophobic 
DCPD does not inherently adhere to traditional commercial 
einforcing fibers. Good adhesion must be achieved between 
he resin and the fiber (e.g., glass or carbon fiber) in order to 
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realize adequate properties including interlaminar shear 
strength (ILSS) and compression strength. 

Thanks to undisclosed improvements in pDCPD resin for
mulation and processing techniques, Materia has recently 
announced the introduction of a resin designed for fiberglass 
and related composites that are compatible with VARTM.22 In 
this system, pDCPD offers a number of performance advan
tages relative to traditional composite materials. Agastra and 
Mandell recently showed that pDCPD glass fiber laminates 
exhibited unusually high interlaminar fracture toughness in 
Mode I, also denoted as GIc, when compared to laminates 
based on traditional resin systems of unsaturated polyester, 
epoxy, and vinyl esters.23 While these traditional laminates 
typically have values of 200 400 J m−2 

– for initial GIc, pDCPD 
laminates were measured to be in the range of 1500 J m−2. This 
high level of toughness is typically associated with engineering 
thermoplastic polymers such as polyether ether ketone (PEEK). 

In addition to superior toughness, pDCPD composites have 
high ductility in the nonfiber directions. For structural applica
tions, anisotropic or unidirectional reinforcement fabrics are 
commonly used to provide maximum stiffness, but this can 
cause the parts to be rather brittle in the cross-fiber direction. 
Extra reinforcing fibers are typically used as ‘cross-bracing’ to 
compensate for the low strength. However, pDCPD, which has 
a high-strain deformation before breaking, can allow for design 
changes and efficiencies in the composite by reducing the 
amount of cross-bracing reinforcement required. 

Independent of the performance characteristics, the low 
viscosity of DCPD provides pDCPD composites with a distinct 
processing advantage in vacuum infusion relative to traditional 
materials. Whereas typical resin systems for infusion processes 
have viscosities in the range of 200–400 cP, pDCPD systems 
have viscosities in the range of 10–40 cP. For vacuum infusion 
processes and RTM in general, this low viscosity translates 
directly into faster processing time. In addition, the low viscos
ity allows for process simplification through the reduction of 
peripherals such as flow aids. 

For pDCPD-based glass and carbon fiber composites, the 
reported performance profiles and processing advantages pro
vide the foundation for adoption into composite applications. 
Coupled with the relatively low monomer cost associated with 
purification of a well-known petrochemical by-product, a com
pelling case can be made that a successful polymer is on the 
horizon. The market will have the final word during the next 
few years on whether these attributes are indeed sufficient for a 
commercial success. 

4.30.4.4 Polynorbornene (Norsorex®) 

Polynorbornene, developed by CdF-Chimie, holds the distinc
tion of being the first commercial ROMP polymer. It was 
originally introduced in France in 1976 under the trade name 
Norsorex®, and though it has since expanded into the global 
market, it remains a niche product. The monomer for this 
material, 2-norbornene, is the product of the Diels–Alder reac
tion between cyclopentadiene and ethylene. Polymerization 
proceeds in the presence of a RuCl3/HCl/BuOH catalyst system, 
resulting in a material with an extremely high molecular weight 
(> 3 000 000 g mol−1) and predominantly trans olefins. The 
high-molecular-weight and unsaturated microstructure impart 
the material with unusual properties, behaving as both 

elastomeric and thermoplastic. Norsorex® has a Tg of 37 °C 
that contributes to its remarkable damping properties in shock, 
vibration, and sound control applications.24 

Due to its low polarity and high molecular weight, 
Norsorex® can absorb up to 10 times its dry weight in hydro
carbons, forming a gel that maintains reasonable mechanical 
properties. Accordingly, it has found some application for oil 
spill cleanup. In addition, hydrocarbon plasticizers can be 
added to form workable formulations containing > 400 phr of 
plasticizer, which allows for polynorbornene formulations 
with Tg as low as –60 °C.25 This versatile product is now 
marketed by the Vienna-based company Astrotech. 

4.30.4.5 Cylic Olefin Copolymers (Zeonex®, Zeonor®, 
Arton®) 

Cyclic olefin polymers and cyclic olefin copolymers (COCs) are 
terms generally used when referring to a class of thermoplastic 
polymers with high optical clarity for use in optical and film 
applications. COCs are made by copolymerization of norbor
nene derivatives, by either ROMP or addition polymerization 
(Scheme 3). The addition polymers can be either homopoly
mers of one or more norbornenes (Avatrel® from Promerus) or 
copolymers with an additional olefin such as ethylene (Topas® 
from Ticona and Apel® from Mitsui). All have good optical 
transmittance over a broad wavelength and thermal range, 
and compete primarily with high-end PC and poly(methyl 
methacrylate) (PMMA). 

Performance, rather than cost, has been the primary driver 
for the adoption of COCs into industry. With applications in 
lenses for laser printers, LCD screens, cell phone cameras, and 
other high-value products, only a small amount of polymer is 
required to produce valuable parts. Accordingly, the market 
can accommodate a relatively high price per pound for these 
materials. Due to the stringent purity requirements for optical 
applications, much of the cost associated with COC manufac
turing is in contaminant removal and clean room handling. 
Taken together, the impact of raw material and polymeriza
tion costs is relatively small compared to other polymeric 
materials. 

Development of the first commercial hydrogenated ROMP 
polymer, Zeonex®, began at Nippon Zeon in the early 1980s. 
Zeon was motivated primarily by upstream considerations, 
with an interest in norbornene chemistry grounded in the 
goal of fully utilizing the C5 by-products from Zeon’s isoprene 
purification facility. Research began by making substituted 
norbornenes via Diels–Alder chemistry from cyclopentadiene 
and polymerizing them by ROMP. The resulting linear poly
mers were thermoplastic, but the residual backbone 
unsaturation resulted in poor thermal and oxidative stability, 
which complicated melt processing. In an effort to improve 
these properties, Zeon investigated the hydrogenation of these 
materials and found that in addition to improved stability, 
some hydrogenated polynorbornenes possessed excellent opti
cal properties.26 

The parent hydrogenated polynorbornene is an opaque 
crystalline product, but substitution of the norbornene back
bone with cyclic groups tends to create amorphous materials. 
The optical properties of these amorphous COCs in the visible 
range are comparable to optical grades of PC and PMMA, but 
extend into the ultraviolet range better than competing 
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Scheme 3 Chemical structures and generic syntheses of marketed addition and ROMP COCs. 

Figure 2 Select ROMP monomers for COCs and the impact of monomer 
structure on polymer properties.26 

materials. Altering the norbornene substitution, especially 
with polycyclic groups, can provide materials with high Tg, 
which is critical for maintaining consistent optical properties 
at high operating temperatures or over wide temperature 
ranges (Figure 2). 

4.30.5 Linear Polyalkenamers 

ROMP of mono- or polyunsaturated monocyclic alkenes pro
vides linear polymers containing unsaturation at regular 
intervals along the backbone, termed polyalkenamers 
(Scheme 4). The properties of these elastomers depend on 
the degree of unsaturation (as dictated by the monomer) and 
the cis/trans olefin ratio (as determined by the polymerization 

Scheme 4 Linear polyalkenamers 

conditions). Only one polyalkenamer, polyoctenamer, has 
achieved commercialization, and its success relative to the 
related polymers discussed herein is due to a combination of 
material properties, process considerations, and feedstock 
economics. 

4.30.5.1 Polybutenamer 

Dimerization or trimerization of butadiene produces 1,5
cyclooctadiene (COD) or 1,5,9-cyclododecatriene (CDDT), 
respectively. Each of these monomers undergoes efficient 
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ROMP to provide polybutenamer, a product with the struc
ture of a fully 1,4-polybutadiene. While this microstructure 
differs from polybutadiene prepared by radical, anionic, or 
Ziegler–Natta-type polymerizations, no compelling perfor
mance advantage has been reported. Due to the added 
relative monomer cost of COD and CDDT with respect to 
butadiene, there has been no motivation to develop a poly
butenamer product. 

4.30.5.2 Polypentenamer 

The availability of cyclopentene as a petrochemical by-product 
served as the driving force for the development of polypente
namer. Cyclopentene will undergo ROMP, though because of 
minimal ring strain, single-pass complete conversions are diffi
cult to obtain. Goodyear, Bayer, Nippon Zeon, and Japan 
Synthetic Rubber each had developmental programs focused 
on this elastomeric material, but a commercial product was 
never developed. The postvulcanization properties of polypen
tenamer are similar to polybutadiene, but despite the desire to 
utilize cyclopentene, the additional cost of monomer isolation 
and relatively inefficient ROMP made the overall process eco
nomics unattractive. The development of polypentenamer 
could potentially reactivate if the price imbalance between 
cyclopentene and butadiene becomes significant.27 

4.30.5.3 Polyoctenamer (Vestenamer®) 

The only commercially successful linear polyalkenamer is poly
octenamer. Hüls (now Evonik) has marketed this product with 
the trade name Vestenamer® since 1980. In the Vestenamer® 
process, cyclooctene is polymerized in the presence of a WCl6 

catalyst in hexane solvent at temperatures of less than 100 °C, 
producing a bimodal product distribution. The polymer is 
predominantly the expected linear product with a molecular 
weight of 50 000–100 000 g mol−1, but at least 25% of the 
polyoctenamer consists of macrocyclic polymers arising from 
competitive polymer backbiting. Most of the cyclic compo
nents have lower molecular weights than the linear chains; 
the highest proportion has molecular weights around 
15 000 g mol−1, but cyclic polymers up to at least 
100 000 g mol−1 are observed.28 The olefins in Vestenamer® 
are predominantly trans, with the two commercially available 
grades of Vestenamer® possessing cis/trans ratios of 20:80 and 
40:60. 

The combination of high cyclic content, low branching, and 
trans unsaturation imparts Vestenamer® with an unusual com
bination of properties compared to other elastomeric 
materials. The high trans content causes it to be semicrystalline 
in the solid state. The mixture of cyclic and linear polymer 
chains results in relatively low-melt viscosity that makes 
Vestenamer® useful for certain applications such as asphalt 
modification. 

The added raw material and production costs relative to 
other elastomers (polybutadiene, styrene-butadiene copoly
mers, etc.) have kept polyoctenamer from entering the realm 
of a commodity rubber, but Vestenamer® has achieved success 
as a minor component in numerous elastomer blends. 
Formulations containing 10–20% of Vestenamer® have lower 
melt viscosity and better green strength than their parent 

formulations, and can be vulcanized using traditional 
chemistries.29 

4.30.5.4 Polydodecenamer 

Concurrent to their polyoctenamer development efforts in the 
1970s, Hüls thoroughly investigated polydodecenamer made 
from the ROMP of cyclododecene. The properties of this mate
rial are similar to those of polyoctenamer, and the ultimate 
commercialization of the latter rather than the former was not 
driven by material properties. 

When research into ROMP began at Hüls around 1969, the 
company had been operating a butadiene trimerization plant 
to produce CDDT for 4 years, and though butadiene dimeriza
tion to cyclooctadiene COD was known, at the time there were 
no dedicated commercial sources for this feedstock. 
Accordingly, the cyclo-C12 feedstock was readily available 
and the cyclo-C8 feedstock was only available as a by-product 
from the Hüls trimer plant. This supply chain imbalance 
favored the development of the polydodecenamer.30 

Despite the uncertain supply chain for its monomer, there 
were a number of practical processing advantages in favor of 
polyoctenamer. The polymerization of cyclo-C12 had a lower 
time yield due to a slower reaction rate (a function of monomer 
ring strain), and removal of any residual higher boiling C12 
monomer by distillation was more energy- and time
intensive.31 

Perhaps the most important factor that tipped the balance in 
favor of polyoctenamer over polydodecenamer had to due with 
the sensitivity of the tungsten catalyst and the details of mono
mer purification. Cyclooctene and cyclododecene are both made 
in two steps from butadiene via the partial hydrogenation of the 
cyclic diene and triene, respectively. It was found that residual 
dienes from this reduction can become isomerized into conjuga
tion, leading to catalyst poisons. Accordingly, the partial 
reductions needed to be run to complete consumption of dienes, 
which in practice meant over-reduction of some feedstock to the 
saturated species. In the case of cyclooctadiene, the substantial 
difference in olefin reactivity allowed for selective reduction with 
< 5% of over-reduction product. For cyclododecatriene, how
ever, there is less ring strain and mono-olefin can only be 
obtained with 15–20% of over-reduced product. While this 
product could have been salvaged for other uses, the added 
expense, in addition to the aforementioned issues, shifted the 
balance of commercial appeal away from polydodecenamer in 
favor of polyoctenamer.32 

4.30.5.5 End-Functional Polymers (Difol®) 

In the presence of pure cycloolefin, ROMP can provide poly
mers with very high molecular weights, but if an acyclic olefin 
is introduced to the polymerization mixture, lower 
molecular-weight polymers are obtained. In this scenario, 
molecular weights are determined by the ratio of cyclic mono
mer to acyclic chain terminator. In the mid-1990s, Amoco 
(later BP Amoco) developed a chain-terminated ROMP process 
to make linear hydroxyl-terminated polybutenamer (HTPBD 
for hydroxyl-terminated polybutadiene). Their process used a 
(RuCl2(p-cymene))2/PCy3 catalyst to polymerize COD in 
the presence of cis-1,4-diacetoxybutene in chlorobenzene 
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Scheme 5 Synthesis of HTPBD by ROMP of 1,5-cyclooctadiene in the presence of a functional chain transfer agent. 

solvent.33 The resulting telechelic diacetate was then hydro
lyzed to give the HTPBD (Scheme 5). 

HTPBD produced by BP Amoco entered development 
under the trade name Difol® and was marketed as a com
ponent in polyurethanes, in both cast elastomers and 
thermoplastic polyurethanes. Polyurethanes are prepared 
from diisocyanate prepolymers derived from long-chain 
diols or polyols. In traditional polyurethane systems, the 
long-chain polyol component is either polyether- or 
polyester-based with molecular weights in the range of 
2000–10 000. When HTPBD in this range was used as the 
diol component, the resulting polyurethanes had differen
tiated properties with respect to traditional materials. The 
hydrophobic HTPBD backbone provided excellent hydroly
tic stability, chemical resistance, and low-temperature 
elasticity. However, the high cost of HTPBD relative to 
already commoditized polyether and polyester polyols 
made it unlikely that HTPBD would displace the incumbent 
materials and its use would be restricted to only market 
segments where these properties were of critical importance. 
To date, this segment of the polyurethane market has been 
relatively small. 

BP Amoco never commercialized their Difol® product line, 
perhaps because the moderate sized market was outside of BP 
Amoco’s core area of expertise. In the late 1990s, Bayer 
Materials Science began development of a similar line of 
HTPBD utilizing the first-generation Grubbs catalyst in a pro
cess otherwise similar to Amoco’s.34 Bayer’s sizeable presence 
in the polyurethane markets provided a decreased barrier to 
market penetration while also allowing Bayer to expand their 
existing product offerings. 

In 1997, before Bayer reached the commercial stage with 
their HTPBD, direct competition emerged with the introduc
tion of HTPBD produced by anionic polymerization of 
butadiene. This material was developed by the Czech company 
Kaucuk and was marketed under the trade name Krasol®.35 The 
lower feedstock cost of butadiene versus cyclooctadiene gave 
Krasol® a cost advantage in this already cost-disadvantaged 
specialty polyurethane market segment. Bayer abandoned its 
line of ROMP-derived HTPBD before a commercial launch, 
whereas Krasol® was successfully commercialized and is now 
marketed by Cray Valley. 

4.30.6 Conclusion 

Due to the aforementioned commercial successes of polymeric 
materials based on ROMP chemistry, olefin metathesis deserv
edly holds a place among the short list of successful 
polymerization processes. In addition, a number of ROMP poly
mer systems have been developed that possess useful properties, 
but a combination of feedstock pricing, process challenges, and 
lack of market pull have limited their use. However, because the 
markets for raw materials are dynamic and new applications for 

materials are invented almost daily, it is quite possible that a 
previously abandoned polymer will find new life in the future. 
Furthermore, as olefin metathesis has become increasingly com
monplace in academia over the past few decades, each new 
generation of practicing polymer chemists is ever more comfor
table with this chemistry. New ROMP solutions to both existing 
and yet-to-be-discovered problems are surely on the horizon. 
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4.31.1 Introduction 

Biodegradable polymers make a significant contribution to 
sustainable development and, as defined by the Brundtland 
Commission, are “meeting the needs of the present generation 
without compromising the needs of future generations”.1 

Biodegradable polymers are commonly defined as ‘polymers 
that degrade in an acceptable period of time after their intro
duction in natural conditions (e.g., human body, soil, 
compost, sewage, or sludge) without references to the mechan
ism(s) of degradation involved’. In this respect, biodegradable 
polymers have attracted a lot of attention as biodegradable 
substitutes for commodity polymers such as polyethylene 
(PE) for short-time applications as well as in the biomedical 
realm.2–8 In medicine, their functions are bonding (monofila-
ment sutures, screws), closure (covering and occlusion), 
scaffold (cellular proliferation and tissue guide), separation 
(isolation and contact inhibition), and drug delivery 
devices.9–10 They offer the advantage of being biocompatible 
and bioresorbable, for example, degrading in low
molecular-weight products, which are either excreted or 
metabolized. 

Among them, aliphatic polyesters such as poly 
(ε-caprolactone) (PCL) and polylactides (PLAs) represent one 
of the most promising family and are up to date the most 
extensively investigated ones.11 In addition to their biodegrad
ability and biocompatibility, they are thermoplastic polymers 
with excellent thermomechanical properties. Moreover, PLAs 
are totally derived from renewable resources, representing a 
sustainable solution regarding environmental pollution, 

greenhouse gas emissions, waste disposal, and the depletion 
of fossil resources like oil.6,7,12–16 The ‘Green Chemistry’ issue 
affords a platform to substitute partially, and to some extent 
totally, petroleum-based polymers through the design of 
bio-based polymers competing or even surpassing the existing 
petroleum-based materials on cost-performance basis with 
high eco-friendliness values.17,18 In this respect, aliphatic 
polyesters are finding broad applications from packaging for 
industrial products to mulching films in agriculture or biore
sorbable materials for hard tissue replacement and controlled 
drug delivery devices.11 However, a precise control over proper
ties like hydrophilicity, glass transition temperature (Tg), and 
crystallinity is of utmost importance for their thermomechani
cal properties, biodegradation rate, and bioadherence, and 
relies on the availability of an adequate synthetic pathway. 

The traditional synthetic route to the preparation of alipha
tic polyesters is the step-growth polymerization or 
polycondensation of diols with diacids (or diesters), or of 
hydroxyacids.19 Despite its low cost, direct polycondensation 
suffers from several drawbacks such as the need for high tem
perature, the continuous removal of by-products (most often 
water), and long reaction times, favoring side reactions. 
Moreover, the resulting molar weights are typically lower than 
30 000 g mol−1 with polydispersities close to 2,20 yielding 
polyesters with poor mechanical properties. 

In contrast to the limitations of the step-growth polymer
ization techniques, ring-opening polymerization (ROP) of 
cyclic esters may provide high-molecular-weight aliphatic 
polyesters (up to 100 kg mol−1) under mild conditions.21–25 

ROP is the preferred synthetic pathway used in industry, and 
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can be performed in bulk (absence of solvent), in solution, or 
in emulsion.26 Under given conditions (temperature, solvent, 
initiator, catalyst), ROP proceeds in a controlled manner. This 
affords a prediction of molecular weights for polyesters by con
trolling the initial monomer-to-initiator molar ratio, but also the 
synthesis of well-defined polyesters with a low degree of poly
dispersity. In this chapter, the industrial aspects to obtain these 
aliphatic polyesters by ROP as well as their properties and appli
cations – existing and in spe, will be discussed with a special 
emphasis on the prominent examples of commercially available 
aliphatic polyesters, namely PLA, polyglycolide (PGA), PCL, 
and poly(1,4-dioxan-2-one) (PPDX). Prior to these different 
issues, some generalities about ROP of cyclic esters will be dis
cussed through their industrial aspects. 

4.31.2 ROP of Cyclic Esters: Generalities 

Depending on the cyclic monomer, the catalytic/initiating sys
tem, and the nature of the resulting active species, ROP 
proceeds as free radical, coordinative, anionic (or cationic), or 
enzymatic polymerization.27 Anionic and coordinative ROP 
allow reaching the highest polymerization yields and molecu
lar weights in short reaction times. 

Anionic ROP proceeds through nucleophilic compounds 
(organometallic compounds, metal amides, amines, alkoxides, 
alcohols, water, etc.) as initiators. The anionic ROP process has 
successfully been used for the synthesis of well-defined (co) 
polyesters made of 4- and 5-membered lactone rings such as 
β-butyrolactone initiated by metallic potassium and in pre
sence of 18-crown-6 ether.28,29 Depending on the nature of 
the initiator, either an alkyl-oxygen or an acyl cleavage occur, 
with the respective formation of a carboxylate or an alkoxide 
growing species (Figure 1).30 In contrast to 4- and 5-membered 
lactone rings, ROP for higher ring sizes such as ε-caprolactone 
(CL) is exclusively initiated by metallic alkoxides instead of 
metallic carboxylates, which are not nucleophilic enough to 
open the lactone ring.31 

Unfortunately, anionic ROP promoted by metal alkoxides is 
often accompanied by significant intra- and intermolecular 
transesterification and termination reactions, resulting in the 
formation of cyclic oligomers and broadening the molecular 
weight distribution. The occurrence of side reactions along 
anionic ROP is ascribed to the high ionicity of the metal alk
oxide bond. 

The side reactions have been depressed using graphite inter
calated with alkaline metals (e.g., Na) as initiating system.32 

In this case, the polymerization takes place within the interla
mellar spacing of graphite, preventing the growing polyester 
chains from adopting the conformation necessary to form 

Figure 1 ROP of lactones by anionic initiation by either (1) O-acyl bond 
cleavage or (2) O-alkyl bond cleavage. 

cyclics (by backbiting). Another way to avoid these side reac
tions is to take advantage of coordinative (pseudoanionic) ROP. 

Coordinative ROP proceeds through initiators able to cova
lently bind the monomer, that is, forming covalently bound 
propagating species. This has been found to prevent inter- and 
intramolecular transesterification reactions by decreasing the 
reactivity of metal alkoxides and polymerization rate. 
Alkoxides of metals with free p or d orbitals (Mg, Sn, Al, Ti, Zr, 
Zn, etc.) have, therefore, become of significant interest. The 
nature of the metal forming the ‘active covalent’ bond is of 
utmost importance for the control over side reactions.33 Within 
the limits of the studied initiators, the order of the relative 
reactivity increases as follows: Al(OiPr)3 <Zn(O

nPr)2 < Ti  
(OnBu)4 <Bu3SnOMe < Bu2Sn(OMe)2 < K(OMe). The use of 
bulky coordinated groups enables a further decrease of side 
reactions, yielding linear high-molecular weight polyesters of 
narrow distribution and high stereoregularity.34–36 In accor
dance with these results, ‘selectivity parameters’ γ (the ratio of 
propagation rate constant to the intermolecular transesterifica
tion rate constant) and β (the ratio of propagation rate constant 
to backbiting rate constant) have been defined for quantifying 
the extent of transesterification side reactions.37,38 High selectiv
ity with minimal side reactions have been found for aluminum 
and lanthanide initiators.38,39 For example, propagation in pre
sence of aluminum alkoxides is 100 times faster than 
bimolecular transesterification during ROP of L-lactide (L-LA) 
in tetrahydrofuran, and the molecular weight of the resulting 
polyester is usually controlled.37 Moreover, both chain ends are 
predictable and well defined. An ester group ‘RO–C=O’ with an 
alkoxy group – RO – from the initiator is anchored in α-position, 
while hydrolysis of the propagating chains results in 
ω-hydroxy-terminated polyester. The exceptional control using 
aluminum alkoxides has logically been utilized as a synthetic 
platform for the preparation of aliphatic polyesters of desired 
macromolecular structure.40 However, aluminum alkoxides, 
either trialkoxides (Al(OR)3) or dialkyl alkoxide (R2Al(OR′)), 
are known to aggregate as dimers, trimers, and tetramers.41–43 

These aggregates play an important role in the kinetics of the 
polymerization of cyclic (di)esters. For instance, an induction 
period of time is observed before the initiation step, and is 
attributed to the rearrangement of the aggregated forms into 
the ‘more active’ initiating species.44 Importantly, this rearrange
ment can also determine the initiation extent. For example, 
Al(OiPr)3 in toluene is a mixture of two aggregates (trimer (A3) 
and tetramer (A4)) in equilibrium (Figure 2). Depending on the 
cyclic (di)ester and reaction conditions, both species (A3 +A4) 
can act as initiators, for example, for the ROP of lactide (LA), 
while only the more reactive A3 can be involved, for example, for 
the ROP of CL. This difference is attributed to the much lower 
reactivity of A4 tetramer compared to A3 trimer, so that in poly
merization of CL initiated by a mixture of A4 and A3, only A3 is 
completely consumed while A4 species remains ‘untouched’. 

Other very often reported ‘initiating systems’ for coordina
tive ROP are covalent metal carboxylates, particularly tin(II) 
2-ethylhexanoate (Sn(Oct)2).

45 Indeed, Sn(Oct)2 belongs to 
the most frequently used catalyst for the ROP of cyclic esters in 
industry (Figure 3). Such commercial catalysts can be readily 
handled (i.e., do not require high vacuum equipments) and are 
relatively easy to purify (at least down to �2 mol.% of proton 
containing impurities) by distillation for semiquantitative syn
thetic work.46 In contrast to aluminum derivatives, tin 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 2 Dynamic equilibrium of aggregated A4 and A3 species derived from Al(OiPr)3 in toluene. 

Figure 3 Molecular structure of tin(II) octoate. 

carboxylates are accepted in food regulations by the Food and 
Drug Administration (FDA). 

The most advocated mechanism47,48 involves a direct cat
alytic action of Sn(Oct)2. Actually, Sn(Oct)2 was first 
proposed to activate the monomer forming a donor–acceptor 
complex, which further participates directly in the propaga
tion step. Sn(Oct)2 is liberated in every act of propagation. It 
results from this mechanism that Sn(II) atoms are not cova
lently bound to the polymer at any stage of polymerization. 
Interestingly, Penczek and co-workers49–51 proposed another 
more reliable mechanism, proceeding through the ‘active 
chain end’ mechanism, that is, by the in situ formation of 
Sn-alkoxide bonds located at the chain ends as observed by 
matrix-assisted laser desorption ionization time of flight 
(MALDI-TOF) and fully confirmed by kinetic studies. 
Through a rapid exchange equilibrium Sn(Oct)2, and most 
probably any other covalent metal carboxylates, are first con
verted by reaction with protic compounds (ROH) into tin (or 
other metal) alkoxides as active centers for the polymeriza
tion. ROP proceeds through a ‘coordination-insertion’ 
mechanism when promoted with these tin alkoxides similarly 
to the previously discussed covalent metal alkoxides such as 
aluminum alkoxides (Figure 4). 

The investigated metal complexes finding applications in 
the ROP of cyclic lactones have recently been reviewed by 
several groups,52–54 contributing to a better understanding of 
the factors governing this polymerization. Spectacular 
improvements in terms of molecular parameters and stereo-
control, activity, and productivity have therefore been 

achieved. In addition to these ‘rather conventional’ systems, 
newer metal-free catalysts have been developed and some of 
them have already found industrial applications. Metal-free 
ROP evoked a significant interest following the pioneering 
research of Hedrick et al. in 2001. Among the simplest ones, 
some selected enzymes, tertiary amines, urea- and iodine-based 
compounds, phosphines, and carbenes have proven efficient 
metal-free catalysts.53,55,56 It is worth noting that the use of 
enzymes has several advantages over the conventional chemi
cal methods: they need milder conditions, the use of organic 
solvents might be avoided, high enantio- and regioselectivities 
are achieved, and the catalyst is usually recyclable. Enzymatic 
reactions are reversible, demanding appropriate reaction con
ditions to control the equilibrium. Among all enzymes, lipases 
that are able to cleave ester bonds, and are also reversible 
catalysts in esterification and transesterification.57,58 

Moreover, some lipases have proven stable in organic solvents. 
The preferred system is the Candida antarctica (known as 
Novozyme-435).57 

Whatever the free-metal initiating system, the mechanism of 
metal-free ROP is not completely understood yet, but the acti
vated monomer mechanism, involving a transient monomer– 
catalyst complex (Figure 5) is somehow accepted.53,55,59,60 

After the formation of the transient monomer–catalyst com
plex, the protic initiator will react to form the ‘ring-opened 
adduct’ with the simultaneous delivery of the catalyst. 
Analogously proceeds chain propagation. Accordingly, acid or 
ester functionality is expected in α-position, similarly to the 
‘coordination-insertion’ mechanism described above. 
However, this metal-free ROP significantly differs from the 
classical coordinative ROP as the nucleophilic catalyst only 
activates the monomer, without remaining bound to the grow
ing chain end. The recent advances in the controlled metal-free 
ROP of cyclic monomers have thoroughly been discussed by 
Dechy-Cabaret et al.53 

Figure 4 Proposed activation mechanism for the ROP of ε-CL promoted by Sn(Oct)2 (only tin-monoalkoxide, Oct-Sn-OR, is shown even though the 
formation of tin dialkoxide cannot be ruled out). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 5 Schematic presentation of the metal-free nucleophilic ROP. Nu, nucleophilic transesterification catalyst; ROH, protic initiator or growing 
polyester chain. Adapted from Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D. Chem. Rev. 2004, 104, 147.53 

4.31.3 Industrial Aliphatic Polyesters Implemented 
by ROP 

The aliphatic polyesters implemented by ROP were the earliest 
and have been the most extensively studied polymers for their 
inherent biodegradability. Their uniqueness lies in their 
immense diversity. Most of them have already been industria
lized and found applications in medicine, food, and 
agriculture. In Table 1, the structure of the industrialized 
monomers and the corresponding homopolymers are listed. 
PLA, PGA, and their associated copolymers, as well as PCL are 
the most investigated. The synthesis (related with industrial 
aspects), properties, applications, and perspective develop
ments of these polyesters will be discussed hereafter. 

4.31.3.1 Poly(lactide) 

4.31.3.1.1 Generalities 
Regarding the development of environmentally friendly pro
cesses and products, PLA represents one of the most auspicious 
candidate for the substitution of various petrochemical poly
mers as polystyrene (PS) and poly(ethylene terephthalate) 
(PET). The monomeric repeating unit of PLA is the lactic acid 
(2-hydroxypropionic acid), the simplest α-hydroxy acid con
taining an asymmetric carbon atom. Due to the chirality of the 
carbon atom, the lactic acid exists in two enantiomeric config
urations – L(+) and D(–) stereoisomers (Figure 6).61 Lactic acid 

is commercially produced by converting carbohydrates 
obtained from vegetable sources (e.g., corn, wheat, rice) using 
either bacterial fermentation or a petrochemical route, even if 
the first approach is more extensively used, since it is more eco
friendly.62 Furthermore, the petrochemical synthesis yields an 
optically inactive 50:50 mixture of D- and L-forms, whereas the 
bacterial fermentation-derived lactic acid exists almost exclu
sively in the L-form.62,63 The bacterial fermentation process 
uses homolactic organisms such as optimized or modified 
strains of the genus Lactobacillus.61 These bacteria are classified 
as homofermentative and produce the lactic acid from the 
carbohydrates through the Embden–Meyerhof pathway. 
Various types of carbohydrates can be chosen depending on 
the particular strain of Lactobacillus. In general, most of the 
simple sugars obtained from agricultural by-products can be 
used: glucose, maltose, and dextrose from corn or potato 
starch, sucrose from cane or beet sugar, and lactose from cheese 
whey. Along with these carbohydrates, the bacteria require 
proteins and other complex nutrients such as B vitamins, 
amino acids, and nucleotides. Moreover, the fermentation 
approach has been found to be more ‘eco-friendly’. Since 
1990, it has been the more extensively used route toward the 
production of lactic acid.63 Batch, continuous or cell recycle 
reactors, producing 4.5–76 g l−1 h of lactic acid have, therefore, 
been developed and are nowadays used by industry.64 It is 
worth noting that recent research has shown the possibility of 
producing D-lactic acid starting from renewable resources with 

O O 

Table 1 Industrialized cyclic ester monomers and corresponding homopolymers 

Cyclic monomer Homopolymer 

Name Chemical structure Name Chemical structure 

Lactide (LA) O O 

O O 

Poly(lactide) (PLA) 

O n 
O 

Glycolide (GA) O O 

O O 

Poly(glycolide) (PGA) 
O n 

O 

ε-Caprolactone (ε-CL) Poly(ε-caprolactone) (PCL) 
O 5 n 

O 

Dioxanone (PDX) O O Poly(dioxanone) (PDX) 
O 2O n 

O 
O 

Reproduced from Nair, L.; Laurencin, C. Prog. Polym. Sci. 2007, 32, 762, with permission from Elsevier. 
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Figure 6 Chemical structures of the monomers for the synthesis of PLA: (1) L-lactic acid (m.p. 16.8 °C); (2) D-lactic acid (m.p. 16.8 °C); (3) D,D-lactide 
(m.p. 97 °C); (4) L,L-lactide (m.p. 97 °C), and (5) D,L-lactide (meso-lactide, m.p. 52 °C). m.p. = melting point. 

high yields. For instance, the production of pure D-isomer is 
obtained by converting lignocellulosic materials into lactic acid 
through simultaneous saccharification and fermentation with 
Lactobacillus coryniformis (ssp.) torquens.65 

Starting from lactic acid, PLA with elevated molecular 
weights may be produced by (1) ‘direct polycondensation’ or 
(2) ‘azeotropic dehydrative polycondensation 66

’. –68 The direct 
polycondensation (1) is the less expensive route. However, due 
to its reversibility, it requires removal of a by-product 
(i.e., water) and long reaction times with resulting polymers 
of only about 30 kg mol−1. Chain coupling agents and additives 
are needed to increase the molecular weight of resulting PLA, 
therefore, adding cost and complexity to the polyester synth
esis. The use of chain coupling and additivation can be avoided 
by performing ‘solid-state polymerization’ (SSP) by the indirect 
method. The latter is carried out by heating PLA prepolymers at 
a temperature just below their melting temperature (Tm), and 
by continuously removing the by-products (water) under 
reduced pressure or through a gaseous carrier.69 Although the 
reaction time is much longer than of polymerizations carried 
out in melt or in solution, high-molecular-weight PLAs up to 
500 kg mol−1 are readily obtained by this method. The main 
advantage of this technique is also that low reaction tempera
tures are utilized, reducing the incidence of side reactions such 
as thermal, oxidative, hydrolytic degradation, and, therefore, 
yielding the synthesis of PLA with high molecular weights up to 
100 kg mol−1 and good thermomechanical properties. More 
directly, another method avoiding chain coupling and additi
vation is the (2) azeotropic condensation synthetic route.70,71 

The azeotropic dehydrative polycondensation (2) of lactic acid 
leads to the preparation of higher molecular weight PLA going 
up to 300 kg mol−1 in the presence of tin-based catalysts and 
azeotropic solvents such as diphenylether.72 However, remov
ing the by-product is still needed, together with the use of long 
reaction times (up to 40 h). In this respect, the best control over 
the molecular parameters (molecular weight, nature of chain 
ends, etc.) for the synthesis of PLA is successfully obtained by 
ROP of the lactic acid cyclic dimer –LA (see Figure 6).73 Due to 
the presence of two chiral centers, LA exists as two optical 
isomers, D,D-lactide (D-LA) and L,L-lactide (L-LA). Two optically 
inactive LA are also available: meso-LA as well as the racemic 
mixture of L-LA and D-LA, called rac-LA.74 

Although the first syntheses of PLA by ROP of LA were carried 
out by Carothers et al. in 1932,75 the first industrial example was 
patented and published by NatureWorks (ex. Cargill Inc.) in 
1992.76,77 The Cargill process involves the continuous produc
tion of LA, followed by its direct ROP. The process starts from the 
fermentation of corn dextrose, leading to mainly L-lactic acid. 
The lactic acid is then condensed in order to obtain lactic acid 
oligomers, which is further catalytically depolymerized under 
reduced pressure to give pure LA containing minimum 95% of 
L-LA (Figure 7). In a batch reactor, ROP of resulting LA is subse
quently carried out in the absence of solvent using tin octoate as 
catalyst to give high-molecular-weight PLA. Up to recently, 
NatureWorks has announced a production capacity of approxi
mately 140 000 metric t year−1 of PLA under the name Ingeo™, 
mainly for commodity market.72,78 

The NatureWorks™ process embodies the Green Chemistry 
principles by using a fermentation process for monomer pro
duction, replacing petroleum-based resources with annually 
renewable resources, performing the synthesis in the absence 
of solvents and other hazardous chemicals, reducing energy 
consumption and increasing yields by efficient catalysis, and 
completely recycling product and by-product streams.19 

Interestingly, due to its renewable origin, the overall produc
tion of PLA could even yield a negative greenhouse gas impact 
in comparison with petrochemical polymers (Figure 8).78 This 
can be achieved by utilizing the lignin fraction of lignocellulo
sic feedstocks as stream of LA, as well as by replacing the grid 
electricity with wind power in the biorefinery, lactic acid, and 
PLA production facilities. Thanks to these sustainability and 
eco-friendly characteristics, PLA exhibits biodegradable, recycl
ability, and compostable properties, which make it an attractive 
biopolymer.79 In this respect, there are several other Good 
Manufacturing Practice (GMP)-grade PLA, distributed under 
the trademarks Purasorb™ and Puralact™ (Purac Biomaterials, 
The Netherlands), Lactel™ (Birmingham Polymers, Alabama, 
USA), Resomer™ (Boehringer Ingelheim, Germany), 
Medisorb™ (Alkermes, USA), and Futerro™ PLA (Futerro, 
Belgium). However, a serious problem is caused by the proper 
choice of plant stock for the manufacture of PLA. The use of 
corn for the manufacture of PLA – justified from the purity and 
economical point of view – is hampered by its food applica
tions. Purposeful growth of significant crops in poor soils has 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 7 Schematic presentation of the current Cargill Dow LLC process for PLA production in Blair, Nebraska, USA. Reproduced from Kharas, G. B.; 
Sanchez-Riera, F.; Severson. D. K. Polymers of lactic acid. In Plastics from Microbes; Mobley, D. P., Ed.; Hanser Publishers: Munich, 1994; p 93.64 

Figure 8 Contributions to global climate change for some petrochemical polymers and two PLA (PLA 1 = first-generation PLA; PLA B/WP = PLA derived 
from biomass and wind power scenario). Reproduced from Vink, E. T. H.; Rábago, K. R.; Glassner, D. A.; Gruber, P. R. Polym. Degrad. Stab. 2003, 80, 
403,78 Copyright Elsevier. 

been proposed as an alternative.80 By-products from hydrolysis 
of plant stock containing hexoses or agricultural wastes might 
be also useful. 

Recent industrial developments provided by Futerro™ 
regarding the continuous production of PLA have emerged 
from adapted reactive extrusion (REX) processing.81,82 REX is 
a continuous melt-processing technique used for the chemical 
modification and the in situ synthesis of polymers in the 
absence of solvent. This gives access to new polymeric materials 
that are cost competitive and friendly environmentally from 
the viewpoint of ‘green chemistry’. REX polymerization of LA is 
currently carried out not only in the presence of tin octoate (II) 
complexed with an appropriate Lewis base, for example, tri
phenylphosphine, as catalytic system, but also with suitable 
stabilizers and antioxidants. Highly thermal stable PLA can be 
readily obtained by this REX process. 

In the past decade, the lipase-catalyzed ROP of LA has 
become a very attractive and eco-friendly technique for the 

synthesis of PLA.83 However, the obtained polyesters usually 
present low molecular weights, unusable in industrial applica
tions. Much effort has been making to overcome this 
limitation. First, Matsumura et al.84 reported on the enzymatic 
synthesis of poly(meso-LA) (P(meso-LA)) by lipase-catalyzed 
ROP (lipase from Burkholderia cepacia (former Pseudomonas 
cepacia), Lipase PS) at 80–130 °C, resulting in PLAs with 
weight-average molecular weight (MW) higher than 104. As an  
alternative to organic solvents, García-Arrazola et al.85 have 
reported the synthesis of PLA by enzymatic ROP in supercritical 
CO2. Very recently (in December 2009), a research team from 
KAIST University in Seoul (South Korea) and the Korean che
mical company LG Chem announced the production of PLA 
through bioengineering – using enzymes from metabolically 
engineered strain of Escherichia coli, rather than fossil-based 
catalysts.86 In this case, differing from the two-stage continuous 
process described above, a one-step fermentation process has 
accordingly been developed. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.31.3.1.2 Properties 

4.31.3.1.2(i) Thermomechanical properties 
The configurational difference between the monomeric units 
(D(L)-LA and the meso-LA) has a significant influence over the 
thermomechanical properties of resulting PLA. For example, 
PLA homopolymers prepared from optically pure L-LA or D-LA 
arrange in isotactic manner,87 giving semicrystalline polye
sters with a Tm of about 175 °C and a Tg of approximately 
55–60 °C.87,88 It has been found that poly(L-LA) (P(L-LA)) 
crystallizes in three easily distinguished forms, namely, α-, 
β-, and γ-forms.89,90 Similar crystalline structures but with 
the opposite (mirror-like) arrangement of the molecular 
chains in the crystal lattices are predicted for poly(D-LA) (P 
(D-LA)).91 The PLA crystal structures have accurately been 
described in several reviews.74,91 Their crystallinity and Tm 

have usually been found to decrease upon decreasing the 
degree of optical purity.91 For pure P(L-LA), that is, containing 
100% L-LA, the crystallinity can reach 30–50%, while for PLA 
containing more than 10% of optical impurities, the resulting 
PLAs are amorphous with a Tg of �60 °C. The content of 
optical impurities has been found to significantly affect 
other physical properties of PLA. For instance, P(meso-LA) 
has lower tensile strength and higher ultimate elongation 
than P(L(D)-LA)s. In this respect, semicrystalline P(L-LA) is 
considered more for its mechanical properties by comparison 
with those of amorphous PLA. In the case of semicrystalline P 
(L-LA), the Young’s modulus is around 3 GPa, the tensile 
strength is between 50 and 70 MPa with a elongation at 
break of approximately 4%, and an impact strength close 
to 2.5 kJm−2.92 

By comparison with commodity polymers such as PE, poly
propylene (PP), PS, and PET,92,93 the mechanical properties of 
semicrystalline P(L-LA) are interesting, particularly its Young’s 
modulus, considering PLA as an excellent substitute for com
modity polymers in short-time packaging (Table 2). However, 
like PS, PLA behaves as a brittle material with low impact 
strength.74 This is one of its main limitations for the develop
ment of PLA due to the low impact strength. 

Interestingly, when optically pure PLA made of L-LA is com
bined with optically pure PLA made of D-LA, it results in the 
formation of a stereocomplex (sc). The Tm of these structures 
(called sc) can be about 50 °C higher (�230 °C) than that of 
the pure enantiomeric homopolymers.94 The sc formation will 
enable the thermal resistance of non-stereocomplexed PLAs to 
be improved, especially heat-deflection temperature (HDT), 
broadening the polyester applications. Indeed, HDT for 
PLA-based materials is quite low (around 50 °C), limiting 
some applications such as electronics where heat resistance is 
required.95 The formation of stereocomplexed PLA (sc-PLA) 
must afford the development of new durable applications for 
PLA-based materials. 

4.31.3.1.2(ii) Optical properties 
PLA homopolymers obtained from pure enantiomeric lactide 
(L-LA or D-LA) have shown to be equal in value but opposite in 
sign specific optical rotation.96 Studies have shown that PLA 
does not transmit in the lower ultraviolet (UV) range (up to 
225 nm), while significantly transmitting at higher wave
lengths.74 This might require the addition of UV light 
blockers in some specific applications. Moreover, within the 
visible light band ranges, the PLA possesses a yellowness index 
comparable to those of petroleum-based polymers as PS. This 
light yellow color might create a consumer perception for an 
old final material.74 

4.31.3.1.2(iii) Solubility and barrier properties 
PLA-based materials are hydrophobic polymers, dissolving in 
common organic solvents as chloroform, tetrahydrofuran, 
1,4-dioxane, acetone, and the others.64 The solubility depends 
mainly on their molecular weight and crystallinity. 

These polyesters present rather acceptable barrier properties 
toward O2, some organic compounds, and water vapor, com
parable to those of PS and PET. However, barrier properties 
toward CO2 are not good enough for PLA-based materials in 
comparison with PET when containers for sparkling water are 
considered.97 

4.31.3.1.2(iv) Melt processing and thermal stability 
PLA possesses rheological properties close to those of PS, 
allowing its melt processing through conventional systems 
including injection molding, extrusion, film blowing, sheet 
forming, and fiber spinning.74 The majority of commercial 
PLA grades is made of a mixture of L-LA (> 95%) and D-LA 
(< 5%). The addition of this small fraction such as D-LA is to 
improve the processability of commercial PLA using conven
tional melt-processing techniques. However, during processing 
at temperatures close to 200 °C, the thermal degradation of 
PLA readily occurs through different mechanisms – hydrolysis, 
unzipping depolymerization reactions, oxidative degradation, 
and transesterification reactions – where hydrolysis is the pre
dominant mechanism at these elevated temperatures. 
Therefore, processing conditions have to be adapted, for exam
ple, in the absence of atmospheric humidity, and use of 
appropriate stabilizers such as tris(nonylphenyl)phosphite is 
required, reducing the incidence of hydrolysis reactions.98 

4.31.3.1.2(v) End-life properties 
PLA may be considered as biodegradable when placed in com
post. However, confusion must be avoided as its 
biodegradation actually proceeds in two stages: (1) ester bond 
hydrolysis, and (2) microbial attack. The first of them is auto-
catalyzed due to the release of acid compounds during the 
hydrolysis of PLA. During the hydrolytic degradation of PLA, 
this stage is predominant, is affected by temperature and 

Table 2 Overview of mechanical properties for PE, PP, PS, and PET92,93 

Properties PLA LDPE PP PS PET 

Young’s modulus (MPa) 3000 100–300 1700 2000 1700 
Break elongation (%) 4 100–800 > 10 1–4 180 
Impact strength (J m−²) 2.5 No fracture 50 20 90 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 9 Biodegradation of PLA in compost at 60 °C. Adapted from Auras, R.; Harte, B.; Selke, S. Macromol. Biosci. 2004, 4, 835,74 Copyright Wiley-VCH. 

moisture levels,76 and follows a first-order kinetics.99 It is only 
after a certain time that the second degradation step occurs, 
reducing PLA to low-molecular-weight lactic acid oligomers, by 
the natural action of microorganisms (Figure 9). 

Biodegradation and/or composting represent an interesting 
end-life management option, especially in the case of bio
sourced materials such as PLA. Recently, Galactic SA 
(Belgium) introduced the green patented LOOPLA® technol
ogy100 (Figure 10). The LOOPLA® technology is a chemical 
recycling process that goes back from PLA to lactic acid by 
hydrolysis of PLA-based materials after use. The obtained lactic 
acid is the same starting ingredient to produce a new PLA with 
the exact properties. This technology does not need harmful 
chemicals, and enhances the eco-benefits toward composting. 
The main feature is to reduce the implementation of food 

Figure 10 LOOPLA® cycle. Reproduced with permission from Galactic 
SA Mariage, P. A.; Hottois, D.; Coszach, P. BE Patent 1,018,247, 2010,100 

Copyright Galactic SA. 

resources used for the manufacture of PLA upon the Cargill 
process, and therefore the concern about the possible food 
shortage. 

For in vivo applications, PLA has demonstrated its bioresorb
ability and biocompatibility. While biocompatibility is related 
to no harmfulness to the living host, the bioresorbability 
applies to natural or synthetic materials that degrade over 
time through hydrolysis into small fragments capable of 
being metabolized.101 The main factors affecting bioresorbabil
ity are the manufacturing process, the sterilization technique, 
water uptake, pH, and crystallinity.102 Due to these properties, 
PLA has found extensive applications in tissue repair, drug 
delivery systems, and tissue engineering as surgical implants.88 

The degradation rate of P(L-LA) is, however, very low and takes 
between 2 and 5.6 years for total resorption in vivo,103 which is 
due to its hydrophobic nature and high degree of crystallinity. 
Even though the polymer is known to lose its strength in 
approximately 6 months when hydrolyzed, no significant 
changes in mass occur after a very long time. This leads to 
undesirable inflammatory responses in a certain number of 
clinical studies with the necessity to remove the implants after
ward. In order to increase the degradation rate of P(L-LA), 
copolymers of L-LA and D,L-LA have, therefore, been prepared 
as well as glycolide (GA), trimethylene carbonate, and 1,4
dioxan-2-one (PDX) have been incorporated within the polye
ster chains.104,105 

4.31.3.1.3 Applications – existing and in spe 
The applications of PLA – existing and in spe – will be discussed 
upon both the biomedical field and the daily applications such 
as packaging. Interestingly, due to the depletion of petroleum 
resources, PLA is more and more considered as a valuable 
biosourced polymer substitute in durable applications such as 
electronics. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.31.3.1.3(i) Biomedical applications 
PLA achieved its first commercial success in medicine for the 
development of improved multifilament sutures in the 
1980s.74 This was due to its biocompatibility and bioresorb
ability in the human body as earlier approved64,106–108 in 1971 
by the FDA. Thanks to the high strength of multibraided fibers, 
PLA has been used as scaffolds for ligament replacement and 
for replacing the nonbiodegradable fibers such as 
Dacron™.109,110 Some PLA fiber-based devices are also under 
investigation as long-term blood vessel conduits.111,112 

Moreover, a number of different prosthetic devices based on 
PLA have been developed in orthopedic fixation or as bone 
substitution materials.103,113 The choice of this PLA polymer is 
based on its high crystallinity degree, inducing slow degrada
tion, good tensile strength, low extension, and a high modulus, 
thus making it an ideal biomaterial for load-bearing applica
tions. Bone screws, plates, and pin structures made of PLA are 
not corrosive, do not require additional surgery for implant 
removal after bone healing, and are biocompatible.114 

However, in some cases, some inflammatory responses may 
occur due to the release of acidic products during the resorption 
of PLA-based materials. For resolving these acidic reactions and 
improving their mechanical properties, ceramic polyester mate
rials have been proposed. Macro- and nanocomposites of PLA 
matrix containing hydroxyapatite, β-tricalcium phosphate, or 
CaCO3 have been reported in the literature.115–117 In compar
ison to pure PLA and microcomposites, the recently obtained 
nanocomposites have shown higher compressive strength and 
better cell affinity and compatibility.117 Some of the PLA-based 
orthopedic products actually available on the market include 
the Phantom Soft Thread Soft Tissue Fixation Screws, Phantom 
Suture Anchors (DePuy), Full Thread Bio Interference Screws 
(Arthrex), BioScrews, Bio-Anchors, Meniscal Stingers 
(Linvatec), and the Clearfix Meniscal Dart (Innovasive 
Devices).10 

As PLA materials present good collapse pressure, they have 
been studied for the production of biodegradable stents. The 
first of them, the so-called Duke stent, was based on 
PLA-woven strands and was developed in the 1980s at Duke 
Medical Center.58 This stent was able to withstand a collapse 
pressure of 1.3 relative units, while maintaining its strength in 
saline buffer for about 30 days. Further studies have shown that 
the increase in PLA molecular weight from 3.22 � 105 to 
10.6 � 105 does not significantly affect the collapse pressure.118 

Several patents also appeared119,120 and implantation in 
humans has been reported.121 

An injectable material made of PLA (Sculptra, B.T-Fill™) has 
been developed and approved by the FDA for the restoration or 
correction of facial fat loss or lipoatrophy in people with the 
human immunodeficiency virus.10 Subcutaneous increase in 
volume of depressed areas, particularly to correct skin depres
sions such as in skin creases, wrinkles, folds, scars, eye rings and 
for skin aging, is also targeted. 

Investigations on PLA applications as drug delivery systems 
have shown improved therapeutic effect, prolonged biological 
activity, controlled release rate, and decreased administration 
frequency.122 This very important area of applications has been 
a subject of numerous scientific reviews.58,123 Drug delivery 
vehicles and low-strength scaffolds for tissue regeneration 
based on PLA have accordingly been developed.10 The amor
phous PLA has been used in this case as it loses strength within 

1–2 month(s) and undergoes mass loss within only 12–16 
months.124 

4.31.3.1.3(ii) From daily to durable applications 
Besides its medical applications and due to its renewability, 
biodegradability, optical properties, processability, and mechan
ical properties, PLA has found various applications in packaging 
(cups, bottles, films, and containers).74 However, due to its 
higher cost, the initial purpose was for high-value films, rigid 
thermoforms, food and beverage containers, and coated papers. 
Two of the pioneer companies using PLA as a packaging material 
were Danone and McDonald’s in Germany in yogurt cups and 
cutlery, respectively.125 Over the past years, the use of PLA as a 
packaging material has increased all over the world, mainly for 
packaging of fresh products with short shelf-life such as fruits 
and vegetables.74,125 PLA is also used in compostable yard bags 
(Compostable Yard Bag, BioCycle, October 1996). It has been 
considered that the mechanical properties of PLA-based films 
dedicated to packaging are better than those of PS and compar
able to those of PET.74 It is worth noting that BASF is now 
manufacturing totally biodegradable plastics – Ecovio® – made 
of 35 wt.% PLA and 65 wt.% Ecoflex (a biodegradable polymer 
derived from petroleum).74 Ecovio® finds different applications 
including carrier bags (e.g., Aldi® bags), compostable linters, 
mulch films, and food wrappings.126 

Recently, PLA fibers have been considered as one of the 
largest potential development in nonwoven (Spanbond) appli
cations.19,80 Since the properties and temperature 
characteristics of PLA are comparable to those of the PP and 
polyamide, the filament processing equipment used for PLA 
fibers is also similar.127 In the literature, solution- and 
melt-spun high-molecular-weight P(L-LA) fibers, typically of 
very high tensile strength (from 0.38 to 0.87 GPa) and mod
ulus (up to 9.2 GPa), have been widely studied.128–139 In most 
cases, significant losses in molar weight (up to 70%) and very 
low collection rates (5 m min−1) had been first observed. 
Interestingly, Schmack et al.135 demonstrated the possibility 
to attain collection rates suitable for the textile industry 
(�1000 m min−1), paving the way to large-scale production of 
PLA fibers (see below). The common process is an almost 
no-waste process and includes melt spinning (200–240 °C), 
thermal drawing, thermal relaxation, and final textile opera
tions. In some cases, bulk dyeing using PET suitable disperse 
dyes before melt spinning may be performed.80 Dyeing is con
ducted in the temperature range 98–110 °C. Special 
precautions are taken in terms of moisture content in PLA 
before fiber processing.19 Typical drying conditions include 
2–4 h in a hopper dryer at 40 °C, which result in moisture 
content of < 50 ppm. Some representative key properties of 
PLA fibers are listed in Table 3. 

PLA fibers can be produced with a high degree of orienta
tion, and usually have crystallinity degree of 60–80%. Their Tm 

falls between those of the PP and nylon fibers. The shrinkage in 
hot water depends upon the completeness of the relaxation 
processes in heat treatment.80 They are water resistant, light 
resistant, and elastic. These properties allow creating PLA tex
tiles for use as geotextiles, filters, soft containers, covers, fishing 
tackle, netting for vegetables, curtains, draperies, and furniture 
upholstery. 

Up to the present time, several industrial plants for produc
tion of PLA fibers have been created all over the world. 
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Table 3 Properties of PLA fibers as compared to other synthetic 
polymers 

Fibers (filaments) properties 

Index PLA PET PP Polyamide 

Strain modulus (GPa) 
Strength (cN tex−1) 
Elongation at break (%) 
Elastic recovery (%)a 

4–6 
40–55 
30–40 
60–65 

4–8 
35–50 
30–50 
60–65 

2–3.5 
35–50 
40–60 
98–100 

2–4 
35–50 
40–50 
95–98 

aFor 10% initial deformation.
 
Reproduced from Perepelkin, K. E. Fibre Chem. 2002, 34, 85.
 

NatureWorks (ex-Cargill Dow (USA)) reported an output of up 
to 8000 t of NatureWorks™ fibers for a large assortment of 
articles.80,140 The Japanese Shimadzu Corporation and 
Kanebo Goshen Ltd. also announced the beginning of PLA 
fiber production under the brands Lacty™ (Shimadzu) and 
Lactron™ (Kanebo).141,142 Some current uses of PLA fibers 
include hollow fibers for pillows and comforters, bulk contin
uous filaments for carpets, filament and spun yarns for binders, 
and self-crimping fibers.19 In addition, applications such as 
foamed articles and paper coatings143–146 are being pursued. 

In more added value applications, PLA has attracted much 
attention as biosourced material melt blended or not with 
petroleum-based polymers. For example, PLA-based master-
batches have recently been developed by Sukano for 
dispersion within engineering polymers such as PMMA, PC, 
and ABS to increase their mechanical performances as well as 
their biosourced content.147 Fujitsu and NEC have recently 
commercialized green notebooks and cell phones based on 
PLA.148 Pioneer Corporation has developed flame-retardant 
PLA resins for the front panel of its DVD drivers.149 

Even if PLA displays good tensile strength and Young’s 
modulus, it suffers from some shortcomings such as its brittle
ness, low thermal resistance, low heat-distortion temperature, 
and low rate of crystallization,79 limiting its further commercial 
developments. In order to improve the properties of PLA, sev
eral strategies have been employed. The first one consists in 
tuning the molecular parameters of PLA such as molecular 
weight, crystallinity, and the stereochemistry. This allows the 
amorphous character to be changed, and, therefore, its 
mechanical properties.150 The second one, largely used in 
industry, is the incorporation of additives into PLA matrix.92 

In this respect, plasticizers and polymers partially or totally 
miscible with PLA have been envisioned as additives. 
Plasticizers are added not only to increase the melt processing 
of PLA-based materials, but also to increase their flexibility and 
ductility. The current plasticizers are LA monomer itself, gly
cerol, citrate ester, poly(ethylene glycol) (PEG), and so on. The 
most cited plasticizer remains PEG, leading to very high break 
elongation with low tensile strength.151 However, both 
Young’s modulus and tensile strength of resulting PLA materi
als decrease upon the addition of any plasticizer. In order to 
maintain the ductility of PLA, impact modifiers are, therefore, 
preferred,152–154 currently, commercial ethylene-based copoly
mers obtained by radical copolymerization of ethylene with 
functional/substituted acrylics. The most currently used impact 
modifiers are Biomax Strong® from DuPont, Biostrength® and 

Lotader® from Arkema, and Paraloid® from Rohm and Haas, 
resulting in a significant improvement of impact strength at 
low content (max. 5 wt.%). However, these impact modifiers 
are not biodegradable, leading also to a loss (or decrease) of 
transparency for the resulting materials. This represents a main 
drawback for certain applications such as packaging. 
Interestingly, Paraloid®154 is the only impact modifier (com
mercialized by Rohm and Haas) that improves the impact 
strength, without affecting the transparency of PLA-based 
materials. 

The low crystallization rate is also a significant issue con
cerning the properties and processability of PLA in more added 
value applications. For instance, improving the crystallinity of 
PLA-based materials will enhance, for example, its barrier prop
erties against CO2, leading to functional packaging for products 
with longer shelf-life. Therefore, various types of nucleating 
agents or crystallization-manipulating agents have been used 
to optimize the crystallization behavior and rate during the 
industrial processing of PLA. One can cite the addition of 
inorganic nucleating agents, such as talc and montmorillonite, 
and of low-molecular-weight organic compounds, such as 
amide and hydrazide.155–165 Interestingly, Purac reported the 
industrial production of equimolar blending of P(L-LA) and P 
(D-LA), yielding the formation of previously discussed stereo-
complexes (sc-PLA) with, for example, improved crystallinity 
and HDT.165 Upon this formulation, PLA would be usable for 
fast-food goods, requiring no shape modification at high tem
perature (coffee cups). For the first time, PLA would be able to 
largely substitute commodity plastics such as poly(vinyl alco
hol) (PVA), low-density polyethylene (LDPE), linear LDPE 
(LLDPE), PP, and PS.166 Recently, Teijin has announced the 
launch of heat-resistant bioplastics derived from these sc under 
BIOFRONT™ trade name.167 These bioplastics will be used for 
the manufacture of a high-quality, highly durable car-seat fab
ric made of 100% Biofront fibers in collaboration with Mazda. 
Other applications are envisioned in fields such as automotive, 
biomedical, and apparel textiles. 

4.31.3.2 Polyglycolide 

4.31.3.2.1 Generalities 
Another environmentally friendly polymer attracting much 
attention is PGA. Its monomer unit is the glycolic acid – 
hydroxyacetic acid, the smallest α-hydroxy acid. Millions of 
kilograms of glycolic acid are produced annually by reacting 
chloroacetic acid with sodium hydroxide, followed by a reaci
dification step. It can be produced from renewable resources 
such as sugarcane, beets, and pineapple.168 Moreover, it can be 
readily produced through an enzymatic process, actually a 
much less polluting and energy-consuming process than the 
traditional chemical process. The enzymatic synthesis of glyco
lic acid is carried out from the corresponding α-hydroxynitrile 
and a microorganism belonging to the genera Acidovorax,169 

Corynebacterium,170 Rhodococcus, Gordona,171 and so on. 
Similar to the synthesis of poly(lactic acid), the polycon

densation of glycolic acid is the simplest process available to 
prepare PGA, but it is not the most efficient one because it 
yields low-molecular-weight products. The procedure is as fol
lows: glycolic acid is heated at atmospheric pressure and a 
temperature of about 175–185 °C during a time necessary for 
removing water. Subsequently, the reaction pressure is reduced 
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Figure 11 Ring-opening polymerization of GA promoted by hydroxyl 
compounds in presence of Sn(Oct)2. 

to 150 mm Hg, still keeping the temperature unaltered for 
about 2 h, yielding low-molecular-weight PGA.172 In this 
respect, ROP of GA is preferred for the synthesis of PGA. 
Similar to the LA monomer, the GA cyclic dimer is prepared 
by first condensing glycolic acid into their low
molecular-weight condensation polymers, and thus thermally 
depolymerized. Ring-opening (co)polymerization of GA is cur
rently carried out in bulk in the presence of tin- or zinc-based 
catalysts in order to prepare PGA (Figure 11).173–175

Surprisingly, some further efforts are now providing an SSP 
starting from halogenated glycolic acid derivatives with the 
elimination of HX.176–178 SSP leads to the synthesis of 
high-quality PGA because no catalyst and no solvent are used. 
According to the SSP principles, this last feature is successfully 
achieved because PGA is highly crystalline, leading to a poor 
solubility of PGA with its corresponding precursors. 

4.31.3.2.2 Properties 
PGA is highly crystalline (45–55%) with a melting point of 
approximately 225 °C and a Tg of 35 °C.175 Because of its high 
degree of crystallinity, it is not soluble in most organic solvents 
except for highly fluorinated organics such as hexafluoroiso
propanol. PGA is exclusively degraded by hydrolysis in vitro 
and in vivo.104 The in vivo breakdown of PGA proceeds in a 
similar way as that of PLA and PCL shown schematically in 
Figure 12. The resulting products can be readily either metabo
lized or extracted. Furthermore, their biocompatibility has been 

PGA 

  

Glycolic acid 

Urine Glycoxylate 

Glycine 

Serine PCL 

PLA Latic acid Pyruvate 6-Hydroxycaproic acid

Acetyl coenzyme A 5-Hydroxyvaleric acid 

Citric acid cycle 

CO2 + H2O 

 

Figure 12 Breakdown of biodegradable/bioresorbable polymers. 
Adapted from Maurus, P. B.; Kaeding, C. C. Oper. Tech. Sport. Med. 2004
12, 158. 

, 

recognized, and FDA has approved their use in biomedical field 
for a long time.179 

4.31.3.2.3 Applications – existing and in spe 
PGA was used to develop the first synthetic absorbable suture 
in the 1960s by Davis and Geck, Inc.104 These PGA-based 
sutures became commercially available in the 1970s.180 Due 
to its low solubility, PGA-based fibers are traditionally 
extruded into filaments with high degree of orientation, and, 
therefore, with high-strength properties.181 These individual 
filaments are subsequently braided into multifilament yarns 
to give the final suture material.182–184 These resulting fibers 
exhibit high tensile strength (from �70 to 140 MPa) and mod
ulus of elasticity (�6900 MPa). In order to reduce the stiffness 
of fibers, and also to modulate the degradation rate of PGA, GA 
can be copolymerized with other (di)lactones such as CL and 
LA.185 For instance, an LA/GA ratio of 50:50 poly(LA-co-GA) 
(PLGA) degrades in 1–2 months, 75:25 in 4–5 months, and 
85:15 in 5–6 months. Because of the ease of manufacture, 
controllable degradation rates and success in earlier suture 
materials progress have been made to further develop PLGA 
biomaterials as replaceable materials for controlled drug deliv
ery systems and scaffolds for tissue engineering.104,177,186,187 

However, regarding PGA itself, the low solubility and high 
melting point of this polymer limit its interest in commodity 
applications such as in packaging. 

Over the past decade, PGA-based materials have been gain
ing great interest in the development of temporary bone 
devices.104,177 Like PLA, PGA provides some interesting charac
teristic features such as high strength, biocompatibility, and 
bioresorbability, making PGA-based materials interesting for 
internal bone fracture fixation.177 However, despite their bio
compatibility, the use of PGA is associated with inflammatory 
responses due to the release of acidic products during healing. 
Therefore, some efforts have been conducted by combination of 
PGA with bioceramics such as hydroxyapatite.188–190 In 
bone-guided engineering, such PGA-based composite will 
open interesting opportunities to tailor their physical, biological, 
and mechanical properties, while maintaining the bioactivity of 
the bioceramics. In principle, these composite materials can be 
engineered in such a way that their resorption rate in the body 
matches with the formation rate of the new tissue. 

4.31.3.3 Poly(ε-caprolactone) 

4.31.3.3.1 Generalities 
PCL was one of the earliest polymers synthesized by Carothers 
in the early 1930s through ROP of CL.191 Due to its high 
polymerizability, ROP of CL has been the subject of numerous 
studies through anionic, enzymatic, cationic, and 
coordination-insertion mechanisms. We should also mention 
that PCL can be obtained by free radical ROP of 2-methylene-1
3-dioxepane.192–194 However, high-molecular-weight PCL are 
more readily obtained by coordination-insertion ROP of CL as 
industrially catalyzed with, for example, Sn(Oct)2 in the pre
sence of heavy alcohol (initiator) such as 1-dodecanol 
(Figure 13).23 Very interestingly, some of us have shown that 
three-arm PCL can be synthesized by REX ROP of CL promoted 
by aluminum sec-butanoxide [Al(OsecBu)3].

195 Without using 
any solvent, this fast reactive process gives access to ‘green’ PCL 
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Figure 13 Industrial pathway to high-molecular-weight PCL. 

with better mechanical and rheological properties at low pro
duction costs as compared with commercial PCL. 

The CL monomer is obtained by the traditional Baeyer– 
Villiger reaction, starting from cyclohexanone as substrate. 
However, this synthetic route is not environmentally friendly, 
which has involved the development of two greener routes: 
(1) use of a peroxycarboxylic acid (such as 3-chloroperbenzoic 
acid or peracetic acid) in dichloromethane at 40 °C, and (2) 
use of hydrogen peroxide as oxidizer and zeolite/tin cataly
sis.196 The second process is considered the greenest because 
the main by-product is exclusively water and the 
tin-impregnated zeolite is an environmentally friendly catalyst. 
Nowadays, CL is produced by several manufacturers like BASF 
(USA), Perstorp (UK), and Daicel Chemical Industries Ltd. 
(Japan). 

4.31.3.3.2 Properties 
PCL was thoroughly investigated because of the possibility of 
blending this aliphatic polyester with a number of miscible 
commercial polymers such as PVC and bisphenol A polycarbo
nate.197 The solubility of PCL is established in chlorinated 
solvents (e.g., chloroform) and in aromatic solvents 
(e.g., toluene). This semicrystalline polyester with respective 
Tm and Tg of approximately 60 °C and -60 °C is highly hydro
phobic, biodegradable, and biocompatible.198 In addition to 
good water, oil solvent and chlorine resistance, PCL is a tough 
and semirigid material at room temperature with a modulus 
between those of LDPE and high-density polyethylene 
(HDPE).22,72 To reduce the manufacturing costs, PCL may be 
blended with starch to produce trash bags as well as with 
fiber-forming polymers (such as cellulose) to make scrub 
suits, incontinence products, and bandage holders. In contrast 
to other commercial aliphatic polyesters such as PGA and PLA, 
PCL is highly thermally stable up to 250 °C.199 Above this 
temperature, the thermal degradation of PCL occurs in a 
two-stage process: ester pyrolysis involving statistical ruptures 
of PCL chains (generating 5-hexenoic acid), followed by depo
lymerization of the PCL chains by unzipping reaction. PCL is 
known to undergo only microbial and enzymatic degradations 
under outdoor conditions.200 Even though PCL is biocompa
tible, its bioresorbability is very slow, which is usually a 
disadvantage in medical applications except in drug delivery 
devices. This is due to its high permeability toward hydropho
bic drugs.201 Copolymerization of CL has been considered 

as a means to increase the degradation rate as well as the 
mechanical strength in orthopedic applications such as fixation 
of prosthetic devices. For instance, terpolymers of GA (60%), 
D,L-LA (30%), and CL were synthesized to obtain a material 
with a half-life in the range of 15–20 days.23 

4.31.3.3.3 Applications – existing and in spe 
Due to a high permeability to most hydrophobic drugs, PCL 
has been largely studied in drug delivery devices.201 PCL acts 
like a reservoir, delivering drug molecules by physical diffu
sion. For instance, PCL-based suture materials (Maxon®) have 
been developed, remaining active for over 1 year. However, a 
low degradation rate of PCL has limited its biomedical applica
tions except for PCL-based copolymers. For instance, as 
manufactured by Ethicon Ltd. under the trade name 
Monacryl®, (co)polymers made of PCL and PGA offer a 
reduced stiffness compared with pure PGA, while having an 
acceptable bioresorbability rate. Interestingly, recent works 
have shown that PCL has attractive features as shape-memory 
suture materials. In these systems, in combination with hard 
domains (see applications of PPDX in the next section), PCL is 
advantageously used as switching domains because 
low-molecular-weight PCL exhibits a Tm close to body tem
perature.202 For instance, this concept has been demonstrated 
with degradable shape-memory sutures for wound closure in 
the case of injured rats (Figure 14). 

Although the rather low Tm of PCL (at �60 °C) is consid
ered a shortcoming for its large-scale use, some people have 
taken advantage of this feature to develop heat-deformable 
prosthetics devices under trade name of X-lite® upon a 
PCL-based polyester urethane.203 In contrast to common pros
thetics, using a low heating source such as a hair dryer enables 
the reshaping of the prosthetics around the injured member to 
be healed. Within this type of polyester urethane products, 
some other applications such as theatre decors have also been 
found and commercialized. 

Although mechanical properties are excellent, the low Tm of 
PCL, however, restricts its range of applications, for example, as 
biodegradable substitutes in short-time packaging as recently 
reviewed by Woodruff and Hutmacher.198 Actually, the most 
current applications of PCL are not related to its biodegrad
ability but rather to its low Tg. Low-molecular-weight 
α,ω-hydroxyl PCL are used as soft blocks in segmented polyur
ethanes such as adhesives and paints. Taking advantage of its 
low Tg, biodegradable PCL-based copolymers have been devel
oped as impact modifiers in commercial PLA materials with 
satisfactory results.204–206 This gives access to totally biodegrad
able PLA-based materials with good impact resistance. For 
example, when PCL-based copolymer such PLA-b-PCL-b-PLA 
triblock copolymers are used, a significant improvement is 
more likely to be achieved due to the formation of rubbery 
PCL-based nodules within the PLA matrix. 

Figure 14 Degradable shape memory for wound closure in the case of injured rats. Reproduced from Lendlein, A.; Langer, R. Science 2002, 296, 
1673.202 Copyright © 2002, American Association for the Advancement of Science. 
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4.31.3.4 Poly(1,4-dioxan-2-one) 

4.31.3.4.1 Generalities 
PPDX represents an attractive biodegradable substitute for 
commodity polymers in short-time applications such as packa
ging. By comparison with the main commercial polyesters, that 
is, PCL and PLA, in terms of thermal transitions, this poly(ester
alt-ether) offers a good compromise between its processing 
temperature and its service temperature. Indeed, the Tm of 
PPDX is close to 110 °C with a Tg close to –10 °C. Although 
PPDX exhibits interesting thermomechanical properties, the 
synthesis of PPDX carried out by ROP of PDX and its properties 
have not been intensively investigated with respect to PCL and 
PLA.207 The major reason was due to the noncommercial avail
ability of PDX monomer in the past, until the development of 
one-step dehydrogenation starting from diethylene glycol 
using a copper(I)-based catalyst supported on silica particles208 

(Figure 15). Nowadays, Leap Labchem Co., Ltd. is the only 
supplier able to provide PDX monomer for academic and 
industrial purposes. Another reason could be related to the 
large amount of PDX monomer remaining during the synthesis 
of PPDX. This can be explained by the low ceiling temperature 
(235 °C), leaving, for example, 20 wt.% PDX monomer when 
polymerization of PDX is carried out at 110 °C. Some authors 
have tried to extend the polymerization degree upon a post-
polymerization process treatment in the case of bulk ROP of 
PDX promoted with Sn(Oct)2. This method involves crystal
lizing PPDX chains in the course of polymerization, while 
maintaining both polymerization rate and monomer conver
sion maximum as long as possible during the polymerization 
of PDX.209 Although good yields are achieved, the major draw
back rises when the polymerization temperature is above the 
Tm of PPDX, unzipping depolymerization reactions start, 
regenerating PDX monomer again. 

ROP of PDX (Figure 16) is promoted with enzymes or 
organometallics such as lanthanum isopropoxide,210 Zn(II) 
lactate, tin(II) octoate, cyclic tin(IV) alkoxides,211 and alumi
num alkoxides derivatives. Although aluminum species have 
shown to be the most efficient initiating system for ROP of 
PDX, Sn(Oct)2 is industrially preferred because of its easy 
handlings and approval as food additives by FDA (vide supra). 
However, a fast single-stage process based on the (co)polymer
ization of PDX initiated with Al(OsecBu)3 has been successfully 
developed using an REX process.195,212,213 In this process, PDX 
is (co)polymerized with a limited amount of comonomer, that 
is, CL in order to limit the occurrence of unzipping depolymer
ization reactions during the synthesis and the melt processing 
of PPDX.214 When 8 mol.% CL is initially added in the feed, the 
comonomer conversion is almost complete during this very 
fast reaction process. This behavior is explained by the fact 
that during the highly equilibrated polymerization of PDX, 
this comonomer shifts the equilibrium polymerization to 
copolymer chains rather than to comonomeric species with, 

Figure 15 Catalytic dehydrogenation of diethylene glycol. 

Figure 16 Ring-opening polymerization of PDX promoted by hydroxyl 
compounds in presence of Sn(Oct)2. 

therefore, their complete conversion. Interestingly, semicrystal
line melt-stable PDX-based copolymers could be obtained, 
thanks to this REX process, paving the way to a more 
cost-competitive PDX polymerization process as well as the 
development of commercially viable PPDX. Some of us have 
reviewed the synthesis, properties, and applications of 
PPDX.207 The following sections will summarize the main 
features about the properties and applications of PPDX, 
together with the recent inputs in the realm. 

4.31.3.4.2 Properties 
In addition to its biodegradability and biocompatibility, PPDX 
is a semicrystalline poly(ester-alt-ether) with a Tg at approxi
mately –10 °C and Tm at around 110 °C. PPDX has shown to be 
tougher than PLAs and even HDPE with a tensile strength close 
to 50 MPa for an ultimate elongation ranging from 500 to 600% 
(Figure 17).213 PPDX is poorly soluble expect in exotic solvents 
such as hexafluoroisopropyl, 1,1,2,2-tetrachloroethane, 
dimethyl sulfoxide, N,N-dimethyl formaldehyde, and 1,2
dichloroethane.214 

The melt stability of PPDX is the main issue regarding its 
industrial exploitation, dictating the conditions of processing 
and application temperatures. This is related to its low ceiling 
temperature, leading to severe thermal degradations during the 
synthesis and melt processing of PPDX (e.g., melt molding).215 

Additives such as 4-benzoyl-3-methyl-1-phenyl-2-pyrazolin
5-one (BMP) used as catalyst deactivators or montmorillonite 
as (nano)fillers were studied in order to enhance the thermal 
stability of PPDX, but these results proved to be not totally 
satisfactory.216,217 Chemical derivatizations of the hydroxyl 
end groups of PPDX with, for example, trichloroacetyl isocya
nate, pyromellitic anhydride, and methylcyclohexene-1,2
dicarboxylic215 were also carried out in order to suppress these 
unzipping depolymerization reactions under heating condi
tions. However, these chemically modified PPDX still 
exhibited a low thermal stability because of the occurrence of 
some chain scissions within the PPDX chains. This results in the 
formation of free ω-hydroxyl end groups from which unzipping 
can further proceed. The most suitable way to prevent or at least 
to limit the PPDX degradation by unzipping, while keeping its 
intrinsic thermal properties, is to randomly distribute a limited 
amount of, for example, CL218 units all along the PPDX back
bone. For instance and as aforementioned, thermally stable 
PPDX are readily obtained by simultaneously copolymerizing 
PDX and CL in bulk with PDX-rich starting feed compositions 
through one-step REX processing.195,212 However, adding large 
amounts of comonomer can improve its thermal stability, but 
has an adverse effect on the thermal properties of PPDX by the 
formation of amorphous PPDX (co)polymer except for the 
work carried out by Jiang et al.219 Jiang et al. prepared semicrys
talline random poly(PDX-co-ω-pentadecalactone) copolymers 
by enzymatic ring-opening copolymerization of PDX with 
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Figure 17 Physical properties map of commercial biodegradable polymers (shown in green) compared to commodity polymers. 

ω-pentadecalactone. Interestingly, the microstructure of these 
resulting copolymers was random with a slight tendency toward 
alternating arrangement, yielding semicrystalline PDX-based 
copolyesters independent of the composition in comonomer. 
In general, random copolymers are expected to show a progres
sive decrease in crystallinity with increasing comonomer 
content and degree of randomness, unless the repeat units 
undergo isomorphous substitution. In contrast, wide-angle 
X-ray scattering and differential scanning calorimetry measure
ments show that PDX units can crystallize in the poly 
(ω-pentadecalactone) lattice as isodimorphism of the random 
copolymers, explaining the high crystalline content of all copo
lymers with PDX ≤ 57 mol.%. In addition, while being 
semicrystalline, copolymers of PDX with ω-pentadecalactone 
were found to remarkably enhance PPDX thermal stability at 
PDX content higher 30 mol.%. The works by Giammanco et al. 
also appear of high interest. They successfully prepared (co) 
polymers of cyclic oligo(hexamethylene terephthalate) com
posed of cycle sizes from 2 to 5 atoms and PDX in order to 
beneficially combine the properties of two parent homopoly
mers.220 The aliphatic–aromatic copolyesters were obtained by 
entropically driven ring-opening (co)polymerizations of oligo 
(hexamethylene terephthalate) and PDX, resulting to aliphatic/ 
aromatic (co)polymers with good thermomechanical proper
ties and sensitivity to hydrolysis under physiological 
conditions. In addition, the resulting copolymers are semicrys
talline when PDX content is maximum 31 mol.%.220 

The biodegradability and biocompatibility of PPDX are well 
etablished.221–224 The ether bond not only endows flexibility 
and hydrophilicity to PPDX, but also causes marked hydrolysis 
in air or in aqueous media. In water, the hydrolytic degradation 
of PPDX occurs through a two-stage autocatalytic random 
hydrolysis process such as PLA. In the first step, water diffuses 
faster to the less dense amorphous regions, and hydrolyzes the 
ester functions of PPDX chains. This is followed by the con
comitant attack of compact crystalline regions. Some authors 
have modulated the hydrolytic degradation of PPDX by adding 
additives225–227 such as PVA-g-PPDX graft copolymers or 
polycarbodiimide compounds and by (co)polymerizing with 
other cyclic monomers such as 5-benzyloxy-trimethylene 
carbonate. For instance, introducing hydrophobic 

5-benzyloxy-trimethylene carbonate along PPDX chains 
reduces the water diffusion into polymeric matrix, and, there
fore, the relative degradation rate. Microbial degradation of 
PPDX can also occur228,229 in the presence of different micro
organisms in natural environments. 

PPDX fulfills the criteria of bioresorbability and biocompat
ibility, as assessed by cell adhesion and cell growth. In addition, 
the products as generated by hydrolytic degradation of PPDX 
did not provide any cytotoxicity, representing a crucial para
meter in view of using degradable polymers such as PPDX for 
biomedical applications.230 

4.31.3.4.3 Applications – existing and in spe 
With outstanding biodegradability and bioresorbability, PPDX 
represents a candidate not only for medical use, but also for 
general uses as films, molded products, laminates, foams, non
woven materials, adhesives, and coatings for more universal 
temporary uses.207 In the biomedical realm, PPDX was the first 
clinically tested synthetic monofilament sutures manufactured 
by Ethicon Inc. under the trade name PDS®.24 The presence of 
an ether bond endows great flexibility and hydrophilicity to 
PDS® suture with good tenacity and knotting behavior com
pared to traditional sutures based on GA/LA such as Vicryl®, 
Dexon®, and Polysorb®. Furthermore, the monofilament loses 
50% of its initial breaking strength after 3 weeks of in vivo 
biomedical testing, and is totally absorbed within 6 months, 
providing an advantage over Dexon® or other products for 
slow-healing wound.221 To prevent the bacterial attachment 
and growth on implanted sutures, PPDX filaments can be 
loaded with a hydrophobic drug with a well-demonstrated 
antimicrobial effect.231 Copolymers of PDX with GA or tri
methylene carbonate and/or D,L-methyl-1,4-dioxan-2-one232 

have also been reported for the preparation of sutures with 
improved properties as well as for the preparation of drug 
delivery systems.233–235 

Recently, shape-memory PPDX-based polymers have been 
developed as smart degradable sutures. This enables bulky 
implants to be placed in the body through small incisions 
that are subsequently able to perform complex mechanical 
deformations under external stimuli such as temperature.202 

The first work dealing with the design of shape-memory 

(c) 2013 Elsevier Inc. All Rights Reserved.



Ring-Opening Polymerization of Cyclic Esters: Industrial Synthesis, Properties, Applications, and Perspectives 775 

PPDX-based polymers consisted of covalently couple 
oligo-PPDX diols and oligo-PCL diols together in solution. 
This leads to multiblock copolymers with shape-memory prop
erties adjustable on the composition of both macrodiols.202 

The segment oligo-PPDX forms hard domains, while the seg
ment oligo-PCL forms the switching domains as previously 
mentioned (see Section 4.31.3.3.3). Other authors have 
recently explored the formation of amorphous polymer net
works built of star-shaped LA-based macrotetrols containing 
PDX as comonomer.105 Interestingly, PDX comonomer was 
able to tune up the switching temperature of this 
shape-memory system, without affecting the elastic properties 
of the polymer networks, and, therefore, the shape-memory 
properties. Behl et al. also reported the development on binary 
polymer blends made of two different multiblock copolymers 
through extrusion processing.236 These multiblock copolymers 
respectively made of PPDX as hard segments and PCL as 
switching segments contain the same segment, that is, by incor
porating poly(alkylene adipate) mediator segment. This poly 
(alkylene adipate) mediator segment provides some cohesion 
between these immiscible segments (PPDX and PCL). All poly
mer blends investigated showed excellent shape-memory 
properties due to the presence of this elastic poly(alkylene 
adipate) mediator segment. 

4.31.4 Conclusions and Outlook 

The sustainable concerns have driven considerable effort in the 
design of environmentally friendly polymeric materials. 
Aliphatic polyesters such as PCLs and PLAs are the most pro
mising ones due to their biodegradability, biocompatibility, 
and excellent mechanical properties. In addition, PLA-based 
materials are environmentally friendly due to their renewable 
origins. This biosourced origin reduces their environmental 
impact when life-cycle assessment is concerned. These polye
sters are readily obtained by ROP of their corresponding cyclic 
esters. This synthetic pathway enables a precise control over 
their properties such as hydrophilicity, Tg, and crystallinity. 
They have found different applications including packaging 
for industrial products to mulching films in agriculture or 
bioresorbable materials for hard tissue replacement and con
trolled drug delivery devices. However, in the past, most people 
considered only their biodegradable properties when using 
aliphatic polyesters as substitutes for commodity polymers in 
short-time applications such as in packaging. However, their 
properties, particularly their thermal properties, were not sui
table in high-added value applications such as in automotive or 
electronic industries. Thanks to the recent progress achieved for 
improving their properties, aliphatic polyesters, particularly 
PLAs, are now finding new perspectives in durable applica
tions. This is confidently based on its renewability, good 
physical properties, and easy melt processing using conven
tional processing equipments (thermoforming, etc.). 
Improving the PLA properties by, for example, the develop
ment of thermally resistant sc-PLA will enable PLA to be used 
under long-term and stringent conditions that are currently 
required in automotive and electronic applications. 
Interestingly, although the overall consumption of biopoly
mers such as PLA is relatively modest in 2011 (0.3 vol.% 
against petropolymers), a recent report would indicate a real 

breakthrough with PLA – a growth rate more than 40% a year – 
if they are integrated in automotive and electronics.237 As a 
rough estimation, the overall production of PLA would be close 
to 830 000 t in 2020. This highlights the real potentiality to use 
PLA as a renewable substitute of petropolymers for durable 
applications. 

Moreover, recent years have shown the development of new 
products or processes such as REX that are (more) environmen
tally friendly. REX represents a unique melt-processing tool to 
cost-effectively carry out different types of processes (melt 
blending, polymerization, grafting, etc.), enhancing the sus
tainability and future growth of aliphatic polyesters for broad 
range of applications going from packaging to electronics. 
Finally, similar to PLA, we can be confident that PCL and 
PPDX will be soon derived from renewable resources, making 
aliphatic polyesters one of the future materials in the 
twenty-first century as recently reported in the case of CL 
derived from renewable resources.238 
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Nomenclature 
A functional group or cross area of tubular reactor 
AA difunctional monomer 
AB difunctional monomer 
Acw Arrhenius constant of chain-walking reaction 
[A]0 initial concentration of functional group A 
Af f-functional monomer 
Ap Arrhenius constant of propagation reaction or surface 
area of polymer particle 
B functional group 
[B]0 initial concentration of functional group B 
BB difunctional monomer 
C transition metal complex 
CP polymer concentration 
D axial dispersion coefficient 
Dp particle diameter 
Dr self-diffusion coefficient of chains having length r 
Ds self-diffusion coefficient of chains having length s 
EA apparent activation energy 
Ed activation energy of initiator decomposition 
Ep activation energy of propagation 
Et activation energy of termination 
Fi instantaneous copolymer composition 
F�!i cumulative copolymer composition 
F i feeding rate 
ΔHp heat of polymerization 
I initiator molecule 
[I]0 initial initiator concentration 
[I]out initiator concentration at reactor exit 
Keq equilibrium constant 
L length of tubular reactor 
M monomer molecule 
[M]0 initial monomer concentration 
[M]out monomer concentration at reactor exit 
[M]W moles of monomer per liter of water in emulsion 
polymerization 
dM/ΔM mass fraction of chains generated under specific 
birth condition 
Me+ metal cation 
M� w weight-average polymer molecular weight 
N1 number of moles of monomer 1 
N2 number of moles of monomer 2 
N1,0 fast monomer in semibatch policy I 
N2,0 slow monomer in semibatch policy I 
NA0 moles of functional group A initially charged to 
reactor 
NA moles of functional group A 
NAv Avogadro’s number 
NB0 moles of functional group B initially charged to reactor 

NB moles of functional group B 
NI moles of initiator inside reactor 
NM0 moles of monomer initially charged to reactor 
NM moles of monomer in reactor at present time 
NP moles of polymer chains inside reactor or number of 
polymer particles in emulsion polymerization 
[P]out polymer chain concentration at reactor exit 
PD polydispersity index 
P•r radical chain having length r 
P− 
r anionic chain having length r 

P•s radical chain having length s 
P̂r;s adduct chain having two arms of r and s lengths
Q•

i ith moment of radical polymer chains 
Qi ith moment of dead polymer chains 
ϕX 
i ith moment of dormant chains 

Q̂i ith moment of adduct chains 
R gas constant 
R•
0 primary radical 

Rcw rate of chain-walking reaction 
Rd rate of initiator decomposition 
Rfp rate of chain transfer to polymer reaction 
RfZ rate of chain transfer to Z 
RI,W rate of radical initiation per liter of water in emulsion 
polymerization 
Rp rate of propagation reaction or rate of polymerization 
Rt rate of radical termination 
Rtc rate of radical termination by combination 
Rtd rate of radical termination by disproportionation 
[RX]0 initial initiator concentration in ATRP 
S stable molecule 
[S]CMC CMC of surfactant 
SSH stationary-state hypothesis or steady-state hypothesis 
T polymerization temperature 
Tgm glass transition temperature of monomer 
Tgp glass transition temperature of polymer 
V reaction volume or reactor volume 
X halogen atom 
Z small molecule in chain transfer: monomer, solvent, 
chain transfer agent, or impurity 
Z• radical species 
[Z]P chain transfer agent concentration inside particle 
-ab- linkage in condensation 
aPP atactic polypropylene 
as specific area of surfactant 
comp(y/r) composition distribution 
f initiation efficiency or functionality 
fi mole fraction of monomer i 
fm function in comb polymer 
gm function in comb polymer 
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iPP isotactic polypropylene 
k apparent rate constant 
k̂1 pseudokinetic propagation rate constant of monomer 
1 in semibatch control 
k̂2 pseudokinetic propagation rate constant of monomer 
2 in semibatch control 
kbr rate constant of long-chain branching 
kC chemically controlled rate constant 
kac rate constant of activation 
kas rate constant of adsorption 
kcp rate constant of primary cyclization 
kcs,a rate constant of additional secondary cyclization 
kd rate constant of initiator decomposition 
kD diffusion-controlled rate constant 
kde rate constant of radical deactivation 
kf rate constant of fragmentation 
kfM rate constant of chain transfer to monomer 
kfp rate constant of chain transfer to polymer 
kfZ rate constant of chain transfer to small molecule Z 
ki rate constant of initiation 
kiZ rate constant of initiation of small molecule Z 
kp rate constant or pseudokinetic rate constant of 
propagation 
k− 
p rate constant of propagation of free anion 

k= 
p pseudokinetic propagation rate constant for addition 

with pendant double bond 
k� 
p rate constant of propagation of ion pair 

kp0 parameter in an expression for diffusion-controlled 
propagation rate constant 
kp,C chemically controlled rate constant of propagation 
kp,D diffusion-controlled rate constant of propagation 
kt rate constant of termination 
kt0 parameter in an expression for diffusion-controlled 
termination rate constant 
ktc rate constant of termination by combination 
kt,C chemical-controlled termination rate constant 
ktd rate constant of termination by disproportionation 
kt,D diffusion-controlled termination rate constant 
kx rate constant of cross-linking 
kβ rate constant of β-hydride elimination 
m monomer molecular weight 
n� number of radicals per particle in emulsion 
polymerization 
nA number of difunctional monomer A 
nB number of difunctional monomer B 
n(r) number-fraction polymer chain length distribution 
n•(r) number-fraction polymeric radical chain length 
distribution 
n +(r) number-fraction cationic chain length distribution 
n *(r) number-fraction active chain length distribution 
qi relative moments 
r chain length 
ri reactivity ratio 
�rN number-average chain length 
�rNp number-average length of primary chains 
�r •N number-average length of radical chains 
�rXN number-average length of dormant chains 
�rW weight-average polymer chain length 
�r •W weight-average length of polymer radical chains 
�rXW weight-average length of dormant chains 

�rWp weight-average length of primary chains 
s chain length 
sPP syndiotactic polypropylene 
t reaction time 
t′ birth time 
�t mean residence time 
t1/2 initiator half-lifetime 
V reactor volume ! v volumetric flow rate 
wg gel fraction 
w(r) weight-fraction chain length distribution 
w(r,y) bivariate distribution of chain length and 
composition 
wcum(r) weight-fraction distribution of cumulative chains 
wp(r) chain length distribution of primary chains 
ws sol fraction 
x monomer conversion 
xA functional group A conversion 
xB functional group B conversion 
vf free-volume fraction 
α stoichiometric imbalance ratio 
αm differential thermal expansion coefficient of monomer 
αmg differential thermal expansion coefficient of 
monomer in glass state 
αml differential thermal expansion coefficient of 
monomer in liquid state 
αp differential thermal expansion coefficient of polymer 
αpg differential thermal expansion coefficient of polymer 
in glass state 
αpl differential thermal expansion coefficient of polymer 
in liquid state 
β ratio of combination termination rate to propagation 
rate as defined by eqn [57] 
δ branching coefficient 
ε empirical exponent 
ζ parameter in free volume 
θ birth conversion 
κ parameter in cyclization or parameter in semibatch control 
λ parameter in free volume 
μ particle volumetric growth rate or parameter in 
metallocene polymerization with branching 
ξ parameter in free-volume equation 
ρm monomer density 
ρp polymer density 
ρ branching density 
ρ(θ,Θ) cross-link density distribution 
ρa(θ,Θ) additional cross-link density distribution 
ρc(θ,Θ) cyclization density 
ρcs,a(θ,Θ) additional secondary cyclization density 
ρcp(θ) primary cyclization density 
ρcs,i(θ) instantaneous secondary cyclization density 
ρi(θ) instantaneous cross-link density 
σ reaction radius of the reacting species 
τ ratio of reaction rates as defined by eqn [56] 
ϕ• 
i number fraction of type-i radicals 

ϕm monomer volume fraction 
ϕp polymer volume fraction 
ϕ• 
r chain length r number fraction 

ϕ• 
s chain length s number fraction 

Θ present conversion 

(c) 2013 Elsevier Inc. All Rights Reserved.



782 Polymerization Kinetic Modeling and Macromolecular Reaction Engineering 

4.32.1 Introduction 

Macromolecular reaction engineering is a more recent syno
nym for polymer reaction engineering. The difference between 
the two names is that the new name puts more emphasis on 
science-based first principles; it is same as that between the 
terms ‘macromolecule’ and ‘polymer’. The former is a scientific 
term derived from the work of Hermann Staudinger, who dis
covered that polymers are actually large molecules composed 
of small molecules joined together by covalent bonds. In con
trast, the term ‘polymer’ was coined by Berzelius in 1833 when 
people did not actually understand what a polymer is in the 
modern sense. 

Macromolecular reaction engineering originated from che
mical reaction engineering.1 It applies chemical reaction 
engineering principles to the production and processing of 
polymer materials. Chemical reaction engineering is one of 
the core subdisciplines in chemical engineering and is arguably 
the major subdiscipline that differentiates chemical engineer
ing from other engineering disciplines.2,3 Chemical 
engineering is concerned with the design and operation of 
industrial processes that convert raw materials to useful pro
ducts. It involves activities in two major areas: reaction and 
separation. In both areas, there are three major questions to be 
answered, that is, ‘how far?’, ‘how fast?’, and ‘how to?’ 

For each specific reaction, one examines with thermody
namics of the reaction in order to answer such questions as ‘is 
this reaction possible?’ and, if so, ‘how far can it go?’4 

Following this, the kinetics of the reaction is analyzed to answer 
the question: ‘how fast can the reaction go?’5 This is the point 
where catalysis becomes a factor. A catalyst changes the reaction 
rate, but not its equilibrium. Using the collected kinetic data, 
one can then design and operate reactor systems for safe and 
cost-effective production of the useful product.2,3 Similarly, 
when presented with a specific separation task, one begins by 
examining the thermodynamics to see if the separation (or the 
opposite, mixing) is possible and how thoroughly it can be 
carried out.4 It is then necessary to turn the focus toward trans
port phenomena (mass transfer, heat transfer, and fluid 
dynamics) for the answer on how fast the separation can be 
implemented.6 Finally, unit operations and their integrated 
process system are designed and constructed to carry out the 
separation task.7 

The above core knowledge enables chemical engineers to 
work in various areas such as advanced materials including 
polymers, control and automation of chemical processes, bio
chemical and biomedical engineering, environment and safety, 
energy and fuels, sustainable resources, microelectronics, phar
maceuticals, nanotechnology, and so on. Chemical engineering 
requires a solid foundation of various chemistries and mathe
matical sciences. Chemical engineers typically have a strong 
background in the knowledge of process systems, which differ
entiates them from chemists. At the same time, chemical 
engineers must know chemistry quite well; this differentiates 
them from other engineers (mechanical, electrical, civil, etc.). 

The human race is now living in the ‘Materials World’. 
Humanity currently consumes more polymeric materials than 
all other types of synthetic materials combined. Polymers are 
chain molecules and their material properties are determined 
to a large extent by their chain microstructure properties; these 

properties include molecular weight distribution (MWD), 
copolymer composition distribution, chain sequence distribu
tion, short-chain and long-chain branching, tacticities, chain 
topology, and other functionalities. In contrast to the branch of 
chemical reaction engineering that deals with small molecules, 
macromolecular reaction engineering is mainly concerned with 
industrial production of polymer materials. The major tasks of 
macromolecular reaction engineering involve the study of rates 
of polymerization and how to best design and operate polymer 
reactor systems. There are many commonalities with 
small-molecule chemical reaction engineering. However, 
macromolecular reaction engineering is generally more com
plicated because its products are macromolecules, which are 
not as well defined as small molecules. A small difference in 
chemical recipe and/or in reactor system design and operation 
can lead to totally different grades of materials. Also because of 
chain structure, there are many opportunities through innova
tion that can improve the properties of existing polymers or 
develop new polymer products. In this sense, polymers are 
products of process. In the manufacturing of small-molecule 
products, different processes can result in different productiv
ities and costs, but the type of products remains the same as 
long as the same chemical recipe is used. In contrast, not only 
the productivity and cost but also the product type can vary 
from one process to another in the manufacture of polymers. 
For this reason, discussion of product engineering apart from 
process engineering makes no practical meaning in the poly
mer production. Rather, integration of the two provides the 
most powerful tool for the innovative design of new polymers 
and the improvement of existing polymers. 

Macromolecular reaction engineering is a typical example of 
a multidisciplinary subject. It is concerned with industrial pro
duction of polymers. It provides the critical bridge between 
bench-scale chemistry performed in a laboratory and full-scale 
commercial production in industry. It covers a wide range of 
subjects from reaction mechanism and kinetics, to design of 
reactor systems and processes, scaling up, to process integra
tion, optimization, and control, to safe operation, environment 
impact, sustainable engineering, and so on. Its fundamental 
approach is based on experimentation and modeling. The tra
ditional task of polymer reaction engineers is to apply the lab 
discoveries of polymer chemists. As the scientific understand
ing of a polymer grows from discovery toward application, it 
becomes more and more dependent on reaction engineers for 
product and process innovations. For example, using the same 
chemical recipe, polymers produced from different reactors can 
have totally different material properties. The residence time 
distribution (RTD) of reactor, as well as flow, mass, and heat 
transport histories, to a large extent determines productivity 
and quality of polymer products. 

Facing strong competition, polymer producers often need to 
change product grades to meet the market needs. However, 
such changes normally require years of development that 
begin with lab chemistry research before industrial implemen
tation. Modeling and simulation of polymerization processes 
can greatly accelerate such a change in the product from years 
to months or even days, giving companies a strategic position 
in the marketplace. In addition, the designs of advanced poly
mer products are now application driven. Special applications 
require tailor-made materials with properties that can be 
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obtained only from specific polymer chain microstructures. 
Appropriate polymerization reactor systems and processes are 
then designed and operated accordingly. Mechanism-based 
process modeling, coupled with the data collected from indus
trial operations, provides a powerful tool for these types of 
application-driven designs. Furthermore, the recent develop
ments in polymer nanoscience demand innovations in 
macromolecular reaction engineering for industrial production 
of the useful materials and chemicals. 

Macromolecular reaction engineering covers a wide range 
of areas and indeed requires a comprehensive textbook to ade
quately describe its principles. In design and analysis of polymer 
production systems, we need to look into three dimensions: 

1.	 Polymerization mechanisms: condensation, free radical, catio
nic, anionic, living anionic, controlled radical, Ziegler– 

Natta, metallocene, etc. 
2.	 Polymerization processes: bulk, solution, precipitation, disper

sion, suspension, emulsion, slurry, gas phase, etc. 
3.	 Polymerization reactors and systems: stirred tank, tubular, 

fluidized-bed; batch, semibatch, continuous, etc. 

This chapter by no means covers every detail of every area. It 
intends to introduce basic concepts and some recent advances. 
For readers who are interested in expanding knowledge, there 
are some textbooks and numerous review articles, as well as a 
specialized journal titled Macromolecular Reaction Engineering, 
available. To name a few, Biesenberger and Sebastian,8 Ray,9 

Reichert and Moritz,10 Hamielec and Tobita,11 Dotson et al.,12 

Meyer and Keurentjes,13 Asua,14 and Schork et al.15 Since there 
are many chapters in this book series covering almost every 
aspect of polymer chemistry in great detail, it is also assumed 
here that readers of this chapter have acquired a good under
standing of polymer chemistry.16–22 We emphasize 
quantitative analyses and discussions based on equations, 
with particular attention paid to the rate of polymerization 
and the polymer molecular weight. 

4.32.2 Stepwise Polymerization 

Beginning with the work of Bakelite in the early twentieth 
century, currently there are many types of polymers developed 
based on stepwise condensation or other stepwise polymeriza
tion mechanisms including polyphenols, polyesters, 
polyamides, polyurethanes, polyureas, polycarbonates, and 
polysiloxanes. A majority of engineering polymers are pro
duced by stepwise polymerization. Polymer chains of these 
polymer products are made up through a series of steps. 
High-molecular-weight materials can be made only after 
many steps. Each step produces a linkage unit such as an 
ester –COO– and an amide –CONH–. Condensation polymer
ization is a form of stepwise polymerization. The two terms are 
used interchangeably in this chapter, though they can mean 
different things in some cases. Polyesters are produced via the 
condensation of diols and dicarboxylic acids and polyamides 
from diamides and dicarboxylic acids. In general, difunctional 
monomers AA and BB react to form –ab– linkage: 

nAAA þ nBBB → Aabba…abB → AðabÞn−1B ½1� 

where nA and nB are numbers of AA and BB, and it is stoichio
metrically balanced if nA = nB. It is also possible for 
condensation to involve two functional groups on a single 
molecule and then AB monomers react to form –ab– linkage 
with an assured stoichiometric balance: 

nAB → Ababa…baB → AðabÞn−1B ½2� 
In condensation reactions, monomer functionality is impor
tant. If a monomer is monofunctional, it becomes a chain 
stopper. If monomer has a functionality that is higher than 
two, it becomes a chain-branching agent. 

4.32.2.1 Rate of Polymerization 

The most fundamental question in reaction engineering is, how 
fast can the product be made? The condensation reaction rate is 
conventionally expressed with respect to how many moles of 
functional group A is consumed per unit of volume per unit of 
time. Since one B is required to react with one A, it is equivalent 
to how many moles of B consumed. At the same time, 
one –ab– linkage is generated by consuming one A and 
one B. We, therefore, have 

dV½A� dV B
−

½ � dV½ab� 
−    k A B 3  

V dt
¼

V dt
¼

V dt 
¼ ½ �½ � ½ �

The rates are proportional to the functional group concentra
tions. In general, when monomers are condensed to polymers, 
the polymerization system experiences some volume shrink
age. In practice, the volume shrinkage effect is often neglected 
for simplicity: 

d
− 

½A� d½B� d½ab� ¼ − A
 
¼  k B 4  

dt dt dt 
¼ ½ �½ � ½ �

The rate constant k is a function of chain length of the reactants. 
However, it was demonstrated that the functional group reac
tivity does not vary much as long as chain length is greater than 
about 10 monomeric units. Most polymer chains are long 
except for those at the very beginning of polymerization. 
Therefore, k can be treated as a single value. This is an impor
tant finding, otherwise one would have tens of thousands of 
rate equations to deal with in any calculation. 

In the stoichiometric balance case [A] = [B], we can readily 
solve eqn [4] and have 

1 1 
− ½A ¼ kt	 ½5� ½A� �0 

In the general case where the stoichiometry is not balanced 
[A] ≠ [B], we have 

1 B
ln 

½A�½ �0  kt 6  ½A� −0  ½B�0 ½A 0 B
¼� � ½ �½

As in practice we are mainly concerned with the monomer 
conversion, eqns [5] and [6] can be arranged as 

1 ¼ 1 þ k½A�0t  
½7� 

1− xA 

1 − x 1 
ln A ¼ k½A�0

�
1 − 

�
t ½8� 

1 − αxA α 
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where the functional group A conversion is defined as 
xA = ([A]0 − [A])/[A]0 and the stoichiometric imbalance ratio as 
α = [A]0/[B]0. Equations [7] and [8] relate xA to polymerization 
time t and other reaction conditions such as the initial func
tional group concentrations ([A]0, [B]0), temperature, and 
system viscosity. The functional group B conversion can be 
calculated from xB = αxA, based on the mass balance of 
[B]0 − [B] = [A]0 − [A]. Equations [7] and [8] have been verified 
for many condensation polymerization systems and are often 
used to estimate k from conversion versus time experimental 
data. 

4.32.2.2 Molecular Weight of Polymers 

What makes a polymer so special and so different from mono
mers is its chain microstructure, which is evident in 
characteristics such as high molecular weight. Most industrial 
polymers have a molecular weight in the range of 
104 

–107 g mol−1. Low-molecular-weight polymers of 
103 

–104 g mol−1 are often termed oligomers. It should be 
emphasized that polymer chains do not have the same mole
cular weight. This is in sharp contrast to some natural polymers 
such as polynucleotides and proteins. Scientists continue to 
make efforts toward the synthesis of polymers with precisely 
controlled molecular weight and composition for tailor-made 
properties. The task is challenging particularly for industrial 
polymers, and there are still many things that we can learn 
from nature about polymer synthesis. 

Polymer chains do not have uniform molecular weights and 
thus there exists a MWD. Research in academia often struggles 
to achieve precisely controlled narrow MWD polymers. 
However, a narrow MWD is not necessarily better than a 
broad one in application. The opposite can be true in some 
industrial applications. High-molecular-weight chains provide 
strength and low-molecular-weight ones offer processability. 
Practical materials should have good application properties 
and at the same time good processing properties. From a fun
damental point of view, narrow MWD polymers do have 
advantages over broad counterparts. The reason is simple: mix
ing is easier than separation. We can easily mix similar-type 
polymers having different molecular weights, but it is difficult 
to separate those polymers once mixed. The separation pro
cesses such as preparatory chromatography and solvent/ 
nonsolvent refractionation are very time consuming and costly. 

Take the AB-type monomer as an example for derivation of 
equations for molecular weight calculation. It should be clar
ified here that we use the terms ‘chain length’ and ‘degree of 
polymerization’ interchangeably, both being defined as the 
number of monomeric units in a polymer chain. The molecular 
weight of a polymer chain can be calculated from its chain 
length simply multiplied by the monomeric unit molecular 
weight (note, it can be different from unreacted monomer 
molecular weight because during condensation the reaction 
releases small molecules such as H2O). For AA + BB type, the 
chain length counts for both monomeric units, that is, a repeat
ing unit, –aabb–, is counted as two units. The monomeric 
molecular weight takes their average, possibly deducted by 
two condensation byproduct molecules if any. 

Let us consider 10 monomers at the start. When xA = 0, the 
average chain length is 1 because all are still monomers. When 
four As are reacted, the conversion xA = 0.4 and the 

number-average chain length �rN =10/6 because each condensa
tion step consumes one molecule. When six As are reacted, 
xA = 0.6 and �rN = 10/4. Similarly, when eight As are reacted, 
xA = 0.8 and �rN = 10/2, and so on. This derivation can be gen
eralized for a population of NA0 monomers. The 
number-average chain length can be calculated by dividing 
the number of monomers initially charged to the reactor by 
the number of molecules (regardless of their sizes that include 
monomers, dimers, trimers, etc.) present in the system at time 
t.23 For the stoichiometric balance case 

NA0 1 
�rN ¼  9  

NA
¼

1 − x 
½ �

and for the stoichiometric imbalance case 

ðN
r ¼ A0 �

þNB0Þ=2 1 α 
N 

þ
NA NB =2

¼ 10  ð þ Þ 1 þ α − 2αxA 
½ �

Note that the number of chains can be counted either as the 
number of ‘heads’ in the AB case or half of the sum of ‘heads’ 
and ‘tails’ in the AA + BB case. 

An examination of eqns [9] and [10] clearly shows that in 
order to produce high-molecular-weight polymers in conden
sation polymerization, we must have very high monomer 
conversion that requires removal of small molecular byproduct 
and very accurate control of the stoichiometric ratio α. The 
maximum chain length possibly achievable at xA = 1  is  
�rN ¼ ð1 þ αÞ=ð1 − αÞ. The system should be free of side reac
tions that consume A or B. Monomers and other raw materials 
should have very high purities. The polymerization rate must 
be reasonably high with little tendency toward cyclization 
reactions. 

4.32.2.3 MWD of Polymers 

The full MWD (also termed as chain length distribution) of a 
condensation polymerization product can be derived using a 
statistical approach. Take the AB case as an example. In statis
tics, the conversion x can be understood as the probability that 
a randomly selected functional group A has reacted.16 The 
number-fraction chain length distribution n(r) is the probabil
ity of having a chain randomly selected from a population that 
has the chain length r. This is equivalent to a chain that experi
ences r − 1 step growth and 1 step stop: 

nðrÞ ¼ xr−1ð1 − xÞ ½11� 
The weight-fraction chain length distribution w(r) can be cal
culated from n(r) by  

∞ 

wðrÞ ¼ rnðrÞ  
X

rnðrÞ ¼ rxr−1 2= ð1 − xÞ  ½12� 
r¼1 

The number- and weight-fraction chain length distributions are 
interchangeable. The former can also be calculated from the 

∞ 
latter by nðrÞ ¼ ðwðrÞ=rÞ= ðwðrÞ=rÞ. The number-average 

r¼1 
chain length �rN is thus 

X
∞ 1 

�rN ¼ 
X

rnðrÞ ¼  13  
 1 − x r

½
¼1

�

which agrees with eqn [9]. The weight-average chain length is 
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∞ X 1 þ x 
�rW ¼ rwðrÞ ¼  14  

1 −  x r

½ �
¼1

and the polydispersity index 

�r
PD ¼ W ¼ 1 þ x 15

�N
½ � 

r  

At high conversions x → 1, eqn [11] can be approximated by 
nðrÞ ¼ ð�rNÞ − 1expð− r=�rN

−
Þ and eqn [12] by 

wðrÞ ¼ ðrNÞ  2 � r expð− r r − 1 =�rNÞ because of x → (1 − δ)r − 1 ≈ exp 
(−δr), where r >> 1 and δ = 1−  x. w(r) is a random distribution, 
also called Flory’s most probable distribution, and it has poly
dispersity equal to 2. 

Figure 1 shows the number- and weight-fraction chain 
length distributions at different monomer conversions. It 
should be pointed out that the weight-fraction distribution is 
more useful when polymers are used as bulk materials. It also 
corresponds to the data obtained by gel permeation chromato
graphy (GPC, also called size exclusion chromatography, SEC). 
However, the number-fraction distribution is also helpful in 
product quality analysis and in some applications where the 
number of chains is important. Although they constitute neg
ligible amount in terms of weight, short chains can experience 
unwanted release from bulk materials. 
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Figure 1 (a) Number-fraction chain length distribution n(r) and (b) 
weight-fraction chain length distribution w(r) of the polymers at different 
functional group conversions in condensation polymerization. 

4.32.2.4 Nonlinear Condensation Polymerization 

Polymers can be linear, branched, and cross-linked. In conden
sation polymerization, branched chains and cross-linked 
networks can be formed if the system contains some monomer 
molecules having three or more functionalities. Examples are 
thermosetting materials such as phenolics, glyptal polyesters, 
ureas, and siloxanes. In a broad sense, the terms of thermoset
ting, curing, cross-linking, gelation, and network formation all 
mean the same thing. Polymer chains are cross-linked and form 
a network structure called gel.23 Gel molecules cannot dissolve 
in any solvent but can be swelled by good solvents. 
Thermosetting plastics, rubbers, and absorbents are typical 
examples of gel materials. In contrast to gel, linear and 
branched polymers are termed as sol molecules that are soluble 
in good solvents. 

Gelation is an important phenomenon. During polymeriza
tion, there exists a critical point called gel point or gelation 
point or onset of gelation. In production of gel materials, it is 
important to cross this point, otherwise the produced materials 
are still soluble. However, if only branching is wanted, the 
polymerization system should be stopped before the gel 
point. Knowledge of the gel point is therefore critical. 

Take the AA+BB+Af case as an example for illustration. 
Because of the f-functional monomer Af, chains become 
branched. Following Flory and Stockmayer,16,24–27 we assume 
that all functional groups react independently of one another, 
all functional groups of the same type are equally reactive, and 
there are no intramolecular reactions in sol molecules. In addi
tion to the monomer conversion xA = ([A]0 − [A])/[A]0, 
stoichiometric ratio α = (2[AA]0 + 3[A3]0)/(2[BB]0), and 
functionality f, we define the fraction of A groups on Af as 
ρ = f[Af]0/(2[AA]0 + f[Af]0). The branching coefficient δ, defined 
as the probability of one branching leading to another branch
ing, can then be derived as follows: the probability for Af to 
react with BB to form Af − 1abB is the conversion xA. The prob
ability for Af − 1abB to react with AA to form Af − 1abbaA is 
xA[αxA(1 − ρ)]. The probability for Af − 1abbaA to react with BB 
to form Af − 1abbaabB is xA[αxA(1 − ρ)xA]. The probability of 
repeating n times of the last two steps to form Af − 1a(bbaa)nbB 
is xA[αxA(1 − ρ)xA]

n. The probability of this last molecule to react 
with Af is x [ n

A αxA(1 − ρ)xA] αxA ρ. Since n can be any number from 
0 to infinity, the branching coefficient is thus the sum of the 
probability xA[αxA(1 − ρ)xA]

nαxA ρ: 

∞ X 2

δ ¼ αx2 ρ½αx2 ð1  ρÞ�n αxA
 ρ
 
−  

A A ¼ 2 16
 1 − αxA ð1 − ρ  n

�
¼0

½Þ
When the branching coefficient reaches the critical value of 
1/(f-1), gelation occurs and gel molecules starts to form: 

1 
xA;gel ¼ 17  

½α 
½

þ αρðf  1=2 −2
�

Þ�
Equation [17] shows that the gel point xA,gel is determined by 
three parameters: the functionality, the stoichiometric imbal
ance ratio, and the fraction of A groups on Af. For a system to be 
gelable xA,gel < 1, a minimum amount of multifunctional 
monomer is required to assure ρ > (1  − α)/[α(f − 2)]. Figure 2 
shows the relationship between ρ and α at f = 3, 4, and 5. It 
should be pointed out that eqn [17] is applicable only to the 
AA + BB + Af case. There are many different cases in 
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Figure 2 Minimum amount of multifunctional monomer Af required to 
assure gelability in the condensation polymerization of AA + BB + Af. 

condensation polymerization that can lead to gelation.28,29 

However, their corresponding equations need to be derived 
based on specific conditions. Numerous advanced methods 
have been developed for modeling gelation in polycondensa
tion.30–38 

4.32.3 Free-Radical Polymerization 

Free-radical polymerization is the most widely used mechan
ism and accounts for about 50% of the total polymer 
production. Major polymer types such as polyvinyl chloride 
(PVC), polystyrene (PS), polymethyl methacrylate (PMMA), 
polyvinyl acetate (PVAc), polytetrafluoroethylene (PTFE), 
low-density polyethylene (LDPE), as well as their copolymers, 
are all produced by free-radical polymerization. A typical 
free-radical polymerization system includes the following ele
mentary reactions: 

k
Initiator decomposition  : I �!d  2R•

0 ½ 18�
f  ;k

Initiation
i 

: R• P•
0 þ M �! 1 ½ 19�

k
Propagation: P• 

1 þ M �!p 
 P•

2 ½ 20�
k

P
p• þ M �! P• 

r rþ1  ½ 21� 
Termination (note: kt = ktd + ktc): 

k
by disproportionation   : P• þ P• �!tdr s  Pr þ Ps ½ 22�

k
by combination P þ P  : • • �!tcr s  Pp s ½ 23þ �

k
Chain transfer: P• 

r þ Z �!fZ  Pr þ Z• ½ 24�
where I is an initiator molecule such as peroxide or azo com
pound, which normally generates two primary radicals R• 

0 

upon decomposition with kd as its decomposition rate con
stant. As the initiation step, the primary radical R• 

0 reacts with 
monomer M and ki is the initiation rate constant. However, in 
reality, not all the primary radicals initiate the growth of poly
mer chains. Some primary radicals experience various side 
reactions and are wasted. Thus, there is an initiation efficiency f. 

Propagation reactions are responsible for chain growth. In 
general, a radical chain P• 

r having chain length r reacts with a 
monomer M and becomes P• 

r + 1. The propagation rate constant 
kp is chain length independent because the propagation reac
tion involves a small molecule M, even though the other 
reactant is a macromolecular species P•r . Most free radicals are 
high-energy species and terminate rapidly once two radical 
centers meet each other. There are two types of termination 
modes. Disproportionation termination yields two dead poly
mer chains, while combination termination generates one 
chain. Chain transfer reactions can occur to polymeric radicals. 
The molecule Z can be monomer, solvent, polymer, some 
impurities, and chain transfer agent purposely added for reg
ulation of polymer molecular weight. Depending on its 
reactivity, Z can be an inhibitor if Z• is incapable of reacting 
with M or a retarder if Z• reacts with M at a slower rate than 
propagation. An ideal chain transfer agent should have a simi
lar or larger rate constant to that of propagation kp in 

kiZ ≈ k
Z

p • þ M �! P•
1 ½ 25�

Compared with condensation, free-radical polymerization has 
the following features. Only radical chains add monomers 
through propagation, individual polymer chains are formed 
almost instantaneously, monomer concentration decreases 
steadily throughout polymerization, and a long time is 
required for high polymer yield, but it can have a small effect 
on polymer molecular weight. While in condensation polymer
ization, any two molecular species can react, individual chains 
grow steadily throughout polymerization, monomer molecules 
disappear quickly at an early stage, and long polymerization 
time is essential for a high-molecular-weight polymer product 
to be obtained. 

4.32.3.1 Initiation, Propagation, and Termination 

4.32.3.1.1 Initiation 
It should be pointed out that there are many methods for initia
tion of free-radical polymerization, though the most popular 
approach in industry is the use of chemical initiators such as 
peroxides and azo compounds. Thermal and radiation initia
tions are also employed in industry. For chemical initiation, the 
initiator thermal decomposition is a monomolecular reaction: 

d½ I� ¼ − kd½ I� ½ 26� 
dt 

where kd is a first-order rate constant (units t−1: s−1, min−1, h−1). 
At an isothermal condition with constant kd, we have 

½I � ¼ ½I � −0 expð  kdtÞ ½ 27� 
where [I]0 is initial initiator concentration. During polymeriza
tion, the initiator concentration experiences an exponential 
decay with time. The time when half of initiator molecules 
are decomposed is termed as the initiator’s half-lifetime or 
simply as lifetime, t1/2 = (ln 2)/kd. Due to the nature of expo
nential decay, the actual lifetime would theoretically be 
infinity. Most industrial initiators have half-lifetimes ranging 
from hours to tens of hours at the polymerization temperature. 

The initiator efficiency is caused by a so-called cage 
effect.17,39 Upon decomposition, the two primary radicals are 
trapped in an imaginary cage (2R•

0 ). Due to the proximity, the 
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trapped radicals can experience side reactions and convert to 
inert and stable molecules S or react with neighboring mono
mers M to start chain growth or escape from the cage and 
become ‘free’ primary radicals that can either terminate with 
other radicals or initiate with monomers for chain growth: 

k
I �!d  ð2R • 

0Þ ½ 28� 
kð 2R• Þ�!D  2R• 

0 0 ½ 29� 
k′ ð2R • S

0Þ�! S ½ 30� 
k

2R• S

0 �! S ½ 31� 
k′ ð2R • i R•

0Þ þ  M �! 0 þ P• 
1 ½ 32�

k
R• þ M �!i  P• 
0 1 ½ 33�

The initiator efficiency is therefore 

k þ k′ 
f D i½ M� þ k i½M � ¼ ½ 34  

k′ S þ kS½ R0� þ  kD þ k′ i
�½ M� þ k i½M � 

where f must be 0 ≤ f ≤ 1 by definition and is typically in the 
range of 0.5 0.8 for most industrial initiators.17,40–42 

–

4.32.3.1.2 Propagation 
Vinyl monomers of CH2 = CHR and CH2 =CR1R2 types are 
polymerizable by free-radical mechanism; however, the type 
of R1HC = CHR2 monomers do not normally polymerize to 
high molecular weight due to steric effects. Double bonds are 
in high-energy states. Propagation reactions are therefore 
exothermic with −ΔHp values in the range of tens of kilocalories 
per mole (or 102 

–103 kcal kg−1). For example, ethylene has 
−ΔHp of 21 kcal mol−1; propylene 19 kcal mol−1; styrene 
17 kcal mol−1; vinyl chloride 26 kcal mol−1; and MMA 
13 kcal mol−1.17 The exothermic nature is often exploited for 
monitoring monomer conversion based on heat balance. Also 
because of the high −ΔHp, heat removal becomes a key concern 
in reactor design and operation. In a runaway reaction, reactor 
temperature can increase by hundreds of degrees and cause fires 
and explosions. Figure 3 shows how temperature can rise 
inside small ampoule reactors during the bulk radical 
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Figure 3 Temperature rises in the bulk radical polymerization of MMA with 
0.5 wt.% 2,2’-azobis(2-methyl-propionitrile) (AIBN). Ampoules of 3, 4, 5, 7, 
10 mm outer diameter (1.8, 2.4, 3.4, 5, 8 mm inner diameter) are immersed 
in water (solid lines) or in silicone oil (dotted lines) bath set to 90 °C.43 

polymerization of MMA that is set to an isothermal condition 
of 90 °C in a water or oil bath. 

Individual chains in free-radical polymerization are gener
ated in seconds. This is estimated as follows: the number of 
monomer molecules added to a growing chain per unit of time 
is (NAv kp[M][P•])/(NAv[P

•]) = kp[M]. Equivalently, it takes a 
period of 1/(kp[M]) to add one monomer molecule to the 
chain. Given kp =10

3 l mol−1 s−1 and [M] =10mol l−1, the time 
required to add one monomer is 10−4 s. For a chain of 104 

units, it takes only 1 s. This is in sharp contrast to condensation 
polymerization where it takes hours for chains to fully grow. It 
should be emphasized that while individual chains take such 
short times to form, the free-radical polymerization process 
requires hours to obtain a high polymer yield. 

Propagation reactions are responsible for the development 
of polymer chain microstructure that determines polymer 
material properties. For example, PVC chains can have ‘head
to-tail’ and ‘head-to-head’ structures. The ‘head-to-tail’ 
structure is favored for its low-energy state. However, the 
‘head-to-head’ structure can also be formed particularly at 
high temperature.44 PVC materials with significant ‘head-to
head’ structures have poor quality in application, are not stable, 
and are susceptible to polyene formation. 

4.32.3.1.3 Termination 
Radical termination is a bimolecular reaction that involves 
two polymeric radicals. Because of high reactivity 
(k � 108 l mol−1 s−1t ) and extremely low concentration 
(10−7 10−9 

– mol l−1) of radicals, chain diffusion becomes criti
cally important and often determines the magnitude of 
termination rate.45–51 In general, radical termination involves 
three steps, as shown in Scheme 1. First, two radical chains 
approach each other by translational diffusion. Once in vici
nity, two radical centers come together by segmental diffusion. 
Chemical activation of two radical centers takes almost no time 
to occur due to their reactive nature. 

Radical termination is always diffusion controlled. At low 
monomer conversion or dilute polymer solution, it is con
trolled by segmental diffusion.52–55 When the polymerization 
system becomes viscous, it is controlled by translational diffu
sion.56–58 Both diffusions are chain length dependent.41,59–61 

However, segmental diffusion is a weaker function of chain 
length than is translational diffusion and it is often neglected 
or incorporated into the chemical activation term. The termi
nation rate constant for two radicals having chain lengths r and 
s is kt(r,s) with their average rate constant as 

∞ ∞ 

kt ¼ 
XX

k • • 
t

r

ðr ; sÞ ϕr ϕs ½ 35�
¼1  s¼ 1 

where ϕ• •
r and ϕ  

s are respective number fractions. In practice, the 
termination rate constant is treated as a single value. The kt data 
reported in literature are very diverse even for the same mono
mer under similar polymerization conditions. This lack of 
accuracy reflects the complication of chain length dependence. 
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Translational diffusion 

Segmental diffusion 

Chemical activation 

Scheme 1 Three steps involved in bimolecular termination of radicals: 
translational diffusion, segmental diffusion, and chemical activation. 
Radical termination is always diffusion controlled: segmental diffusion 
controlled at low conversions, and translational diffusion controlled at 
high conversions.43 

Added to this is the extremely low radical concentration, which 
can be estimated from a mass balance of the total radical 
population: 

d½P•� ¼ 2fk 2
d½I� − kt½P•� ≈ 0 

d
½36� 

t 

Applying the stationary-state or steady-state hypothesis 
(SSH),62,63 we have the radical chain concentration 

½P•� ¼ ð2fkd½I�=ktÞ1=2 ½37� 
Given the representative values of [I] = 10−1 mol l−1, f = 0.5, 
k =10−5d s−1, and kt = 10

8 l mol−1 s−1,64 the total radical concen
tration is 10−7 mol l−1. The concentration of primary radicals 
can also be estimated by applying mass balance and SSH: 

d½R •
0 � ¼ 2fkd½Id

� − ðkp½M� þ  kt½P•�Þ½R •

t 0 � ≈ 0 ½38� 

and is found to be at [R•
0] = 2 fkd[I]/(k

•
p[M] + kt[P ]) ≈ 

10−10 mol l−1. 

4.32.3.2 Rate of Polymerization 

In free-radical polymerization, monomer molecules are 
mainly consumed by propagation reactions with the rate of 
polymerization: 

d M
Rp ¼ − 

½ � ¼ kp½P•

dt 
�½M� ½39� 

where NM= NM0(1 − x). NM0 and NM are respective moles of 
monomer initially charged to reactor and at present time. In 
terms of monomer conversion x, eqn [39] becomes 

dx ¼ k •
p½P �ð1 − xÞ ½40� 

dt 

Combining eqn [40] with eqns [37] and [27] yields 

dx 2fkdk2½I�¼ p 0

!1=2 
1 ð1 − xÞexpð − k

d dtÞ ½41� 
t kt 2 

Assuming that all the rate constants in eqn [41] remain 
unchanged during polymerization and solving the equation 
with an initial condition of x = 0  at  t = 0 result in !1=2

8 fk2p½I�0 1
− lnð1 − xÞ ¼  ½1 − exp  − kdt  42  

kdk 2 t
ð Þ� ½ �

According to eqn [42], the maximum monomer conversion at 
t → ∞ is 2

1
p½

=2
8 fk2 I

x 0
∞

�  
 ¼ 1 − exp − 

kdkt

! 3

 

Equation

4 ½43�

 [43] shows that a dead-end polymerization

5 

 can occur 
at low initiator concentration. In practice, an adequate initiator 
amount must be added to assure high monomer conversion. 

From eqns [37] and [39], we can see that the rate of free-radical 
polymerization is determined by three parameters: temperature, 
initiator concentration, and monomer concentration: 

1 =2
2f kdk2

Rp ¼ kp½P•�½M� ¼  p

!
½I�1=2½M� ½44� 

kt

that is, R ∝ e−(EA/RT) 1/2
p [I] [M]. The apparent activation energy EA 

is about 20 kcal mol−1, estimated from the representative values 
of Ep = 5 kcal mol−1, Ed = 30 kcal mol−1, and Et = 1 kcal mol−1. 
This high activation energy suggests the polymerization rate 
has a strong temperature dependence. Raising the temperature 
can dramatically accelerate the polymerization. Increasing 
initiator concentration can also increase the rate. Doubling 
initiator amount increases the rate of polymerization by 41%. 
The monomer concentration is also effective in increasing the 
rate, but its variation is limited to many other parameters in 
design and operation of the polymerization system. It should 
be emphasized that there are trade-offs in promoting polymer
ization rate through the above means. Adjusting these 
parameters can also change polymer molecular weight, which 
will be discussed later. 

4.32.3.3 Diffusion-Controlled Reactions 

Reactions in free-radical polymerization can easily become 
diffusion controlled.65,66 This is particularly true for those 
involving two polymeric radicals such as bimolecular termina
tion. During polymerization, polymer chains can grow larger 
and polymer concentration increases. The system can experi
ence many orders of magnitude change in viscosity that can 
dramatically affect the diffusion of reacting chain species. 
Figure 4 shows the conversion versus time data of the bulk 
polymerization of MMA initiated with 0.5 wt.% AIBN at 70 °C. 
Equation [42] can fit only its low-conversion data points. The 
polymerization rate starts to accelerate at about 20% conver
sion. This autoacceleration phenomenon is rather common 
with acrylic and styrenic systems. It is termed as the ‘gel effect’, 
which is a misnomer because there are no gel molecules 
involved, or as ‘the Trommsdorff effect’ after the name of an 
early investigator.67,68 Reaction autoacceleration can be dama
ging in practice. It imposes great challenges for heat removal 
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thermal expansion coefficients of monomer and polymer 
between liquid and glass states, respectively, and ϕm and ϕp 

are monomer and polymer volume fractions, respectively. Both 
reptation and free-volume theories have achieved some levels 
of success in modeling free-radical polymerization kinetics. The 
apparent termination rate constant kt is formulated as 
k −1 −1 
t ¼ kt;C þ k −1 

t;D or 

kt;Ck t;D kt ¼ 49  
kt;C þ kt;D 

½ �

where kt,C is the chemical-controlled termination rate constant. 
Most reported kt values in the literature are kt,C values. Because 
termination is always diffusion controlled and segmental, dif
fusion dominates at low conversion and kt,C is actually the 
low-conversion rate constant that has incorporated segmental 
diffusion effect.81,82 A practical semiempirical expression for 
the diffusion-controlled termination rate constant kt,D in eqn 
[49] is 

kt;D ¼ kt0ðM� wÞ − n expð − λ=vf Þ ½50� 
where M� W is the weight-average dead polymer molecular 
weight and kt0, n, and λ are adjustable parameters to correlate 
experimental data.42,61,83–89 There were many models pro
posed for quantitative description of chain length-dependent 
radical termination reactions. 

At very high conversion in free-radical polymerization, not 
only radical termination but also monomer propagation can 
become diffusion controlled. If polymerization is carried out 
below polymer glass temperature T < Tgp, the reacting mixture 
reaches its glass state before complete monomer conversion, 
termed as ‘glass effect’. The limiting conversion can be esti
mated from eqn [48] by setting the free-volume fraction vf to 
its universal value of 0.025 at the glass state: 

x ≈ ϕp ¼ αmðT − TgmÞ=½αmðT − TgmÞ þ α pðTgp − TÞ� ½51�
Under Tgm < T < Tgp, x < 1. For systems run below the polymer 
glass transition temperature, the polymerization temperature 
must be raised at its final stage for further polymerization. 
Figure 5 shows such an operation. MMA is first polymerized 
at 80 °C for high molecular weight. However, the polymeriza
tion stops at 95% conversion and is restarted by elevating the 
temperature to 100 °C. The final 5% polymer product has a 
lower molecular weight.45 
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Figure 4 Conversion versus time data for the bulk polymerization of 
MMA with 0.5 wt.% AIBN at 70 °C. The dotted line is calculated using 
eqn [42].69 

and temperature control. When a reactor system is designed or 
selected, it must meet the requirements for heat removal at the 
maximum polymerization rate. The effect of viscosity on the 
rate has been intensively studied for decades since the discovery 
of the autoacceleration phenomenon. Although there are still 
some fundamental questions to be answered, it is agreed that 
the autoacceleration is caused by diffusion-controlled poly
meric radical termination. In essence, the corresponding task 
is to establish the relationships between various reaction rate 
constants with the diffusions of reacting species. 

The starting point for such relationships is the 
Smoluchowski equation in its simplest form:70 

kD ¼ σðDr þ DsÞ ½45� 
where kD is diffusion-controlled rate constant, σ is the reaction 
radius of the reacting species, and Dr and Ds are self-diffusion 
coefficients. Equation.[45] applies to small molecules. An 
equivalent equation valid for diffusion-controlled reactions 
between two macromolecules has not been derived to date. 
Nevertheless, the above equation has been used and σ is usually 
taken as proportional to chain length with an empirical expo
nential ε in treating diffusion-controlled radical termination 
reactions, kt,D(r,r) ∝ rεDr, where Dr is self-diffusion coefficient 
of radicals having chain length r. 

The next question is how the diffusion coefficient is related 
to the radical chain lengths and system viscosity. According to 
de Gennes’ chain reptation theory71–75 

Dr ∝ r−2C − 7=4
P ½46� 

where CP is the polymer concentration. According to chain 
entanglement and free-volume theory76–80 

D −2:5
r ∝ r expð − A=vf Þ ½47� 

where vf is free-volume fraction, which can be estimated from 

vf ¼ ½0:025 þ αmðT − TgmÞ�ϕm þ ½0:025 þ αpðT − TgpÞ�ϕp ½48�
where T is the polymerization temperature, Tgm and Tgp are 
monomer and polymer glass transition temperatures, 
respectively,αm= αml − αmg and αp = αpl − αpg are differential 
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Figure 5 Glass effect – MMA polymerized at 80 °C stops at 95% con-
version. Temperature is raised at the end of polymerization to complete 
the residual 5% monomer.45 

(c) 2013 Elsevier Inc. All Rights Reserved.



790 Polymerization Kinetic Modeling and Macromolecular Reaction Engineering 

The glass effect on propagation can also be described by free 
volume, k −1 ¼ k −1 þ k −1 

p p;C p;D or 

kp ¼ kp;Ckp;D=ðkp;C þ kp;DÞ ½52� 
where42,90 

kp;D ¼ kp0 expð− ζ =vf Þ ½53� 
kp0 and ζ are semiempirical adjustable parameters. kp,D is inde
pendent of chain length, though propagation involves chain 
species. In this bimolecular reaction, the diffusion of monomer 
dominates. At the vicinity of glass state, radical initiation is 
suppressed by severe cage effect. Although initiator decomposi
tion is a monomolecular reaction and not affected by diffusion 
limitations, the initiator efficiency f decreases. Several terms in 
eqn [34] are diffusion dependent and this is particularly true 

for ð2R• 
0Þ�!kd 2R• 

0. The primary radicals in the cage are 
trapped because of small kD, favoring conversion to the 
inert S. Unfortunately, there is little quantitative work in the 
literature on the diffusion-controlled initiation. Another point 
worth mentioning at the glass state is the termination by ‘pro
pagation diffusion’. At this stage, chain species are effectively 
frozen. However, radical centers can still move because of 
propagation reactions. Adding a monomer molecule to a radi
cal center moves the center a step further, which facilitates the 
radical termination. A residual term can be added to eqn [50] to 
account for this propagation 41

‘  diffusion’ termination:  

k � −n
t;D ¼ kt0ðMW Þ expð− λ=vf Þ þ ωkp½M� ½54� 

with ω as an adjustable parameter. Figure 6 shows the orders of 
magnitude changes of propagation and termination rate con
stants with monomer conversion during bulk radical 
polymerization run below polymer glass temperature.42,91 

4.32.3.4 Molecular Weight and Distribution of Polymers 

In free-radical polymerization, there are two chain populations 
inside the reactor: radical chains and dead chains. Each popula
tion has a MWD. These distributions can be derived from mass 
balances of their respective species. For a radical chain having 
chain length r, we have 
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Figure 6 Change of propagation and termination rate constants during 
bulk free-radical polymerization.43 

d½P•
r � ¼ k ½M�½P• 

p r−1�− ðkp½M� þ kt ½P•� þ kfZ½Zd
�Þ½P•

r � ½55
t 

�

Applying the SSH (i.e., d[P•r ]/dt ≈ 0) and defining 

k
τ td½P•� kfZ½Z� ¼  56  

kp½M� þ kp
½ �½M� 

k P•

β tc½ �¼
k

½57� 
p½M� 

we obtain 

½P•  
• P• τ β  ½Pr � ¼  r − 1� 1…  

½ � ð þ Þ
P•

1 þ τ þ β 
¼ ¼ ¼ ½ �ð1 þ τ þ βÞr−1 ð1 þ τ þ βÞr

½58� 
and finally the number-fraction chain length distribution of 
radical population 

• ½P• τ β  
n ðrÞ ¼  r � ð þ Þ¼ ≈ ðτ þ βÞexp½−ðτ þ βÞr� ½59�½P•� ð1 þ τ þ βÞr

The radical chain population is very small compared with 
the dead-chain population ([P•] � 10−7 

–10−9 mol l−1 vs. 
[M] � 1–10 mol l−1). In terms of polymer product, the dead-chain 
population represents the total polymer. Equation [59] is impor
tant for polymer production, but not so for polymer applications. 

Similarly, the chain length distribution of dead polymer 
population (equivalently, that of the total polymer) can be 
derived based on the mass balance of 

d½Pr � 1 r−1 

¼ ktd½P•�½P•
r � þ k

dt fZ½Z�½P•
r � þ  k P • P• 60

2 tc 

X
½ s �½ r−s

s

� ½ �
¼1 

Substituting eqn [58] for eqn [60], we can obtain the 
weight-fraction distribution after some mathematical manipu
lation (rd[P ]/dt)/(k [P•][M]):92–95 

r p

wðrÞ ¼ ðτ þ βÞ 
�

β 
τ þ ðτ þ βÞr

�
r exp

2 
½− ðτ þ βÞr� ½61� 

It should be emphasized that eqn [61] is an instantaneous 
distribution, that is, the distribution of the chains generated 
during the time interval from t to t + Δt. The parameters τ and β 
as defined in eqns [56] and [57] change during polymerization. 
The final product is thus the sum of all instantaneous popula
tions accumulated inside a reactor: ðx 

1 wcumðrÞ ¼ w r dx 62
x 0 

ð Þ ½ � 

Figure 7 shows the cumulative chromatograms of the polymer 
samples collected at different conversions from the bulk MMA 
polymerization initiated with 0.5% AIBN at 70 °C, as well as 
their average molecular weights. Theoretically, the instanta
neous molecular weights can be obtained from derivatives of 
the cumulative data. However, the accuracy can be an issue in 
this practice. 

The number- and weight-average chain lengths, as well as 
the polydispersity, of the instantaneous polymer population 
can be derived from eqn [61] 

∞ 1 
�rN ¼ 1=

ð
 ½wðrÞ=r�dr ¼ ½63� 
0 τ þ β=2 
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concentrations, as well as temperature. In the absence of 
chain transfer agent, the relative influences of temperature, 
initiator concentration, and monomer concentration can be 
examined from 

kp 
�r • −1=2
N � Rp =Rt ∝ ½I � M 69

k k 1=2 
d t

½ � ½ � 
ð Þ

where the apparent activation energy for k (k k )−1/2 
p d t is approxi

mately −10 kcal mol−1. Comparing the polymer molecular 
weight �rN ∝ exp(10 kcal mol−1/RT)[I]−1/2[M] to the rate of poly
merization Rp ∝ exp(−20 kcal mol−1/RT)[I]1/2[M], it can be seen 
that the influences of temperature and initiator concentration 
are in the opposite directions. While raising temperature and 
initiator concentration increases rate of polymerization, it 
reduces polymer molecular weight. In practice, polymer pro
ductivity (rate) and product quality (molecular weight) must 
be compromised. 

4.32.3.5 Branching and Cross-linking 

Branching can occur in the presence of chain transfer to poly
mer reactions. For example, in ethylene polymerization, the 
radical centers backbite their own chains and form short-chain 
branches. It is these short-chain branches that limit chain crys
tallization and result in LDPE. Because of no control over 
backbiting sites, the branch lengths are ill defined and vary a 
lot from site to site and from chain to chain. 

Backbiting is an intramolecular chain transfer reaction. If 
transfer reactions occur between different chains, long-chain 
branched polymers are formed. Well-known examples include 
ethylene and vinyl acetate. Vinyl acetate polymerization could 
lead to gel formation under certain conditions. It should be 
pointed out that chain transfer to polymer reaction alone gen
erates only T-type branch structures that do not result in gel 
formation. Theoretically, some mechanism such as radical ter
mination by combination that brings two chains together to 
form H-type branch structures is an essential condition for 
gelation. 

The rate of chain transfer to polymer follows 

∞ 

R •
fp ¼ kfp½P � 

X
rPr  kfp

r 1 

¼ ½P•�½M�0x ½70� 
¼

The branching density ρ is defined as the ratio of the number of 
branching points to that of monomeric units and it can be 
estimated from 

dðxρÞ kfp x ¼ 71  
dx kp 1 − x 

½ �

Solving eqn [71] yields 

k
ρ ¼  ln 1 − x  

 − fp
�
1 

ð Þþ
�

½72� 
kp x 

The branching density increases dramatically at high conver
sions because of the high polymer concentration that facilitates 
the chain transfer to polymer reactions. 

Chain transfer to polymer reactions increases the 
weight-average molecular weight but not the number-average 
molecular weight. It can be clearly illustrated by two chains 
having the same chain length 10. Without chain transfer, their 
number- and weight-average chain lengths are both equal to 
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Figure 7 (a) Change of GPC curves with monomer conversion in bulk 
MMA polymerization at 70 °C and 0.5% AIBN and (b) their calibrated 
number- and weight-average molecular weights.69 

�

ð∞ 2τ  3β 
rW ¼ ½rwðrÞ�dr  

þ¼  2 ½64
0 

�ðτ þ βÞ

PD  �rW=�rN  
ðτ þ β=2Þð2τ  

2

þ 3β
 

Þ¼ ¼
 

½65� ðτ þ βÞ
Their corresponding chain properties of the cumulative poly
mer are 

∞ 

�rN;cum ¼ x= 
ð

ð1=�rNÞdx ½66� 
0 �ð∞ 

�rW;cum ¼ �rW dx 
�
=x ½67

 
� 

0

PDcum ¼ �rW;cum =�rN;cum ½68� 
The instantaneous polydispersities are between 1.5, if domi
nated by combination termination, and 2, if dominated by 
disproportionation termination and chain transfer reactions. 
Commercial polymer products are cumulative polymers and 
have polydispersity values higher than 2. 

The key factors that determine polymer molecular weight 
are the initiator, monomer, and chain transfer agent 
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10. If one chain transfers to another at its half chain length, the 
two chains would have chain lengths 5 and 15. Their 
number-average chain length is still (1 � 5+1  � 15)/ 
(1 + 1) = 10, but the weight-average chain length increases to 
(5 � 5 +1 5� 15)/(5 + 15) = 12.5. 

4.32.3.6 Method of Moments 

It is challenging to derive chain length distribution functions 
for branching and cross-linking systems. In such cases, we often 
resort to the use of the method of moments.96,97 The ith 
moments of radical and dead polymer chains are defined as 

∞ 

Q• i •
i ¼ 

X
r ½Pr � ½73

r

�
¼1 

∞ 

Qi ¼ 
X

ri Pr 74  
r¼1 

½ � ½ �

The zeroth and first moments have clear physical meanings. Q• 
0 

(=[P•]) and Q0 are the radical and dead polymer chain concen
trations, respectively. Q• 

1 and Q1 (=[M]0x) are their monomeric 
unit concentrations. The number- and weight-average chain 
lengths of radical chains are thus 

∞ ∞ 

�r •
X

r½P•�=
X
 ½P•� ¼ Q• • 

N ¼ r r 1 =Q0 75
r  

�
¼1 r¼1

½

∞ ∞ 

�r • ¼ 
X

r2 •
W ½Pr �= 

X
r½P•

r � ¼ Q• 
2 =Q

• 
1 ½76

1

� 
r¼1 r¼  

Similarly, the number- and weight-average chain lengths of 
dead (or total) polymer chains are 

∞ ∞ 

�rN ¼ 
X

r½Pr �=
X
 

1

½Pr � ¼ Q1=Q0 ½77� 
r¼  r¼1 

∞ ∞ 

�r 2
W ¼ 

X
r

r

½Pr �= r½Pr � ¼ Q2=Q1 ½78� 
¼1 

X
r¼1 

Adding the terms +kfp[P
•]r[Pr] − kfpQ[P•r ] to eqn [55] and 

+kfpQ1[P
•
r ] − kfp[P

•]r[Pr] to eqn [60], we have the following 
moment equations after some algebra:98,99 

dq0 ¼ τ þ β=2 ½79� 
dx 

dq1 1 80  
dx 

¼ ½ �

dq 2
2 2ð1 þ cfp;2Þ βð1 þ c

 fp;2Þ 81
dx 

¼
τ 

þ 2 ½ �þ β þ cfp;1 ðτ þ β þ cfp;1Þ
where cfp,i = (kfpQi)/(kp[M]) and qi = Qi/[M]0 are dimensionless 
relative moments of Qi scaled with the initial monomer con
centration [M] . Equations [79]–0 [81] clearly show that the 
chain transfer reaction to polymer does not affect the 
number-average chain length but increases the weight-average 
chain length. From eqn [81], it can also be seen that such 
polymerization systems do not gel in the absence of radical 
termination by combination, that is, β =0.  Figure 8 shows the 
weight-average chain length during the bulk polymerization of 
vinyl acetate.100 The solid line is calculated with ktc = 0, while 
the dashed line is calculated with ktd = 0. The latter predicts a gel 

Figure 8 Increase of weight-average chain length with monomer con
version during the bulk polymerization of vinyl acetate at 60 °C.99 

point at x = 0.912. At the gel point, the weight-average chain 
length goes to infinity. 

4.32.4 Ionic Polymerization 

Depending on the charge type on the propagating center, ionic 
polymerization is further divided into anionic polymerization 
and cationic polymerization. Many aspects of ionic polymer
ization are similar to free-radical polymerization. Ionic 
polymerization consists of initiation, propagation, and termi
nation, as well as chain transfer reactions. However, because 
like charges repel, there is little bimolecular termination that 
involves two growing chains. Ionic polymerization processes 
normally require high purification and low operation tempera
ture to eliminate side reactions for high-molecular-weight 
products. They also have high polymerization rates and are 
very sensitive to the types of solvents used. 

4.32.4.1 Cationic Polymerization 

The type of monomers suitable for cationic polymerization are 
those containing an electron-donating substituent such as 
1,1-dialkyl, alkene, alkoxy, and phenyl that stabilize the pro
pagating cationic centers. Successful industrial examples 
include polyisobutylene and its copolymers with dienes such 
as butyl rubber. In ionic polymerization, initiator is conven
tionally called a catalyst. However, by definition, catalyst and 
initiator are two different types of reagents. Catalyst takes part 
in reactions but can be removed from the final product if 
necessary. On the other side, initiator molecules or their frag
ments become a part of the produced chains after 
polymerization. In cationic polymerization, a single catalyst is 
not sufficient and a cocatalyst is required. Typical catalysts are 
Lewis acids such as BF3, AlCl3, and TiCl4 that must be used with 
a protonic cocatalyst such as H2O and methanol:17,101,102 
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K
BF

eq

3 þ H2O ↔Hþ þ BF −
3OH  ½82� 

A total dissociation of the catalyst system is rare. There exists an 
equilibrium: 

½HþB−� ¼  Keq½LA�½H2O� ½83� 
where Keq is the equilibrium constant, LA is Lewis acid, and B− 

represents BF3OH− or counterion in general. The amount of 
cocatalyst added is critical. An optimum level is one that it is 
sufficient to shift equilibrium to promote H+ formation, but 
not excessive to the point of terminating chains prematurely via 
chain transfer reactions. The optimum catalyst/cocatalyst ratio 
varies with the system employed and the solvent used. The 
electron-donating substituent R on M helps to stabilize the 
cationic center: 

k
HþB− þ M �!i  Pþ

1 B
− ½84� 

where ki is the initiation rate constant. The separation of the ion 
pairs depends on the reaction medium, particularly the type of 
solvent used. Free ions make monomer insertion easy and thus 
a high propagation rate constant kp is possible: 

k
Pþ þ M �!pr  Pr

þ B− 
þ1 ½85�

Chain transfer reactions are far more important for cationic poly
merization. Propagating chains can be terminated by reactions of 
the cationic centers with cocatalyst or other protonic sources 

k
Pþ
r B

− þ H O t
2  �! Pr þ HB ½86� 

or by chain transfer to monomer 

Pþ − k fM − 
r B þ M �! Pr þ MþB ½87� 

The rate of initiation is 

Ri ¼ ki½HþB−�½M� ¼ k iKeq½LA�½H2O�½M� ½88� 
and the rate of termination is 

Rt  kt P
þ H2O 89  X∞

¼ ½ �½ � ½ �
where ½Pþ� ¼  ½P −þ

n B �. If an SSH can be assumed, the total 
n¼1 

cationic center concentration ½Pþ� ¼ ðkiKeq =kt Þ½LA�½M�. The rate 
of polymerization is then 

Rp ¼ kp½Pþ�½M� ¼ ðkpkiKeq =ktÞ½LA�½M�2 ½90� 
and the number-average chain length is 

�rN ¼ Rp =Rt ¼ kp½M�=ðkt½H2O�Þ ½91� 
Equation [90] shows that the rate of polymerization is propor
tional to the Lewis acid concentration and the square of 
monomer concentration but is not affected by H2O concentra
tion. This is sharply different from free-radical polymerization, 
Rp � [I]1/2[M]. Equation [91] shows that the polymer chain 
length is proportional to monomer concentration and inver
sely proportional to H2O concentration but no influence from 
Lewis acid as catalyst or initiator. This is also in contrast to 
free-radical process, where r − 1=2�p � ½I� ½M�. In the cationic poly
merization catalyzed by Lewis acid, the amount of protonic 
cocatalyst must be optimized. An adequate level is needed to 
initiate the polymerization, but an excess amount yields a low
molecular-weight polymer product. 

The MWD functions for the polymers resulting from catio
nic polymerization can be easily derived based on the 
following mass balance equations for cationic propagating 
and dead chains: 

d½Pþ
r � ¼ kp½M�½Pþ

r−1� − ðkp½M� þ  kt ½H2O� þ k fM½Md
�Þ½Pþ

r � ½92
t 

�

d½Pr � k H O k M Pþ  93
dt 

¼ ð t ½ 2 � þ fM½ �Þ½ r � ½ �

Applying the SSH to eqn [92], we obtain the number-fraction 
chain length distribution for the cationic chains, 
nþðrÞ ¼ ½Pþ

r �=½Pþ� ≈ expð − τrÞ. Substituting this function into 
eqn [93] gives the weight-fraction chain length distribution of 
the total polymer: 

wðrÞ ¼ τ 2r expð −τrÞ ½94� 
where 

kt½Pþ
τ 

� k¼ þ fM 95  
kp½M� kp 

½ �

Equation [94] is a random distribution or Flory’s most prob
able distribution with polydispersity equal to 2. It is the same 
as in free-radical polymerization in the absence of termination 
by combination and as in condensation polymerization at high 
monomer conversions x → 1. 

It should be pointed out that cationic centers are very active 
and sensitive to polar impurities and that the SSH for the cationic 
concentration can be easily violated. Unexpected side reactions 
impose great challenges to quantitative analysis or modeling of 
cationic polymerization processes. The above equations should 
not be generalized as those in free-radical polymerization. 

4.32.4.2 Anionic Polymerization 

Anionic polymerization requires a type of monomer that con
tains an electron-withdrawing substituent such as phenyl, 
carboxyl, nitrile, and diene. Successful industrial examples are 
some styrenic products such as styrene–butadiene rubber (SBR) 
and styrene–butadiene–styrene (SBS) thermoplastic elastomer 
resins. Commonly used industrial catalysts are ethyl lithium 
(C2H5Li) and sodium naphthalide (C10H8Na), which quickly 
dissolves and dissociates in a proper solvent. The primary 
anion R− reacts with monomer and initiates chain growth 
through successive propagation steps: 

kd k
RMe �! R−Meþ�i! ;þM

P−
1Meþ 

kp ;þðr − 1ÞM �! P− 
r Meþ ½96�

where P− 
r is the anionic propagating chain and Me+ is the metal 

cation. The mode of monomer addition to anionic centers 
depends on the distance between the centers and their counter-
ions. The centers can be free anions if completely solvated and 
ion pairs if partially solvated. There exists an equilibrium: 

KðP− MeþÞ eq
↔P− 

r r þ Meþ ½97�
Reaction medium and counterion type have large effects on the 
rate of polymerization. The propagation rate constants of free 
ions k− 4 −1 −1

p are at the level of 10 l mol s , while those of ion 
pairs k� are −1

p  at 102 l mol−1 s . Table 1 shows the effect of 
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Table 1 Propagation rate constants of free ions and ion 
pairs in anionic polymerization of styrene in THF at 25 °C.103 

Counterion 
kp 
� 

(l mol−1 s −1) 
kp 
− 

(l mol−1 s −1) 
Keq � 107 

(mol l−1) 

Li+ 160 6.5 � 104 2.2 
Na+ 80 6.5 � 104 1.5 
K+ 60–80 6.5 � 104 0.8 
Rb+ 50–80 6.5 � 104 0.1 
Cs+ 22 6.5 � 104 0.02 

counterion on the propagation rate constants in the anionic 
polymerization of styrene in tetrahydrofuran (THF) at 25 °C. 

While the free anion kp 
− remains the same with different 

counterions, the ion pair kp decreases significantly with the 
size of the metal cation. The equilibrium constant Keq is also 
a strong function of the metal type with two orders of magni
tude decrease from Li+ to Cs+. It is noted that Keq have small 
values and the equilibria are in favor of ion pair formation. 
Most ions are thus in pairs. Take the system initiated by 
10−3 mol l−1 sodium naphthalene as an example. Only about 
1% of the ions, 1.2 � 10−5 mol l−1, are free ions. However, it is 
this small percentage of free ions that consume the majority of 
monomer, k − ½P− �=k�½P���  10. The rate of polymerization is p p 

Rp ¼ k− ½P− �½M� þ  k�½P��½M� ≈ k− ½P− �½M�p p p pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi1 ¼ k− Keq½M�ð 1 þ 4½I� − 1Þ ≈ k− Keq½I�½M� ½98� 
p p2 

where [I] is the initial catalyst concentration. The free ion 
association and ion pair dissociation reactions are very fast 
and thus for individual chains, some segments are formed by 
free ions and others by ion pairs. 

4.32.4.3 Living Anionic Polymerization 

Like cationic polymerization, anionic polymerization also 
experiences various termination and chain transfer reactions 
such as hydride transfer and those to trace amounts of impurities 
such as O2, CO2, and  H2O. However, under appropriate condi
tions, these side reactions can be minimized or even eliminated. 
Such systems are termed as living anionic polymerization, first 
demonstrated by Szwarc in 1956.104,105 The characteristics of 
living anionic polymerization include constant active center 
concentration and linear increase in polymer molecular weight 
during polymerization, complete monomer consumption, final 
product having molecular weight equal to mw � [M]0/[I]0 (mw is 
monomer molecular weight), narrow MWD, chain extension 
with further monomer addition, and quantitative chain-end 
functionalization. Living anionic polymerization is particularly 
important for synthesis of block copolymers such as SBS ther
moplastic elastomer. 

Polymers produced by living anionic polymerization have 
Poisson distribution of molecular weight, which can be derived 
as follows. With instantaneous initiation, [P1 

−] = [I]0 at t =0.  In  
the absence of termination and chain transfer reactions 

d½P− 
1 � ¼ − kp½M�½P− 

1 � ½99� 
dt 

d½P− �r ¼ kp½M�½P− 
r−1 � − kp½M�½P− � ½100�rdt 

where r ≥ 2, 3, …. Solving the above equations with the initial 
conditions [Pr 

−] = 0  at  t = 0 gives 

½P− � ð�rNÞr rnðrÞ ¼  ¼ expð −�rNÞ ½101� ½I�0 r! 

where the number-average chain length �rN ¼ ½M�0 =½I�0. 
Equation [101] is the Poisson distribution, which is very 
narrow and has polydispersity equal to PD ¼ 1 þ ð�rNÞ−1. For 
high-molecular-weight polymers, PD approaches to unity. In 
practice, some broadening in the MWD is inevitable due to 
impurities and slow initiation. 

4.32.5 Controlled Radical Polymerization 

Since Szwarc’s discovery of living anionic polymerization, there 
have been many developments in living polymerization pro
cesses over the past half a century. As of now, almost every type 
of polymerization has been made ‘living’ under appropriate 
conditions including living cationic polymerization, living 
ring-opening metathesis polymerization, living group-transfer 
polymerization, living Ziegler–Natta polymerization, and liv
ing free-radical polymerization. These living polymerization 
processes allow for the preparation of various polymers with 
narrow MWDs. Condensation polymerization is living by nat
ure although it does not produce narrow MWD polymers. 
Compared to other types of polymerization, free-radical poly
merization has clear advantages in its versatility of monomer 
types, mild reaction conditions, and ease in industrial imple
mentation. However, due to the extreme active nature of free 
radicals, it is challenging to eliminate radical termination and 
to slow down monomer propagation. The strategy behind 
achieving ‘livingness’ in a free-radical system is to temporarily 
and frequently shield propagating radical centers from termi
nation and other side reactions while allowing monomer 
insertions.106 Currently, there is no truly living radical poly
merization process. Some widely accepted alternative names 
are controlled radical polymerization or controlled/‘living’ 
radical polymerization. 

Currently, there are several different controlled radical poly
merization processes that have been developed. What makes 
free-radical polymerization living or controlled is the introduc
tion of a reversible activation/deactivation process: 

Keq¼kac =kde
PX ↔P• þ X ½102� 

Radical sources are typically from thermal activation of chemi
cal initiators and propagate with monomers to be converted to 
polymer radicals P•, which can be deactivated by X to become 
dormant PX. Here X acts as a mediator or a radical capping 
agent. This reversible activation/deactivation cycle is the key 
that minimizes radical termination and slows down propaga
tion. The equilibrium is much in favor of the deactivation 
direction with very small ratios of [P•]/[PX]. Radical species 
spend most of the time in their dormant state. The time interval 
between activation and deactivation is in the range of millise
conds, compared to seconds in conventional free-radical 
polymerization. In such a short lifetime, radical termination 
and transfer reactions are effectively suppressed, though not 
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totally eliminated. Individual chains grow in an on–off manner 
following the repeated activation and deactivation cycles. Due 
to the highly rapid and frequent on–off actions and few mono
mer molecules added in each cycle, all chains have virtually the 
same chance to grow. As a result, the radical centers are pro
tected and molecular weight of the polymer continuously 
increases during polymerization. The final polymer product 
has a narrow MWD. 

Among the developed controlled radical polymerization 
processes, stable free-radical polymerization (SFRP, also called 
nitroxide-mediated polymerization (NMP)),107,108 atom trans
fer radical polymerization (ATRP),109–112 and reversible 
addition–fragmentation chain transfer (RAFT) radical polymer
ization113 are the most successful. Figure 9 shows a typical 
example of their conversion versus time and molecular weight 
and polydispersity versus conversion curves. In literatures, 
these controlled radical polymerization systems are usually 
demonstrated by the following three sets of experimental 
data: (1) linear −ln(1 − x) � t, (2) linear M� N � x, and (3) low 
polydispersity. The conversion–time relationship is based on 
the assumption that radical concentration remains unchanged 
during polymerization and thus integration of the rate equa
tion − dx=dt ¼ kp½P•�ð1 − xÞ gives − lnð1 − xÞ ¼  kp½P•�t. The 
linear increase in number-average molecular weight with con
version comes from M� N ¼ ð½M� −0  ½M�Þ=½I�0 ¼ mw½M�0x=½I�0 and 
the low polydispersity is expected from a Poisson distribution 
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PD ¼ 1 þ 1=�rN. All of these relationships are analogous to 
living anionic polymerization because they satisfy the criteria 
of instantaneous chain initiation and absence of chain termi
nation and transfer reactions. Unfortunately, this criterion is 
not strictly satisfied in controlled radical polymerization. 
Accurate correlations of kinetic data must resort to more 
detailed modeling.114–122 

4.32.5.1 Stable Free-Radical Polymerization 

SFRP is particularly suitable for styrene polymerization. Its 
elementary reactions are the same as in the conventional 
free-radical polymerization. All the reactions of eqns [18]–[25] 
can possibly occur. Peroxides are often used as the initiator. 
In addition, nitroxide is added as the mediator. The nitroxide 
molecule bears a stable free-radical center that can temporarily 
stabilize the propagating radical as107,108,124–128 

K eq kac =k
PX ¼ de  ↔P•
r r þ X ½103�

where kac and kde are activation and deactivation rate constants, 
respectively. An ideal living polymerization produces polymer 
chains having a Poisson distribution with polydispersity close 
to one. The molecular weight is therefore determined by the 
ratio of monomer concentration to that of initiator. The key 
requirement for an ideal SFRP process is a rapid initiation of 

Figure 9 Monomer conversion versus time and polymer molecular weight and polydispersity versus conversion of the bulk and solution ATRPs of 
styrene at 110 °C. Bulk: 1 mol.% initiator 1-PEBr and catalyst CuBr/2 � dNbipy based on styrene. Solution: 50% (v/v) solution in diphenyl ether.123 
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primary radicals and a fast dynamic equilibrium between the 
active and dormant species. Unlike ionic polymerization where 
the initiation step is instantaneous through initiator dissolu
tion, the initiation via the chemical initiator thermal 
decomposition can be rather slow. This slow initiation and 
side reactions of radical termination and transfer can give rise 
to broad MWDs. 

A full MWD function that takes into account the slow initia
tion and various side reactions is yet to be developed. However, 
the average molecular weights can easily be obtained from mass 
balances.115 For the radical chain species, eqn [55] becomes 

d½P•�r ¼ kp½M�½P• 
r−1� þ kac ½PX �rdt ½104� 

− ðkp½M� þ kde½X� þ kt½P•� þ kfZ½Z�Þ½P•�r 
For the dead chains, eqn [60] becomes 

r − 1 Xd½Pr � 1 ¼ ktd½P•�½Pr 
•� þ kfZ½Z�½Pr 

•� þ  ktc ½Ps 
•�½Pr

• 
−s� ½105� 

dt 2 s¼1 

However, in an ideal SFRP, the dead chains Pr must be mini
mized and the dormant chains Pr 

X should dominate: 

d½PX�r 
dt 

¼ kde½X�½Pr 
•�− kac½PX 

r � ½106� 

On account of the activation and deactivation terms involved 
in the radical balances, eqn [104] is not a simple function as 
eqn [55] that gives the radical chain length distribution equa
tion [58] by applying the SSH. We therefore resort to the use of 
the method of moments for average polymer chain properties. 
In addition to the radical and dead-chain moments defined by 
eqns [73] and [74], the dormant chain moments are 

∞ X
QX ¼ ri½Pr 

X� ½107�i 
r¼1 

The zeroth, first, and second moment equations can be 
easily derived from eqns [104]–[106]: 

dQ• 
0 ¼ 2fkd½I�− ktQ• 

0Q
• 
0 þ kac Q0

X − kde½X�Q• 
0dt ½108� 

þkiZ½Z•�½M�− kfZ½Z�Q• 
0 

dQ0 1 ¼ ktdQ
• 
0Q0 

• þ kfZ½Z�Q• 
0 þ ktc Q• 

0Q
• ½109�0dt 2 

dQX 
0 ¼ kde½X�Q• 

0 − kacQX ½110�0dt 

QXdQ• 
1 ¼ kp½M�Q• 

0 þ kac 1 − kde½X�Q• 
1 − ktQ0

• Q• 
1 − kfZ½Z�Q• ½111�1dt 

dQ1 ¼ ktQ• 
0Q

• 
1 þ kfZ½Z�Q• ½112�1dt 

dQX 
1 ¼ kde½X�Q• 

1 − kacQ1
X ½113� 

dt 

dQ• 
2 ¼ kp½M�Q• 

0 þ 2kp½M�Q• 
1 þ kac QX

2 − kde½X�Q• 
2dt ½114� 

− ktQ• 
0Q

• 
2 − kfZ½Z�Q• 

2 

dQ2 ¼ ktQ• 
0Q

• 
2 þ kfZ½Z�Q• 

2 þ ktcQ1
• Q• ½115�1dt 

dQX 
2 ¼ kde½X�Q• −2  kacQX 

2 ½116
dt 

�

where the radical moments Q• 
i are much smaller than those of 

dormant and dead chains of the same order i (QX
i , Qi). For 

successful SFRP, dead chain Qi should also be smaller than 
dormant QX

i . The chain transfer agent Z follows the decay of 

d½Z� ¼ − kfZ½Z�Q• 
0 ½117

dt 
�

while its radical species Z• follows the decay of 

d½Z•� ¼ k •
fZ½Z�Q  −0  kiZ½M Z•

dt 
�½ � ½118� 

If the SSH applies, the kiZ[M][Z•] term in eqn [108] can be 
replaced by k •

fZ½Z�Q  
0. Equations [108]–[117] can be solved 

together with eqn [26], as well as the conservations of 
QX

0 þ ½X� ¼ ½X�0 and Q• X 
1 þQ1 þQ1 þ ½M� ¼ ½M�0, given the 

initial concentrations of initiator [I]0, stable free radical 
(nitroxide) [X]0, monomer [M]0, and chain transfer agent [Z]0. 
The monomer conversion can be calculated from 

x ¼ ðQ• 
1 þQX 

1 þQ1Þ=½M�0 ½119� 
the number-average chain lengths from 

• Q• 
1 X QX Q Q• 

1 QX 

�rN ¼ •
; �r 1 1 1 Q1 

N ¼ ; �r ; � N rN;tot X 

þ þ¼ ¼
• X ½120

Q Q
� 

0 0 Q0 Q0 þQ0 þQ0

the weight-average chain lengths from 

Q• X • X 
 �r • ¼ 2  �rX Q Q Q Q

W ;
þ þQ

Q• W 
1

¼ 2 r 2 ; 2�W ¼ ; �r 2 2
 QX 121  

1 Q W;tot
1 

¼
Q• 

1 þQX
1 þQ1

½ �

and the respective polydispersities from the above number-
and weight-average chain lengths. 

4.32.5.2 Atom Transfer Radical Polymerization 

ATRP is a catalyst-mediated process. It is versatile in the mono
mer type. Various acrylic and styrenic monomers have been 
successfully polymerized.108,129–132 Initiators are normally 
alkyl halides. Propagating radicals P• are generated through 
reversible redox process catalyzed by transition metal complex 
C (=M tn 

–Y/ligand, e.g., CuICl ligated by bipyridines and multi-
dentate amines), which undergoes one-electron oxidation and 
abstracts halogen atom X from dormant species PX. The catalyst 
forms high-oxidation-state transition metal complex 
CX (=X Mtn+1 Y/ligand). P• can react with CX and resume to PX– – : 

Keq¼kac =k
PX þ C 

de
↔P• þ CX 

r r ½122�
The molar concentrations of various species change with time 
and obey the following mass balance equations: 

d½P•
r � ¼ kp½P• X 

dt r−1�½M� þ kac½Pr �½C� ½123� 
− ðkp½M� þ kde½CX� þ ktQ• 

0 þ kfZ½Z�Þ½P•
r �

d½Pr � • • 1 r−1 

dt 
¼ ktdQ0½Pr � þ k •

fZ½Z�½Pr � þ k
2 tc 

X
½P• • 

s 
s

�½Pr−s� ½124� 
¼1 

d½PX
r � ¼ k ½P• �½CX −

dt de r �  kac½C�½PX 
r � ½125� 
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With the moments defined by eqns [73], [74], and [107], the 
equations of moments corresponding to eqns [123]–[125] are 
as follows:114 

dQ• 
0 ¼ k ½C�QX − k ½CX �Q• • 

ac 0 de −0  kt Q0Q
• • − • 

dt 0 þ kiZ½Z �½M�  kfZ½Z�Q0

½126� 
dQ0 ¼ k Q• 1 

Q•   
td 0 þ k • • • 

dt 0  fZ½Z�Q0 þ ktcQ0Q0 ½127� 
2 

dQX
0 ¼ k ½CX Q

d de −
 

� • 
0  k ½128� 

t ac½C�QX
0 

dQ• 
1 ¼ k ½M�Q• þ k ½C�QX − k ½CX �Q• − k Q• •

act p 0  1 de 1 t 0Q
 −1  k

d fZ½Z�Q• 
1

½129� 
dQ1  k Q• Q•  k Z
dt 

¼ t 0 1 þ fZ½ �Q• 
1 ½130� 

dQX 
1 ¼ kde½CX �Q• −1  kac½Cd

�QX 
1 ½131� 

t

dQ• 
2 ¼ kp½M�Q• 

0 þ 2kp½M�Q• −1 þ kac½C�QX
2  k X �Q• 

d de½Ct 2 ½132� 
− k Q• • 

t 0Q
• −2  kfZ½Z�Q2 

dQ2 

dt
¼ k Q• 

0Q
• 

 t 2 þ kfZ½Z�Q• 
2 þ ktcQ• 

1Q
• 
1 ½133�

dQX 
2  k CX Q• − k C QX 134  

dt 
¼ de½ � 2 ac½ � 2 ½ �

Equations [126]–[134] can  be solved together  with eqns  [117] 
and [118],  as well  as the  conservations  of [CX] + [C] = [C]0, 
QX + [CX] = [RX] , and Q • X

0 0 1 þ Q  
1 þ Q1 þ ½M� ¼ ½M�0, given the 

initial concentrations of catalyst [C]0, initiator [RX]0 (i.e., initial 
QX 

0 value at t = 0), monomer [M]0, and chain transfer agent [Z]0. 
The monomer conversion and the average lengths of the various 
types of chains can be calculated from eqns [119]–[121]. 

4.32.5.3 Reversible Addition–Fragmentation Chain Transfer 
Radical Polymerization 

RAFT polymerization process uses dithioester as the mediator. 
Propagating radical reacts with the dithio compound and 
becomes adduct radical that is not active for monomer pro
pagation. This is an addition reaction that is equivalent to 
radical deactivation. The adduct radical is not stable and 
undergoes β-scission in either direction to generate a propa
gating radical, which is a fragmentation reaction.113,133–135 

These addition and fragmentation reactions are frequent and 
reversible: 

P• k k þ PX �!de  P̂  
r P •

; !ac s r s � X 
r þ Ps ½135� 

where kde and kac are addition and fragmentation rate con
stants, respectively. P•; PX ^

r s , and Pr;s are radical, adduct, and 
dormant chains, respectively. In addition to eqns [73], [74] 
and [107], the corresponding moments of adduct chains are 
defined as119,122 

∞ ∞ 

Q̂ i j ^
i;j ¼ 

XX
r s ½Pr;s� ½136� 

r¼1 s¼1

1 ∞ r − 1 i ∞ ∞ 

Q̂i ¼ 2

X
ri 
X� 1 

P̂r−s;s
 2 r¼2 s¼1 

¼

1 i

� X� �
i XX

ri − jsj
� �
P̂

j r;s 
j¼0 r¼1 s¼1

¼ 
2 

X
j¼0 

� �
i 

Q̂ 137
j i − j;j ½ �

From eqn [137], we have Q̂0 
^ ^ ^

¼ Q̂  Q̂0;0=2,  1 ¼ Q̂1;0, and
Q2 ¼ Q2;0 þQ1;1. The mass balances for the four types of 
chain species (radical, adduct, dormant, and dead) are 

d½P• ∞ 
r � 1 ¼ k ^
 p P• 

dt
½ r−1�½M� þ  kac

X
P

2 
½ r;s

s

�
¼1 

− ðkp½M� þ k deQ
X 
0 þ ktQ• 

0 þ k •
fZ½Z�Þ½Pr � ½138�

d½Pr � 1 r−1 

¼ ktdQ
• 
0½P•

r � þ k fZ½Z�½P• 
r � þ  ktc 

X
½P•

s �½P• 
r−s� ½139� 

dt 2 s¼1

d½PX 
r � 1 ∞ 

¼ k
X

^ac Pr;s  − k  

 r 140  
dt deQ

• 

2 0 PX

s¼1 

½ � ½ � ½ �

d½P̂r;s� ¼ k X 
de½P• 

r �½Ps � þ k P• PX  − k P̂  141
dt de½ s �½ r � ac½ r;s� ½ �

After some lengthy but straightforward algebra, the following 
moment equations are obtained. The zeroth moments (i.e., the 
concentrations of the four types of chains) are 

dQ• 
0 ¼ 2fk ½I� − k Q• Q•  k Q̂ − k Q• QX 

dt d t 0 0 þ ac 0 de 0 0 

þk ½M�½Z•� − k ½Z�Q• 
iZ fZ 0 ½142�

dQ0 • k
 k Q• Q  • tc • • 

dt 
¼ td 0 0 þ kfZ½Z�Q0 þ Q0Q0 ½143

2
�

dQX 
0 ¼ k Q̂ac 0 − kdeQ

• 
0Q

X 
0 ½144

dt 
�

dQ̂0 ¼ k Q• QX − k Q̂ 145
dt de 0 0 ac 0 ½ � 

The first moments (i.e., the concentrations of monomer units 
incorporated into the four types of chains) are 

dQ• 
1 1¼ k M  ^ − X • − • • − •

p½ �Q•  

dt 0 þ kacQ1  kdeQ0 Q1  ktQ0Q2 1  kfZ½Z�Q1

½146�
dQ1 ¼ k Q• 

0Q
•   

t 1 þ kfZ½Z�Q•
 1 ½147

dt 
�

dQX
1 1¼ k ^ac Q X

1 − k • 

dt 2  deQ0Q1 ½148�

dQ̂1 

dt 
¼ kdeQ

• 
1Q

X • X − ^
0 þ kdeQ0Q1  kac Q1 ½149� 

The second moments are 

dQ• 
2 1 ¼ k ½M�Q• þ 2k ½M�Q• þ k Q̂p 0 p − 1 ac 2;0  kdeQ

• 
2Q

X 

dt 2 0 

− ktQ• Q• −2  kfZ½Z�Q• 
0 2 ½150�

dQ2 ¼ ktQ• 
0Q

• 
2 þ kfZ½Z�Q•  k Q• Q• 151

dt 2 þ tc 1 1 ½ �

dQX 
2 1 ¼ k Q̂ −

d ac t 2 2;0  k Q• 
0Q

X 
2 ½152� 

 de
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dithioesters) are also challenging since they are not commer
cially available and must be synthesized. NMP and RAFT 
polymerization are therefore hampered by synthesis workup 
time. In contrast, the reagents necessary for ATRP are widely 
available. Alkyl halides, ligands, and metal salts are easily 
procured from common suppliers. 

Differences in the mediator to polymer ratio further widen 
the cost gap between ATRP and NMP or RAFT polymerization. 
In NMP, the ratio is 1:1, that is, for every polymer chain 
formed, one nitroxide is consumed. In RAFT polymerization, 
the ratio is 1:2. In its early days, ATRP also required a 1:1 ratio 
catalyst loading. Later, it was discovered that the 1:1 ratio was 
in excess. With the advent of more active catalysts being devel
oped, metal salt amounts have been greatly reduced to parts per 
million (ppm) levels. This catalytic flexibility is the most attrac
tive trait of ATRP. Polymer chains produced by controlled 
radical polymerization bear active chain ends. These residuals 
may cause difficulties in applications. Dithioesters in RAFT 
polymerization present a special problem as they are volatile 
and odiferous. 

It is challenging to produce high-molecular-weight poly
mers from the above processes. Although there are some
developments such as RAFT emulsion polymerization, con-
trolled radical polymerization processes are generally good 
for low-molecular-weight specialty products. Unlike living 
anionic polymerization, radical termination and transfer reac-
tions are inevitable. High monomer conversions are also
difficult to achieve. Good control over molecular weight is 
usually before 80–90% conversions. Above 90% conversion, 
polydispersities increase significantly. This can be partly attrib
uted to diffusion-controlled reactions.118 At high conversions, 
mobilities of mediator molecules can be limited. Reduction in 
radical deactivation makes propagation steps out of control 
and the system behaves as conventional free-radical polymer
ization. Reactions that easily become diffusion controlled are 
those involving two chain species. In this regard, the addition 
reaction in RAFT polymerization is most vulnerable to 
increases in molecular weight and monomer conversion, and 
its rate constant decreases significantly.119–121 Diffusion con
trol easily affects fast reactions according to 1/k =1/kC + 1/kD, 
where k, kC, and kD are apparent, chemically, and diffusion-
controlled rate constants, respectively. Quantitative descrip
tions for the effects of diffusion control on these mediation 
(deactivation) reactions can follow those for radical termina
tion (eqn [50]) and monomer propagation (eqn [53]). 

4.32.6 Ziegler–Natta Polymerization 

Ethylene was first polymerized in 1930s by free-radical poly
merization. Polyethylene chains thus made have short 
branches with uncontrolled chain lengths resulting from a 
backbiting mechanism. Because of the branch structure, the 
polymers contain low levels of crystallinity and thus are LDPE 
products that are good for film production. The free-radical 
process requires high temperature and high pressure. Catalysts 
were long sought after for lower pressure and lower tempera
ture conditions. The discovery of Ziegler–Natta catalysts in the 
early 1950s and their rapid developments in the 1960s and 
1970s truly revolutionized the polymer industry. Ethylene 
polymers produced by Ziegler–Natta catalysts are high-density 

dQ̂2 X • X • X − ^
dt 

¼ kdeQ
• 
2Q0 þ 2kdeQ1Q1 þ kdeQ0Q2  kac Q2 ½153� 

Since eqns [150] and [153] involve Q̂2;0, the following equa
tion is required for closure: 

dQ̂2;0 ¼ kdeQ
• QX 

dt 2 0 þ k QX − kacQ̂deQ
• 
0 2 2;0 ½154� 

Equations [142]–[154] can be solved together with eqns [26], 
[117], and [118], as well as the conservations of 
QX ^ • ^ X

0 þQ0 ¼ ½RAFT�0 and Q1 þQ1 þQ1 þQ1 þ ½M� ¼ ½M�0, 
given the initial concentrations of initiator [I]0, RAFT agent 
[RAFT]0 (i.e., the QX 

0 value at t = 0), monomer [M]0, and chain 
transfer agent [Z]0. The monomer conversion can be calculated 
from 

x ¼ ðQ• ^
1 þQ1 þQX

1 þQ1Þ=½M�0 ½155�
the number-average chain lengths from 

• ^ X 

�• Q1 Q
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the weight-average chain lengths from 
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• 2 Q̂ X 
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Q• 

�r 2 
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þ Q̂2 þQX
2 þQ¼ 2 ½157  

Q Q̂1 þQX
1 1 Q1 

�þ þ
and the respective polydispersities from the above number
and weight-average chain lengths. It should be noted that the 
propagating and adduct radical chain moments Q• 

i and Q̂i are 
much smaller than the dormant and dead chain moments QX 

i 

and Qi. A successful RAFT system should also have negligible 
amount of dead chains generated Q < QX

i i . Figure 10 shows the 
simulated results for the rates of various reactions, as well as the 
moments, average chain lengths, and polydispersities of differ
ent chain types in the RAFT polymerization. 

4.32.5.4 Comparison of NMP, ATRP, and RAFT 
Polymerization 

All three processes are very useful because of their efficiency 
and ease of use in a wide range of reaction types (bulk, solu
tion, emulsion, and suspension) and their tolerance toward 
water and oxygen impurities. These are important advantages 
in industrial practice. Purification and separation are tedious 
and costly. ATRP and RAFT polymerization have been applied 
to the polymerization of a wide range of monomers 
(e.g., methacrylates, acrylates, styrenes, vinylpyridines, acrylo
nitrile, and acrylamides), while the range afforded by NMP has 
been more limited. NMP is best suited to styrenes and its 
copolymers, although new nitroxides have allowed the poly
merization of methacrylates and acrylates. 

While all three processes are easily carried out, the avail
ability and the cost of the reactants required vary greatly. 
Nitroxides have only recently been made commercially avail
able (Arkema SG1) and are generally expensive and difficult to 
synthesize. Much of the research focus in NMP has been on 
new efficient routes to nitroxide synthesis. RAFT agents (e.g., 

(c) 2013 Elsevier Inc. All Rights Reserved.
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polyethylenes (HDPEs), which are linear chains and are easily 
crystallized. α-Olefin monomers such as butylene, hexene, and 
octene are added to ethylene to produce copolymers having 
well-controlled short branches. These polymers are linear 
low-density polyethylenes (LLDPEs). 

As for propylene, Ziegler–Natta (and metallocene) polymer
ization is the only mechanism that can produce high
molecular-weight polypropylene (PP) products. For asymmetrical 
monomers like propylene, chain stereoregularity is an impor
tant factor that determines material properties. A PP chain 
having all meso diads with –CH3 groups aligned to the same 
side of its backbone is an isotactic polypropylene (iPP). A chain 
having all racemo diads with the methyl groups alternating on 
each side of the backbone is a syndiotactic polypropylene 
(sPP). An atactic polypropylene (aPP) has the groups randomly 
aligned to both sides. Tactic polymers are easy to crystallize due 
to their chain stereoregularity and are totally different types of 
materials from their atactic counterparts. While iPP and sPP are 
good plastic materials, aPP is not as useful. Most commercial 
PP products are mainly iPP: 

In theory, any asymmetric olefinic, as well as acrylic, styre
nic, and vinylic, monomer can have tactic chain 
microstructures. However, it depends on the coordination 
power of catalysts. Free-radical polymerization processes do 
not have any coordination power and thus produce atactic 
polymers. Ionic polymerization processes have certain levels 
of coordination power, contributed by counterions. The coun
terion at the vicinity of a propagating center can coordinate the 
insertion of monomer molecules. Unfortunately, this coordi
nation power is weak and yields a low degree of tacticity. As a 
result of the equilibrium between ion pairs and free ions, 
individual chains can have some tactic segments generated 
from the former with others atactic from the latter. In compar
ison, Ziegler–Natta catalysts possess strong coordination power 
for tactic polymer production. 

4.32.6.1 Rate of Polymerization 

Ziegler–Natta polymerization is heterogeneous in nature. 
A typical example is TiCl4 supported on MgCl2 packed into 
micropores of amorphous silica particles. The catalyst TiCl4 is 
activated by a cocatalyst Al(C2H5)3. An important feature of 

Ziegler–Natta catalysts is its multiple active site types. On each 
single site type, polymerization occurs in the following steps: 
monomer M adsorption to the active site A, propagation, and 
chain desorption: 

kasM þ A �!P� ½158�1 

kp
P� 
r þM �!P� 

rþ1 ½159� 
kdsP� �!Pr þ A ½160�r 

where P� is the growing chain with chain length r.r 

Invoking the SSH kds½P�� ¼ kas½M�½A� and the conservation 
of active sites ½P�� þ ½A� ¼ ½A�0, we have 

½P�� ¼ Ks½A�0½M�=ð1 þ Ks½M�Þ ½161� 
where Ks = kas/kds. The rate of polymerization is thus 

d½M� kpKs½A�0½M�2 

Rp ¼ − ¼ ½162� 
dt 1 þ Ks½M� 

The dependence of the rate on monomer and catalyst (or 
initiator) concentrations (eqn [162]) is different from those 
of free-radical polymerization (eqn [44]), cationic polymeriza
tion (eqn [90]), and anionic polymerization (eqn [98]). Under 
desorption-controlled conditions, kds << kas, ks[M] >> 1, 
½P�� ¼ Ks½A�0½M�, and thus Rp ¼ kp½A�0½M�. Under adsorption 
control, kds >> kas, Ks½M� << 1, ½P�� ¼ ½A�0, and thus 

2Rp ¼ kpKs½A�0½M� . Ziegler–Natta polymerization processes 
are usually carried out in slurry or gas phase. Monomer vapors 
are pressurized in the reactor and their concentrations remain 
constant. However, the concentration of catalyst decays accord
ing to d½A�0 =dt ¼ − kde½A�0, which is caused by various side 
reactions including impurity poisoning. Monomer molecules 
continuously diffuse into catalyst particles and polymerize 
inside them. The formed long chains hardly diffuse out from 
pores and fragmentation of particles results in replication of the 
catalyst particles. 

4.32.6.2 Molecular Weight and Distribution of Polymer 

The MWD function of polymer chains generated from a single 
site type can be derived from the following mass balances: 

d½P� 
1� ¼ kas½A�½M�− kp½M�½P� 

1�− kds½P� 
1� ½163� 

dt 

d½P��r ¼ kp½M�½P� 
r−1�− kp½M�½P��− kds½P�� ½164�r rdt 

for r ≥ 2. With the SSH applied to every [Pr 
*] and their sum 

kas½A�½M� kas½A� ½P� 
1� ¼  ¼ ¼ 

τ ½P�� ½165� 
kp½M� þ kds kpð1 þ τÞ 1 þ τ 

½P� ½P� 
r − 1� 1� τ′½P�� ½P� 

r � ¼  ¼ … r − 1 ¼ r ≈ τ½P��expð− τrÞ 
1 þ τ ð1 þ τÞ ð1 þ τÞ

½166� 
where 

kdsτ ¼ ½167� 
kp½M� 

The chain length distribution of active chains is thus 

(c) 2013 Elsevier Inc. All Rights Reserved.



M 

R 

R 
M 

R 

R 
B 

B1 

B2 

Metallocene catalysts 

R 

M 
R 

Me 

Me Me 
Al O Al O Al 

Me Me 
n 

Methylaluminoxane (MAO) 

Polymerization Kinetic Modeling and Macromolecular Reaction Engineering 801 

n�ðrÞ ¼  τ expð − τrÞ ½168� 
The mass balances for dead-chain species are d½Pr �=dt ¼ kds½P�

r �.
With the help of eqn [166], the MWD of the dead chains 
(equivalent to that of the total polymer) is obtained: 

dðr½Pr �Þdt wðrÞ ¼  ¼ τ2r expð − τrÞ ½169� 
kp½P��½M� 

which is the random distribution or the Flory’s most probable 
distribution, similar to that in free-radical polymerization with
out combination termination, eqn [61] with β = 0, and to that 
in cationic polymerization, eqn [94]. The number-average 
chain length is 1/τ with polydispersity equal to 2. 

4.32.6.3 Multiple-Active-Site-Type Model 

Due to multiple active site types, polymers produced by 
Ziegler–Natta polymerization have typical polydispersities 
between 4 and 20. The actual MWD is the sum of various 
chains generated from different site types: 

wtotðrÞ ¼
X
 mi wiðrÞ ½170� 
i 

where mi is the mass fraction of polymers that are generated 
from active site type i. For the same reason, the rate of poly
merization is also a sum of eqn [162]: 

Rp;tot ¼ 
X

Rp;tot ¼ 
X

kp;i Ks;i
i

½A i;0
 

½M
i

� �2=ð1 þ Ks;i½M�Þ ½171� 

with all the rate constants and active site concentration asso
ciated with specific type of active sites, which decay as 

d½A�i =dt ¼ − kde;i½A�i ½172� 
Equation [170] can also be used for elucidating the number of 
active site types. The GPC curves of broad distributions can be 
deconvoluted into a series of Flory’s most probable distribu
tions.136, 137 The mass fractions mi are found from eqn [170] by 
fitting the GPC data, as shown in Figure 11. 

4.32.7 Metallocene Polymerization 

Single-site-type catalysts have been long sought for homoge
neous olefin polymerization since 1950s. However, it was not 
until the discovery of metallocene catalysts by Walter Kaminsky 
in the early 1980s that significant impact on polyolefin produc
tion at an industrial scale was realized.138–140 A representative 
example of metallocene catalysts is bis(cyclopentadienyl) 
zirconium dichloride (Cp2ZrCl2) activated with methylalumi
noxane (MAO). These catalysts have very high activities and 
produce polymers having Flory’s most probable distributions. 
Constrained geometry catalysts with monocyclopentadienyl 
ring such as [C5Me4(SiMe2N

tBu)]TiMe2 (Me, methyl; tBu, 
tert-butyl; C5, cyclopentadiene) activated with tris(pentafluor
ophenyl)boron give long-chain branched polyethylenes that 
have better melt strength and better shear thinning property 
than do their linear counterparts having the same molecular 
weight. Metallocenes with two cyclopentadienyl rings bridged 
together have good coordination power in chain stereoregular
ity and produce highly tactic polymers from prochiral 
monomers such as propylene. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 Deconvolution of GPC curve for multiple active site type of 
Ziegler–Natta catalyst. 

4.32.7.1 Long-Chain Branching with Constrained Geometry 
Catalysts 

The elementary reactions involved in metallocene polymeriza
tion include activation/reactivation, propagation, termination 
by β-hydride elimination, chain transfer (to hydrogen, mono
mer, MAO, etc.), and active site deactivation. β-Hydride 
elimination yields terminal double bond. These chains can 
act as vinyl macromonomers in further polymerization. Active 
centers of most metallocene catalysts have closed structures and 
are not accessible for macromonomers with high molecular 
weight. However, constrained geometry-type catalysts have 
rather open active centers and give reasonably high reactivities 
for incorporating high-molecular-weight macromonomers. 
Propagation with the macromonomers generated in situ from 
β-hydride elimination leads to long-chain branching. Such 
branched polymers have dendritic structures.141–143 

Long-chain branched polymers have higher melt strength and 
better shear thinning than do their linear counterparts of the 
same molecular weight as shown in Figure 12(a).144 These poly
ethylene samples are prepared from high-temperature solution 
polymerization in a continuous stirred-tank reactor (CSTR) with 
constrained geometry catalyst (CGC) catalyst. The branching 
densities are at a level of several branches per 100 000 carbons, 
as evident from the nuclear magnetic resonance (NMR) spectrum 
in Figure 12(b).145–147 

The elementary reactions involved in this polymerization 
with branching are 

k
Activation reactivation A þ M �!ac  =  P�

1;0 ½173� 
k

Propagation P� 
r;m þ M �!p 

 P� 
rþ1;m ½174� 

k
β-Hydride elimination P� 

r;m �!
β 

 P¼ 
r;m þ A ½175� 

k
Chain transfer P� 

r;m þ Z �!fZ  Pr;m þ A ½176� 
k

Deactivation P� 
r;m �!de  Pr;m ½177� 

k
Long-chain branching P�  

r;m þ P¼
s;n �!br  P� 

r 178  þs;mþnþ1 ½ �
where P� , P¼ 

r;m r;m, and Pr,m are propagating, macromonomer, and 
dead chains having chain length r and branch number m. Their 
respective moments are defined as 

Figure 12 (a) Shear thinning and (b) NMR spectrum of polyethylene 
produced from solution polymerization with CGC catalyst in a CSTR.144,145 

∞ ∞ ∞ ∞ ∞ ∞ XX XX XX
Q� 

0 ¼ P� ; Q¼ ¼ P¼ ; Q0 ¼ Pr;mr;m 0 r;m
r¼1 m¼0 r¼1 m¼0 r¼1 m¼0 

½179� 
The mass balances for these chain species are 

d½P� 
1;0� ¼ kac½A�½M� − ðkp½M� þ  kf ½Z� þ  kβ þ kbr Q

¼ 
0 þ kdÞ½P� 

1;0� dt 
½180� 

m−1 r−1d½P� � XX
r;m ½P�¼ kp½M�½P� 

r−1;m� þ  kbr s;n�½P¼ 
r−s;m−n−1� dt n¼0 s¼1 

− ðkp½M� þ  kf ½Z� þ  kβ þ kbr Q
¼ þ kdÞ½P� �0 r;m

½181� 
d½P¼ 

r;m� ¼ kβ½P� 
0½P¼ � ½182� 

dt r;m� − kbrQ
� 

r;m

d½Pr;m� ¼ ðkfZ½Z� þ  kdÞ½P� � ½183� 
dt r;m

Applying SSH to propagating and macromonomer chains 
(eqns [180]–[182]) and treating r as continuous variable 
d½P� �=dr ¼ ½P� � − ½P� � and its summation as integration, r;m r;m r − 1;m

we have ðm − 1 r 
r;m ϕ� ϕ�

dϕ� X
− μϕ� ¼ η ½184� 

dr r;m s;n r − s;m − n − 1 dr 
n¼0 0 
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where 

k
μ ¼ f ½Z� þ kβ þ kbr Q¼

0 þ kd ½185
k

� 
p½M� 
k

η ¼ β

kp M
½186� ½ � 

and ϕ� 
r ¼ ½P�

m�=Q0
� 

;m r;  is the number fraction of chains having r
monomeric units and m branches. Equation [184] has the 
following solution:148–150 

ηm mþ1

ϕ  μ − η�
r;m ¼ 

ð Þ
r2m exp

m 
ð− μrÞ ½187

m!
�ð þ 1Þ! 

∞ 
� ¼ 

X 1 μ − η 
ϕ − −r ϕ�r;m ¼ 

rffiffiffiffiffiffiffiffiffi
expð  μrÞI1 

h
2r 
p

η
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμ  η

 r
Þ
i

½188
 η m

�
¼0

where I1 

	
2r 
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ηðμ − ηÞ


 is the Bessel function of the first kind of 

imaginary argument of first order. The number-average chain 
length and the polydispersity of the distribution of eqn [188] 
are 

1 �r � 

�� W 2ðμ − ηÞ 
rN ¼  189  

μ − 2η �r � ¼ μ −N  2η
½ �

From eqns [182] and [183], 
ϕ ≡ ðd½P��=dtÞ=ðdQ� 
r;m r 0 =dtÞ ¼ ϕ� ¼ ϕ¼ 

r;m r;m. The number-fraction 

distributions and polydispersities of the instantaneous 
dead-chain population and that of macromonomers are also 
given by eqns [187]–[189]. Figure 13(a) shows the distribu
tions calculated with μ = 0.001 and η = 0.0005. 

4.32.7.2 Binary Catalyst System for Long-Chain Branching 

To maximize long-chain branching, binary metallocene sys
tems can be employed. One of the catalysts mainly generates 
macromonomers via β-hydride elimination termination. It 
does not however propagate with terminal double bonds due 
to its closed metal active center and thus avoids the formation 
of dendritic polymers. On the other hand, the second catalyst 
must be constrained geometry type with an open metal active 
center. It polymerizes olefin monomers and incorporates the 
macromonomers, yielding in situ long chain branching (LCB) 
comb-structured chains.146,151,152 Since kbr;2 >> kbr;1 and 
kβ;2 << k   

β;1, ϕr;m ¼ ϕr
�
;m;2 and ϕ¼r;m ¼ ϕr

�
;m;1, where subscripts 1 

and 2 indicate the first and second catalysts, respectively. For 
the generation of macromonomers 

dϕ� 
r;m;1 þ μ1ϕ

� 

dr r;m;1 ¼ 0 ½190� 

which has a simple solution 

Figure 13 MWDs of polymer chains having m branching points and their total distribution of (a) dendritic polymer and (b) comb polymer.150 
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ϕr
� 
;0;1 ¼ μ1 expð− μ1r
 

Þ 
 ½191ϕ�r;m;1 

�¼ 0; m≥1

These chains provide the teeth for comb polymers. 
The polymerization of olefin monomers and the incorpora

tion of the in situ macromonomers obey the following mass 
balance: 

dϕ� r 
r;m;2   

d
þ μ

r 2ϕ
�
r;m;2 ¼ η2 

ð
ϕ�s;m−1;2ϕ

�
r−s;0;1 ds ½192� 

0 

which has the solution150 

m 

1Þm μðμ 1ηϕ� − 2
r;m;2 ¼ ð 2 − η2Þ

" #
½ fmðrÞexpð− μ 2rÞ ðμ1 − μ2Þ2

− gmðrÞexpð− μ1rÞ� ½193� 
where 

mX ðm − 1 
f

þ nÞ! ½ðμ m−n 
2 − μ1Þr

m
�ðrÞ ¼  

 n!ðm − 1Þ! ðm − nÞ! n¼0

and 

m − 1 m n ! μ  μ r m − n − 1 −
gmðrÞ ¼  

X ð þ Þ ½ð 1 2Þ �
n!m! ðm − n − 1Þ! n¼0 

In a special case when μ1 ¼ μ2, eqn [193] becomes 

η
ϕ� μ¼ 2 − 2 m 2m −r;m;2 μ η r exp  μ r 194  ð2m ð ÞÞ! 2 2Þ ð 2 ½ �

∞ 

ϕr
�  − −;2 

X
ϕr 2 

p¼ �
;m; ¼ ðμ2  η2Þ expð  μ2rÞ coshðr μ2η2 195� 

m

Þ ½
¼0 

 

ffiffiffiffiffiffiffiffiffi
 

ffi
where coshðxÞ ¼ ðex þ e − xÞ=2. The number-average molecular 
weight and the polydispersity of the distribution are 

μ �r � 
 2 þ η2 W;2 2μ2ðμ2 þ 3η2Þ �r �N;2 ¼ 196

μ2ðμ2 − η �r � ¼ 2
2

½ �Þ N;2 ðμ2 þ η2Þ
The physical meaning of the condition of μ1 ¼ μ2 is that the 
number-average length of tooth chains equal that of backbone 
segments, which are backbone portions between adjacent 
branching points. 

Figure 13(b) gives the MWDs of polymer chains having 
m branching points and the total distribution calculated from 
eqn [195]. The parameters are μ2 = 0.001 and η2 = 0.0005. The 
branched polymers, thus generated via in situ formation of 
macromonomers, are all comb type. Compared to the dendritic 
polymers in Figure 13(a), the comb polymers have much 
narrow distributions with rather sharp truncation at the high
molecular-weight end. The average molecular weight and the 
branching density in Figures 13(a) and 13(b), respectively, are 
the same. This conclusion remains true for the whole range of 
μ and η values. 

In addition to long-chain branching, binary metallocene sys
tems are also used to construct bimodal MWDs for polyolefins 
that have better processability than narrow distribution materi
als.153 The lower molecular weight chains reduce melt viscosities 
and thus make the materials easier to be processed. Another 
development is the tandem catalysis for LLDPEs. The current 
industrial practice involves two steps. Ethylene monomers are 
first oligomerized into α-olefins such as butene, hexene, and 
octene. The α-olefins are incorporated into polyethylene chains 

in a separate process. A tandem system integrates these two steps 
into one using two catalysts in one reactor with ethylene as the 
only monomer stock.154–157 The oligomerization catalyst gener
ates α-olefins that are incorporated into polyethylene chains in  situ 
without purification. The current challenge is the matching of two 
catalysts under industrial conditions. 

Metallocene polymers have improved toughness, higher 
clarity, lower heat seal initiation temperature, lower solvent 
extractive, as well as many other application properties better 
than Ziegler–Natta products. Metallocene polymers have 
replaced Ziegler–Natta in some high-end applications. 
However, they are not as competitive as Ziegler–Natta for gen
eral purposes. Traditional Ziegler–Natta products still 
dominate the polyolefin market. Among the main reasons are 
high costs of the cocatalyst MAO and the existing production 
technologies that have been developed and established for 
many decades based on heterogeneous catalysts. Initial invest
ments to polymer production facilities such as Unipol reactor 
are substantial and it is unrealistic to build new facilities to 
accommodate new catalysts. Metallocene catalysts are homo
geneous in nature and must be modified to suit for the 
established facilities. In most uses, they need to be supporting 
onto particles. Catalyst supporting adds further cost. 

4.32.7.3 Post-Metallocene Development 

Since metallocene catalysts have coordination power for chain 
stereoregularity, efforts are made to produce tactic polymers 
from nonolefin sources such as styrene, MMA, and vinyl chlor
ide, which are normally polymerized using free-radical 
processes. Unfortunately, metallocenes based on early transi
tion metals are too sensitive to polarity. Only styrene can be 
polymerized to high molecular weight. Syndiotactic PS was 
produced using half-sandwich metallocene in 1986 by 
Ishihara et al.158,159 The materials have high melting tempera
ture but are very brittle. Theoretical studies show that tactic 
vinyl, acrylic, and styrenic polymers possess many properties 
superior to their atactic products and are competitive with 
engineering materials. These added values of commodity poly
mers from chain tacticity have attracted and will continue to 
attract much attention from the research community. In addi
tion to stereoregularity, catalyst polymerization is also much 
more effective than free-radical and ionic processes in terms of 
initiator/catalyst efficiency. One catalytic active site generates 
thousands of polymer chains, while one initiator molecule 
normally forms one or two chains. 

Post-metallocene developments include Brookhart catalysts 
based on nickel and palladium. These catalysts can incorporate 
polar monomers such as methyl acrylate into polyethylene 
chains. They possess ‘chain-walking’ mechanisms that allow 
synthesis of various structures from HDPE to hyperbranched PE, 
as shown in Scheme 2.160–165 Chain topology depends on the 
competition between chain walking and chain propagation. The 
chain-walking rate is a function of polymerization temperature: 

Rcw ¼ Acw expð−Ecw =RTÞ ½197� 
while the chain propagation rate is a function of both ethylene 
pressure and polymerization temperature: 

Rp ¼ Ap½M�expð−Ep =RTÞ ½198� 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 2 Chain-walking mechanism of Brookhart catalyst. Low pressure produces linear chains and high pressure produces hyperbranched polymers. 

Simple adjustment of temperature and pressure could easily 
control polymer chain topology. Brookhart catalysts are used in 
DuPont’s Versipol system. Another class of post-metallocenes 
are Grubbs catalysts. These catalysts are good for incorporation 
of polar monomers and particularly suitable for production of 
specialty low-molecular-weight polymers with reactive func
tionalities. 

and solution. The theoretical developments in the single-phase 
polymerization provide solid foundation for their multiphase 
(heterogeneous) counterparts. However, in reality, more 
industrial polymers are produced using heterogeneous poly
merization. There are various reasons for this. Among the most 
important considerations are agitation, heat removal, product 
separation, particle morphology, environment impact, as well 
as polymer solubility in monomer and/or solvents. The kinetics 
of heterogeneous processes is more complex than that of 
homogeneous ones. The complexity mainly arises from mass 
transports of reactants between the different phases involved. 

Bulk polymerization eliminates solvents and suspending 
fluids other than monomer. It has the highest volume effi
ciency. However, the viscosity increases rapidly with the 
increase in polymer concentration and molecular weight, 
thereby reducing the mixing efficiency and heat transfer rate. 
Low heat transfer coefficient at high monomer conversions can 
cause safety problem with a runaway reaction. This is particu
larly true with the kinetics characteristic of significant gel effect 
due to diffusion-controlled bimolecular radical termination. In 
bulk polymerization, monomer conversions beyond 65% are 
unusual for stirred reactor vessels. 

Solution polymerization uses a solvent for the monomer 
and polymer with a considerably high solvent-to-monomer 
ratio. The polymerization course is similar to bulk. Dilution 
of monomer and polymer with solvent reduces heat load and 
viscosity. But the output is also reduced by the diluents. 
Solution polymerization is advantageous only when the solu

4.32.8 Emulsion Polymerization tion can be directly applied without separation such as in the 
manufacture of protective coatings. However, when the pro-

All the above equation derivations and discussions of the rates duct is marketed in a solid form, the polymer must be 
of polymerization and the polymer chain properties are based separated from the solvent. Solvent separation often involves 
on single-phase (homogeneous) polymerization such as bulk energy- and capital-intensive processes. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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There have been many heterogeneous polymerizations 
developed over the decades. The main ones are precipitation, 
dispersion, suspension, emulsion, slurry, and gas-phase poly
merization. In addition to the discussed chain properties, 
particle sizes and distribution are the important parameters 
that determine polymer product quality and reactor perfor
mance. Among the mentioned heterogeneous processes, 
emulsion polymerization has the best theoretical development. 
Scheme 3 shows schematic presentation of an emulsion poly
merization that consists of three stages. 

4.32.8.1 Particle Nucleation 

Emulsion polymerization produces polymer latexes that are 
stable suspensions of polymer particles in water with particle 
sizes of tens to hundreds of nanometers and polymer particle 
concentrations of Np =10

14 
–1019 per liter. The particles are 

stabilized either by ionic (electrostatic) or nonionic (steric) 
emulsifiers to prevent coagulation. Emulsion polymerization 
can be carried out in batch, semibatch, and continuous reac
tors. Commercial uses of emulsion products are in either latex 
form, such as coatings and paints, or coagulated and dried 
rubber and plastic resin form. Due to the aqueous dispersion 
of polymer particles, emulsion and suspension polymeriza
tions have some commonalities in terms of low viscosity, 
easy agitation, low level of wall fouling, good heat transfer 
capacity, and high polymerization rate. Emulsion polymeriza
tion is superior in the production of high-molecular-weight 
polymers due to its compartmentalization effect. 

Scheme 3 Schematic presentation of emulsion polymerization that 
consists of three stages: (a) Stage I – particle nucleation; (b) stage II – 
particle growth; and (c) stage III – monomer depletion. 

On the mechanistic side, emulsion polymerization is very 
different from suspension polymerization. Reactions do 
not normally occur in monomer droplets, but in water 
phase and polymer particles.166–174 Water-soluble initiators 
are used. A typical recipe consists of 100 parts H2O, 50–120 
parts monomer, 0.5 part surfactant, 0.5 part initiator, and 0.5 
part chain transfer agent. There are three stages in emulsion 
polymerization. In stage I, polymer particles are nucleated 
from micelles. This stage usually takes a few minutes and is 
completed at < 10% conversion. Monomer droplets having 
sizes about tens of micrometers are formed in continuous 
water phase by agitation and stabilized by surfactant. The 
added amount of surfactant must be adequate and above 
its critical micellar concentration (CMC) so that micelles 
can form. 

By raising temperature, initiator molecules in the water 
phase decompose and generate primary radicals that propagate 
with a trace level of monomer present in water. When the 
chains grow to a critical length, they become insoluble in 
water and must enter organic phases. Although the large mono
mer droplets count for about half of the total mass, the small 
micelles dominate the total surface area. It is the surface area 
that determines which organic phase the radicals enter. The 
micelles are swollen with monomer molecules. Once a radical 
enters a micelle, it propagates with monomer and forms a 
radical chain. A polymer particle is thus nucleated. The radical 
chain terminates when another radical enters the polymer par
ticle from the water phase. The consumed amount of monomer 
inside the particle is compensated for by the mass transfer from 
monomer droplets through the water phase. For an emulsion 
polymerization to be successful, a small solubility of monomer 
in water is required. Due to the small particle size, the polymer 
solubility in monomer (or monomer swellability in polymer) 
is about half. For an individual particle, the particle growth is in 
an on–off fashion with a step function of time. The particle 
grows in the presence of a radical center and the growth stops 
with the next radical entering the particle and terminating the 
chain. When radicals enter the particle at a very high on–off 
frequency and in a random manner, the particle appears to 
have a smooth growth with time. Radicals are continuously 
generated from the water phase and randomly captured by 
micelles or polymer particles. Stage I is completed when the 
micelles totally disappear. Not all micelles are converted to 
polymer particles. Some are dissolved to stabilize the growing 
polymer particles. 

Although there are other nucleation mechanisms available 
such as homogeneous nucleation, most commercial emulsion 
polymerization uses micellar nucleation. The poor reproduci
bility of stage I in the commercial practice is responsible for 
poor batch-to-batch product quality control. To overcome this 
variability, polymer seed particles are often used. These small 
polymer particles at 30–50 nm are prepared by emulsion poly
merization. Stage I is eliminated in the seeded emulsion 
polymerization. 

The number of polymer particles per liter of water Np is a 
function of surfactant and initiator concentrations, which can 
be derived as follows: 

dNp A
dt 

¼ NAvR
m 

I;w  
Am  Ap 

½199�þ
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where Am and Ap are surface area of micelles and polymer 
particles, respectively, NAv is the Avogadro’s number, and 
RI;w ¼ 2 f kd½I� is the initiation rate of radicals in the water w 

phase. The radical termination in the water phase is neglected 
and all the radicals are captured by either micelles or polymer 
particles. The particle surface area is a function of its volume 
and age: 

vðt; t′Þ ¼  μðt − t′Þ ½200� 
where t is the present time, t′ is the birth time, t− t′ is the particle 
age, and μ is the volumetric growth rate 

mkpn�½M�dvp pμ ¼ ¼ ½201� 
dt NAvρpϕp 

where n� is the number of radicals in the particle (n� ¼ 0:5 in  
case II kinetics), ½M�p is the polymer concentration in the par
ticle, ϕp is the polymer volume fraction in the particle, ρp is the 
polymer density, and m is the monomer molecular weight. The 
surface area of a single particle is thus 

1=3 2=3 aðt; τÞ ¼ ð36πμ2Þ ðt − t′Þ ½202� 
and that of the total particles is ðt dNpAp ¼ aðt; t′Þ dt′ ½203� 

dt′ 0 

There are two approximations in relating the total particle sur
face area to time. The first approximation is to assume that all 
the radicals generated from the water phase purposely enter 
micelles at the constant rate dNp =dt ¼ NAvRI;w: 

Ap ¼ 2:9NAvμ
2=3RI;wt5=3 ½204� 

At the end of stage I, all surfactant molecules are consumed to 
cover the total polymer particle area, that is, NAvaS[S]w, where [S]w 

is the surfactant concentration per liter of water and aS is the 
specific area that each surfactant molecule can cover the particle 
surface. The time required for stage I can be found by equating 

)3/5 Ap to NAvaS[S]w, that is,  t1 =0.53  μ−2/5(aS[S]w RI,w 
−3/5. The  

number of particles thus nucleated is175 

2=5 3=5Np ¼ NAvRI;wt1 ¼ 0:53NAvðRI;w =μÞ ðaS½S� Þ ½205�w

The second approximation is to release the radical purpose 
entrance assumption but maintain the constant initiation 
rate, which is reasonable considering the short period of stage 
I and the initiator’s long half-lifetime. Radicals have nonpre
ference of micelles over polymer particle but enter the organic 
phases randomly according to eqn [199]. With the assistance of 
Am þ Ap ¼ NAvaSð½S�w − ½S�CMCÞ ≈ NAvaS½S�w, the total particle 
surface area is easily found from eqn [203]: 

μ2=3t5=3Ap ¼ 1 − exp −2:9RI;w ½206� 
NAvaS½S� aS½S�w w 

Substituting eqn [206] into eqn [199] and integration with t 
from 0 to infinity gives175 

2=5 3=5Np ¼ 0:47NAvðRI;w =μÞ ðaS½S� Þ ½207�w

The only difference between eqns [205] and [207] is their 
coefficients. The dependence of Np on the initiator and surfac
tant concentration and the particle growth rate is the same, 

2=5 3=5Np � ½I� ½S� μ − 2=5. Due to lack of accurate data for many w w 

of the parameters involved such as the surfactant specific area 
(as � 30–100 Å2 per molecule) and the polymer solubility in 
micelle, these equations do not give good estimates for the 
absolute number of particles nucleated, rather they are used 
as a scaling law for adjustment of recipes by surfactant and/or 
initiator loading under an isothermal conditions and with a 
constant monomer loading. 

4.32.8.2 Rate of Polymerization 

The rate of monomer consumption on a 1 l H2O basis is 

d½M�w− nNp ½208�¼ kpð� =NAvÞ½M�pdt 

where [M]w is mole of monomer per liter of water. In stage I, all 
the parameters in eqn [208] remain constant except for Np, 
which changes with time. Using the first approximation 

x ¼ fkdkpn�½M� ð½I� =½M�w;0Þt2 ½209�p w;0 

The x versus t relationship can also be obtained with the second 
approximation, but it involves a complex function. 

Upon completion of particle nucleation, the polymerization 
process gets into stage II. Particles grow in the presence of mono
mer droplets. Monomers inside the particles are polymerized and 
are compensated by mass transfer from the monomer droplets 
through the water phase. The monomer concentration inside the 
particle remains constant at an equilibrium swelling. Radicals 
generated in the water phase continue to enter the growing par
ticles. Stage II ends when the monomer droplets are consumed. 
This occurs at monomer conversions between 20% and 80%, for 
example, polyvinyl chloride (PVC) 75%, polyvinyl acetate (PVAc) 
20%, polystyrene (PS) 30%, and polybutadiene 55%, which is 
determined by the polymer solubility in the particles. 

The monomer concentration inside particle [M]p can be 
estimated from the polymer solubility ϕp, which is the polymer 
volume fraction in the particle: ½M� ¼ ð1 − ϕ Þρ =m, where ρp p m m 

is the monomer density. Neglecting the effect of surface energy 
on chemical potential, the volume fraction of polymer ϕp and 
the monomer concentration [M]p in the particle are indepen
dent of the particle size and are constant at constant 
temperature. The volumetric growth rate μ is thus constant 
and the particle size is a linear function of its age, vp ¼ μt. The 
rate of monomer consumption during stage II is also constant, 
giving a linear relationship for conversion versus time: 

x ¼ x1 þ kpð� =½M�w;0Þðt − t1ÞnNp =NAvÞð½M� ½210�p 

In practice, a small amount of additional surfactant is often 
added during stage II to prevent coagulation of polymer parti
cles. At this stage, the particles are juicy and sticky and easily 
coagulate if their surfaces are not adequately protected by 
surfactant molecules. Gradual size reduction of the monomer 
droplets releases some surfactant molecules, but the growth of 
the huge number of particles demands more. However, caution 
must be exercised with the amount of additional surfactant. 
Excess amount forms new micelles and results in small poly
mer particles in the final product. 

In case II kinetics, the number of radicals in individual 
particles is assumed to be n� = 0.5, that is, half of the time having 
one radical and the other half without a radical. The following 
estimate provides some justification. With a particle of 100 nm 
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diameter, its volume is vp ¼ πD3
p =6 = 5.24 � 10−19 liter. If two 

radicals coexist, the radical concentration is 
½P•� ¼  2=ðN  

AvvpÞ = 6.34 � 10−6 mol l−1 and their termination 
rate is Rt ¼ kt½P•�2 = 2.01 � 10−3 mol l−1 s−1, given kt = 5  10

−1
� 7 

l mol−1 s . The time required to consume two radicals is 
2 R −3 =ðNAvvp tÞ = 3.15 � 10 s. On the other hand, the rate of 
radicals entering individual particles is 
2fk I 2

d½ �  
wNAv=Np = 6.02  10− radicals per second, given f = 0.5,

k =10−5 −
 s 1

�
d , [I] =10−3 mol l−1, and N 17

p = 10
 l−1. Therefore, a 

particle receives a radical from the water phase every 16.6 s. 
When another radical from the water phase enters the polymer 
particle that is already occupied by one radical, the two radicals 
are annihilated each other instantaneously. In other words, two 
radicals cannot coexist in a polymer particle. 

Under some conditions, case II kinetics can be violated. 
These conditions can be large polymer particles, high radical 
entry rates into particles, high polymer concentrations inside 
particles, and so on. We then have case III kinetics with n� > 0.5.  
This is true particularly at the late stage of polymerization 
when the system reaches high conversions or in the presence 
of cross-linking. Styrene and acrylic polymerizations often run 
into case III kinetics. The opposite can also occur with n� < 0.5  
when the radicals easily exit from particle to the water phase 
(case I kinetics). PVC and PVAc are outstanding examples that 
obey case I kinetics. Significant chain transfer reactions to 
small molecules can facilitate a radical’s exit from polymer 
particles. For most emulsion polymerization systems, we 
assume n� = 0.5 at least for stages I and II when chain transfer 
to monomer is unimportant. 

Disappearance of monomer droplets does not mean com
pletion of the polymerization, rather it suggests the end of stage 
II. At this point, the residual monomers all reside in the poly
mer particles and are still in a large amount, depending on the 
monomer swellability in polymer ϕm ¼ 1 − ϕp. The monomer 
conversion at the end of stage II is 

ϕ¼ p ρp x2 ρ  
½211� 

ϕp p þ ϕm ρm

which can be approximated by x2 ≈ ϕp if the difference between 
polymer and monomer densities is neglected. The duration of 
stage II is �

m
t

½M�¼ w;0 
��

NAv 
� 

x
t  2 − x1
2 − 1 ρm kpnN� p 1 − ϕp

!
½212� 

The term m½M�w;0 =ρm is the initial monomer loading, that is, how 
many liters of monomer is originally charged to 1 l of water. 

At the end of stage II, the sizes of polymer particles reach 
their maximum values and the particles experience volume 
shrinkage in stage III, according to 

m
vp ¼ 

½M�w;0 ½1 − ð1 − ρm=ρpÞx� ½213
Npρm 

�

The kinetics of stage III is similar to that of the bulk polymer
ization. The polymer particles act as small reactors and there are 
no further mass transports between the different phases. The 
monomer inside the particle is gradually depleted with its 
concentration: 

½M�w;0ð1 − xÞ ½M�p ¼ ½214
Npvp 

�

Substituting eqn [214] into eqn [208] gives the rate of 
conversion: 

dx kpn�ð1 − xÞ 
215  

dt
¼

NAvvp 
½ �

which has an analytical solution of 

1 − x ρ k nN�ð1 − ρm =ρpÞðx− x2Þ − ð
� �

m p pρm =ρpÞln ¼ ðt − t
1 2
− x2 m

Þ½M�w;0NAv 

½216� 
Neglecting the difference in the monomer and polymer 
densities gives an explicit expression for the conversion versus 
time: 

ρpkpnN� p t − t2  
x 

"
ð¼ 1 − ð1 − x2Þexp − 

Þ
217  

m½M�w;0NAv 

#
½ �

4.32.8.3 Molecular Weight Development of Polymers 

Emulsion polymerization has the advantage of producing high
molecular-weight polymers due to its compartmentalization 
effect. Unlike homogeneous processes, radicals in emulsion 
polymerization are isolated from each other by nanosized 
particles. They terminate because other radicals enter the parti
cles from the water phase. Molecular weight of polymer can be 
easily regulated by the radical initiation in the water phase and 
by chain transfer reactions inside the particles. The rate of 
polymerization is 

Rp ¼ kpðnN� p =NAvÞ½M�p ½218�
The rate of generation of polymer chains is 

Rt =2 þ RfZ ¼ RI;w =2 þ RfZ ¼ fkd½I�w þ kfZ½Z�pnN� p =NAv ½219� 
where [Z]p is the transfer agent concentration in the particle. 
With an instantaneous termination, a small oligomer radical 
entering from the water phase contributes little to the polymer 
molecular weight. Therefore, no matter if the termination is by 
disproportionation or combination, the termination of two 
radicals produces one polymer chain. The instantaneous 
number-average molecular weight is thus 

R mkpð�p nNp =NAv Þ½M
M�

�p
N ¼ ¼ 220  

Rt =2 þ RfZ fkd½I�w þ kfZ Z�p nNp =NAv
½ �½ ð� Þ

Due to the nature of random termination and/or transfer 
reactions, the instantaneous polymer has Flory’s most 
probable MWD with polydispersity equal to 2. The cumulative 
average molecular weights can be found from their 
integrations with conversion, M� N;cum ¼ x=ð∫x 0dx=M� NÞ and 
M� W;cum ¼ ð∫xM�0 W dxÞ=x. Figure 14 shows the development of 
monomer conversion and polymer particle size in the emul
sion polymerization of styrene. 

4.32.9 Dispersion and Suspension Polymerization 

4.32.9.1 Dispersion Polymerization 

Dispersion polymerization starts from a homogeneous solu
tion where initiator, monomer, and solvent are totally 
miscible. However, the produced polymer is not soluble or 

(c) 2013 Elsevier Inc. All Rights Reserved.
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primary particles do not swell with monomer and initiator 
but simply precipitate out from the solution and agglomerate 
with each other to become bigger particles, it is often called 
precipitation polymerization. In this case, the polymerization 
proceeds in the monomer phase and the primary particles are 
continuously nucleated and agglomerated. While dispersion 
polymerization produces spherical polymer particles, precipi
tation polymerization usually results in particles having broad 
size distributions and irregular shapes. The size and the shape 
of the particles are heavily influenced by the polymerization 
conditions such as temperature, reactant concentrations, and 
agitation. Adding steric stabilizers and providing effective agi
tation help provide control over the particle morphology. There 
is no clear-cut difference between dispersion and precipitation 
polymerizations. It depends on solvency of the reaction med
ium. In the literature, the two terms are used interchangeably. 

An outstanding example is the production of PVC. The 
polymer is almost completely insoluble in its monomer. The 
solubility of the monomer in its polymer can be described by 
thermodynamic relations such as the Flory–Huggins equation. 
It is a two-phase polymerization. Initiation, propagation, and 
termination proceed simultaneously and in parallel in both 
monomer-rich and polymer-rich phases. Polymer chains 
formed in the monomer phase transfer to the polymer phase. 
Initiator and monomer concentrations in the two phases are in 
equilibrium. The monomer phase disappears at about 70% 
conversion as shown in Figure 15. The rate of total polymer-
ization is contributed by the rates of both polymer and 
monomer phases:177 

Rp;total ¼ Rp;m þ Rp;p ¼ kp;m½R•�m½M�m þ kp;p½R•�p½M�p ½221� 
The polymers produced in the two phases have different 
molecular weights and the product is the result of both. The 
polymer particles are nucleated from the monomer phase 
through precipitation of polymer chains and grow by aggrega
tions of primary particles, as well as propagation with 
monomer molecules in the polymer phase, as shown in 
Scheme 4. 
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Figure 14 (a) Monomer conversion and (b) particle size in the emulsion 
polymerization of styrene with St 100, H2O 190, potassium persulfate 
0.31, and sodium lauryl sulfate on weight basis.176 

has a limited solubility in the monomer or added solvent. Due 
to poor solvency of the reaction medium, radical and polymer 
chains form primary particles, resulting in phase separation at 
an early stage. There are two scenarios. If the primary particles 
are swollen with monomer and initiator molecules and 
become major loci for the polymerization to proceed, it is 
called dispersion polymerization. On the other side, if the 

Figure 15 Variation of polymerization rate with conversion in the monomer and polymer phases of free-radical polymerization of vinyl chloride at 
50 °C.177 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Stage Species Conversion	 Size 
(μm)

Initiation 
Precipitation

R� + VCM → of coiled 0.001% r > rc 

macroradicals/ 
macromolecules 20−50 

molecules 
1st Aggregation step 

Microdomain 0.01% 0.01−0.02 

2nd Aggregation step ~103 molecules 

Domain 0.1−5% 0.1−0.3

3rd Aggregation step 

Primary >5.0% 0.6−0.8 
particle 

Formation of continuous 
network 10−30% 0.8−1.0 

4th Aggregation step 
and growth 

Primary Up to 1.2−1.5 
particle 50−70% 
agglomerate 

Fused Limiting 3−10 
agglomerate conversion 

Scheme 4 Schematic presentation of particle formation in the precipi
tation polymerization of vinyl chloride.177 

There are many other industrial examples such as acrylic 
fibers made from polyacrylonitrile (with 7% vinyl acetate). The 
monomer is fairly water soluble at about 5% and the polymer
ization occurs in the aqueous phase. However, the polymer is 
insoluble in water. The primary particles precipitate and 
agglomerate, forming larger particles that are stabilized by 
ionic initiator end groups. Butyl rubber (isobutylene + < 5% 
isoprene) is produced by cationic polymerization with alumi
num trichloride catalyst in methyl chloride at about −100 °C. 
The polymer precipitates as fine polymer particles from the 
reaction medium. 

4.32.9.2 Suspension Polymerization 

In suspension polymerization, monomer droplets are dis
persed in water and act as separate microreactors, as shown 
in Scheme 5. The polymerization is initiated with an 
organic initiator and proceeds as a miniature bulk polymer
ization. As monomer is converted to polymer, the droplets 
are transformed into sticky, viscous monomer/polymer par
ticles that gradually become spherical solid polymer 
particles. Vigorous agitation and steric stabilizers are 
required. Produced polymer particles have sizes in hundreds 
of micrometers and settle out as soon as the agitation stops. 
Suspension polymerization is particularly useful in the pro
duction of polymers from reactive monomers via radical 

Scheme 5 Schematic presentation of suspension polymerization. 
Monomer droplets act as separate microreactors having the same kinetics 
as in bulk polymerization. 

polymerization. Water as the continuous phase facilitates 
agitation and promotes heat transfer. The viscosity of the 
suspension remains relatively constant with monomer con
version. The polymer product must be separated from water 
for use. The volume fraction of dispersed phase is between 
25% and 50%. 

In suspension polymerization where controlled agglom
eration is not used, the monomer droplet size distribution 
is the final polymer particle size distribution (PSD), except 
for some volume shrinkage. There is little mass transfer 
between particles. The PSD depends on the type and 
amount of steric stabilizer as well as agitation and vessel 
design. Controlled agitation and various types of steric 
stabilizers both inorganic and organic are used to maintain 
stable suspension and to obtain desired size, bulk density, 
and porosity of the particles. 

There are two types of suspension polymerization. ‘Beads’ 
are nonporous polymer particles that are formed where the 
polymer is soluble in monomer such as PS and PMMA. 
‘Powders’ are porous particles where the polymer is insoluble 
in monomer and precipitates during polymerization. The poly
mer powders are composed of many small primary particles. 
The powder particles are opaque and have substantial internal 
porosities. Control of particle porosity is very important for it 
controls absorption rate of plasticizers such as PVC. The pro
duction of PS beads and PVC powders by suspension 
polymerization will be described later as outstanding industrial 
examples. 

The kinetics of suspension polymerization is similar to that 
of bulk or solution polymerization. The equations derived for 
polymerization rate and polymer molecular weight in bulk/ 
solution apply to suspension with the lower reactor volume 
efficiency. The trade-off for the ease of agitation, heat removal, 
and product separation is the bulk reactor’s volume efficiency. 
A real challenge in modeling suspension polymerization, as 
well as dispersion polymerization, is the PSD of the products, 
which is not well developed in an agitated vessel. The mechan
isms of drop breakup and coalescence are not well 
understood.178 

In addition to emulsion, dispersion, and suspension 
polymerization, there are other industrial heterogeneous 
polymerization processes (Table 2). Of particular importance 
are slurry and gas-phase processes for polyolefin production, 
which are also included in Section 4.32.13. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 2 Polymerization processes used for industrial production of some major polymers 

Polymerization process 

Polymer Bulk Solution Suspension Emulsion Slurry Gas phase 

Free radical 
PVC X X 
LDPE X 
PS X X X 
PMMA X 
Teflon X 
ABS X X 

Ziegler-Natta 
HDPE X X X 
LLDPE X X X 
PP X X 
Ionic 
Butyl rubber X 

Condensation 
Nylon X X 
Polyester X 
Polycarbonate X 
Polyurethane X X 

4.32.10 Copolymerization 

Material properties of polymers are determined by their chain 
microstructures. For polymers made from a single monomer 
type, the above-discussed molecular weight and distribution, 
chain stereoregularity, head–tail and trans–cis configurations, 
and so on all play important roles. For copolymers that contain 
multiple monomer types, chain composition, sequence, as well 
as their distributions, are added to the important microstruc
ture property list. With these new parameters, almost unlimited 
number of polymer types can be produced for better balance of 
properties for commercial applications. Outstanding commer
cial examples include acrylonitrile–butadiene–styrene (ABS), 
SBS, Acrylan (acrylonitrile–vinyl acetate), styrene–butadiene 
(SBR), butyl rubber (isobutylene–isoprene), Vinylite (vinyl 
chloride–vinyl acetate), and styrene–maleic anhydride (SMA). 

Depending on arrangements of the monomeric units along 
chain backbones, copolymers can be classified into three major 
categories: 

Block M1M1M1M1M1M1M1M1M2M2M2M2M2M2M2M2 

Alternating M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2 

Random M2M2M1M1M2M1M1M2M1M2M2M1M1M2M1M2 

Block copolymers are normally prepared by living anionic or 
controlled radical polymerization. AA + BB-type condensation 
products are alternating copolymers by definition. However, in 
the following, we deal with free-radical polymerization with all 
arguments easily extendable to other chain growth systems 
under general conditions. How monomeric units are arranged 
along chains is determined by the reactivities of radical chains 
toward different types of monomers. These reactivities can be 
described by either the terminal model or the penultimate 
model. 

In the terminal model, the propagation rate constant is a 
function of the type of radical center and the type of monomer 
to be added. For example 

k� M1M• 
2 þ M1 �!p21  � M1M2M• 

1 

In the penultimate model, the propagation rate constant is 
influenced by not only the types of radical center and mono
mer but also the neighboring monomeric unit adjacent to the 
radical center such as179,180 

k� M
p121• • 

1M2 þ M1 �! � M1M2M1 

for most systems, the terminal model is adequate. However, 
when the two monomer types are very different from each 
other, it requires the penultimate model. In quantitative 
description of copolymerization system, both accuracy and 
simplicity need to be considered. For a binary monomer sys
tem, there are four propagation rate constants in the terminal 
model but eight in the penultimate model. With an increase in 
the monomer types, the difference in the number of parameters 
is substantial: four versus eight in copolymerization, nine ver
sus twenty-seven in terpolymerization, sixteen versus sixty-four 
in tetrapolymerization, and so on. Estimation of these rate 
constants from polymerization kinetic data becomes daunting 
if not impossible. Analysis and discussion in this chapter 
focuses on the terminal model. 

4.32.10.1 Terminal Model for Copolymer Compositions 

There are four propagation reactions involved in copolymeri
zation based on the terminal model: 

k
P

p11• P• 
m;n;1 þ M1 �! mþ 1;n;1 ½222 � 

k
P  þ M �!p12• P• 
m;n;1 2  m;nþ1 ;2 ½223 � 

k
P  p21• P• 
m;n;2 þ M1 �! m 224  þ 1;n;1 ½ �

k
P  þ M �!p22•
m;n;2 P• 

2  m;nþ1 ;2 ½225 � 

(c) 2013 Elsevier Inc. All Rights Reserved.
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where subscripts m and n are numbers of M1 and M2 incorpo
rated into the chain, respectively. Majority of monomers are 
consumed by propagation reactions: 

d½M1� 
− ¼ kp11½P• 

1�½M1� þ kp21½P2
• �½M1� dt
 

d½M2�
 
− ¼ kp12½P• 

1�½M2� þ kp22½P2
• �½M2� dt 

where 

∞ ∞ ∞ ∞ XX XX
½P� 

1� ¼  ½P� 
2� ¼  ½P� 

m¼1 n¼1 m¼1 n¼1 
m;n;1�; ½P� 

m;n;2� 

The monomer fractions are defined as 

½M1� ½M2� f1 ¼ ; f2 ¼ ½M1� þ ½M2� ½M1� þ ½M2� 
and the polymer compositions as 

ð− d½M1�=dtÞ 
;F1 ¼ ð− d½M1�=dtÞ þ ð− d½M2�=dtÞ

ð− d½M2�=dtÞ F2 ¼ ð− d½M1�=dtÞ þ ð− d½M2�=dtÞ 

½226� 

½227� 

½228� 

½229� 

½230� 

Applying the long-chain assumption that the number of 
M1 following M2 approximately equals to that of M2 following 
M1 (with an error of � 1, which is negligible for a long chain), 
that is 

kp21½P• 
2�½M1� ¼ kp12½P• 

1�½M2� ½231� 
We have Mayo–Lewis equation:181 

r1f 2 þ f1f2 r2f2
2 þ f1f2F1 ¼ 1 ; F2 ¼ ½232� 

r1f 2 þ 2f1f2 þ r2f 2 r1f 2 þ 2f1f2 þ r2f 2 
1 2 1 2 

where 

kp11 kp22r1 ¼ and r2 ¼ ½233� 
kp12 kp21 

are the reactivity ratios. 
The polymer compositions F1 and F2 defined by eqn [230] 

are instantaneous properties, that is, the compositions of those 

chains formed from t to t + Δt from the monomer compositions 
f1 and f2 defined by eqn [229]. The compositions of accumu
lated copolymers are 

� ½M1�0 − ½M1� f1;0 − ð1 − xÞf1F1 ¼ ¼ ; 
x½M�0 − ½M� 

� ½M2�0 − ½M2� f2;0 − ð1 − xÞf2F2 ¼ ¼ ½234� 
x½M�0 − ½M� 

where [M] = [M1] +  [M2] and x = ([M]0 − [M])/[M]0 with the sub
script ‘0’ indicating initial concentration. 

Table 3 lists the reactivity ratios of some comonomer 
pairs in free-radical polymerization.21 While the values of r1 

and r2 can vary a lot, their products are close to or lower 
than 1, which is thermodynamically favored with entropic 
contributions. For a given pair of monomers, the reactivity 
ratios are very different in the different types of polymeriza
tion mechanisms. They are also temperature dependent 
because of different activation energies of the propagation 
reactions. 

Figure 16(a) shows the relationships between polymer and 
monomer compositions for several sets of reactivity ratios. 
There are several limiting cases. When r1 = r2 = 1, radical centers 
do not discriminate monomer type and polymer composition 
is always the same as monomer’s F1 = f1. When both r1 and r2 

are very small and close to zero, the system tends to produce an 
alternating copolymer. In the opposite case, when both r1 and 
r2 are very large and approach infinity, the system produces two 
homopolymers or block copolymers. Such a system has not 
been found and is not thermodynamically favored because of 
the dramatic reduction in entropy. When r1r2 ¼ 1, 
F1 ¼ r1f1=ðr1f1 þ f2Þ and the curve is always at one side of the 
r1 ¼ r2 ¼ 1 line. When both r1 and r2 are smaller or 
larger than 1, there exists an azeotropic point at 
F1 ¼ f1 ¼ ð1 − r2Þ=ð2 − r1 − r2Þ. Only at the azeotropic point do 
polymers have the same composition as monomers. While the 
azeotropic points of r1, r2 > 1 are stable (but rarely found), 
those of r1, r2 < 1 are unstable. Any deviations in the monomer 
composition cause the polymer composition to drift away from 
the targeted value. 

Table 3 Reactivity ratios and their products of some free-radical 
copolymerization systems 

M1 M2 r1 r2 r1r2 

Acrylonitrile Methyl vinyl ketone 0.61 1.78 1.09 
Methyl methacrylate 0.13 1.16 0.15 
α- Methyl strene 0.04 0.20 0.008 
Vinyl acetate 4.05 0.061 0.25 

Methyl methacrylate Styrene 0.46 0.52 0.24 
Methacrylic acid 1.18 0.63 0.74 
Vinyl acetate 20 0.015 0.30 
Vinylidence chloride 2.53 0.24 0.61 

Styrene Vinyl acetate 55 0.01 0.55 
Vinyl chloride 17 0.02 0.34 
Vinylidene chloride 1.85 0.085 0.16 
2-Vinyl pyridine 0.55 1.14 0.63 

Vinyl acetate 1-Butene 2.0 0.34 0.68 
Isobutylene 2.15 0.31 0.67 
Vinyl chloride 0.23 1.68 0.39 
Vinylidene chloride 0.05 6.7 0.34 

(c) 2013 Elsevier Inc. All Rights Reserved.
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conversion x by Meyer–Lowry equation, which can be easily 
derived based on Mayo–Lewis equation. From ½M� ¼ ½M1�=f1 

and F1 ¼ d½M1�=d½M�, we have 

df1 f
	 1 − F

235  
dx 

¼ 1

1 − x 
½ �

Replacing F1 by Mayo–Lewis equation and integrating eqn 
[235] with the initial condition of f1 = f1,0 at x = 0 give Meyer– 
Lowry equation:182 

�
f α β γ

x ¼ 1  1  
−

� �
1− f1 

� �
f1;0 − δ 

�
½236� 

f1;0 1 − f1;0 f1 − δ
 

where α ¼ r2=ð1 − r2Þ, β ¼ r1=ð1 − r1Þ, γ ¼ ð1 − r1r2Þ=
 
½ð1 − r1Þð1 − r2Þ�, and δ ¼ ð1 − r2Þ=ð2 − r1 − r2Þ. Figure 16(b) 
shows variations of f1, F1, and F�1 with x, calculated eqns 
[236], [232], and [234], respectively. 

4.32.10.2	 Pseudokinetic Rate Constant Method 

The remaining question is how to relate the compositions, 
as well as polymer molecular weight information, to poly
merization time through conversion. The rate of 
polymerization is 

Rp ¼ kp11½P• 
1�½M1� þ k p21½P• 

2�½M1
•

� 
þkp12½P  237  

1�½M2� þ k p22½P• 
2 M2� ½ ��½

If we define a pseudopropagation rate constant as183–185 

kp ¼ kp11ϕ• 
1 f1 þ kp21ϕ• • 

2 f1 þ kp12ϕ1 f2 þ kp22ϕ• 
2 f2 ½238� 

where ϕ• ¼ ½P• 
i i �=½P•� is the number fraction of type-i radicals,

which can be calculated from the long-chain assumption 
kp12½P• 

1�½M • 
2� ¼  kp21½P2�½M1�: 

 k f1ϕ• p21
1 ¼ ½239� 

kp21 f1 þ kp12 f2 

In doing so, the rate of polymerization can be simplified as that 
of homopolymerization Rp ¼ − d½M�=dt ¼ k •

p½P �½M�. Similarly, 
initiation, termination, and chain transfer reactions can be 
treated in the same way: 

R •
in ¼ ðki1½M1� þ k i2½M2�Þ½R  

0� ¼  ki½M�½R• 
0� ≈ 2 fkd½I� ½240� 

R • • 
t ¼ kt11½P1�½P1� þ k t12

• 2 

½P• �½P• 
2� þ k t21½P• 

2�½P• 
1 1� þ k ½ • 

t2 P• 
2 2�½P2� 

¼ kt½P � ½241� 
RfZ ¼ ðkfZ1½P• 

1� þ k fZ2½P• 
2�Þ½Z� ¼  kfZ½P•�½Z� ½242� 

where 

ki ¼ ki1ϕ
• 
1 þ ki2ϕ

• 
2 ½243� 

k ¼ k ϕ• ϕ• þ k ϕ• ϕ• þ k ϕ• ϕ• •
t t11 1 1 t21 2 1 t12 1 2 þ k  • 

t22ϕ2ϕ2 ½244� 
k ¼ k ϕ• 
fZ fZ1 1 þ kfZ2ϕ

• 
2 ½245�

Using the above pseudokinetic rate constants, we can treat the 
kinetics of copolymerization as that of homopolymerization. The 
rate of polymerization can be calculated from eqns [39]–[41], 
with the total radical concentration from eqn [37] based on 
the SSH. The molecular weight and distribution functions of 
eqns [61]–[68] become directly applicable in copolymerization 
with τ and β defined by eqns [56] and [57]. In using the pseudo-
kinetic rate constant method, it should always be kept in mind 
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Figure 16 (a) Instantaneous copolymer composition versus comono
mer composition with different reactivity ratios and (b) monomer 
composition, instantaneous copolymer composition, and cumulative 
copolymer composition as a function of monomer conversion with 
r1 = 0.53, r2 = 0.56, and f1,0 = 0.8. 

Composition drifting in batch copolymerization presents a 
challenge to product quality control. This is true in particular 
for the cases when one reactivity ratio is large and the other is 
small such as styrene–vinyl acetate (r1 = 55, r2 = 0.01). If a 
copolymer product of 50% styrene is produced from 
free-radical mechanism, the batch gives a mixture of copolymer 
chains having a variety of compositions. Those chains gener
ated at the beginning have > 98% styrene, while those at the 
end are almost pure PVAc, estimated from eqn [232]. In order 
to have the homogeneous product of F1 = 0.5, the monomer 
composition f1 must remain at 0.0133 during the whole course 
of polymerization; this can be achieved only by semibatch or 
continuous processes. The direction of composition drifting is 
counterclockwise at reference of the r1 ¼ r2 ¼ 1 line. 

The instantaneous copolymer composition F1 is related to 
the monomer composition f1 by Mayo–Lewis equation [232]. 
The cumulative copolymer composition F�1 is related to not 
only the monomer composition f1 but also the monomer con
version x. The monomer composition f1 is further related to the 
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that the so-defined rate constants do not have constant 
values during polymerization. Extra caution must be paid to 
integration of differential equations with time or conversion. 
The pseudokinetic rate constant can easily be extended to multi
component polymerization systems. The only assumption 
involved is chain length independence of the radical fractions 
ϕ• 
i , which is valid for polymer chains having lengths higher than 

about 10 units. 
Another point worth mentioning is the statistical broaden

ing of copolymer composition. Strictly speaking, F1 and F2 are 
the average composition values of copolymer chains generated 
from t to t + Δt. Individual chains in the instantaneous popula
tion still vary in their compositions. Longer chains have 
compositions closer to these average values. But short chains 
can be significantly deviated. There exists a bivariate distribu
tion of chain length and composition w(r,y), which is the 
product of weight-fraction chain length distribution w(r) and 
composition distribution comp(y/r), where y is the difference 
between individual chain composition and F1. The function 
comp(y/r) is the conditional probability distribution given 
chain length r, originally formulated by Simha and 
Branson186 and finally solved by Stockmayer,26 as a Gaussian 
distribution: 

1 y2 

compðy=rÞ ¼  pffiffiffiffiffiffi exp − ½246� 
2σ2σ 2π 

where pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2 ¼ ðF1F2=rÞ 1 þ 4F1F2ðr1r2 − 1Þ ½247� 

The distribution broadness σ2 is inversely proportional to chain 
length, suggesting smaller variations in longer chains. It is also 
a function of r1r2. Monomer pairs with small r1r2 values tend to 
produce alternating copolymers that have narrow composition 
distributions. 

4.32.10.3 Vinyl/Divinyl Copolymerization 

Highly branched or cross-linked polymer materials can be 
obtained through copolymerization of vinyl/divinyl mono
mers. Such products have applications as ion-exchange resins, 
chromatographic packings, superabsorbent materials, contact 
lenses, photoresists, and drug deliveries. Widely used divinyl 
monomers are divinylbenzene and ethylene glycol 
dimethacrylate. 

When a polymer radical propagates with a double bond on 
a divinyl monomer, the unreacted double bond on the same 
monomer molecule becomes pendant on the chain. If a second 
radical adds to the pendant double bond, a H-type 
cross-linkage is formed and the chain is branched. Successive 
branching with H-type cross-linkages leads to gel formation. 
Gel molecules are three-dimensional networks that are not 
soluble but swellable in good solvents, as shown in Scheme 6. 

Given a population of primary chains [Pr] having a total of 
Q1 monomer units, the development of polymer molecular 
weight with cross-linking prior to gel formation can be fol
lowed by 

Xd½Pr � 1 r−1 

¼ − kxQ1r½Pr � þ  kx s½Ps�ðr − sÞ½Pr−s� ½248� 
dt 2 s¼1 

Scheme 6 Schematic presentation of cross-linking (gelation) in 
free-radical copolymerization of vinyl/divinyl comonomers.43 

where kx is the cross-linking rate constant. The cross-link den
sity ρ (also called branch density) is defined as the ratio of the 
number of cross-link points to that of monomeric units (note: 
one H-type cross-linkage consists of two cross-link points). It is 
assumed that every monomeric unit in the primary chains has 
an equal probability to be cross-linked. Primary chains are 
rather imaginary and would exist if all cross-linkages were 
severed. The cross-link density can be calculated from 

dðQ1ρÞ ¼ kx Q1Qdt 1 ½249� 

Applying the method of moments, we have 

dQ0 1 
 

d  
¼ − k

t 2 x Q1Q1 ½250� 

dQ1 

dt 
¼ 0 ½251� 

dQ2 

dt 
¼ kx Q2Q2 ½252� 

Solving eqns [249]–[252] gives the number- and 
weight-average chain lengths as 

�rNp
�rN ¼ ½253� 

1 − 1 
2 ρ�rNp 

�rWp
�rW ¼ ½254� 

1 − ρ �rWp 
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where �rNp and �rWp are number- and weight-average lengths 
of primary chains, respectively. With wðrÞ ¼ r½Pr �=Q1, 
eqn [248] can be easily rearranged into an integrodifferential 
form: 

1 dwðrÞ 1 
ðr

¼ − wðrÞ þ  wðsÞwðr − s
 

Þds ½255
d

� 
r ρ 2 0 

which was solved by Saito, given primary chains having Flory’s 
most probable distribution wpðrÞ ¼ τ2r expð− τrÞ:187 

∞ 3i
2 τr ρ τ i =

wðrÞ ¼ τ r expð− τrð1 þ ρ=τÞÞ 
X ð Þ ð Þ

256  ð1 þ iÞ!ð1 þ 2iÞ!
i

½ �
¼0 

Equations [254] clearly shows that the polymerization 
system reaches the gel point when each primary chain has 
one cross-link point by its weight average, that is, ρ�rWp ¼ 1. 
This conclusion is always true regardless of the type of primary 
chain distributions since no primary distribution is assumed in 
the equation derivation. At the gel point, the weight-average 
chain length approaches a theoretical infinity and gel 
molecules start to form. The gel fraction, that is, the ratio of 
the number of monomeric units in gels to that of total 
monomeric units, can be predicted by Flory’s recursive 
equation:16 ð∞ 

1 − wg ¼ wpðrÞð1 − ρwgÞr dr ½257� 
0 

where wg is the gel fraction and wp(r) is the chain length 
distribution of primary chains. With wpðrÞ ¼ τ2r expð− τrÞ, 
eqn [257] can be easily solved (hint: ð1 r − ρwgÞ � expð− ρwgrÞ 
with very small ρ), resulting in the widely used Charlesby– 
Pinner equation:188 

2 
ws 

pþ 
ffiffiffiffi
ws
ffi
 ¼

Wp
½258

r
� 

ρ�  

where ws is the sol fraction, ws = 1− wg. 
It should be pointed out that the above treatment and 

derivation of eqns [248]–[258] are based on a statistical 
argument that polymer networks are randomly assembled 
from primary chains at any cross-link density. It is also 
assumed that there are no chain cyclization reactions 
involved. In reality, gel molecules are gradually built up 
during polymerization, which is dependent on history. 
Realistic modeling of the gelation process must then resort 
to the use of kinetic approach based on mass balances of 
individual chains. 

Chain born earlier than θ 

ρ ρ   
i  (θ ) cs, i (θ ) 

 

 

 

 

ρ cp ( θ ) 
Chain born at θ 

ρcs, a (θ ,Θ ) ρa (θ ,Θ ) 

Chain born at Θ 

F2 ( θ ) 

4.32.10.4 Cross-link Density Distribution 

In conventional free-radical polymerization, it takes only sec
onds for individual primary chains to fully grow. In such a 
short period, chains are not fully relaxed and there is little 
time for diffusion either. Radicals can easily react with pendant 
double bonds on their own molecules to form cycles (not 
necessarily on their primary chains). These localized intramo
lecular reactions could lead to microgel formation and cause 
structural heterogeneity in network products, in which tight 
and rigid microgel domains are loosely connected. Slower 
chain growth such as controlled radical polymerization gives 
chains more time to relax and to diffuse, promotes intermole
cular cross-linking, and thus reduces intramolecular 
cyclization. Statistical gelation theories usually work better for 
condensation and controlled radical processes than for conven
tional free-radical and Ziegler–Natta types. 

Cyclization processes can be complex as shown in the 
Scheme 7.189,190 At present conversion Θ, the cross-link density 
ρ(θ,Θ) of primary chains of birth conversion θ (θ ≤ Θ) is the 
sum of instantaneous cross-link density ρiðθÞ and additional 
cross-link density ρaðθ; ΘÞ: 

ρðθ; ΘÞ ¼ ρiðθÞ þ ρaðθ; ΘÞ ½259�
The instantaneous cross-link points of an identified chain born 
at θ are formed during chain growth by propagation of its 
radical with pendant double bonds on those chains born ear
lier than θ. The additional cross-link points are formed by 
consumption of pendant double bonds on the identified 
chain by those chains born during the period from θ to Θ. 
Correspondingly, the density of cyclization density ρcðθ; ΘÞ is
the sum of primary cyclization density ρcpðθÞ, instantaneous 
secondary cyclization density ρcs;iðθÞ, and additional secondary 
cyclization density ρcs;aðθ; ΘÞ:

ρcðθ; ΘÞ ¼ ρcpðθÞ þ ρcs;iðθÞ þ ρcs;aðθ; ΘÞ ½260�
The primary cyclization occurs by propagation of a radical with 
pendant double bonds on the same chain. It is an intramole
cular reaction that strongly depends on chain configuration. 
The instantaneous secondary cyclization occurs between the 
chains that are connected by instantaneous cross-linking. The 
additional secondary cyclization occurs between the chains that 
are connected by additional cross-linking. As the first 
approximation 

ρcpðθÞ ¼ kcpF2ðθÞ ½261� 

Scheme 7 Schematic representation of the polymer network formation in free-radical copolymerization of vinyl/divinyl monomers.191 

(c) 2013 Elsevier Inc. All Rights Reserved.



816 Polymerization Kinetic Modeling and Macromolecular Reaction Engineering 

ρcs;iðθÞ ¼ kcs;i ρiðθÞ ½262� 
ρcs;aðθ; ΘÞ ¼ kcs;a ρaðθ; ΘÞ ½263�

where F2(θ) is the mole fraction of divinyl monomer in the 
primary chain born at θ. 

The formation of additional cross-link points is governed 
by189,190 

∂ρaðθ; ΘÞ k¼p F2ðθÞ− ρcpðθÞ− ρcs;aðθ; ΘÞ− ρ ΘÞ 
264

∂
¼ aðθ; 

Θ kp 1 − Θ 
½ �

where k and k=p p are pseudokinetic rate constants of the propa
gation with monomers and that with pendant double bonds. 
Since each additional cross-link needs one instantaneous part
ner, we have 

θ ∂ρ y; θ  
ρiðθ

ÞÞ ¼
ð
 að dy 
0 

½265� 
∂θ 

Equations [259]–[265] can be solved numerically for the 
cross-link and cyclization density distributions ρ(θ,Θ) and 
ρcðθ; ΘÞ at the present conversion Θ as a function of the birth
conversion θ. The average cross-link density is 

1 Θ

�ρðΘÞ ¼  
ð

ρðθ; ΘÞdθ ½266� 
Θ 0 

1 
�ρcðΘÞ ¼  

Θ 

ðΘ
ρcðθ; ΘÞdθ ½267

0 
�

Under azeotropic conditions and with low levels of divinyl 
monomers, k¼p =kp and F2ðθÞ are weak functions of monomer
conversion. The following analytical solutions are obtained:192 (

ζ ζ 

ρðθ  ΘÞ ¼ κF ½ð1  θÞζ −1 1 − Θ 
; 2 − − 1  1 − 268  

1 − ζ 
� þ
" �

1 − θ

� #)
½ �

2κF2½1 − ζ Θ − 1  Θ ζ −  
�ρ

ð Þ �ðΘÞ ¼  
− ζ 

½269� ð1 ÞΘ 

ζ 
ρcðθ; ΘÞ ¼ kcpF2 þ κF 1

2

(
k ζ −
cs;i 1

 

h
ð  − θÞ − 1

i
 

1− ζ " �
1− Θ ζ

 

�
  

þ kcs;a 1 −

#)
½270

1 − θ 
� 

κF ðk þ k Þ½1  ζ Θ  ð1  ΘÞζ 2 cs;i cs;a − − − � 
�ρðΘÞ ¼ kcpF2 þ ½271� ð1 − ζ ÞΘ 

where ζ ¼ ðk¼ 
p =kpÞð1 þ kcs;aÞ and κ ¼ ð1 − kcpÞ=ð1 þ kcs;aÞ. 

Figure 17 shows such cross-link density distributions and 
clearly demonstrates that primary chains generated at different
times during polymerization have different cross-link densities. 

4.32.10.5 Kinetic Modeling of Gelation 

The history-dependent molecular weight development prior to 
gel point can be derived from the following mass balances of 
the radical and dead-chain species: 

d½P• 
1� I Z Q

dt 
¼ 2 fkd½ � þ kfZ½ � •

0 þ kfp½P Q• 
1� 0 ½272� 

− ðkp½M� þ kfZ½Z� þ k Q• • 
t 0 þ kfpQ1 þ k¼ 

p Q1Þ½P1� 

0.015 

0.01 

 

Θ: 
0.9 

0.7 

0.5 

, Θ
) 

θ(ρ 

0.3 

0.005 

0.1 

0 
0 0.2 0.4 0.6 0.8 1 

θ 

Figure 17 Cross-link density distribution of primary polymer chains 
with respect to their birth conversion.43,97 

d½P• � r−1 
r  

k • •  • 

dt 
¼ p½M�½Pr−1� þ kfpr½Pr �Q0 þ kp

¼Xs½Pr−s
s 1 

�½Ps�
273� ¼

• 

½
− ðk ½M� þ k • 

p fZ½Z� þ kt Q0 þ kfpQ1 þ kp
¼

 Q1Þ½Pr � 
The rate constants in eqns [272] and [273] are pseudokinetic 
rate constants. In addition to those defined by eqns [238], 
[243]–[245]: 

k ¼ k ϕ• F�  
fp11 þ � �fp 1 1 k •

fp21ϕ21F1 þ kfp12ϕ
•
1F2 þ k •F�fp22ϕ2 2 ½274�

k¼  •  • � − −p ¼ ðkp13¼ ϕ1 þ k¼p23ϕ2ÞðF2  �ρ  �ρcÞ ½275�
The corresponding moment equations of the radical chains 
are

dQ• i
i i

fkd � þ k • 
fZ½ �Q

dt
¼ 2 ½I Z • 

0 þ kfpQ0Qi 1 þ kp
¼þ  

X
j  

ð
j 

1

ÞQ•
i − jQjþ1

¼
i − 1 X i þk Þ • 

p½M� ð Q −j  ðkfZ½Z k
j

� þ ktQ•

 0 1
0

þ fpQ
j

ÞQ• 
i ½276� 

¼

for i ≥ 1. Applying the SSH to eqn [276], we have 

i i − 1i i
τ þ β þ cfp;i 1 þ þ

X� �
c¼ q• •

j p;jþ1 i − j þ q
j j 

j
q•

¼1 j¼0
i 

� �
¼ 277

τ β

X
½ �þ  þ cfp;1

where q• ¼ Q• =Q•
i i 0, qi ¼ Qi=½M�0, cfp;i ¼ kfpQi=kp½M�, and

c¼p;i ¼ kp
¼

 Qi=kp½M�. τ and β are defined by eqns [56] and [57].
In general, q•≥i 1 >> τ þ β. The first three moments of radical
chains are 

q• 
0 ¼ 1 ½278� 

•
1 

 
¼

q1 ¼ 
þ cfp;2 þ cp;2 279
τ þ β ;

½þ cfp 1 
�

•
1 cfp 3 ;

q2  
þ  þ c¼ ¼ 

p;3 2ð1 þ cp;2Þð1 þ cfp;2 þ c¼¼ p;2Þ 
τ þ β þ c 2 280

fp;1 
þ ðτ þ β þ cfp;1

½ �Þ
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Similarly, the mass balances for dead chains are as follows: 

d½P r−1
r � Q•  1 

dt 
¼ ðkfZ½Z� þ k •

td 0 þ kfpQ1Þ½Pr � þ  k
2 tc

X
s 1 

½P•�½P•
s r−s� 

¼ ½281� 
− ðk¼ 

p þ kfpÞr½P  
r �Q•

0 

Their moment equations are 

dQi k
dt 

¼ ð fZ½Z� þ ktQ• k •
0 þ fpQ1ÞQ  

i

1 i−1 

þ 
X i

k  

2 
ð ÞQ• • − •

tc j j Qi − j  ðk¼p þ kfp
j

ÞQ0Qiþ1 ½282� 
¼1 

which can be rewritten as 

dq 1 i−1
i i¼ ðτ  c • • •  

dx 
þ β þ fp;1Þq β 

X� �
 q −i  j  c −i þ q

j j  − p
¼

2 ;iþ1  c
 fp;iþ1

j¼1 

½283� 
Combining eqn [277] yields 

dq i−1 i−1 
i 1 i−1 i i i

dx 
¼ 
X� �

c  q•
j p

¼
;jþ1  j þ 

 i −

X
q• β q•q•

j j þ 
2 j j i − j 

j¼1 j¼0 

� � X
j¼1 

� �
½284� 

The first three moments of dead chains are189,190,193 

dq0 β ¼ τ þ − c¼ 
p;1 ½285

dx 2
 
�

dq1
 ¼ 1 
d

½286� 
x 

dq 2ð1 þ c¼ Þð1 þ c þ c¼ Þ �
1 þ c þ c¼ 2

2 ¼ p;2 fp;2 p;2 fp;2 þ pβ ;2 

dx τ þ β þ cfp;1 τ þ β þ cfp;1 

�
½287� 

Figure 18 shows the model correlation with a set of experi
mental data. 

4.32.11 Semibatch Control of Copolymer Composition 

All the analysis and discussions so far are based on batch 
polymerization processes. All the derived equations are 
applicable to batch processes. In batch processes, all reagents 
are added to reactors at the beginning and remain in the 
reactors for the same length of times. The reactor must have 
capacity for rapid heating initially, adequate cooling capacity 
to accommodate maximum rate, and control to maintain 
desired temperature during polymerization. Batch processes 
are suitable for polymerization to be carried to high conver
sions. However, there are potential problems for runaway 
and for maintaining batch-to-batch product uniformity.

Improved control systems are required to reduce these pro-
blems. In comparison, in semibatch processes, some 
reactants may be added incrementally or at intervals and 
some byproducts may also be removed during polymeriza
tion. The additions of catalyst, monomer, and other reagents 
can be programmed to provide improved control of the 
reaction. Semibatch processes are used in industry for various 
reasons.196

Figure 18 (a) Conversion versus time of sol, gel, and total polymers and 
(b) number- and weight-average chain lengths versus conversion, as well 
as gel development in bulk radical copolymerization of MMA/EGDMA at 
70 °C with 0.3 wt.% ethylene glycol dimethacrylate (EGDMA) and 0.3 wt. 
% AIBN.194,195 

4.32.11.1 Monomer Feeding Policies for Uniform 
Copolymers 

Semibatch processes with incremental monomer additions are 
particularly useful in copolymer production through 
free-radical polymerization when the reactivities of comono
mers vary widely. For a binary copolymerization system, the 
mass balances for the two monomer types are 

dN ^= k1
!½P•

1 dt ¼ − �N1 þ F 1;in ½288�

dN dt ¼ −^2= k2½P•�N2 þ 
!
F 2;in ½289� 

where the
 pseudokinetic propagation constants 
k̂ •
1 ¼ kp11ϕ1 þ kp21ϕ• ^ • •

2 and k2 ¼ kp12ϕ1 þ kp22ϕ2 with the radical 
fractions defined by eqn [239] based on the long-chain 
assumption. 

There are two major policies in feeding monomers to the 
reactor.184 The strategy is to achieve the constant copolymer 
composition by maintaining constant monomer composition 
during polymerization. In policy I, all of the slower reacting 
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monomer N2,0 is charged to reactor at the start and there is no 
further addition during polymerization 

!
F 2;in ¼ 0. A sufficient 

amount of the faster monomer N1,0 is also charged to the 
reactor at t = 0 to give a desired f1 ¼ N1;0=ðN1;0 þN2;0Þ for the 
targeted F1 ¼ ðr1f 2 

1 þ f1f2Þ=ðr 2 2
1f1 þ 2f1f2 þ r2f2 Þ. Additional 

amount of the faster monomer (ΔN ¼ N2;0ðF1=F2Þ− N1;0) is
added with a time-varying feed rate to maintain constant f1 

during polymerization. Applying dðN1=N2Þ=dt ¼ 0 or equiva-
lently dN2=dt ¼ ðN2=N1ÞdN1=dt as a constraint to eqn [289], 
we have 

dN1=dt ¼ − k̂ •
2½P �N1 ½290� 

Since f k̂ ^
1 and f2 remain constant, 1 and k2 are also constant 

under an isothermal condition. If the radical concentration can 
be remained constant, eqn [290] has the analytical solution of 

N1 ¼ N ^ •
1;0 expð− k2½P �tÞ ½291�

with the initial condition N1 = N1,0 at t = 0. Substituting eqns 
[290] and [291] into eqn [288] gives 

!
F 1;in ¼ ðk̂1 − k̂2Þ½P•�N1;0 expð− k̂ •

2½P �tÞ ½292� 
which is the required feed rate profile of the fast monomer. 
Equation [292] is a decay function with the maximum feeding 
rate at the start of polymerization. If the differences between 
monomer and polymer densities and their resulting volume 
shrinkage are neglected, the increase of volume during poly-
merization follows: 

dV=dt m1 
!¼ F 1;in=ρm ½293�

Substituting eqn [292] into eqn [293] gives

V ¼ V ^ ^
0 þ V ^ •

1;0ðk1 =k2 − 1Þ½1 − expð− k2½P �tÞ� or
 
V ¼ V2;0½1=F2 − ðF1=F2 − f1=f2Þexpð− k̂2½P•�tÞ�
 ½294� 

where V1;0 ¼ m1N1;0=ρm	 and V0 ¼ ðm1N1;0 þm2N2;0Þ=ρ	m are
the initial volume of the faster monomer and that of the total 
monomers, m1 and m2 are monomer molecular weights, ρm is 

the monomer density, and note k̂ ^
1=k2 ¼ ðF1=F2Þðf2=f1Þ. At

t→∞, V ¼ V2;0=F2. 
To maintain constant radical concentration dðNI=VÞ ¼ 0, 

additional initiator needs to be fed to the reactor to 
compensate the consumption by initiator decomposition 
kd½I�0V , as well as the dilution by monomer addition 
dNI=dt ¼ ½I�0ðdV=dtÞ, that is 

!
F I;in ¼ kdNI þ dNI=dt ¼ ½I�0ðkdV þ dV=dtÞ ½295�	 

Substituting eqn [294] into eqn [295] gives 

!
F I;in ¼ kd½I�0V2;0=F2
 

þ ½I� V2;0ðF1=F2 −0  f ^ •
2½P �− 1Þexpð− k̂2½P•

1=f2Þðk �tÞ
 
½296� 

Policy I normally requires a separate feeding line for the 
initiator. However, if the initiator has a very long 
half-lifetime t1=2 ¼ ln 2=kd (very small kd), the ratio of !
F I;in= 

!
F 1;in becomes independent of time. The initiator can 

then be premixed with the monomer at [I]0 and fed to the 
reactor by a single line. 

In policy II, parts of both monomers are charged to the 
reactor at t = 0 to give desired F1 and rest of the monomers are 

 

added at time-varying feed rates to maintain constant 
monomer concentrations [M1] and [M2]. The constraints 
are then N1=V ¼ ½M1�0 and N2=V ¼ ½M2�0, that is,
dN1=dt ¼ ½M1�0dV=dt and dN2=dt ¼ ½M2�0dV=dt. The volume 
increases as monomers are fed to the reactor: 

 
dV=dt m1 

!¼ ð F F̂1;in þm2 2;inÞ=ρm ½297�
Combining eqns [288] and [289] with eqn [297], the con
straints give 

dN1=dt ¼ κ̂ ½P•�N1 dN2=dt ¼ κ̂½P•�N2 ½298� 
where ^ ^κ̂ ¼ ðϕw;1k1 þ ϕw;2 k 2 Þ=ð1 − ϕw;1 − ϕw;2Þ and ϕw;1 ¼
m1½M1�0 =ρm and ϕw;2 ¼ m2½M2�0 =ρm are weight fractions of 
the two monomers (the rest are polymer and/or solvent). 
Substituting eqn [298] into eqns [288] and [289] gives 

!
F ¼ ðκ þ k̂ •

1;in ^ 1Þ½P �N1 

!
F ¼ ðκ̂ þ k̂2Þ½P•

2;in �N2 ½299�
Solving eqn [298] under an isothermal condition and with 
constant radical concentration assumption, as well as 
N1 ¼ N1;0 and N2 ¼ N2;0 at t = 0 gives 

N1 ¼ N1;0 exp ðκ̂½P•�tÞ N2 ¼ N2 κ̂½P•
;0 expð �tÞ ½300� 

The monomer feeding rate profiles from eqn [299] are thus 

!
F ¼ ðκ̂ þ k̂ Þ½P•

1;in 1 �N1;0 expðκ̂½P•�tÞ 
! ^
F • •

2;in ¼ ðκ̂ 
þ k2Þ½P �N2;0 expðκ̂½P �tÞ ½301� 
and the volume profile from eqn [297] is 

V ¼ V κ̂½P•
0 expð �tÞ ½302� 

The feeding rate profile of additional initiator required to 
maintain constant radical concentration can be obtained from 
eqns [295] and [302]: 

!
F I;in ¼ ½I�0V0ðkd þ κ̂ ½P•�Þexpðκ̂½P•�tÞ ½303� 

From eqns [299] and [303], the feeding rates of initiator and 
monomers have the same time dependence with constant 
ratios. Therefore, only a single feeding line is needed in policy 
II for a premixed initiator and monomer stock. 

4.32.11.2 Stability in Semibatch Operation 

Compared to policy I, policy II has advantages in not only 
equipment setup but also operation. While the ratio of two 
monomers remains unchanged in policy I, the monomer con-
centration decreases and the polymer concentration increases 
during polymerization. The system becomes viscous and the 
rate of polymerization can either decrease due to monomer 
depletion or increase due to gel effect. The rate of heat genera
tion varies and thus a reactor system having the capacity of heat 
removal at the highest rate is required. In policy II, the mono
mer concentration remains constant and so does the rate of 
polymerization and heat generation. The polymerization can 
be operated under different conditions.184 Under the 
monomer-starved condition ([M1] � 0 and [M2] � 0), the sys
tem becomes self-regulated and thus stable. As shown in 
Figure 19, at the point P1, if turbulences in the feeding line 
cause an increase in the monomer concentration, the rate of 
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monomers and the later born chains contain more 
slow-reacting monomers. The characteristic feature of the con
ventional free-radical polymerization is slow initiation but fast 
propagation. Chains are continuously initiated throughout the 
whole course of polymerization that takes hours. Once 
initiated, individual chains take only seconds to grow to their 
full sizes. The duration of hours in the initiation facilitates 
control over the chain-to-chain composition, as demonstrated 
by the above semibatch policies for polymer products having 
uniform chain-to-chain compositions. However, the duration 
of seconds in the propagation does not permit any manipula
tion over the end-to-end composition along individual chains. 

In contrast, in the ‘living’ types of controlled radical copoly
merization such as SFRP, ATRP, and RAFT polymerization, 
individual chains are initiated in a relatively short period of 
time from seconds to minutes at the beginning but grow slowly 
and continuously by propagation for hours throughout the 
whole course of polymerization. All the chains thus have similar 
compositions but possess a composition profile from one end to 
the other. Such polymers having end-to-end composition varia
tion are termed as ‘gradient’ copolymers.197–201 The synthesis of 
gradient copolymers using batch-controlled radical processes 
has been well demonstrated. However, the obtained copolymer 
products have as-synthesized gradient compositions determined 
only by the comonomer reactivity ratios (Scheme 8). 

There are several semibatch approaches of controlled radical 
copolymerization developed for targeting uniform copolymers. 
The simplest method is the use of policy I with constant feeding 
rates for the fast monomer. The produced copolymers have 
more uniform compositions compared to their batch products. 
Semibatch policies are powerful for making various types of 
gradient copolymers. Once a targeted profile of the composi
tion versus chain length F1ð�rNÞ is defined, the constraint of 
N1=N2 in policy I becomes a function of polymerization 
time. The time-dependent monomer feeding rate 

!
F1;in (note!

F2;in ¼ 0) can be obtained by numerically solving eqns [288] 
and [289], provided the rate constants are given.202,203

Figure 20 shows the results of ATRP of MMA/tBMA.204–206 

The copolymers having various unprecedented gradient com
positions are produced by regulating the monomer feeding 
pump by a computer programmed with the feeding rate 
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Figure 19 Stability in semibatch free-radical polymerization: P1 oper
ated under monomer starving condition is stable, while P2 operated under 
monomer-rich condition is unstable. 

polymerization increases and so does the heat generation that 
increases temperature. The increased temperature accelerates 
the rate of polymerization and thus consumes the excess 
monomers. On the other side, if turbulence leads to a reduced 
monomer concentration, the rate of heat generation is also 
reduced. Cooling the system slows down monomer consump
tion and balances the missed monomer amount. For the same 
reason, under the monomer-rich condition, the operation is 
unstable at the point P2. Any deviation in the monomer con
centration from the feeding rate can be amplified and causes 
further deviation in the same direction that cannot be 
self-corrected by the reactor. 

4.32.11.3 Semibatch Design of Gradient Copolymers 

The batchwise free-radical copolymerization produces a copo
lymer product that is actually a blend of individual chains of 
various compositions. This composition drifting is caused by 
different reactivity ratios of the comonomers. As a consequence 
of the fact that one monomer is consumed faster than the 
other, the early produced chains are rich in the fast-reacting 

Scheme 8 Difference between conventional and controlled radical polymerization. The long period of chain growth time in controlled radical 
polymerization permits design and control over the composition along individual copolymer chains. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 20 Gradient copolymers having (a) uniform, (b) linear, (c) hyperbolic, and (d) triblock with linear-gradient transition midblock.206 

equations. The gradient profiles include uniform, linear gradi
ent, hyperbolic tangent (tanh), and triblock with 
linear-gradient midblock, as illustrated in Scheme 9: 

F1;uniform ¼ 0:5 ½304� 
F1;linear ¼ �rN=�rN;final ½305� 

Scheme 9 Setup of semibatch reactor system for the designed gradient 
copolymers. Slow comonomer is fed through a metering pump controlled 
by a computer that is programmed with semibatch model. 

F1;hyperb ¼ 0:5 þ 0:5 tanh λð�rN=�rN;final − 0:5Þ ½306� 8
0; �r ≤ 5�r =12 

F1;triblock ¼ 
< N N;final

6�rN=�rN;final − 2:5; 5�rN;final=12 < �rN ≤ 7�rN;final=12 : 1; �rN > 7�rN;final=12 

½307� 

4.32.12 Continuous Polymerization Processes 

Most high-tonnage commodity polymers are produced in con
tinuous processes. The feed is metered continuously into the 
reactor and the effluent is removed continuously from the 
reactor. When polymerization reaches a steady state in opera
tion, the rate of heat generated at any point in the system is 
usually constant. Continuous processes have advantages of 
easy operation and low costs, particularly suitable for 
large-volume production. The mass balances of reactants and 
products are in a general form of ‘accumulation = flow in − flow 
out + production − consumption’. For example, in the continu
ous free-radical polymerization, the mass balances for initiator, 
monomer and polymer, are 
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dNI !¼ F I;in − !½I� v out −out  RdV ½308� 
dt  

dNM  
!¼ F

dt M;in − !½M� v out −out  RpV ½309� 

dNP  1 
!

d
¼ F

t P;in − ½P�out !v out þ ðRtd þ Rtc2
ÞV ½310� 

 

where NM, NI, and NP are moles of monomer, initiator, and 
polymer chains inside the reactor, respectively; [M]out, [I]out, 
and [P]out are monomer, initiator, and polymer chain concen
trations at the exit, respectively; Rp, Rd, Rtd, and Rtc are 
monomer propagation, initiator decomposition, radical dis
proportionation, and combination termination rates,

 
!  

respectively; F M;in, 
!
F I;in, and 

!
F P;in are monomer, initiator, 

and polymer molar flow rates into the reactor, respectively; ! v out is the volume flow rate out of the reactor; and V is the ! 
reaction volume. When F in ¼ ! 

!v out ¼ 0, it becomes a batch 
process. When F in ¼ 0 or  !v out ¼ 0, it becomes a semibatch 
process. When dN=dt ¼ 0, it becomes a steady-state continu
ous process. 

4.32.12.1 Steady-State Operation 

There are two major types of continuous reactors: plug-flow 
tubular reactor (PFTR) and CSTR. The polymerization kinetics 
with PFTR is similar to that of batch reactor. In PFTR, the 
concentrations of reactants and products vary with location 
but not with time. The rate equations derived for batch pro
cesses can be easily transformed into their corresponding 
equations for PFTR using 

dl=dt ¼ !v =A ¼ !v L=V ¼ L=�t ½311� 
where L, A, and V are the length, the cross-sectional area, and 
the volume of the tubular reactor; and �t is the mean residence 
time �t ¼ V= !v . Simply replacing t by ð�t=LÞl in the time func
tions gives the location functions applicable for PFTR. At the 
exit of PFTR, l ¼ L and the initiator concentration, the mono
mer conversion, and the polymer chain concentration are 

½I� ¼ ½I�0 exp ð− kd�tÞ ½312� 
1 2 

8 fk2
− ln 1  p½I

− x  
�0
! = h 	

1 ð Þ ¼ 1 − exp − kd�t  


i
313� 

kdk 2t
½

1½P� ¼ ð2 f ½I�0 =ktÞðktd þ ktcÞ½1 − expð− kd�tÞ� 2 
½314� 

In ideal CSTR, the concentrations of reactants and products 
inside the reactor are the same as those at the exit. The differ
ential equations become algebraic equations, which can be 
easily solved: 

½I�out ¼ ½I�in =ð1 þ kd�tÞ ½315� 
x ¼ kp½P•��t=ð1 þ kp½P•��tÞ ½316� 

1½P� 2
out ¼ ðk •

td þ ktcÞ�t ½P � ½317� 
2 

where ½P•� ≈ ð2fk ½I� k Þ1=2d out = t . Scheme 10 shows CSTR, PFTR, 
CSTR in series, and PFTR with recirculation. 

4.32.12.2 Reactor RTD 

Reactors can be very different in structure and appearance. 
However, the most important reactor property is arguably its 
RTD. This is particularly true for polymerization where RTD has 
a great influence on polymer chain properties such as MWD. 
This influence can vary a lot, depending on the type of poly
merization mechanism employed. PFTR and CSTR are two 
ideal cases. PFTR has a Dirac delta function, which is a pulse 
at �t and zero elsewhere, while CSTR has an exponential decay 
function: 

EPFTR ðtÞ ¼ δðt −�tÞ ½318� 
E − 1
CSTR ðtÞ ¼ �t expð− t=�tÞ ½319� 

In reality, most reactors have RTDs between these ideal 
cases.2,3,196 For example, backmixing (BM) is inevitable in 
tubular flow due to dispersion. With small extents of disper
sion, the RTD of a tubular reactor can be described by 

Scheme 10 (a) Single CSTR, (b) tubular reactor, (c) CSTR in series, and (d) tubular reactor with recirculation. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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1 
E 2
TR-SDðtÞ ¼ p exp − t −�t t   

πζ
ffiffiffiffiffiffiffi = ς� 320
�t 

½ ð Þ ð Þ� ½ �

where ζ 4�tD= !¼ v L and D is 

ffi
the axial dispersion coefficient. 

With large extents of dispersion, it is by 

1 
ETR-LDðtÞ ¼ p exp½ 2− ðt −�tÞ =ðζ t  321  

πζ

The RTDs of PFTR and CSTR

ffiffiffiffiffiffi
t
ffi
 

Þ� ½ �

 can be interchangeable. A large 
number of CSTRs in series give an RTD of PFTR: 

n ðnt �tÞn−1 =
EnCSTR ðtÞ ¼  exp

�t n − 1 ! 
ð− nt=�tÞ ½322�ð Þ

and a large circulation of PFTR gives an RTD of CSTR: 

1 ∞ 

E
X�

R 
�i 

PFTR-R ðtÞ ¼  δðt − i�tÞ ½323� 
R 1 þ R

i¼1 

A combination of CSTR in series with recirculation gives an 
RTD of 

n ∞ nt in−1 =�t
EnCSTR-R ðtÞ ¼  expð− nt=�t

X ð ÞÞ 324
�t in − 1 !

i 1

½ �
¼  

ð Þ
Figure 21 shows the major types of reactors and their RTD’s. 

4.32.12.3 Effect of RTD on Polymer Chain Properties 

Reactor RTD has a strong influence on polymer chain properties 
such as molecular weight, copolymer composition, and branch
ing density. The level of RTD effect depends on the relative 
magnitudes of two characteristic times: the time that chains 
reside inside the reactor before coming out (chain residence 

time) and the time it takes for chains to grow (chain life
time).207–212 By this criteria, all the polymerization 
mechanisms can be classified into two major groups. Group I 
are those mechanisms in which individual chains are generated 
rapidly such as free-radical polymerization, cationic polymeriza
tion, and Ziegler–Natta polymerization. It takes only seconds for 
the individual chains to propagate thousands of monomers. 
Such a short-chain lifetime can be considered as instantaneous, 
as most industrial polymerization processes take hours to com
plete. Group II are the polymerizations in which chains 
continuously grow as long as they reside inside reactor. That is, 
the lifetimes of individual chains are as long as their residence 
times. Condensation polymerization, living anionic polymeriza
tion, controlled radical polymerization, and any other ‘living’ 
types of polymerization belong to this group. 

Since the total polymer is comprised of chains having various 
residence times, the MWD at the exit of a reactor is therefore ð∞ 

wexit ðrÞ ¼  wcumðrÞEðtÞdt ½325� 
o 

where the chains having the same residence time are generated 
under various birth conditions that can vary with time and/or 
location inside the reactor: ðΔM 

1 wcumðrÞ ¼  wðrÞdM ½326� 
ΔM 0 

where dM/ΔM is the mass fraction of the chains generated 
under a specific birth condition. The birth condition includes 
the concentrations of various reactants and polymerization 
temperature as reflected by the parameters τ and β in eqns 
[61], [94], and [169]. In batch polymerization, eqn [326] is 
the same as eqn [62]. 

Figure 21 Schematic representation of the course of reaction in various reactor types.11 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Because chain lifetimes are much shorter than chain resi
dence times, the instantaneous MWD wðrÞ of group I 
polymerization is determined only by the birth condition but 
not influenced by the residence time. In a steady-state homo
geneous CSTR, there is only one single condition for chains to 
be generated, that is, under constant τ and β. The MWD of the 
total polymer wexitðrÞ represents a single instantaneous distri
bution and is therefore narrower than those of batch reactor 
and PFTR, which are cumulative of many instantaneous dis
tributions at various τ and β values. 

The molecular weight of polymer chains in group II poly
merization is a strong function of their residence time. Chains 
continuously grow inside the reactor and are ‘born’ at the exit. 
Their birth times are thus the same as the residence times. With 
an ideal living system, the chain length r is proportional to the 
residence time t, asdr=dt ¼ kp½M�. This relationship is a linear 
function under ideal CSTR condition, r ¼ kp½M�t. The MWD of 
living polymers produced from the ideal CSTR is thus 

nexitðrÞ ¼ EðtÞ  � 1=ðdr=dtÞ ¼ r−N expð− r=�rNÞ ½327� 
wexitðrÞ ¼ �r−2 

N r expð− r=�rNÞ ½328� 
which is the Flory’s most probable distribution. Compared to 
the Poisson distribution equation [101] made from batch or 
PFTR processes, the CSTR gives a much broader MWD. 
Figure 22 shows the influence of RTD on MWD and 
polydispersity.190 

RTD does influence not only the polymer MWD but also 
other chain microstructure properties such as copolymerization 
composition and branching density. Copolymers experience 
composition drifting in batch and PFTR processes due to dif
ferent reactivities of comonomers. In an ideal CSTR process, the 
monomer composition remains constant and so does the 
copolymer composition. For reactions with polymer chains 
such as branching and cross-linking, CSTR has the advantage 
over batch reactor/PFTR. For example, the rate of branching via 
chain transfer to polymer is proportional to the polymer con
centration and most branching occurs at high conversions. For 
the same final conversion, CSTR yields a higher branching 
density than do batch reactor/PFTR. 

In addition to the polymerization kinetics, the selection of 
reactor also depends on satisfactory transport of mass and 
energy as well as the state of polymer product as marketed 
(solid, solution, or latex). The purpose is to increase polymer 
output and to improve product quality at the lowest costs. 
Scheme 11 shows some reactor designs for heat or mass 
removal purposes.11 

4.32.13 Industrial Examples of Polymer Production 

The classical chemical reaction engineering textbooks by 
Levenspiel2 and Fogler3 are widely used by instructors at both 
undergraduate and graduate levels in chemical engineering. 
They are the first ones to illustrate the comprehensive use of 
chemical engineering principles including chemical reaction 
kinetics, heat, mass and momentum transfer, RTD, micromix
ing and segregated flow in the design, and operation and 
control of large-scale commercial reactors operating in batch, 
semibatch, and continuous modes of production. However, 
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Figure 22 (a) MWD of free-radical polymerization in three different 
reactors and (b) change of polydispersity with conversion (solid lines, 
combination termination; dotted lines, disproportionation termination). 

these textbooks do not focus on large-scale production of 
polymers. 

Principles of Polymerization Engineering by Biesenberger and 
Sebastian8 is the first to consider and expand chemical reaction 
engineering to include commercial-scale polymer production. 
Quoted directly from the text, the term ‘reaction path’ has at 
least two connotations. To chemists, it suggests a particular 
reaction mechanism. To chemical engineers, the term signifies 
the physical history experienced by a reaction as dictated by 
prevailing reactor dynamics. All continuous-flow vessels, 
whether of agitated or streamline type, are nonideal in the 
sense that neither the fluid elements in the vessel nor those in 
the effluent are of same age at any given time. The age distribu
tion among elements in the vessel at any instant is called the 
internal age distribution I(t) and that in the effluent leaving the 
vessel is the exit age distribution E(t). Since the age of a fluid 
element in the effluent is equal to its RTD, to assess the effects 
of polymerization reactors, we must distinguish between 

0 0.2 0.4 0.6 0.8 1.0
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Scheme 11 Reactor designs for (a) heat removal and (b) mass removal. 

transverse and longitudinal mixing and between macromixing 
and micromixing. An important characteristic of longitudinal 
macromixing is the RTD. A consequence of micromixing is the 
phenomenon of BM. The former describes the distribution 
among ages of fluid elements and is generally associated with 
macromixing. The latter describes the intermingling of mole
cules of different ages (micromixing) made possible by the 
action of macromixing. In other words, macromixing breaks 
up the fluid in chunks and, with increased surface area between 
chunks of different ages, molecules of different age intermix. In 
summary, macromixing should be avoided only when 
plug-like flows are feasible and desirable. 

4.32.13.1 Low-Density Polyethylene 

The commercial production of LDPE is by free-radical polymer
ization. Supercritical bulk ethylene is fed into a tubular reactor 
operated at steady state. The polymers experience both short-
and long-chain branching. The short-chain branches are a con
sequence of backbiting and the long-chain branches are a 
consequence of chain transfer to polymers. The low density of 
the product is a consequence of short-chain branching. 

Scheme 12 presents a schematic diagram of a tubular reac
tor with multiple feed points. The temperature profile along the 
reactor length is an important measurement. The rate of poly
merization can double for every 10 °C rise in temperature. 
These are reactor safety concerns as well as polyethylene pro
duct quality concerns. Large heats of polymerization are 
common for chain growth polymerization, where carbon– 
carbon double bonds are converted to carbon–carbon single 
bonds. It has been observed that at temperature above 210 °C, 
molten polyethylene may tend to cross-link, while at tempera
ture above 290 °C, chain scission may dominate. 

Kinetic models to describe the polymerization rate and 
polymer properties, including copolymer composition, mole
cular weight, short- and long-chain branching, melt flow index, 
and polymer density, have been proposed. The model para
meters were fitted to industrial data to give useful steady-state 

simulation software, allowing for multiple feed points, multi
ple initiators (including oxygen), and nonisothermal 
polymerization. The effects of the pulse valve and the product 
cooler are incorporated. 

The reactor pressure affects both the rates of reaction and 
the thermodynamic properties of the reaction mixture. The 
reactor pressure decreases along the tubular reactor length to 
the pulse valve, where a larger pressure drop is experienced. 
Furthermore, the pulse valve helps to reduce reactor fouling. 
Pulsing causes the reaction mixture to heat up and cool down. 
Owing to changes in the reaction rate, the flow rate, and the 
heat transfer coefficient, the amount of accumulated fouling 
can be reduced. The pulse valve causes a large drop in pressure 
from the reactor to the product cooler section. This pressure 
drop can change the rate of any residual reaction and the 
temperature of the reaction mixture. 

A precise knowledge of polymer properties is of great 
importance as more and more specialties are required for spe
cific industrial applications. In order to predict the physical 
properties of a resin, it is essential to know the chain properties 
of the polymer. For this reason, properties such as MWD and 
branching frequencies, short and long, are very important in 
model calculations. From an industrial point of view, a reliable 
copolymerization model is capable of appraising synthesis 
conditions, as well as allowing studies on new copolymers 
prior to industrial tests. Thus, new polymer grades could be 
developed more easily and the existing ones may be optimized 
in order to supply consistently high-quality resins to customers. 

Autoclave reactors are also employed in the production of 
LDPE. The mixing pattern in an autoclave reactor tends to be of 
a recirculating nature. The effect of mixing on reactor perfor
mance is very important, since an imperfectly mixed vessel 
requires more initiator per unit of polymer produced. The 
initiator tends to decompose near the feed points and not in 
the bulk of the reactor, which causes a reduction in productiv
ity. Hence it is desired to improve mixing with concomitant 
increase in the production rate. The measurement of tempera
ture profile along the reactor length can be used to establish 
goodness of mixing. 

4.32.13.2 High-Impact PP 

Polyolefins are among the most important commodity poly
mers with polyethylene and PP as today’s major tonnage plastic 
materials worldwide. Most industrial processes for the pro
duction of polyolefins utilize heterogeneous Ziegler–Natta 
catalysts. Metallocene catalysts with aluminoxane and other 
cocatalysts are able to produce polyolefins at very high produc
tivity with a degree of microstructure control not possible using 
conventional Ziegler–Natta catalysts. Heterogeneous Ziegler– 
Natta catalysts consist of porous secondary particles that are 
formed by loosely aggregated primary particles. During the 
polymerization, the growing polymer chains fragment these 
secondary particles, forming an expanding polymer particle 
containing primary particles and living and dead polymer 
chains. This catalyst fragmentation mechanism has been docu
mented for most types of heterogeneous Ziegler–Natta 
catalysts. One of the consequences is the replication phenom
enon with the PSD of the polymer particles that, at the end of 
polymerization, closely approximates the PSD of the catalyst. 
The replication phenomenon is very important in predicting 
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Scheme 12 (a) Process for production of high-pressure polyethylene and copolymers and (b) schematic diagram of tubular reactor with multiple feed 
points.213–215 

the polymer PSD from a knowledge of the PSD of the catalyst. 
The PSD of the polymer particles is an important variable in 
designing and operating polymer recovery, treatment, and pro
cessing units. For a continuous polymerization process, the 
RTD of the polymerizing fluid may have a significant effect 
on the PSD of the polymer.216,217 

The present commercial manufacture of high-impact polypro
pylene (HIPP) involves a continuous two-stage polymerization 

218,219 process. In Stage-1, iPP particles are produced using a 
titanium-based Ziegler–Natta catalyst on an inorganic support. 
The preferred reactor/process type for stage 1 is one- or two-loop 
reactors in series for slurry-phase polymerization or one or more 
stirred or fluidized-bed reactors in series for gas-phase polymer
ization. The preferred reactor/process type for stage 2 is one or 
more gas-phase reactors in series. The RTDs in the two stages may 
be equivalent to one or more backmixed reactors in series. The 
PP particles leaving stage 1 enter stage 2 and experience an 
atmosphere of ethylene/propylene monomer mix. A rubbery 

ethylene/propylene copolymer is formed on the same active 
sites as those which polymerize iPP chains in stage 1. 

4.32.13.3 Linear Low-Density and High-Density 
Polyethylene 

Scheme 13 is a schematic of an industrial fluidized-bed poly
ethylene reactor using a multiple-active-site Ziegler–Natta 
catalyst. The copolymerization of ethylene with butene-1 and 
hexene-1 produces short-chain branches. When modeling a 
single-pass fluidized-bed reactor or a recycle reactor with high 
conversion per pass, one must account for gas-phase concen
tration gradients between the bottom and the top of the bed 
and for mass transfers between bubble and emulsion phases. 
Since the industrial fluidized-bed reactor system under consid
eration has a sizeable recycle stream and a low conversion per 
pass through the bed, the vertical concentration gradient 
through the bed is very small and can be neglected. BM of 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 13 Schematic diagram of the Union Carbide gas-phase process 
for manufacturing HDPE:221,222 (a) fluidized-bed reactor; (b) catalyst 
transfer tanks; (c) catalyst feeders; (d) product discharge tanks; (e) 
multiclone dust separator; (f) air coolers; (g) compressor; (h) product 
degassing tank; (i) filter; (j) ethylene tank; and (k) pneumatic transport 
system. 

both gas and solid phases of the fluidized bed does occur. Thus, 
modeling the fluidized-bed reactors plus recycle system as a 
CSTR containing a well-mixed solid phase interacting with a 
well-mixed gas phase is justified.220 

The feed to the reactor comprises ethylene, comonomer 
(1-butene or 1-hexene), hydrogen, and nitrogen. These gases 
provide the fluidization and heat transfer media and supply 
reactants for the growing catalyst/polymer particles. A Ti-based 
heterogeneous ZN catalyst and a triethyl aluminum cocatalyst 
are fed continuously to the reactor. The fluidized particles 
disengage from the reactant gas in the expanded top section 
of the reactor. The unreacted gases are combined with fresh 
feed streams and recycled to the base of the reactor. Since the 
polymerization is highly exothermic, heat must be removed 
from the recycle gas before it is returned to the reactor. The 

conversion per pass through the bed is very low at about 2–3%. 
Thus, the recycle stream is much longer than the fresh feed 
stream. Periodically, the product discharge valve near the base 
of the reactor opens and fluidized product flows into a surge 
tank. The unreacted gas is recovered from the product, which 
proceeds to the finishing area of the plant for additive incor
poration and pelletization. In normal industrial reactor 
operation, the recycle to fresh fed ratio is approximately 40:1. 
Thus, modeling the fluidized-bed reactor plus recycle system as 
a CSTR containing a well-mixed solid phase interacting with a 
well-mixed gas phase is adequate. 

Thermocouples at different vertical positions in the reactor 
indicate that vertical temperature gradients are small in the 
reaction zone. A rise of less than 3 °C between the gas distribu
tion plate, located below the reaction zone and the top of the 
bed, is typical. For modeling purposes, it is assumed that the 
effects of any small radial or vertical temperature gradients can 
be neglected. The next topic worth considering is the relative 
importance of gas-phase concentrations versus concentrations 
of species at the active sites when polymerization rates and 
polymer molecular properties are calculated. When new cata
lyst particles are injected into a gas-phase reaction, the active 
sites are quickly covered by the growing polymer chains. Thus, 
reaction rates are controlled by the concentrations of reactants 
dissolved in the polymer surrounding the sites rather than by 
bulk concentrations in the gas phase. In general, the solubility 
of gaseous substances in olefin polymers depends on the 
degree of crystallinity. Gases are absorbed only into the amor
phous regions of the polymers. Since polymer chains grow 
away from the catalyst surface, the polymer at the active sites 
is in a nascent amorphous state. Thus, the crystallinity or the 
density of the polymers being produced is not expected to 
affect monomer concentrations at the catalyst active sites. 
Since diffusional resistances can usually be neglected, the con
centrations of species at the active sites are assumed to be the 
equilibrium concentrations in the amorphous polymers. 

4.32.13.4 Polystyrene 

Continuous solution polymerization is the most important 
process for the commercial production of PS, although suspen
sion polymerization is used for the manufacture of expandable 
PS. Actual commercial processes may have up to five reactors in 
series, although only one reactor is sometimes used. Styrene, 
solvent, and occasionally radical initiators are fed to the first 
reactor. Solvent is used primarily for viscosity control with the 
amount determined by the exact configuration of the reactor 
and the polymer molecular weight desired. A secondary func
tion of solvent is control of molecular weight by chain transfer 
to solvent, although more effective chain transfer agents are 
also used. The reactors are run at successively increasing tem
peratures with 180 °C in the last reactor. The first reactor is run 
at 120 °C for thermal-initiated polymerization but at 90 °C 
when initiator is used in the feed stream. Both single- and 
two-initiator systems are used. Final conversions of 60–90% 
are achieved in the last reactor. The reaction mixture is passed 
through a vacuum devolatilizer to remove solvent and residual 
monomer that are condensed and recycled to the first reactor. 
The devolatilized PS (at 220–260 °C) is fed to an extruder and 
pelletized. Commercial PS has molecular weights in the range 
of 50 000–150 000 g mol−1 and polydispersities in the range 
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of 2–4. Although completely amorphous (Tg = 85 °C), its bulky 
rigid chains (due to phenyl–phenyl interactions) impart good 
strength with high dimensional stability with only 1–3% elon
gation. PS is a typical rigid plastic and is a very good electrical 
insulator. It has excellent optical clarity, possesses good resis
tance to aqueous acids and bases, and is easy to fabricate into 
products since only Tg must be exceeded for the polymer to 
flow. However, PS has some limitations. It is attacked by 
hydrocarbon solvents, has poor weatherability (UV, oxygen, 
and ozone attack) due to the labile benzylic hydrogens, is 
somewhat brittle, and has poor impact strength due to the 
stiff polymer chains. The upper temperature limit for PS appli
cations is low because of lack of crystallinity and low Tg. In  
spite of these problems, styrene polymers are used extensively 
with almost tens of billions of pounds of styrene plastics and 
billions of pounds of styrene elastomers produced annually. 

4.32.13.5 Polyvinyl Chloride 

PVC products are mainly made using suspension polymeriza
tion processes. A typical recipe includes 180 parts water, 100 
parts vinyl chloride monomer (VCM), and small amounts of 
dispersants (< 1 part), monomer-soluble initiator, and chain 
transfer agent (e.g., trichloroethylene). All components except 
monomer are charged into the reactor, which is then partially 
evacuated. VCM is drawn into the reactor, sometimes by pres
surized oxygen-free nitrogen gas. The reactants are then heated 
in the closed system to about 50 °C and the pressure rises to 
about 0.5 MPa. The temperature is maintained at about 50 °C 
as the polymerization proceeds. When the pressure is about 
0.05 MPa, corresponding to 90% VCM conversion, residual 
monomer is vented off to be recycled. Removal of the residual 
monomer typically involves passing the reaction mixture 
through a countercurrent of steam. The reaction mixture is then 
cooled and the polymer separated, dried in hot air at about 
100 °C, sieved to remove any oversized particles, and stored. 
Typical molecular weights for commercial PVC are in the range 
of 30 000–80 000 g mol−1. PVC has very low crystallinity but 
achieves strength because of the bulky polymer chains, which is 
a consequence of the large Cl groups on every other carbon atom 
in the chain. PVC is relatively unstable to light and heat with the 
evolution of HCl, which can have deleterious effects on the 
properties of nearby objects (e.g., electrical components) and 
can have negative physiological effects on humans. 

The commercial importance of PVC would be greatly 
reduced were it not for the fact that this instability can be 
controlled by blending with appropriate additives such as 
metal oxides and carbonates as well as fatty acid salts. These 
additives stabilize PVC by slowing down the dehydrochlorina
tion reaction and absorption of the evolved HCl. PVC is a very 
tough and rigid material with extensive applications. Its range 
of utilization is significantly expanded by plasticization, which 
converts rigid PVC to flexible PVC. Plasticization involves 
blending PVC with plasticizers such as dioctyl phthalate, trito
lyl phosphate, and epoxidized oils. Tens of billions of pounds 
of PVC products about equally divided between rigid and 
flexible goods are produced annually. 

The case of PVC has been chosen because mixing plays a 
particularly important role in the suspension polymerization of 
VCM. This is true because PVC is insoluble in VCM and almost 
immediately precipitates as the polymerization of VCM in the 

suspended VCM droplets begins. PVC particles swollen with 
VCM are suspended in a continuous phase of almost pure VCM 
inside the droplets. As the polymerization continues with free 
radicals via initiator being generated in both VCM phase and 
PVC/VCM phase, the PVC/VCM particles grow in number and 
size until the VCM phase is consumed. At this point, the reactor 
pressure begins to fall. Agglomeration of the suspended poly
mer particles in an aqueous continuous phase may result in an 
average polymer particle size of about 150 μm.223 

Large VCM suspension polymerization reactors can vary in 
size from 60 000 to 200 000 l with diameters in the range of 
2.4–3.6 m. The final polymer particle size obtained is deter
mined mainly by the agglomeration process. This is strongly 
dependent on the temperature, the type of suspending agent, 
and the vessel volume. An important consideration is the 
maintenance of PVC particle porosity. For many applications 
of PVC, the Tg of pure PVC is too high and a plasticizer must be 
incorporated into the PVC particles to improve processability. 
Another important consideration is PVC reactor productivity. 
To achieve maximum productivity, it is important that heat 
generation by polymerization be as close as possible to reactor 
heat removal capacity. This can be done using two or more 
free-radical initiators with different half-lives. 

4.32.13.6 Nylon 66 

In the step growth polymerization, high-molecular-weight 
polymers are usually not produced until the final stage of 
monomer conversion so that thermal control and mixing of 
the polymerizing mixture do not present serious problems in 
the earlier stages. However, the final stage of polymerization is 
very important for the production of high-molecular-weight 
polymers. Newer high-capacity plants offer use of continuous 
processes. The first approximation for the continuous process is 
a reactor system that consists of plug-flow reactors (PFRs) and 
CSTR in various combinations, although various nonideal 
effects such as flow patterns in the reactor, mass and heat 
transfer limitations, and RTD must be considered for a detailed 
understanding of the performance of the real reactor system. An 
important feature of the step growth polymerization is that the 
variance of the molecular weight distribution is smallest in a 
batch reactor or a PFR and is largest in a homogeneous CSTR. 
This result may be surprising since it is in principle impossible 
to produce polymers whose polydispersity index is smaller 
than 2 at sufficiently high monomer conversions. 

Nylon 66 is manufactured by polycondensation of hexam
ethylenediamine and adipic acid usually in a multistage 
process. First, nylon salt hexamethylene diammonium adipate 
is prepared from stoichiometric quantities of hexamethylene
diamine and adipic acid in water. The salt can easily be 
separated by precipitation with methanol: 

H2NðCH2Þ6NH2 þ HOOCðCH2 4COOH "
−O − 

Þ
2CðCH2Þ4CO2 

→ þ þ
H3 N ðCH2Þ6 NH3 

#

The use of nylon salt guarantees the presence of equimolar 
amounts of –NH2 and –COOH groups. The control of dia
mine–diacid balance is critically important to have high 
molecular weights and reactive end groups of the final poly
mers. Nylon 66 is fairly unstable at high temperatures in the 
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presence of oxygen. Not only degradation but also 
cross-linking of polymer chains may occur. Complete elimina
tion of oxygen has made it possible to carry out continuous 
polymerization. The aqueous nylon salt solution is heated to 
above 200 °C at > 17 bar in an oxygen-free atmosphere. 
Thereafter, the pressure is reduced to atmospheric and the 
vapor is separated from the polymer to promote polymeriza
tion to the desired high molecular weight. It has also been 
possible to polymerize hexamethylenediamine and adipic 
acid directly. 

4.32.14 Conclusion and Outlook 

Macromolecular reaction engineering is concerned with the 
industrial production of polymers. It bridges bench-scale poly
mer chemistry to industry-scale commercial polymer 
production. It involves many areas from polymerization 
mechanism and kinetics to reactor and process to safety and 
environment impact. In design and analysis of polymer pro
duction, reaction engineers must acquire good knowledge and 
skills in polymer chemistry, reaction kinetics, flow, mass trans
fer, heat transfer, reactor design, process control, and system 
engineering. This chapter provides some basic concepts with its 
emphasis on modeling and quantitative analysis. 

Macromolecular reaction engineering (or previously called 
‘polymer reaction engineering’) combines chemical reaction 
engineering with polymer chemistry. Macromolecular reaction 
engineers have a dual citizenship in the two disciplines. In a 
traditional sense, reaction engineers take recipes developed by 
chemists and scale up for production. It has not been fully 
appreciated by chemists that engineers can do much more 
than that. The reason is simple: polymers are products by 
process. Different reactors and process designs can yield totally 
different products even with the same recipe. They can have 
different chain microstructures, different particle morpholo
gies, and different applications. Nowadays, engineers play 
more and more important roles in development of new poly
mer products through process innovation. 

Macromolecular reaction engineering as a discipline started 
in the 1960s. A rapid growth was experienced in the 1970s and 
1980s. In the recent two decades, there were many new 
developments in polymer chemistry. Take homogeneous 
metallocene catalysts as an example. Polyolefin production 
was well established based on heterogeneous Ziegler–Natta 
catalysts. It would be too costly to design and build brand 
new reactor systems and processes to fit the new catalysts. 
Reaction engineers must be innovative in developing various 
support systems for the catalysts to fit the existing production 
facilities. The recent development of controlled radical poly
merization is another example. With the timescale for chain 
growth extended to tens of minutes or hours, reaction engi
neers could excise reactor design skills and produce polymers 
having tailor-made chain microstructure needed in special 
applications. 

Macromolecular reaction engineering is a very dynamic 
discipline. Recent developments in nano and bio areas 
require innovations for production of specialty polymers. 
Market-driven commodity products, such as vinyl, acrylic, 
styrenic, and olefinic polymers, also require continuous 

improvement through innovations for better application prop
erties. There will be more challenges ahead and there are more 
successes ahead for macromolecular reaction engineers. 
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4.33.1 Introduction 

In literature, the concept of matrix or template polymerization 
is used in multiple ways. Template polymerization is usually 
defined as a process in which “polymer chains are able to 
propagate along template macromolecules during most of 
their lifetime”.1 

Tan2 defined template (or matrix or replica) polymeriza
tion as “any reaction implying propagation of polymer chains 
along template macromolecules during at least part of its 
lifetime”. 

Papisov3 writes: “Matrix polymerization, also termed tem
plate polymerization, is the polymerization of monomers or 
oligomers in which formation of macromolecules whose struc
ture and the rate of formation are determined by the 
information recorded in the structure of other macromolecules 
matrices or templates”. 

Strictly speaking, in ‘replica polymerization’, the template 
polymer and the polymer originating in the presence of that 
template must be identical. 

The term ‘replica polymerization’ was first used by 
Szwarc4 and variously termed ‘matrix’ or replica polymer
ization later by Bamford.5 The polymer formed, sometimes 
called ‘daughter polymer’, is, in most cases, complexed 
with the template and can be separated by an additional 
process. 

The term ‘replica polymerization’ shows some analogies 
between natural biological processes known as replication or 
transcription. 

The well-known interaction between complementary bases 
adenine (A) and thymine (T) or cytosine (C) and guanine (G) 
plays an important role in DNA replication. 

The scope of this chapter will be reduced to templates from 
synthetic polymers and processes known in polymer chemistry 
as polymerization, polycondensation, or polyaddition. 

Nevertheless, the criteria by which a process can be recog
nized as a template process are not very clearly defined. 
Sometimes the experimental criterion is a ‘template effect’. 

The template effects can be expressed as: (1) kinetic effect – 
usually an enhancement of the reaction rate and change in 
kinetics equation; (2) molecular effect – consisting of an influ
ence of the template on the molecular weight and molecular 
weight distribution of daughter polymer; (3) effect on tacticity – 
the daughter polymer can have the complementary structure to 
the structure of the template used; and (4) in the case of 
template copolymerization, the template effect – deals with 
the composition and sequence distribution of units. 

On the other hand, template polymerization is a particular 
case of a more general group of processes such as polymeriza
tion in organized systems.6 
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Many factors may affect the organization of monomer units 
during polymerization. For example, polymerization in solid 
state proceeds when molecules of monomer are surrounded by 
molecules already organized in a crystal lattice. A specific type 
of polymerization occurs on the surface of solids. 
Montmorillonite, especially, can be used for polymerization 
of amino acid derivatives. This is connected with the fact that 
montmorillonite binds proteins so strongly that they cannot be 
washed out without being destroyed. 

Numerous monomers with long hydrocarbon chains can 
form monolayers at the gas–water interface and are also 
oriented at the surface of the water. Polymerization of such 
organized systems leads to the preparation of polymers with 
peculiar morphologies and properties. It is a method for poly
mer synthesis in ultrathin films in different forms, for instance, 
polymerization in ultrathin films deposited using the ‘layer-by
layer’ method. By this method, polymeric microspheres con
taining drugs can be produced. 

The most articles published in scientific journals, many 
reviews, and chapters of encyclopedias7–13 deal with template 
polymerization proceeding at least part of its lifetime in a 
one-phase system. In this chapter, the term matrix or template 
polymerization will be used mainly to refer to one-phase sys
tems. Only at the end of this chapter will some examples of 
polymerization proceeding in a confined space be discussed. 

4.33.2 Mechanism of Template Polymerization 

Template polymerization can proceed according to the 
mechanism of a chain reaction as radical, ionic, or 
ring-opening polymerization or as a step-growth process like 
polycondensation. 

A mathematical model for template polymerization similar 
to the biological process was elaborated by Simha and co
workers.14 The purpose of their paper was to explore mathe
matical consequences of alternative kinetic routes to the 
formation of polymer chains on polymer templates. However, 
since then, nobody has tried to use this theory for the descrip
tion of template processes. 

The most important phenomenon influencing the mechan
ism of template polymerization is connected with a type of 
interaction between the monomer and the template. This inter
action can be of various types: hydrogen bonding, ionic 
interactions, donor–acceptor interactions, or covalent bonding. 

For instance, hydrogen bonding exists between oxygen 
atom in poly(ethylene glycol) (PEG) and the carboxylic group 
in acrylic acid (AA) or methacrylic acid (MAA). However, in this 
case, the stability of the complex depends strongly on the 
degree of ionization, changing equilibrium (Scheme 1): 

It was shown by Papisov and co-authors, examining poly
merization of AA and MAA in the presence of PEG, that on 
reaching a certain length, all chains of polyacids growing in 

solution associate with PEG molecules.15 Later on, this type of 
template polymerization was named ‘pick up’ mechanism. 

Analogically, the well-known interaction between carboxyl 
groups leads to hydrogen bridges between poly(acrylic acid) 
(PAA) (template) and AA (monomer). 

In template polymerization in which strong electrostatic 
interactions take place, it can be assumed that all the mono
meric couterions are rigidly attached to the template as 
described in Reference 6. 

The mechanism of template polymerization depends on the 
degree of monomer adsorption or complexation by the tem
plate. Usually, it is assumed that an equilibrium exists 
according to the equation 

M þ T ↔ MT ½1� 
where T signifies template site, M free monomer, and MT 

monomer absorbed onto template. The absorption equili
brium constant KT = [MT]/[M][T] depends on a number of 
factors such as the mode of interaction, temperature, solvent, 
and pH. 

It is possible to distinguish three basic cases: 

1. Interaction between the monomer and the template is too 

weak for stable adsorption of the monomer onto template. 

However, adsorption occurs if ‘daughter’ oligomers, created 

in the bulk solution reach a proper length, and then com

plex with the template, due to the cumulating effect. 
2. Interaction between the monomer and the template leads to 

the creation of a stable complex. In other words, KT is high. 

In some cases, template may be insoluble in a solvent in the 

absence of monomer. 
3. Monomer and template are connected with covalent bonds. 

Scheme 1 Equilibrium between oxygen atom in PEG and carboxylic group. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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The first and the second cases were deeply elaborated for radical 
template polymerization by Challa and co-workers1,2,7,8 and 
are called ‘pick-up mechanism’ and ‘zip mechanism’, 
respectively. 

A template can be a simple polymer containing a single type 
of group that interacts with only one type of monomer. 
However, in general, the template is a series of groups that 
interact specifically with a set of monomers. 

A quantitative value of interaction between template and 
monomer in solution can be preferential solvation.16 If the 
interaction between monomer and template is stronger than 
that between template and solvent, monomer molecules are 
associated with macromolecules of the template. Preferential 
solvation measured by interferometric and dialysis experiments 
was defined as an enrichment of monomer around the tem
plate. For instance, for MAA in dimethylformamide (DMF) in 
the presence of poly(2-vinylpyridine) (P2VP), it was found that 
the preferential solvation is 0.4.16 Not only synthetic but also 
natural polymers can be applied as templates. 

AA and sodium 4-styrenesulfonate were polymerized onto 
chitosan as a template.17 The degree of acetylation for chitosan 
under investigation was 0.24. The reaction was carried out in 
water, initiated by K2S2O8 at 50 °C. In all cases, insoluble 
interpolymer complex was obtained as a product of the 
reaction. 

Chitosan for polymerization of sodium 4-styrenesulfonate 
was transformed to hydrochloride in order to cause strong 
ionic interaction between the monomer and the template. By 
the dilatometric technique, it was found that the reaction rate 
increases with increasing [T]/[M] ratio within the range 0–0.25 
up to about 2.5 and then is stable. On the basis of this observa
tion, the authors assumed a ‘pick-up’ mechanism for this 
process. 

The only example dealing with the template polymerization 
of simple monomers in the presence of two sorts of templates 
was described by Papisov et al.18 Polymerization of MAA in the 
presence of a mixture of poly(ethylene oxide) (PEO) and poly 
(N-vinylpyrrolidone) of sufficient chain lengths was examined. 
It was found that the rate of polymerization is determined by 
the template forming the stronger complex with a daughter 
polymer. 

Depending on the basic mechanism of the template process, 
secondary reactions can take place. For instance, in polycon
densation, there are such well-known reactions as cyclization, 
decarboxylation, dehydration, oxydation, and hydrolysis. 

In radical polymerization usually in addition to the main 
elementary processes (initiation, propagation, and termination), 
we have the usual chain transfer to the monomer or to the 
solvent – changing the molecular weight of the product 
obtained – and also chain transfer to the polymer leading to the 
branched polymer. In ring-opening polymerization, many addi
tional reactions can take place between monomer, solvent, and 
template depending on the chemical structure of the substrates. 

4.33.3 Radical Template Polymerization 
and Copolymerization 

4.33.3.1 Models and Examples 

The majority of papers published in the field of template poly
merization deals with the chain process initiated by radicals. 

The most complete model of chain template polymeriza
tion was published by Tan and Alberda van Ekenstein.19 

Assuming that the polymerization goes also outside the tem
plate (blank reaction) and onto the template, the process 
consists of 

1. Blank reaction: initiator decomposition, initiation, propaga

tion, and termination; 
2. Complexation: monomer adsorption, radical complexation, 

and polymer complexation; and 

3. Reaction	 onto the template: propagation, template– 

template termination, and cross-termination. 

The type of mechanism depends not only on the chemical 
structure of the template and the monomer, but also on the 
type of solvent, pH, and temperature. 

This case, generally called ‘pick-up mechanism’ is illustrated 
in Scheme 2. 

The next case, when absorption of monomer is strong and 
polymerization occurs according to the ‘zip mechanism’ is 
illustrated in Scheme 3. 

The fact that PAA and poly(methacrylic acid) form com
plexes with poly(vinylpyrrolidone) (PVP) and PEG was a 
starting point for examination of template polymerization in 
different systems (Table 1). 

The polymerization of AA in the presence of PEG is an 
example of this case. Hydrogen bonds between AA and PEG 

Scheme 2 Pick-up template polymerization. T, template unit; M, 
monomer interacting with the template. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 1 Examples of template polymerization of acrylic acid (AA) 
and methacrylic acid (MAA) 

Monomer Template Solvent Initiator References 

AA PVP H2O K2S2O8 20–22 
AA PEI H2O K2S2O8 23 
AA PEG H2O K2S2O8 15 
AA PEG H2O/methanol K2S2O8 15 
AA PEI H2O/aceton AIBN + hν 24 
AA P(4VPy) Methanol AIBN 25, 26 
MA PEG H2O K2S2O8 15 
MA PEG H2O/methanol K2S2O8 15 
MA PEG H2O K2S2O8 + hν 27 
MA PVP H2O  UO2SO4 + hν 28 
MA P(4VPy) Methanol AIBN 25, 26 
MA P(2VPy) Methanol AIBN 29, 30 

are week. However, a strong complex can be obtained only if 
the growing radical from PAA reaches a critical length. Such 
cooperative interaction was studied in Reference 15. 

It is well known that polymerization of itaconic acid is more 
difficult than that of AA or MAA. However, template polymer
ization of itaconic acid in the presence of PEG was described.31 

The structure of the complex obtained was compared with the 
complex formed by mixing poly(itaconic acid) with PEG. It was 
found that complexes prepared by template polymerization 
have a stronger hydrogen bonding and more ordered structure. 

The next case, where absorption of monomer is strong and 
polymerization occurs according to the ‘zip mechanism’, can be 
observed in the system examined by Blumstein and Kakivaya.32 

Low-molecular-weight ionenes are used as a template for 
template polymerization of strong acidic monomers. 

Electrostatic attraction leads to the stable complex between 
the template and the monomer. 

The template polymerization of methacrylate monomers 
containing nucleic acid base was studied in the presence of 
the template polymer containing complementary nucleic acid 
bases.33,34 Four monomers N-β-methacryloylethyl derivatives 
of adenine (MAOA), thymine (MAOT), uracil (MAOU), and 
theophylline (MAOThe) were synthesized. Atactic polymers 
were obtained from these monomers by radical polymerization 
initiated by azobisiso butyronitrile (AIBN) in dimethylsulfox
ide (DMSO) solution and used as templates. 

he rate of polymerization was found to accelerate when the 
lementary polymer was present. For instance, the rate of 

polymerization MAOA in pyridine solution in the presence 
of poly-MAOT is about 4 times higher than that in the absence 
of the template. 

For the template polymerization of monomer containing 
uracil on the polymer containing adenine, it was found that 
interaction between adenine and uracil is not strong and mono
mer cannot interact with the polymer, but growing oligomer 
and the polymer containing uracil can form the complex with 
the template polymer containing adenine (pick-up model). 

It was found that stereoregularity of the template plays an 
important role in the process. In a set of experiments, it was 
shown that the template effect is dependent on the tacticity of 
the template and also on the solvent used. 

Polymerization of monomers containing nucleic acid bases 
groups was examined in the case where block copolymer was 
used as a template.35 

Methacrylates with adenine (MA) and thymine (MT) groups 
connected with propyl spacer were synthesized. Copolymer with 
blocks of methacrylate with thymine units (MT) and blocks of 
polyethylene glycol was obtained by atom transfer radical poly
merization (ATRP). Copolymer (PEG-b-oligo MT) was used as a 
template in polymerization of thymine monomer and adenine 
monomer. Polymerization was carried out using ATRP method 
with DMSO as a solvent. As expected, monomer with thymine 
groups did not show polymerization enhancement when copoly
mer with thymine groups was present. A significant enhancement 
of polymerization rate was observed when monomer with adenine 
groups was used. This template effect connected with well-known 
interaction between adenine–thymine groups was stronger for 
higher template to monomer concentration ratio. The rate accel
eration in this case is, according to the authors, a result of a specific 
interaction between adenine and thymine moieties. 

In some cases, the template has the same chemical compo
sition as daughter polymer. In the first case with the 
polymerization of methyl methacrylate (MMA) onto isotactic 
poly(methyl methacrylate) (PMMA), it was found that daugh
ter polymer is preferentially syndiotactic.36–38 This interesting 
fact was explained by earlier known possibility of stereocom
plex formation between iso- and syndiotactic PMMAs. 
Moreover, very interesting kinetic effects were observed in this 
system. Comparison of results obtained for blank and template 

(c) 2013 Elsevier Inc. All Rights Reserved.
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polymerizations leads to the conclusion that the most impor
tant difference is in radical lifetime of radicals, which is almost 
8 times longer for a template process than a blank one. It leads 
to 2 orders of magnitude lower termination constant. 

Polymerization of MMA in the presence of syndiotactic 
PMMA was also reported.39 It was found that interaction 
between growing chains and the template is, in this case, not 
so strong and template influence is not as pronounced as in the 
case of isotactic template. 

Matsuzaki et al.40 used deuterated syndiotactic PMMA as a 
template for polymerization of MMA. In this case, measurements 
of tacticity of daughter polymer by 1H NMR spectroscopy leads 
to the conclusion that the stereoeffect is negligible. 

Other examples were described by Chapiro and Delieu.41 The 
authors paid attention to the unusual behavior of polymeriza
tion of AA in different solvents. It is well known that organic 
acids form dimeric complexes by hydrogen bonds. The authors 
assumed that molecules of AA can take four forms as free mono
mer, cyclic dimer, linear oligomer, and monomer associated 
with polymeric template, depending on the nature of the solvent 
used, temperature, and concentration. 

In pure AA and in water, dioxane, and methanol, which the 
authors call the first group of solvents, linear oligomers are 
stabilized by selective hydrogen bonds. In toluene, chloroform, 
and CCl4 (second group of solvents), equilibrium of associa
tion is shifted from linear oligomers to cyclic dimers. Linear 
oligomer structure, appearing in pure monomer and in sol
vents of the first group, facilitates organization of monomer 
molecules by polymer formed in the very early stages of poly
merization. It leads to a structure organized below. 

It was shown that the autoaccelerated character of AA poly
merization is strictly correlated with such a form of monomer 
organization. The authors assumed that in such structures, a 
fast ‘zip-up’ propagation takes place along oriented double 
bonds. 

A similar phenomenon was found for bulk polymerization 
of acrylonitrile initiated by gamma radiation and was described 
by Chapiro et al.42 

The template mechanism was suggested by the authors for 
polymerization carried out above 60 °C. Polyacrylonitrile accu

mulated in the early stages of the reaction acts as a template to 
which monomer associates by dipole–dipole interaction. It is 
illustrated in the following formula: 

In the associates, polymerization occurs according to the 
zip-up propagation mechanism, and autoacceleration takes 
place. In the range of temperatures from 10 to 60 °C, the 
system gradually changes from one dominated by occlusion 
to one where template effect determines the kinetic behavior. 
In this temperature range, a significant posteffect occurs.42 

4.33.3.2 Multimonomers as Templates 

A special type of template polymerization takes place if mono
mer is connected with a template by covalent bonding. 
Initiation, propagation, and termination proceed in close con
tact with the template. 

Kämmerer and co-workers were the pioneers in this inves
tigation.43–45 A multimonomer with the following structure 
was prepared: 

Polymerization of the multimonomer obtained was carried 
out in a very diluted benzene solution with a high concentra
tion of AIBN used as an initiator. Such a procedure was used to 
minimize intermolecular reaction. The high concentration of 
the initiator leads to a preferential reaction between primary 
radicals with growing chains. It was proved that every oligo
meric molecule was terminated from both sides by 
cyanopropyl groups. The structure predicted by the authors 
was as follows: 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Hydrolysis of obtained products was carried out and oligo
meric polyacids with the number of units predicted were 
found. Since then, many multimonomers have been synthe
sized using the following general formula (Table 2): 

where R1 is frame group, S the spacer, and R2 the active group. 
Another example is the synthesis of a ladder polymer sug

gested by Bamford,5 but never realized in practice. According to 
his concept, active radicals in multimonomer, poly(vinyl 
methacrylate), would be created from CCl3 end groups, in the 
presence of manganese carbonyl Mn2(CO)10, by UV irradia
tion. The radicals are expected to initiate selectively at one end 
of the template. It is shown in Scheme 4. 

A similar system was examined afterward by Jantas.47 Poly 
(vinyl methacrylate) was obtained by esterification of poly 
(vinyl alcohol) with methacrylic chloride and was used as a 
template. The polymerization can be represented by the reac
tion shown in Scheme 5. 
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Table 2 Types of multimonomers 

R1 S R2 References 

43, 44 

43, 44 

46–48, 54, 

49 

50 

51 

52, 53 

O C 

3 

55 

Scheme 4 Synthesis of ladder polymer suggested by Bamford. 

Scheme 5 Polymerization of poly(vinyl methacrylate). 

The polymerization can begin at any of the groups present 
and may proceed in any direction. In other words, since the 
reactive groups are independent of one another and initiation 
occurs randomly, polymerization (zipping) leads to isolated 
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reactive groups that are both potential crosslinking sites and 
breaks in the ladder structure. Crosslinking, as an intermolecu
lar reaction, can be minimized by conducting the reaction at an 
appropriate dilution. If, however, the initiation is not random, 
but starts at one end of the template, we might expect to obtain 
a very regular ladder structure. 

Another type of multimonomer, poly(methacryloylox
yethyl methacrylate) (PMOEM), has been synthesized and 
examined.48 Selecting appropriate dilution, concentration of 
initiator, and temperature – even if initiation is random – 
polymerization leads to the ladder-type structure of the product 
as shown in the example of template polymerization of multi-
methacrylates according to the reaction presented in Scheme 6. 

Recently,54 PMOEM was synthesized in two methods: one 
was proposed by Jantas and Połowiński52 and the other was by 
esterification of poly(2-hydroxyethyl methacrylate) (PHEMA) 
with methacrylic anhydride.50 These two methods were com
pared. In both the cases, PHEMA was synthesized by ATRP. 

Latterly, ladder-like polymers were synthesized by template 
polymerization of poly(2-methacryloyloxyethyl methacrylate) 
with different degrees of ladder. The process was carried out 
also by ATRP.54 

In the next paper,55 architectural effects of ladder-like poly
mer on glass transition temperature (Tg) were examined. Also 
in this case, the template (PHEMA) was synthesized by ATRP 
and was converted to multimonomer (PMOEM) by esterifica
tion with methacryloyl chloride. PMOEM was then 
polymerized by ATRP method and ladder-type polymer was 
obtained with a different percentage of ladder-type units 
dependent on the time of reaction. Additionally, the product 
with maximum ladder-type units (more than 70%) was hydro
lyzed. It was found that glass transition temperature increases 
substantially when the degree of ladder in the product of 
template polymerization is more than 60%. According to the 
authors, the formation of a ladder-type sequence in the poly
mer was effective for improving the thermal stability with a 
small fraction of ladder-like sequence. 

Polymerization of multimonomers can be discussed in 
terms of more general problems. Inter- or intramolecular reac
tion can takes place when the monomer has more than one 
double bond. Intermolecular reaction leads to the ladder struc
ture and intermolecular reaction leads to the crosslinked or 
branched structure. Moreover, in the latter case, a part of the 
double bonds is unreacted. From the amount of double bonds 
and end-groups analysis,48,49 a contribution of template reac
tion can be estimated. The value depends on the 
polymerization conditions the structure and molecular weight 
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of multimonomer. This value seems to be a good measure for 
‘multimonomer ability’ to template polymerization. 

If the concentration of monomer used is very low, below the 
critical concentration, and concentration of initiating radicals is 
rather high, one can expect intramolecular polymerization 
leading to the product with ladder-type structure. 

It was found52 that polymerization of multiacrylates and 
multimethacrylates in dilute solutions leads to ladder-type 
polymer. Both, average molecular weight and distribution of 
molecular weights did not change up to quite a high degree of 
conversion. 

A specific class of template polymerization is connected 
with polymerization of monomers included into cyclodextrin 
(CD). This type of polymerization leads in between classical 
template polymerization and polymerization in confined 
space, which will be discussed at the end of this chapter. 
From the other side, this type of polymerization is similar to 
polymerization of multimonomers described previously. 

In a set of papers,56–60 this type of atom transfer radical 
template polymerization was described. A unique template was 
synthesized by introduction of methacryloyl groups into cyclic 
compounds like β-CD. Synthesis of β-CD with methacrylic 
groups and polymerization of the monomer are presented in 
Scheme 7. 

According to the authors,59 the arrangements of vinyl 
groups in the template monomer (macromonomer) of β-CD 
is stricter than that in a template synthesis with a linear poly
mer. β-CD is a macrocyclic compound with seven primary 
hydroxyl groups and 14 secondary hydroxyl groups on both 
sides of a ring. If 14 vinyl groups are introduced to 14 second
ary hydroxyl groups of β-CD, the vinyl groups will exist along 
one side of the ring of β-cyclidextrin. Since the maximum 
number of vinyl groups in the template monomer (macromo
nomer) of β-CD is 14, this template monomer will be suitable 
for the synthesis of oligomers. 

When AIBN was used, the degree of polymerization (DP) of 
the methacryloyl group in the template monomer was poly-
dispersed. When p-xylyl N,N-dimethyldithiocarbamate (XDC) 
or α-bromo-p-xylyl N,N-dimethyldithiocarbamate (BXDC), 
which are controlled/living radical initiators, were used at 
25 °C, the values of DP of the methacryloyl group were 13 
and 14, respectively, despite the fact that the average number 
of methacryloyl groups in the template monomer was 10.9. 
The main purpose of study59 was to investigate the effects of the 
solvent and polymerization temperature with the 1,3-dibromo-
butane/HMTEMA/CuBr. ATRP initiator system on the template 
monomer.58 It was found that the inclusion of toluene to the 

Scheme 6 Polymerization of poly(methacryloyloxyethyl methacrylate). 
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Scheme 7 Synthesis and polymerization of β-cyclodextrin with methacrylic groups. 

template monomer with 10,6-vinyl groups improved the con
version due to the prevention of the inclusion of vinyl groups 
into the β-CD ring of the template monomer. In the next 
article,64 a multivinyl template monomer with 
20,4-methacryloyl groups was synthesized with β-CD by ester
ification of hydroxyl groups with methacrylic anhydride. ATRP 
of the template monomer was carried out. In the optimal case, 
the conversion of the vinyl groups was 21.1%. ATRP with 
methyl 2-bromopropionate – 2,2′-dipyridyl and CuBr as initia
tors, a ligand and a catalyst, respectively – was carried out. It 
was found that the molecular weight distribution of MAA 
oligomers obtained after hydrolysis was bimodal. DPs of the 
oligomers were 7 and 14. To strictly control the polymeriza
tion, the number of vinyl groups in the template monomer 
should be monodispersed. However, it was stereochemically 
difficult to synthesize the β-CD template monomer with 7.0 
and 14.0 vinyl groups introduced into primary and secondary 
hydroxyl groups, respectively, in a good yield. Also, it was 
impossible to obtain the template monomer with 21 vinyl 
groups. The template monomer with 20.4 vinyl groups would 
be a mixture of template monomer with 21 vinyl groups and 
the template monomer with less than 20 vinyl groups. 

Luck of the distribution of number of vinyl groups in the 
template monomer is important to clarify the effect of the 
template structure on the template polymerization. 

In the next paper,59 synthesis of cyclic poly(methacrylic 
acid) oligomers was described. Cyclization of oligo(methacry
loyl) groups in template monomer of β-CD was investigated. It 

was found that cyclization by 1,3-diaminopropane oligomers 
obtained by ATRP with 1,3-dibromopropan as an initiator 
leads to cyclic oligomers. 

In the next paper,60 cyclic novolac with 24 OH groups, 
called ‘Noria’, was used as a template. As in previous papers, 
OH groups were estrificated in order to have multivinyl mono
mer. The average number of vinyl groups per molecule 
determined by 1H NMR spectroscopy was 23.8. 
Polymerization of such prepared multimonomer was carried 
out by ATRP technique in methanol using methyl 
2-bromopropionate, tris[2-(dimethylamino)ethyl]amine and 
CuBr. After hydrolysis, oligo(methacrylic acid) was analyzed 
by matrix associated laser desorption ionisation with time of 
flight (MALDI-TOF) technique. It was found that the polymer
ized product was a mixture of oligomers with different DP. 
However, it was unusual that DPs were only odd numbers. 
This unusual phenomenon would be connected with the spe
cific structure of the template used. 

4.33.3.3 Kinetics of the Radical Template Polymerization 

Many factors that can influence the kinetics of the template 
polymerization can lead to effects similar to the ‘template 
effect’. The increase of the reaction rate is known as the 
‘Tromsdorff effect’ or ‘gel effect’. The polymerization classified 
as the ‘template process’ often proceeds in a nonhomoge
neous system, for instance, with precipitation of the complex 
formed. Some authors explain the ‘template effect’21,26 by a 
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change in ‘local concentration’ only. As was demonstrated,61 

if the monomer is distributed into two parts – inside template 
coils and in a ‘free’ volume – the kinetic equation can be 
transformed into the conventional form, providing that the 
concentration of the template is lower than the critical con
centration. Quite a different polymerization mechanism may 
exist in a given template system above and below the critical 
template polymer concentration. In the latter case, polymer
ization can proceed inside the template coil and in a ‘free’ 
solution. 

A critical inspection of the kinetic results in template poly
merization is very important. The rate of template 
polymerization should be compared not only to the polymer
ization rate of the same monomer in the same solvent, but also 
with the system in which the low-molecular-weight analog of 
the template is present. The presence of an ‘additional’ sub
stance (such as a template) in the polymerizing system can 
influence many processes as a chain transfer to polymer, 
which leads to grafting, selective sorption of initiating system, 
or changing monomer–dimmer equilibrium in the case of 
monomeric acids. It seems necessary to apply methods other 
than kinetics to ensure that the template influences the poly
merization process on the ‘molecular level’, to compare the 

process with the low-molecular-weight analog and analyze all 
additional effects. 

Nevertheless, an enhancement of the reaction rate is, in fact, 
the most pronounced effect of template polymerization. For 
many systems, a conventional kinetic equation has been 
applied. 

d½M� 
− ¼ Kov ½I�n½M�n ½2� 

dt 

However, it was found that, in many cases, the template influ
ences not only the rate constant (Kov) but also n and m in the 
kinetic equation. It is illustrated in Table 3. 

In order to estimate kinetic constants for elementary pro
cesses in template polymerization, two general approaches can 
be applied. The first one is based on the measurement of photo-
polymerization rate in a nonstationary state by rotating sector 
procedure.64 The second one is based on the polymerization 
generalized by kinetic model,65,66 results of such experiments 
for polymerization of MAA are presented in the Table 4 

As we can see, the presence of template influences the rate 
constants of elementary processes kp and kt. In comparison 
with the polymerization without template (blank reaction), kt 
for template polymerization is lower to a few orders of 

Table 3 Examples of n and m for template polymerization acrylic or methacrylic acid 

Monomer Template Solvent Initiator n m Reference 

Acrylic acid Poly(ethylene glycol) H2O K2S2O8 0.7 1.1 15 
Acrylic acid Poly(ethylene glycol) H2O + 50% methanol K2S2O8 0.7 - 15 
Acrylic acid Poly(vinyl pyrrolidone) H2O K2S2O8 1 1.5 20 
Acrylic acid Poly(vinyl pyrrolidone) H2O K2S2O8 22 
Acrylic acid Poly(vinyl pyrrolidone) H2O K2S2O8 0.5 1.9 21 
Acrylic acid Poly(ethylene imine) H2O K2S2O8 1 1 23 
Methacrylic acid Poly(ethylene glycol) H2O K2S2O8 0.7 1 15 
Methacrylic acid Poly(ethylene glycol) H2O + 50% methanol K2S2O8 15 
Methacrylic acid Poly(ethylene glycol) H2O  Na2S2OP

8 0.5 1 27 
Methacrylic acid Poly(vinyl pyrrolidone) H2O  UO2SOP

4 0.5 1 28 
Methacrylic acid Poly(vinyl pyrrolidone) H2O K2S2O8 0–0.5 1.5 62 
Methacrylic acid ionene H2O K2S2O8 0.8 0.3–0.9C 63 
p-styrene sulfonic acid ionene H2O+ isopropanol AIBN 1 1 32 

P, photoinitiation; C, dependent on the concentration. 

Table 4 Rate constants of elementary processes for methacrylic acid template polymerization 

Temp. kp kt 
Solvent ( °C) Template Initiator (l mol.−1 s) (l mol.−1 s) kp/(kt)0.5 Reference 

Water 25 Blank Photo 22.6 � 102 3.2 � 106 1.2 65 
Water 25 PDMAa Photo 52.5 2.2 � 103 1.1 65 
Water 25 PVPb Photo 24.7 4.3 � 102 1.2 65 
Water 25 PVPc Photo 29.2 2.4 � 102 1.9 65 
DMF 30 Blank AIBN 70.0 5.0 � 106 0.03 66 
DMF 30 P2VPy AIBN 50.0* 1.1 � 102** 1.5 66 
Methanol 60 Blank AIBN 30 � 103 40 � 106 4.7 61 
Methanol 60 P4VPy AIBN 22.5 � 103* 20 � 104** 50.3 61 

aPD = 50.
 
bPD = 52.
 
cPD = 8860.
 
*for ‘pick up’ reaction;
 
**for template–template termination.
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magnitude. Also kp is lower in the examined systems, but k 2
p /kt 

is sometimes almost the same as for polymerization without 
template. This example leads to the conclusion that even if the 
ratio of overall rate of template polymerization to blank poly
merization is unity, template mechanism of reaction can be 
accepted. 

Kinetics of template polymerization of multimonomers 
seems to be more complicated. 

Assuming that it is possible to apply classical kinetic equa
tion for polymerization of multiacrylates and 
multimethacrylates, exponents ‘m’ and ‘n’ were found to be 1 
and 0.25, respectively. 

Quite unusual reaction order in respect to initiator suggests 
that termination reaction is more complicated than that in con
ventional polymerization. The process of radical termination by 
electron paramagnetic resonance (EPR) technique.68,69 EPR spec
tra for multimethacrylate in dioxane, after illumination of UV for 
5 min and then switching off the light source were recorded. 

It was found that radicals are very stable. After 1 h, there 
were still 60% of radicals. The calculated rate constant for 
termination reaction was found to be 11.8 l mol.−1 s. 
Accepting this value and assuming a stationary state, kp and kt 
can be calculated. The results are compared with the values for 
MMA polymerization. 

The results presented in Table 5 show the same tendency as 
presented in Table 4. Both kp and kt are much lower in template 
polymerization. However, presented calculations are very sim
plified. It is difficult to accept a stationary state in this process as 
well as a conventional kinetic equation. Moreover, it was 
found67 that the reaction is not a second order, but in order 
to describe the kinetics a dispersive kinetic equation should be 
applied. On the basis of these data, we can conclude that in 
template polymerization, both rate constants, for propagation 
and termination, are lower than that in a conventional process. 

It is probably connected with the fact that conformational 
rotation is needed for propagation as well as for radicals termi
nation onto template. 

Recently, Oral and Pepas69 described the investigation of 
template polymerization in the system 2-hydroxyethyl metha
crylate (PEG) with glucose as an imprinting compound. In the 
course of the crosslinking, reaction occurs. Effects of template 
concentration on the conversion and polymerization rate were 
investigated. The polymerization kinetics of networks 
imprinted with glucose and nonimprinted networks were 
examined, and a significant effects on the conversion and poly
merization rate of imprinted polymers were observed and were 
compared to nonimprinted ones. An initial decrease in rate was 
observed followed by a slight autoacceleration effect in the 
polymerization of imprinted polymers prepared with 
fast-curing initiator and a mixture of fast-curing initiator and 
iniferter. The influence of various possibilities of hydrogen 
bonding between components of the examined system was 

Table 5 Rate constants for methyl methacrylate and 
multimethacrylate polymerization 

Monomer kp kt /(kt)
1/2 kp

Methyl methacrylate 310 66 �  106 3.8 �  10−2

Multimethacrylate 0.427 11.8 12.4 �  10−2

discussed. From the presented results, one can see how many 
factors influence the kinetics of template polymerization. 

4.33.3.4 Radical Template Copolymerization 

In the literature, there is less information about template copo
lymerization than about template homopolymerization. 
However, the process seems to be very interesting on account 
of the fact that a template can influence not only the molecular 
weight and tacticity of the daughter polymer but also the 
composition and distribution of units in the copolymer 
macromolecule. 

In principle, template copolymerization can be realized 
according to different reaction types as template copolycondensa
tion, template copolyaddition, ring-opening copolymerization, 
and radical or ionic copolymerization. However, radical template 
copolymerization is slightly more elaborated. The process of tem
plate copolymerization can be classified from the point of view of 
structure of the template. We can make a distinction between two 
cases: whether the template is a homopolymer or a copolymer. An 
important role in the process of template copolymerization plays 
a difference in interactions between the template and two 
comonomers. 

It is known that the composition and the distribution of 
units in simple copolymerization is controlled mainly by the 
propagation process. From this point of view, equations have 
been formulated70 concerning how the reactivity ratios depend 
on the template concentration and individual reactivity rate 
constants of monomers taking part in the template copolymer
ization process. 

These equations take into consideration the concentrations 
of radicals bonded with the template (denoted by [A*] and 
[B*]) and nonbonded ([A�] and [B�]). The equations were 
formulated with the assumption that the process sorption– 
desorption of radicals onto template is reversible with equili
brium constants KA and KB: 

A� þ T A�  
↔

½A�
KA ¼ 

�
3  ½A��½T  
½ ��

 B�  
B� þ T↔B� KB ¼ 

½ �
4  ½B� T
½�½ � �

� k þ K
1

½T�k
r  ¼ AA A A�A 5

kAB 
½ � þ KA ½T�kA�B 

 kBB þ KB½T�k �
r2
�
 ¼ B B 6

kBA þ KB½T A
½�kB�  
�

These equations indicate that the reactivity ratios are depen
dent on the concentration of template used [T], as well as on 
the interactions between the templates and monomers (KA and 
KB). The interactions are dependent on the solvent used in the 
process of copolymerization. It seems that this statement can 
be generalized.71 Consequently, the template influences the 
average number of units in a sequence lA and lB . From the 
general rules concerning radical copolymerization: 

x  r
l B
A  1and

þ¼ rAx þ lB ¼ 7
x 

½ � 

In many papers,70,72 it was found that the presence of tem
plate changes the sequence length in the copolymer obtained. 
The simplest case is when both monomers are interacting with 
the template, forming the complex (Scheme 8). 
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Scheme 8 Template copolymerization when both monomers are interacting with the template. 

For copolymerization of AA with MAA in the presence of 
PEG in toluene and in benzene, the template effect was 
described in Reference 73. Template copolymerization was 
carried out with the equimolar quantity of acid groups present 
in the reaction mixture and PEG units. For different molar 
ratios of MAA to AA, it was found that the relation proposed 
by Kelen–Tüdös equation was fulfilled. Reactivity ratios change 
from 2.12 and 0.42 (without the template) to 2.64 and 0.2 
(with template) for toluene and 2.77 and 0.29 for benzene 
used as a solvent, respectively. 

In the next paper,74 copolymerization of MAA with MMA 
was carried out in the presence of PEG. In this case, according to 
the authors, both monomers can create hydrogen bonds with 
the template. Reactivity ratios r1 (for MMA) and r2 (for MAA) 
were 0.10 and 2.10, respectively. For copolymerization without 
template, r1 = 0.55 and r2 = 1.50. 

Copolymerization of acrylamide with MAA in the presence 
of poly(alkylammonium chloride) as a template was 
described by Liu and co-workers.75 Microstructure of copoly
mer obtained by template polymerization, containing also 
phenoxy acrylate, was examined by 1H NMR spectroscopy. 
Copolymerization was carried out in aqueous solutions with 
different pH. Dependence of hydrogen bonds between acry
lamide blocks and MAA blocks on pH value of the solution 
was discussed in detail. 

It was observed76 that in the copolymerization AA with 
HEMA, the AA reaction rate is greater in the presence of PVP) 
compared with blanc copolymerization while the HEMA 
reaction rate is slightly lower. It can be stated that for the 
same conversion, the content of AA will be higher and any
way the medium length of sequences of HEMA will be 
shorter in the copolymer obtained in the presence of the 
template. 

In conclusion, the obtained results clearly show that the 
presence of PVP as a template in the reaction environment 
influences the reactivity of the two monomers and therefore 
the structure of the produced copolymer. 

An example of the case that the interaction with the tem
plate differs substantially for two comonomers is illustrated in 
Scheme 9. 

This case was described by O’Driscoll and Capek.77 

Examining copolymerization of MMA with styrene in the pre
sence of isotactic PMMA, it was found that a small amount of 
styrene destroys any template effect. 

The next example deals with copolymerization of MAA with 
styrene in the presence of PEG.70 It was assumed that, in this 
case, only MAA can interact with the template. 

However, intermediate cases were described in which the 
conventional Mayo–Lewis equation is fulfilled, but reactivity 
ratios r1 and r2 depend on the template concentration. 

Template copolymerization of styrene and MAA was exam
ined by Frisch and Xu.72 As a template, P2VP was used. Using 
1H NMR and 13C NMR compositions, sequence lengths and 
sequence distribution for copolymer obtained with various 
feed composition were determined. It was found that the tem
plate had little, if any, effect on the molecular weight, 
composition, or glass transition temperature of the copoly
mers. However, copolymers with significantly longer block 
lengths of both styrene and MAA units were created with com
parison with copolymerization without template. The 
influence of solvents on apparent reactivity ratios was 
described by Chapiro.78 The author found that in the case of 
polar monomers, copolymerization reactivity ratios strongly 
depend on the type of solvent. It can be explained by assump
tion that the copolymer formed takes the template into further 
steps of the copolymerization. 

It is shown in the case of AA that a solvent mixture that 
enhanced the ‘matrix effect’ in the homopolymerization of this 
monomer also favors its introduction in the copolymer with 
methyl acrylate. It was also found that the apparent reactivity 
ratios are particularly sensitive to solvent in copolymerizations 
involving acrylamide. 

Template phenomena in synthesis of block and graft copo
lymers were discussed in Reference 79. The authors paid 
attention to ‘template effects’ observed in the case of synthesis 
of block and graft copolymers with cooperatively interacting 
polymer components. Grafting of MAA onto starch, initiated 
by a redox system with CeIV, described in Reference 80 is an 
example. The rate of the graft propagation was found to be 
10 times higher than that of MAA homopolymerization. Later 
publications dealing with kinetic investigation of grafting acry
lamide onto poly(vinyl alcohol) initiated in the presence of 
CeVI confirm, according to the authors, the hypothesis about 
the template character of the graft copolymerization. 

Very few systems, beyond the polymerase chain reaction 
(PCR) method mention in the ‘introduction’ have been studied 
in which two comonomers are polymerized in the presence of 
copolymer template. It is illustrated in Scheme 10. 

Scheme 9 Template copolymerization when only monomer A is interacting with the template. 
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Scheme 10 Template copolymerization when monomer A is interacting with unit X and monomer B with unit Y. 

Monomer A is interacting with unit X and monomer B with 
unit Y. 

Ferguson and McLeod81 described polymerization in which 
copolymer with interacting and noninteracting groups was 
used as a template, but only one monomer – AA – was used. 

The separate category of template copolymerization is when 
at least one of the comonomers is a multimonomer (i.e., react
ing units are connected with the template by covalent bonds). 

The early work on the copolymerization of multimonomers 
with vinyl monomers employed p-cresol formaldehyde resins, 
esterified by methacryloyl chloride or acryloyl chloride as one 
of the comonomers, and simple vinyl monomer such as 

styrene,82 acrylonitrile,83 p-cresyl methacrylate,84 and other 
monomers. Multimonomers were fractionated in order to 
have sharp fractions with a number of units 3 (molecular 
weight 334 g mol.−1) (M3) and 8 units (mol. weight 
960 g mol.−1) (M8). Copolymerization of the multimonomers 
with styrene was carried out for different compositions of 
reacting mixture, and reactivity ratios were calculated and com
pared with reactivity ratios for copolymerization styrene with 
p-cresyl methacrylate (analog with one ‘unit’). The obtained 
product was hydrolyzed, and, after treating, diazomethane 
copolymer poly(methyl methacrylate-co-styrene) was obtained 
and analyzed. It is presented in Scheme 11. 

Scheme 11 Synthesis of poly(methyl methacrylate-b-styrene). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 12 Synthesis of ladder block copolymer. 

Another case occurs if there are two different templates 
connected by covalent bonds with monomeric units. In other 
words, it is a copolymerization of two different multimono
mers, described in Reference 85. One multimonomer was 
prepared from poly(vinyl alcohol) and the another one from 
cresyl-formaldehyde resin (Scheme 12). 

Copolymerization of the multimonomers was carried out in 
a dilute solution in DMF at 90 °C using AIBN as an initiator. 
The copolymerization product was soluble in DMF and in 
chloroform. Hydrolysis of the copolymer obtained, followed 
by separation and analysis showed that one of the products of 
the hydrolysis is poly(vinyl alcohol) with a molecular weight 
similar to that of the initial PVA. 

All these findings lead to the conclusion that by the copo
lymerization of two different multimonomers, a copolymer 
with two ladder-type blocks can be obtained. 

4.33.4 Template Polycondensation 

Conventional high-temperature polycondensation makes 
ordering of monomers along the template difficult. However, 
the interesting possibility of template polycondensation has 
been connected with a set of monomers synthesized by Ogata 
and co-workers.86,87 Diesters with β-heteroatoms (X) like O, S, 
SO2, N, and P or nuclei like furan, tiophen, pyridine, and 
pyrazine with a general formula: R′OOCCH2CH2X–R– 
XCH2CH2COOR′ were obtained. Polycondensation of such 
diesters with hexamethylenediamine proceeds in solution 
under mild conditions at relatively low temperature. 

Template polycondensation of such monomers in the pre
sence of P2VP and poly(4-vinylpyridine) (P4VP),88 poly 
(vinylpyrrolidone), poly(vinyl alcohol), and others was 
described.89–91 The most interesting results obtained were by 
examining the template polycondensation of two monomers: 
diethyl tartrate (A) and dimethyl mucate (B) or diethyl 
mucate (DEM). 

Results described in Reference 88 indicate that the rate of 
polycondensation of DEM with hexamethyldiamine (HMD) 
was rarely enhanced by the presence of P4VP. Similarly, the 
rate of polycondensation of DEM with HMD in the presence of 
P4VP was only slightly higher than that in the absence of the 
template. However, in this case, it was found that polymeriza
tion yielded a polyamide with much higher molecular weight 
than those in the presence of P2VP or in the absence of P4VP. 

In Reference 89, polycondensation of dimethyl teartrate 
(DMT) with HMD in the presence of various templates was 
described. 

In the case where poly(vinylpyrrolidone) (PVP) was used as 
template, it was observed that the polycondensation rate was 
higher than that in the presence of N-methyl-2-pyrrolidone 
(low molecular analog) and in the absence of a template. It 
was also found that the rate enhancement due to the PVP 
templates becomes more pronounced with an increase in the 
molecular weight of PVP. Experiments carried out at various 
concentrations of PVP lead, according to the authors, to the 
conclusion that in this case the effect of excluded volume might 
be negligible. Interesting results were obtained by examination 
of polysaccharides’ influence on the rate of the process. Linear 
polysaccharide (Pullulan) PF with molecular weight 
Mw = 10 000 and 30 000, for β-CD and saccharose, respectively, 
was used. The results indicated that the polycondensation reac
tion in DMSO was greatly accelerated by the addition of 
templates in the following order: 

PFðMw	 ¼ 30000Þ > PFðMw ¼ 10000Þ > saccharose > β−CD 
> none 

Polycondensation of diethyl tartrate (A) and dimethyl 
mucate (B) in dimethyl sulfoxide in the presence of poly 
(vinyl alcohol) was slightly enhanced in comparison to the 
reaction in the presence of low molecular compounds such as 
glycerol or izopropanol. 

In a separate paper,91 molecular weight control in polycon
densation of hydroxyl diesters with hexamethylenediamine by 
poly(vinylpyridine) was described. It was found that addition 
of P4VP increased the molecular weight of the resulting poly
amide to a higher extent than P2VP and the molecular weight 
of the resulting polyamides could be controlled according 
to the molecular weight of P4VPy. Using copolymer 
4-vinylpyridine-co-styren as a template, it was found that the 
presence of this copolymer also affected the molecular weight 
of the polyamide, which increased with increasing pyridine 
groups in the copolymer. 

In the next paper in this set,90 polymerization of diethyl 
chelidonate (DEC) w ith d iamines i n  the presence of  
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high-molecular-weight (Mn = 1.3  � 106) polyvinylcarbazole 
(PVK) was described. 

It was expected that DEC forms a charge transfer complex 
with poly(vinylcarbazole). Indeed, a significant increase in the 
template polycondensation rate was observed. The reaction 
was carried out in dioxane at 30 °C and it was found that the 
rate of reaction increased with template concentration. An 
interesting retardation effect was observed if N-ethylcarbazole 
(EK) (a low-molecular-weight analogue) was present. This 
effect can be explained, according to the authors, by the forma
tion of a strong and stable charge transfer complex between 
DEC and EC. 

Moreover, it was found that polycondensation of DEC with 
HMD in the presence of PVK was accelerated by the UV radia
tion probably owing to the transfer of light energy. 

A new type of polycondensation by means of phosphorus 
compounds in mild conditions was described by Higashi and 
co-workers92–95 and template effects were observed. The synth
esis of polyamidation of polyamides by direct polyamidation 
of terephthalic acid with 4,4′-diaminodiphenylmethan was 
examined. P2VP, P4VP, poly(vinylpyrrolidone), and PEO 
were used as templates. For example, it was found that poly 
(terephthalamides) prepared from p-phenylenediamine and 
4,4′-diaminodiphenylsulfone in the presence of PVP have 
much higher molecular weight than the same polymer 
obtained by a direct polycondensation reaction. 

Several aromatic polyamides from aromatic dicarboxylic 
acids and diamines were prepared by polycondensation in the 
presence of P2VP, P4VP, and PEO and it was found that the 
template increased the molecular weight of the polymer 
obtained. 

This type of template polycondensation was applied to the 
preparation of polypeptides directly from free amino acids. It 
was found, for instance, that an increase in the amount of PVP 
template in polycondensation of L-leucine lead to the increase 
of molecular weight of polyleucine obtained. Also, increasing 
the molecular weight of the template from 1 � 104 to 3.6 � 105 

increased the obtained molecular weight of polyleucine more 
than 30 times. 

An interesting method of polycondensation was described 
by Hattori et al.96 Di-p-nitrophenyl methylsuccinate with 

thymine or theophylline groups was condensed with pipera
zine. The reaction was carried out in a pyridine/methylene 
chloride mixture or DMF in the presence of a copolymer of 
styrene and styrene derivatives with adenine groups as a tem
plate. The strong interaction between complementary groups – 
adenine in the template and thymine in the monomer – was 
confirmed by IR and the NMR techniques. 

It was found that depending on the percentage of adenine 
groups in the copolymer, the rate of reaction was different. For 
a monomer with thymine groups, the maximum acceleration 
appears in about 50% of adenine groups in the template copo
lymer and in the ratio of 1:1 monomer to the template. 

A template polycondensation of urea with formaldehyde in 
the presence of AA was published by Papisov and 
Litmanovich.97 The authors suggested that a complex with 
polyacid is formed during the reaction. The complex has a 
different structure than urea-formaldehyde resin mixed with 
PAA. If during the reaction the pH is kept below 3.7, NH2 

groups are present in the obtained polycomplex. The presence 
of NH2 groups was confirmed by the presence of 3440 cm−1 in 
the IR spectrum. In the absence of PAA, polycondensation leads 
to the structure –CH2–NH–CO–NH–. The authors explained 
the mechanism of the template reaction by assuming an inter
action between carboxylic groups and urea. Indeed, it is known 
that hydrogen bonds are formed in such a system, and the 
reaction shown in Scheme 13 is obtained. 

In our work,98 the process of template copolycondensation 
was the subject of an investigation using urea and thiourea as 
co-reagents. It was expected that, similar to the reaction 
described by Papisov, copolycondensation in the presence of 
PAA would proceed according to Scheme 14. 

A set of experiments was carried out at 25 °C. The reacting 
mixture after stirring for 4 h was kept for 7 days. The precipi
tated complex was centrifuged, washed a few times with water 
and dried in vacuum. From the results of the elemental analy
sis, the percent of thiourea in the product was calculated. As can 
be seen from the results, the percentage of thiourea in the 
product was similar to the percentage of thiourea in the mono
mer mixture. From the elemental analysis and IR spectrometry, 
it was proved that the thiourea is incorporated into the product; 
however, the thiourea percentage in the product is slightly 
lower than that in the monomer mixture. 

The hydrolysis and then condensation of tetraacetoxysilane 
in the presence of PEG as a template were examined.99 Stable 
interpolymer complex of poly(silicic acid) with PEG was 
obtained. 

The template polymerization of the monomers, containing 
nucleic acid bases on the complementary template polymer 
was examined by Shimidzu et al.100 The crosslinked P4VP 
containing adenine or thymine groups was used as a template. 

Scheme 13 Template polycondensation of urea. 

(c) 2013 Elsevier Inc. All Rights Reserved.



H H H OO O 
H2C CH C H C 

OO O 
NH N H3C N 

OO O H 

NCA NCA NCA 

CH2 CH CH2 CH CH2 CH CH CH 2 

C C C C 

O OH O  OH  O OH O  OH  CH2O 

H O H S 
H N C H N C 

NH2 NH2 

H O H S 
H N C H N C 

N CH2 N 

CH3 CH3 CH3 CH3 CH3
 

HO Si OH
 HO Si O Si O Si O Si OH 
CH2 CH2 CH CH

2 CH 2 2 
CH2 CH2 CH CH

2 CH 2 2 
CH2 CH2 CH CH

2 CH 2 2 
O O O O O 

NH NH NH NH NH 
O O O OO 

O O OO O 
NH NHNH NH NH 

O O O OO 
CH2 CH CH

2 CH 22 CH2 
CH2 CH2 CH CH

2 CH 2 2 
CH2 CH2 CH CH

2 CH 2 2 
HO Si OH Si HO Si O Si O Si OHO 

CH3 CH CH
3 CH 33 CH3 

Template Polymerization 847 

Scheme 14 Template copolycondensation of urea and thiourea. 

Complementary nucleotides as quaternized pyridine deriva
tives were used as monomers. As a product of a template 
reaction, oligonucleotides were obtained with the structure 
complementary to the structure of the template used. 

An unique template process leading to the synthesis of 
ladder-like polymethylsiloxanes was proposed by Tang and 
co-workers.101 In the first step of the synthesis, N,N′-bis (4-[3
(diethoxymethylsilyl)propoxy]-phenyl]terephthalamide was 
obtained, named by the authors monomer (M). In the next 
step, diethoxymethylsilyl groups were hydrolyzed in order to 
obtain silanol groups. Such a prepared compound can be 
assembled into a stable complex through the interaction of 
amido bonding (C=O…NH) and silanol bonding (H…OH). 
Then, via a dehydration condensation reaction, an oligomer 
was formed and further condensed using concentrated H2SO4 

into an ordered ladder-like polymethylsiloxane. The last state 
of the process is illustrated in Scheme 15. 

Scheme 15 Synthesis of ladder-type oligosiloxanes. 

The product obtained was soluble in DMSO and analyzed 
in order to confirm the structure shown in Scheme 15. 

A variety of characterization techniques such as 1H NMR, 
29Si NMR, FT-IR spectrometry, and others confirm the 
structure. 

A similar type of reaction was described by Guo and co
workers.102 The ladder-type polymethylsiloxane was synthe
sized on the basis of hydroquinone H-bond-induced 
self-assembling as presented in Scheme 16. 

Recently, the synthesis of a similar type of ladder polysilox
anes described in Reference 102 was reported,103 but 
hydroquinone groups were changed to 9,10-diphenylanthryl 
groups. 

4.33.5 Ring-Opening Template Polymerization 

The application of template ring-opening polymerization for 
polypeptide synthesis was reported by Ballard and Bamford.104 

The substrate for the synthesis was N-carboxy-α-amino acid 
anhydrides (NCA). 

For instance, the first step consists of the reaction of pheny
lalanine NCA with secondary amine. In the course of the 
reaction, decarboxylation occurs (Scheme 17). 

The product containing the amine group is an initiator for 
the next NCA molecule. The ring-opening process and the 
elimination of CO2 proceed as a chain reaction yields the 
polypeptide. If a polypeptide containing a terminal base 
group with secondary amine is used as initiator with the NCA 
of different α-amino acid, the product is a block copolymer. 

Unusual features were reported in Reference 104 when 
polysarcosine dimethylamide with the formula: H[N(CH3) 
CH2CO)]nN(CH3)2 was used to initiate polymerization of 
DL-phenylalanine NCA. The initial rate of reaction in nitroben
zene solution at 15 °C was found to depend on the chain 
length (n) of the initiating polymer. For instance, for n = 30, 
the rate was more than 10 times higher than that for n = 1 (low
molecular-weight analog). This statement leads to the conclu
sion that the process is a template polymerization connected to 
the interaction between polysacrosine unit and molecule 
of phenylalanine NCA. This interaction can be illustrated as 
follows: 
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Scheme 16 Polycondensation of methylosiloxanes with hydroquinone groups. 

Scheme 17 Reaction of phenylalanine NCA with secondary amine. 

These types of interactions were confirmed by IR analysis by 
examination of the N–H stretching vibrations in monomer end 
C=O stretching vibrations of the polysarcosine groups. In any 
step of the reaction, the monomer molecule was adsorbed onto 
polysacrosine. It was proved by the authors that the rate of the 
reaction depended on the type of solvent used. The smaller the 
interaction, for instance, in N,N-DMF, the smaller the chain 
effect. 

Valuable experimental material about polymerization of 
many different N-carboxyanhydrides initiated by 
many different polypeptides105–107 as well as by poly 
(vinylpyridine)108,109,110 was accumulated by Imanishi et al. 

Using polysarcosine with a different DP as an initiator, and 
a template, of polymerization of DL-phenylalanine NCA, the 
authors found that the rate of reaction was much faster than 
those initiated by corresponding low-molecular-weight 
amines. Moreover, it was found that the rate of polymerization 
depended on the DP of polysarcosine and on the solvent used. 
The replacement of phenylanyl units for sarcosyle units in the 
polypeptide initiator lowered the initiator efficiency. 

In continuation of the investigation on the chain-effect 
polymerization, stereoselectivity of this process was exam
ined.106,107 The set of polymerizations were conducted with 
polypeptide initiator with similar composition but different 
chiral structure. Obtained results indicated that the activated 
NCA-type polymerization is stereoselective. 

Sugiyama et al.111,112 reported a template process by the 
ring-opening polymerization induced by radicals. The poly
ethylene template was connected with 2,2-diphenyl-4
methylene-1,3-dioxolane groups by covalent bonds. 

In the course of the polymerization, elimination of the 
benzophenone group occurs as does an opening of the dioxo
lane ring. As a result of these reactions, benzophenone groups 
remain connected with the main chain, while a new polymer is 
formed. The process can be illustrated by the reaction shown in 
Scheme 18. 

On the contrary to the template processes described below, 
the daughter polymer is not up to that point connected with 
the template either by hydrogen or by covalent bonds. The 
authors have also noted an interesting phenomenon, namely, 
that when using styrene copolymer and the same monomer, 
the polymerization efficiency is even higher than that for the 
homopolymer. 

4.33.6 Special Kinds of Template Polymerization 

4.33.6.1 Spontaneous Template Polymerization 

Spontaneous template polymerization of vinylpyridine in 
the presence of PAA was first observed by Kargin and 
Kabanov.113–115 In initial papers, it was assumed that polymer
ization of vinylpyridine proceeds similarly to conventional 
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Scheme 18 Template polymerization with elimination of benzophenone groups. 

polymerization of vinyl monomers by vinyl groups. However, 
Salamone116 and then Kabanov et al.117 drew the conclusion 
that, at least partially, 1–6 addition occurs, which leads to the 
daughter polymer with a mixture structure connected with the 
template. 

Furthermore, spontaneous polymerization was observed in 
the case of polymerization of maleic anhydride in the presence 
of poly(vinylpyridine).118 The authors found that polymeriza
tion proceeds without any initiator in chloroform or 
nitromethane, although oxygen from air must be present. The 
authors explain the spontaneous polymerization by charge 
transfer interaction between the template and the monomer; 
however, the mechanism of the reaction is not fully clear. 

The reverse system was the object of an investigation by 
Shima et al.119 The polymerization of 2-vinylpyridine, 
4-vinylpyridine, and dimethylaminostyrene was carried out in 
the presence of poly(maleic anhydride). The polymerization 
proceeds spontaneously without any initiator at 50 °C in DMF 
or acetone. In order to separate the poly(vinylpyridine) from 
the template, the reaction product was passed through a col
umn packed with Dowex, and analyzed by IR spectrometry. 
The molecular weight of daughter polymer was low (DP = 14), 
but the DP of template used was also low and almost the 
same (DP = 12). It suggests that because strong-change 
transfer-interaction monomer is fully adsorbed, polymeriza
tion proceeds as type I (zip) reaction. 

Polymerization of 4-vinylpyridine onto alternating styrene-
maleic anhydride copolymer leads to similar results. Very low 
molecular weight (500) was found for poly(vinylpyridine) 
obtained onto template with molecular weight 4640. The 
authors explain the results in terms of the unfavorable location 
of the monomer units on the copolymer template. 

It was found that the composition of the complex obtained 
was equimolar in the case of both 2-vinylpyridine and 
4-vinylpyridine, whereas, in the case of dimethylaminostyrene, 
there is 0.4 unit of the latter for every one unit of the template. 

The polymerization mechanism suggested by the authors 
assumed adsorption of monomer units onto the template, 
while the initiation mechanism was not clear. 

4.33.6.2 Oxidative Template Polymerization 

Horseradish peroxidazed polymerization has been extensively 
studied in recent years. For instance, enzymatic polymerization 
of tyrosine derivatives was examined.120 The reaction mechan
ism is known to involve free radical processes. Oligomerization 
of bifunctional phenols in the presence of β-CD was studied.121 

Recently, the role of synthetic polymers used as templates in 
this process has been studied.122,123 

The simplest and most important phenolic compound in 
the industrial field, a soluble polyphenol consisting of a mix
ture of phenylene and oxyphenylene units, was synthesized by 
a voltammetry-catalyzed polymerization in a mixture of 
methanol and phosphate buffer and PEG as a template.122 

In the polymerization in the absence of template, control of 
the coupling selectivity (regioselectivity) is often very difficult. 
The authors122 pay attention to the role of PEG in the poly
merization. Phenol was polymerized using horseradish 
peroxidase (HRP) as a catalyst in phosphate buffer in the pre
sence of PEG at room temperature under air. The PEG amount 
greatly affected the reaction behaviors. 

The change in the UV spectra of phenol was observed in the 
presence and absence of PEG (Mn = 2  � 103) in phosphate 
buffer (pH 7.0). After adding PEG to the buffer containing 
phenol, a specific peak around 270 nm increased, suggesting 
the formation of a PEG–phenol complex by hydrogen-bonding 
interaction. 

The intensity of this absorption increased with an increase 
in the weight ratio of PEG to phenol until 1.0 suggesting the 
hydrogen-bonding interaction of PEG with the hydroxyl group 
of phenol through a zip template mechanism. 

Increasing the molar ratio of monomer units of PEG for 
phenol from 0 to 2.3 yield increased the polyphenol units to 
oxyphenol units (R%) from < 3% to 96%. The phenylene unit 
ratio R(%) depends on the molecular weight of PEG. R% 
increased from very low value from 2–3 � 102 up to 95–95% 
in the range of 10–200 � 102 and then decreased in the range 
1000–3000 � 102. The authors explained this phenomenon by 
the large increase of the solution viscosity, which was observed 
by the addition of high-molecular-weight PEG solution to 
phenol, which prevented the efficient polymer production. 

Synthesis and characterization of poly(catechol) catalyzed 
by tetrapyridyl porphyrin and HRP were examined.123 The 
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oxidative polymerization was carried out in the presence of 
polystyrene sulfonate (PSS) as a template. It was proved that 
the complex between PSS and poly(catechol) was formed. TGA 
data show that the porphyrine-catalyzed poly(catechol) has 
more thermal stability compared to the enzymatic-catalyzed 
one. Moreover, by gel permeation chromatography (GPC) ana
lysis it was shown that the polymerization with porphyrine 
generated higher-molecular-weight poly(catechol) than that 
obtained by polymerization in the presence of HRP. Cyclic 
voltammetry measurements showed that the synthesized poly
mers had convenient electroactivity. By the same method, poly 
(methyl catechol) and poly(methoxy catechol) were synthe
sized. It was found that all polymers obtained showed low 
electrical conductivity. 

An oxidative polymerization of aniline in the presence 
of poly(2-acrylamido-2-methyl-1-propanesulfonic acid) 
(PAMPSA) as a template was described in Reference 124. The 
process was carried out in water, and ammonium persulfate 
was used as initiator. The synthesis was performed at room 
temperature. In similar conditions, but with benzenesulfonic 
acid instead of AMPSA, polymerization of aniline does not 
occur. According to the authors, the localization and protoni
zation of aniline takes place along the chain of AMPSA. Adding 
sodium chloride to the reaction solution, considerably 
decreased in both the process rate and the polyaniline yields. 
What was interesting was that the system remained 
phase-homogeneous on all stages of conversions. Kinetics 
examination lead to the conclusion that the process is of a 
pronounced autocatalytic character. Electroconductivity of the 
film formed from polyaniline–PAMPSA complex has rather 
low conductivity of about 10−3 S cm−1. 

4.33.7 Products of Template Polymerization 
and Potential Applications 

The most promising applications of template polymerization 
seem to be the production of materials in which the daughter 
polymer and the template together form a final product, 
because the template synthesis of polymers requiring further 
separation of the product from the template is not acceptable 
for industry. 

Many polymer–polymer complexes can be obtained by 
template polymerization. The hydrogen bonding in the com
plexes obtained by template polymerization is usually stronger 
than that obtained by mixing the components, and becomes 
stronger as the molecular weight of the template increases. 

Applications of polyelectrolyte complexes are in biomedical 
materials, membranes, pharmaceutical applications, and many 
others.125 

The original structure of polymer–polymer complexes 
obtained in the process of polymerization in such systems 
like AA, poly(vinylpyrolidone), or poly(ethylen glycol) leads 
to properties like sorption different in comparison with simi
lar complexes obtained by mixing substrates. 

Such parameters as type and proportion of various hydro
gen bonds, amount of water (or another solvent) combined 
into the complex structure depends not only on the method of 
preparation but also on changes in time during precipitation, 
drying, and so on. 

It can be predicted that the potential application of template 
polymerization products lies in obtaining membranes with a 
better ordered structure than that formed by mixing the 
components. 

Examples of membranes from crosslinked PEG and PAA 
were described by Nishi and Kotaka.126 The membranes can 
be used as so-called chemical valves for medical application. 
The membranes are permeable or impermeable for bioactive 
substances, depending on pH. 

Properties of composites obtained by template polyconden
sation of urea and formaldehyde in the presence of PAA were 
described by Papisov et al.127 

Products of template polycondensation obtained for 1:1 
ratio of template to monomers are typical glasses, but elastic 
deformation of up to 50% at 90 °C is quite remarkable. This 
behavior is quite different for composites: mixture of PAA and 
urea-formaldehyde polymer. Introduction of PAA into the react
ing system – urea formaldehyde – even in a very small quantity 
(2–5%) leads to fibrilization of the product structure. Materials 
obtained have a high compressive strength (30–100 kg cm−3). 

Further polycondensation of the excess of urea and formal
dehyde results in fibrillar structure composites. The structure 
and properties of such composites can be widely varied by 
changing the initial composition and reacting conditions. 

Mucoadhesive complexes of PEG with PAA were obtained 
and an application for developing a transmucosal drug delivery 
systems was suggested.128 

It was found that the glass transition temperature of PAA in 
the complexes was shifted to a lower temperature than that of 
the components blend. 

In the next paper by the authors,129 new polymer complexes 
were prepared by polymerization of AA using silk sericin as a 
template. Also in this case, the Tg of sericin and PAA in the 
complex was shifted compared with the Tg of sericin and PAA 
themselves. The measurements of the complexes obtained 
showed a strong adhesive force and limited aqueous solubility 
and an application for developing a transmucosal drug delivery 
systems was suggested. 

Interpolymer complexes of poly(itaconic acid) and PEG 
were prepared by template polymerization of itaconic acid in 
the presence of PEG.130 The complexes were compared with 
complexes obtained by mixing preformed poly(itacinic acid) 
with PEG. It was found that complexes prepared by template 
polymerization have a stronger hydrogen bonding and hence 
more ordered structure and better mucoadhesive properties. 

Template polymerization of multimonomers is another 
example of obtaining materials, which cannot be obtained in 
the conventional way. For instance, oligomers with a 
ladder-type structure.43 

A ladder-type polymer can be obtained as a result of tem
plate polymerization of poly(vinyl methacrylate) and others 
multimonomers. It is interesting that the polymers are soluble 
common solvents such as DMF, DMSO, chloroform, or 
toluene. Copolymers containing two different ladder-type 
blocks that were soluble in chloroform were also reported.131 

Copolymers with one block of ladder-type and another of 
conventional structure were investigated.132–134 Thermal prop
erties and supermolecular structure were investigated by 
differential scanning calorimetry (DSC), small-angle X-ray scat
tering (SAXS), and wide angle X-ray scattering (WAXS) 
methods. 
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It was found that multimonomers polymerized in dilute 
solution, which are quite stable in dilute solutions, become 
insoluble after drying. Examination by X-ray diffraction shows 
that the polymers are amorphous. 

Thermal properties of ladder-type polymers obtained from 
multimonomers were described.135 The results obtained 
showed that ladder polymer obtained with poly 
(2-acryloxyethyl methacrylate) has a considerably higher ther
mal stability than that of their linear analog. 

The polymerization of multimonomers in concentrated 
state leads to crosslinking. Copolymerization in bulk multi-
methacrylates with MMA or AA leads to networks. The 
networks have different swelling properties in comparison 
with the networks, with random distributed crosslinking 
points, obtained by using classical crosslinkers like 
dimethacrylates. 

Unique ladder-like polysiloxanes described earlier,102 

with double-chain structure, have good film-forming abil
ities, excellent thermal stability, and good mechanical 
properties and it seems to be a interesting material for 
many applications. 

Recently, the synthesis of similar type of ladder polysilox
anes described in Reference 103 was reported.104 Changing the 
hydroquinone groups to 9,10-diphenylanthryl groups, the 
authors synthesized ladder polymers that can emit blue light 
with great stability and high efficiency in both solution and 
solid films. The polymers obtained have good thermal stability. 
This type of materials could have interesting practical 
applications. 

Template effects in the reduction of metal salts, such as 
nickel, were described by Papisov and co-workers.136 As tem
plate aqueous solutions of PEG, poly(N-vinylpyrrolidone), and 
copolymers acrylamide with AA were used. It was found that 
reduction of NiSO4 lead to metallic nickel in the form of 
nanoparticles. 

Another form of application connected with properties of 
template polymerization products is imaging,137,138 which is 
based on the formation of insoluble polycomplexes or cross
linked polymers. A thin coating of a polymer used as 
template in a mixture of monomer and photoinitiator is 
applied onto a transparent film carrier. On UV irradiation 
through a mask, the exposed parts become insoluble poly-
complex or crosslinked copolymer. The unexposed areas are 
removed by washing and immersion in a dye bath produces 
the final image. 

4.33.8 Polymerization in Confined Space 

4.33.8.1 Introduction 

As it was mentioned at the beginning of this chapter, the term 
‘template’ polymerization refers to one-face systems. However, 
sometimes the term ‘template’ has a very wide meaning. For 
instance, according to Hentze and Antonietti,139 the most gen
eral definition of template is a structure directing agent. In the 
case of direct, or true ‘templating’, the templated material is a 
1:1 copy of the template structure. During synthesis, no 
changes in order or length scale of the template structure 
occur. In contrast to direct templating, indirect templating 
results in metamorphic reconstruction, for example, by phase 
separation during synthesis. 

The authors present the following techniques of template 
synthesis: molecular imprinting, colloid crystal templating, 
micellar imprinting, polymerization within sponge phases, 
and so on. 

In the following section, some selected examples will be 
presented dealing with most general understanding of the term 
‘template’, particularly dealing with polymerization in con
fined space. 

On the other hand, polymerization in confined space is a 
particular case of polymerization in organized systems. 
Polymerization in organized systems includes polymerization 
of monomer crystals, of mono and multilayers, on surfaces, of 
mesomorphic phases, in micelles and onto macromolecules in 
solution. 

Polymerization in confined space usually includes polymer
ization of inclusion compounds (clathrates), polymerization of 
monomer crystals, polymerization in nanolayers, or in dis
persed systems. 

4.33.8.2 Polymerization in Clathrates 

Adducts can be formed with high- and low-molecular-weight 
molecules, in particular monomers, and polymerization car
ried out inside inclusion compounds. 

As mentioned earlier, a specific class of template polymer
ization connected with polymerization of monomers included 
into CD leads in between classical template polymerization 
and polymerization in confined space and was partially 
described in section 4.33.3.2. 

However, many articles and the reviews140 devoted to poly
merization of included monomers and the behavior of 
resulting polymers were published recently. Preparation and 
structural analysis of several types of complexes, CD with 
monomers like pyrole, fluorinated monomers, styrene, and 
many others have been described.141 

Polymerization in clathrates was revived by Di Silvestro and 
Sozani.142 More than 50 examples of polymerization of differ
ent monomers in clathrates were described. 

Clathrates, or inclusion components (host), pack the mole
cules of second component (guest) into lattice, generating a 
definite crystalline structure. The most important aspect of 
polymerization in clathrates deals with possible topochemical 
control. 

The space effect on inclusion polymerization was first recog
nized in the form of the stereocontrol of the addition 
polymerization of diene monomers. Clasen143 applied the 
channels of thiourea to a polymerization reaction for the first 
time. 

Brown and White confirmed the formation of highly stereo
regular polymers from 1,3-butadiene and 2,3
dimethyl-1,3-butadiene. Since then, many monomers have 
been polymerized in clathrates.145 In many cases, at least par
tially syndiotactic or isotactic polymers have been obtained. 

Polymerization within a molecular scale porous template 
has been described in Reference 144 using thiourea as a ‘host’. 
2,3-Dichloro-1,3-butadiene-thiourea complex was obtained 
and polymerization was induced by γ-irradiation. It was 
found that polymerization occurs in single crystals, and takes 
place without destroying the original single-crystal habit. 
Furthermore, it was demonstrated that the highly 1,4-trans
tactic polymer was obtained. 

(c) 2013 Elsevier Inc. All Rights Reserved.



852 Template Polymerization 

A set of 1,4-trans-polybutadienes and several copolymers 
obtained by inclusion polymerization in perhydrotriphenylene 
have been described. 

All obtained polymers and copolymers were precisely char
acterized by 13C NMR spectrometry. 

The application of cyclophosphazenes as host molecules 
provides the opportunity to describe an unusual range of inter
esting examples of polymerization in clathrates.145 

The occlusion of a variety of molecules within tunnels of 
clathrate system derived from tri(o-phenylenedioxy) cyclotri
phosphazene (TPDCTP) was reported.145 Crystalline product 
with following formula forms tunnels with hexagonal lattice, 
and was used as a host for a set of vinyl monomers. 

O 

O 

P 

O 

O 

P 
N 

O O 
P 

NN 

PHTP Acetylene, phenylacetylene, butadiene, isobutadiene, divi
nylbenzene styrene, and 4-bromobenzene have been trapped 
within a tunnel clathrate system of TPDCTP. However, irradia
tion of the clathrates by γ-rays leads to polymers only for 
butadiene, isobutylene divinylbenzene, and bromostyrene. 
Irradiated of the styrene, acetylene, or phenylacetylene adducts 
did not result in the formation of polymer. 

In the next paper,146 the same method was applied for 
polymerization of vinyl monomers such as AA, acrylic anhy
dride, acrylonitrile, methyl acrylate, MMA, and methyl vinyl 
ketone, and, in all cases, stereoregular polymers were 
obtained. The molecular weight of the clathrate-synthesized 
polymers were similar to those of polymers prepared in the 
bulk phase. The overall experimental approach was as follows: 
the monomer molecules were absorbed into the crystal frame
work of the pure host. Polymerization of the clathrated 
monomer was induced by γ-irradiation at low temperature 
(–29 °C or –78 °C). After irradiation, unreacted monomer 
was removed in vacuo and any polymer external to the host 
crystals was removed by washing with solvent. Then, included 
polymer was removed by extraction and purified. As a result, 
isotactic poly(acrylonitrile), poly(methyl acrylate), and poly 
(vinyl ketone) and syndiotactic PAA and PMMA were 
obtained. 

Many different types of clathrates can be obtained from 
deoxycholic acid (DOCA).142 

CH3
OH 

CH3 O 

OH 
CH3 

OH 
H 

DOCA 

DOCA forms inclusion compounds with a number of dif
ferent organic molecules. For this ability to include almost any 
type of molecule, DOCA is not size selective as other host 
matrices are; but for the purposes of inclusion polymerization, 
it has a very wide application. 

Recently, examination of radiation-induced polymerization 
of 2,3-dimethyl-1,3-butadiene (DBM) in the presence of 
DOCA was published.147 

A lower degree of regularity and crystallinity has been found 
on the poly(2,3-dimethyl-1,3-butadiene) (PDMB) ample pre
pared as inclusion compound in DOCA in comparison to the 
reference PDMB obtained by inclusion polymerization in 
thiourea. However, 1,4-trans form of PDMB was higher (74.2%) 
for polymerization with DOCA in comparison to PDMB poly-
merized in emulsion with free radical initiator. (40.1%). 

The next interesting ‘host’ compound for various types of 
monomers is perhydrotriphenylene (PHTP). 

In a set of papers, Farina and co-workers described poly
merization of dienes including (PHTP).148–150 

The stereoisomer of PHTP forms channel-like inclusion 
compounds both with low-molecular-weight substances and 
with linear macromolecules. 

Radiation polymerization of cis- and trans-1-3-penta
diene148,149 trans-2-methyl-1,3-pentadiene, trans-3-methyl
1,3-pentadiene, 4-methyl-1,3-pentadiene, cis,cis- and cis, 
trans-2,4-hexadiene150 was carried out. Obtained products 
were characterized by Ir spectrometry, NMR and X-ray analysis. 
It was found that the polymers obtained have head-to-tail 
trans-1,4 structures and in some cases show crystallinity and 
stereoregularity. 

4.33.8.3 Compartmentalization 

The term ‘compartmentalization’ in dispersed polymerization 
systems refers to the effects of the isolation of radical species in 
particles (‘compartments’). There are two distinct and opposite 
effects of compartmentalization.151,152 

1. Radicals located in different particles are unable to react 
with each other (segregation effect). 

2. The reaction rate between two radicals located in the same 

particle increases with decreasing particle size (confined 

space effect). The segregation effect on propagating radicals 
is the reason that higher molecular weight polymer is usually 

formed at higher rates in conventional emulsion polymer
ization than the corresponding bulk polymerizations.12 

Recently, a set of papers about polymerization in nanoparticles 
of emulsion appeared.151,152 Compartmentalization in ATRP 
in dispersed systems was investigated and the synthesis of 
polymers by intercalating monomers in layered inorganic 
hosts, mainly layered silicates, was described. 
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Compartmentalization can be realized in nanoporous sys
tems. An example of this process is inclusion polymerization of 
aniline. 

Grafting of polymers in well-defined nanoporous media 
has recently been published.153 

ATRP was used to graft uniform layers of polyacrylonitryle, 
poly(2-dimethylamino)ethyl methacrylate, and polystyrene. 
The grafting process was carried out in cylindrical mesopores 
of diameter about 10 nm and spherical mesopores of diameter 
about 15 nm. It was found that the grafted polymer forms a 
uniform layer of thickness tailorable in the range from several 
10ths of nanometer to at least 2 nm. 

Polymerization of aniline in zeolite channels was examined 
and described in Reference 154. 

Zeolites are crystalline open framework oxide structures 
(classically aluminosilicates) with pore sizes between 0.3 and 
1.2 nm and exchangeable cations compensating for the nega
tive charge of framework. In this work, zeolite Y was used, 
which is characterized by a three-dimensional open framework 
structure, composed of interconnected ‘sodalite’ and super-
cages, with pore openings of �8 Å and cage diameter of �13 Å. 

The intrazeolite polymerization of aniline is believed to 
proceed in analogy to bulk chemical synthesis in n-hexane at 
2 °C initiated by (NH4)2S2O8. It was found that different oxi
dation conditions for the intrazeolite polymerization of aniline 
allow one to control the level of polymer purity and level of 
intrazeolite acidity required for reaction. The intrazeolite poly
mers presented in this work are, according to the authors, a new 
family of molecular wires. 

In an interesting paper, You and Pan155 described the pro
duction of superbranched polymers. The first monomer was 
obtained from α-bromobutyric chloride and glycerol. The sec
ond monomer was obtained in porous resin treated with 
NaOH and then by CS2, and was in the form of a CS 2− 

2 ion. 
By polycondensation of a trifunctional monomer (with three 
Br atoms in the molecule) and a CS 2− 

2 group after repeated 
procedures, hyperbranched polymer was obtained. The poly
mer was soluble in tetrahydrofurane (THF). In contrast, 
polymerization of the same tribromo compound with trithio
carbonate anion lead to the crosslinked, insoluble polymer. 

Polymerization in confined space in layered clay systems 
was a subject of many papers and reviews. The synthesis of 
polymers by intercalating monomers in layered inorganic 
hosts, mainly layered silicates was described. 

Polymer–clay nanocomposites are applied in packing, 
transport, sports equipment, and other industries. However, 
mechanical, thermal, and other physicochemical properties of 
clay-containing polymeric nanocomposites are still a subject of 
many investigations.156–159 

Several types of synthetic or semisynthetic layered materials 
have been described,160 partially applied to polycondensation 
or polymerization inside confined space in layered nanofillers. 
Model systems for confined polymers and polymer brushes 
were presented in Reference 160. Polymeric nanocomposites 
based on polyamides can be obtained by polycondensation of 
monomers (by homo- or heteropolycondensation) with fluor
ohectorite in interlayer spacing of 1–2 nm. 

Epoxy polymers were prepared using preintercalated fluor
omica. Upon intercalation, the interlayer spacing increased 

from 0.94 nm to 1.74 nm and then upon polymerization of 
reagents to 6.79 nm. 

Synthetic clays prepared in a reaction between Mg, Li, and 
Na-silicate salts (Laponite) were used by Shemper et al.161 

for examination of photopolymerization methyl hydroxyl 
methyl acrylate. It was found that the clay autoaccelerated 
the reaction. 

Well-known layered nanofiller – montmorillonite – was 
applied as template for polymerization of diglycidyl ether of 
bisphenol A (epoksy resin Mw = 360) with phenylenediamine.162 

It was found that intergallery polymerization and clay layers 
exfoliation can be regulated by a proper procedure. 

Polycondensation of ε-aminocapronic acid intercalated into 
α-zirkonium phosphate was described.163 ε-Aminocapronic 
acid was intercalated into α-zirkonium phosphate to give 
expanded phases enclosing the amino acid monolayer. 
Polycondensation was carried out at 260 °C in N2 atmosphere 
for 1 h. After destroying the inorganic part by hydrofluoric acid, 
polymer was water-washed and analyzed. 

Polymerization within a molecular scale porous template 
was described in Reference 164. 

It was shown that macromolecularly porous ultrathin film 
fabricated by a single assembly step can be used for the highly 
efficient stereoregular template polymerization of methacry
lates through stereocomplex formation. The precursor films 
were fabricated using the layer-by-layer method. Syndiotactic 
and isotactic PMMAs were used as components in order to 
prepare ultrathin stereocomplex film. Then syndiotactic 
PMMA was extracted from the film in an aqueous alkaline 
solution, resulting in a macromoleculary porous isotactic 
PMMA film. Extraction of the precursor film from chloroform 
leads to porous film from isotactic PMMA. Polymerization 
carried out in such prepared films lead to PMMA with comple
mentary stereoselectivity. 

Oxidative polymerization of pyrrole and N-methlpyrrole in 
pores of diameter 5–1.2 μm and length 14–9 μm was carried 
out.165 Such porous structure was produced by irradiation of 
poly(ethylene terephthalate) film by accelerated xenon ions. It 
was found that the rate of polymerization is dependent on the 
porous diameter. 

4.33.9 Conclusion 

The special polymerization process in which specific interac
tions between template macromolecules and growing chains 
exist is called template polymerization. The process, as 
described in the chapter, can proceed by the mechanism of a 
chain reaction as radical, ionic, or ring-opening polymeriza
tion or as a step-growth process like polycondensation. 

It was shown that the template can influence the kinetic, 
molecular weight, molecular weight distribution, and chemi
cal structure of the polymer formed. Special types of products 
obtained in template polymerization such as interpolymer 
complexes, ladder-type polymers, and copolymers seem to 
be interesting materials. Potential applications of such mate
rials have been discussed. Polymerization processes dealing 
with most general understandings of the term ‘template’, par
ticularly dealing with polymerization in confined space were 
also discussed. 
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4.34.1 Introduction 

For most commercial step-growth polymers, such as polya
mides (PAs) and polyesters (PESs), the molecular weight 
(MW) builds via an equilibrium reaction between difunctional 
reactants, which is accompanied by the formation of a low
molecular-weight condensate C (eqn [1]): 

Pn þ P m → Pnþm þ C ½1� 
where Pi represents a polymer molecule of degree of polymer
ization i. C is water in the case of PAs, and glycols and water in 
the case of PESs, while polymerization yield depends on 
removing essentially the condensate, thus avoiding depolymer
ization. In Figure 1, the reaction schemes for the formation of 
three typical condensation polymers are presented. 

Beyond a certain MW, ∼15 000–25 000, the application 
of the melt polymerization technique is not feasible due to 
thermal degradation, melt viscosity increase, and stirring 
restrictions, thus difficulty in heat and mass transfer dissi
pation and reactor handling. To achieve higher MW 
(>30 000), solid-state polycondensation (SSP) is used. It 
involves heating of the solid starting material to a tempera
ture high enough to initiate and propagate polymerization 
reactions, but lower than the product melting point, so as 
to retain the solid phase. The first SSP patents were issued 
by Flory (1939)1 and Monroe (1962);2 since then, extensive 
academic and industrial research has been performed, as 
evidenced by a number of articles in scientific journals, 
as well as of patents (Figure 2). 

Starting materials of SSP can be both crystalline monomers 
(direct SSP) and semicrystalline polymers (post-SSP).3–5 Direct 
SSP is mainly applied on laboratory scale, presenting however 
considerable practical interest, since polymerization occurs 
from the beginning in the solid state. Consequently, all the 
problems associated with the high temperatures of melt 

technology, for example, energy consumption and polymer 
degradation, as well as the use of any solvent, are completely 
avoided.3,6,7 On the other hand, in post-SSP, widely applied on 
industrial scale, a low-molecular-weight base polymer (prepo
lymer or precursor), which is derived from solution–melt 
polymerization technique, reacts to further increase the MW; 
the relevant step is often stated in overall polymerization 
layouts as ‘post-SSP’, ‘drying,’ or ‘finishing’. 

The overall SSP rate can be controlled by chemical and 
physical steps, since both reaction kinetics and transport phe
nomena play a key role in the process. In particular, the 
rate-determining steps can be the following:4,5 

•	 The chemical reaction. It is defined by the reactant chemical 

affinity and composition 

•	 The diffusion of the functional groups. It occurs through move

ment of a low-molecular-weight oligomer, through motion 

of terminal segments (segmental diffusion), and through 

exchange reactions (chemical diffusion). The latter com

prises a few reaction steps, permitting a reactive group to 

move all over an amorphous domain and to approach 

another group to react. 
•	 The condensate removal through diffusion. It is divided into 

interior diffusion, that is, inside the solid reacting particle, 

and surface diffusion, that is, from the reacting particle sur

face to the ambient atmosphere. 

A number of parameters are reported to affect the overall rate of 
SSP and to define the relevant rate-determining step. Reaction 
temperature, initial end-group concentration, particle geome
try, gas flow rate, crystallinity, and catalysts are listed as the 
most important and their effect on the controlling mechanism 
is presented briefly in Table 1, assuming negligible gas-phase 
resistance.8,9 
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Figure 1 Reaction schemes for three typical condensation polymers: PA 66, PA 6, and poly(ethylene terephthalate) (PET). (a) Reaction scheme for PA 
66; (b) reaction schemes for PA 6; (c) Reaction schemes for PET. 

In the following sections, the prevailing mechanisms in 
direct and post-SSP are discussed, focusing on two of the 
most commercially important condensation polymers, that is, 
polyamide 66 (PA 66) and poly(ethylene terephthalate) (PET), 
as well as on poly(lactic acid) (PLA), which is widely consid
ered as a very promising bioplastic. 

4.34.2 Direct Solid-State Polycondensation 

In direct SSP, the reaction takes place at a temperature below 
the melting point of both monomer (PA salt, amino acid) and 
polymer, under flowing nitrogen, in vacuum or at high pres
sure;10–17 in many cases, the reactions are topotactic and the 
monomer crystals can be converted to polycrystalline polymer 
aggregates, permitting the preparation of highly oriented 
polymers.16,17 

Volokhina et al.18 studied the SSP kinetics for three 
aliphatic ω-amino acids, 7-aminoheptanoic (enanthoic), 
9-aminononanoic (pelargonic) and 11-aminoundecanoic and 
three hexane-1,6-diamine (hexamethylenediamine) (HMD) 
salts of adipic, 5,5′-sulfanediylbis(pentanoic acid) (5,5’-thiodi 
(pentanoic acid)), and terephthalic acid at various 

temperatures. The investigation of the amino acid polyamida
tion process led to the conclusion that the reaction is ‘distinctly 
autocatalytic’. Another Russian group arrived at the same 
conclusion by studying the SSP of 7-aminoheptanoic acid.19 

They suggested that the “autocatalytic acceleration of this reac
tion is due to increased reaction of the surface of the 
monomer–polymer boundary.” This autocatalysis feature is 
also supported by Khripkov et al.20 for HMD salt of adipic 
acid polymerized in the solid state in the presence of 
boric acid as catalyst. The activation energy of the polyconden
sation in solid phase was found to be 251 kJ mol− 1 for 
11-aminoundecanoic acid, 385 kJ mol− 1 for 7-aminoheptanoic 
acid, and 752 kJ mol− 1 for 9-aminononanoic acid. In 
liquid phase, the activation energy is much lower, being 
180 kJ mol− 1 for 7-aminoheptanoic acid and 159 kJ mol− 1 for 
9-aminononanoic acid.21 

In many studies of direct SSP, polymerization is considered 
to follow the nucleation and growth model along the crystal
lographic directions of the monomer.3 Accordingly, the kinetics 
comprises two steps and the respective curves are S shaped. In 
the following section, mechanistic aspects of SSP of PA 66 salt 
are discussed in detail, since it is the most promising monomer 
for direct SSP. 
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Figure 2 The number of publications (patents and scientific journals) on solid-state polymerization. Data from SciFinder Scholar 2010. 

Table 1 The effect of most important variables on the rate-controlling mechanisms of SSP (in the absence of gas-phase resistance)8 

Reaction temperature 
(T) 

Initial MW and Catalyst 
Process Low T High T Particle size crystallinity concentration 

Chemical reaction Yes (strong influence) Yes (weak influence) No No Yes
 
End-group diffusion Yes (weak influence) Yes (strong influence) No Yes No
 
Condensate diffusion Yes (weak influence) Yes (strong influence) Yes (strong influence) Yes Yes
 

4.34.2.1 The Role of Hexane-1,6-Diamine Volatilization 

A critical feature of PA salt polymerization is the loss of the 
readily volatile diamine from the reacting material and the 
need to compensate for it so as to not disturb the stoichio
metric equivalence of functional end-groups. Accordingly, the 
volatilization of HMD has been observed in the SSP of PA 66 
and 610 salts20,22,23 and also of different aromatic PA mono
mers.24 Several measures have been adopted in PA 66 
production to treat HMD loss, such as the introduction of the 
diamine at the beginning of the polycondensation reaction in 
an amount sufficient to balance diamine loss,25 the use of 
nitrogen gas containing HMD, and finally a decrease in the 
reaction temperature in order to minimize the HMD loss.26 

However, the HMD escape was found to play a key role in 
the direct SSP mechanism. In particular, SSP of PA 66 salt was 
examined in the temperature range of 160–190 °C under dry 
static or flowing (50 ml min− 1) nitrogen.22 The runs were per
formed in a thermogravimetric analysis (TGA) chamber, where 
the reaction progress was evaluated by continuous monitoring 
of the weight of the reaction mixture and the effluent gas 

composition; the latter was analyzed by IR spectroscopy and 
titration. 

The IR analysis of the TGA effluent gas provided an 
insight into the volatilization of HMD and the formation of 
polycondensation water. It was then discovered that the diamine 
escaped earlier than water. Regarding SSP at 180 °C, Figure 3(a) 
shows that after 30 min of SSP, the diamine was detected and its 
quantity increased rapidly, reaching the highest value at 
the reaction time of 40 min. On the other hand, based on 
Figure 3(b), the polycondensation water escaped at a low rate 
during the first 50 min, after which the water loss was more 
intense and reached the highest value at 60 min. Thus, the HMD 
loss dominated early in the reaction; then, the reaction accelerated 
as it is evident from the rapid increase in the water loss. 

Quantitative analysis of the effluent gas permitted the 
determination of polymerization conversion (pt) through 
eqns [2] and [3]. The plots of pt against time (Figure 4(a)) 
show that the kinetics of the process was characterized by two 
stages, namely induction and propagation. The S-shaped curves 
at each reaction temperature are indicative of the nucleation 
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Figure 3 Evolution of (a) HMD and (b) water during SSP of PA 66 salt at 180 °C under flowing nitrogen. From Papaspyrides, C.; Vouyiouka, S.; Bletsos, I. 
Polymer 2006, 47 (4), 1020–1027,22 by permission of Elsevier. 

growth model.11,27 More importantly, at 180 °C, the duration 
of the nucleation stage (40 min) (Figure 4(b)) coincided with 
the HMD loss, as can be observed in Figure 3(a): 

m
pt ¼ H2O;t 2  

18½NH2�0 mt 
½ �

mt ¼ m0 − 10−3mH2O;t − mHMD;t ½3� 
where mH2O;t is the amount of water (g) escaped at any given 
time t, mHMD,t the amount of diamine (kg) escaped at any given 
time t, m0 the initial weight of the salt (kg), and [NH2]0 the 
initial concentration of amine ends (mol kg− 1). 

Combining the early evolution of HMD, as observed 
through IR analysis, and the theory of the nucleation growth 
model, which seems to prevail based on the two-stage character 
of the process, an SSP mechanism can be suggested. According 
to the nucleation growth model, the crystal lattice and its 
characteristics, such as the size of crystals, the number and 
type of lattice defects, and the presence of impurities, may 
significantly influence the polymerization in the solid state. 
For instance, crystal edges and defects may in some cases inhi
bit the propagation of polymerization through physical 
separation of the polymerizing units, while in other cases, 
they may act as active centers, since the orientation of the 
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Figure 4 (a) Polymerization conversion (pt) versus reaction time and temperature during SSP of PA 66 salt under nitrogen. (b) Conversion (pt) versus 
reaction time at 180 °C. From Papaspyrides, C.; Vouyiouka, S.; Bletsos, I. Polymer 2006, 47 (4), 1020–1027,22 by permission of Elsevier. 

reacting species at the defective surfaces within the crystallites 
may differ and promote the nucleation of the polymer phase 
(initiation stage). Impurities may act by creating lattice defects, 
which subsequently affect polymerization, may act as a physi
cal diluent to impede polymerization, or may facilitate 
molecule mobility and assist in the polymerization.10 

Based on these well-known principles of solid-state chem
istry, the early evolution of HMD may be associated with the 
nucleation stage: the diamine volatilization results in creating 
new defective surfaces in the crystal lattice and in increasing the 
active centers for the nucleation of the generated polymer 
phase, which further grows following water formation. 

4.34.2.2 The Role of Polycondensation Water 

During the direct SSP of PA 66 salt, growth follows nucleation 
and often proceeds unexpectedly. In cases of highly 

hygroscopic monomers, depending on reaction temperature, 
a transition from the solid to the melt state has been observed, 
dominating in the moderately organized salt structures after 
quite a short reaction time. This phenomenon has been 
explained by Papaspyrides et al.3,12–15 and correlated with the 
condensation water accumulating in the reacting mass. 

More specifically, the SSP of different PA salts was investi
gated by dispersing the monomer particles in an inert 
nonsolvent and using a glassware assembly, which provided 
continuous monitoring of the physical form of the reacting 
mass. It was then observed that the SSP was accompanied, 
depending on the reaction conditions, by a distinct transition 
of the process from the solid to the melt state (solid–melt 
transition, SMT), where a very fast agglomeration of the react
ing particles took place. The phenomenon was readily 
observed macroscopically, since stirring failed to keep the 
particles in suspension, while microscopically the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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(a) (b) (c) (d) 

Figure 5 Schematic diagram of the SMT phenomenon. ●, Defects of the monomer crystalline structure; dark area, polymer nuclei insoluble in water; 
shaded area, ‘Highly hydrated’ and eventually melt area. From Kampouris, E.; Papaspyrides, C. Polymer 1985, 26, 413–417,6 by permission of Elsevier. 

transformation of sharp-edged crystals to nearly spherical 
particles was evident. 

Taking into account these experimental findings and the 
hygroscopic nature of the PAs, a generalized mechanism for 
the effect of polycondensation water on the reaction behavior 
has been proposed for the growth stage of SSP of the salts 
(Figure 5). The reaction begins at the defective sites of the 
monomer crystalline structure, being the active centers of the 
reaction (Figure 5(a)). For active centers up to or very near to 
the grain s urface,  the water  formed  can be easily  removed t o  
the surrounding heating medium, without affecting the react
ing mass. On the contrary, in the grain interior, the water 
hydrates the polar hydrophilic groups of the salt structure, 
and in the case of low reaction rates (i.e., low rates of water 
formation), an organized accommodation of the by-product 
within the crystal structure is taking place. As the accumu
lated amount of water increases, a ‘highly hydrated’ area of 
the monomer surrounds the active centers. This area has a 
lower melting point and soon falls into the melt state 
(Figure 5(b)). After the formation of these melt areas, the 
reaction proceeds mainly in the melt and the rate consider
ably increases, while the water accumulation leads to an 
increase in the total melt area (Figure 5(c)). Eventually an 
overlapping of these melt areas occurs, which explains the 
observed transition of the reaction from the solid state to the 
melt state (Figure 5(d)). 

As the reaction proceeds further, the MW increases, the hygro
scopicity of the reacting system decreases, and finally the solid 
character of the system is restored. At high reaction rates, it is 
proposed that the time available for controlled accommodation 
of the water formed is very limited, resulting in a more rapid 
breakdown of the salt structure and, subsequently, in a much 
faster appearance of the SMT phenomenon. This proposed 
model of water accumulation–hydration–transition to the melt 
was found to predominate in PA salts of moderate structure 
organization, while when the network of coordinating polar 
groups becomes more rigid (e.g., ethylenediammonium fuma
rate), a deviation from this model may occur. 

4.34.2.3 The Role of Catalysts 

The practical disadvantage of the direct SSP is the inevitable 
SMT occurring whenever the reaction proceeds at reasonable 
rates (Section 4.34.2.2). To overcome this problem, catalysts 
have been used to increase the reaction rate and favor keeping 
the process in the solid state. Boric, phosphoric, and sulfuric 
acids were studied as catalysts for the SSP of PA salts.12,13 The 
results showed a considerable acceleration of the reaction, 
especially in the presence of boric acid, while the solid character 
of the process was maintained throughout the total course of 
the reaction, keeping the water accumulation parameter 
(Dt, eqn [4]) at low values (Figure 6): 
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Figure 6 SSP of PA 66 salt at 142 °C. ———, Pure salt; - - -, salt containing 1.60 wt.% boric acid; , conversion;  water accumulation parameter. □ ○
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w 
Dt ¼ ½4� 

initial moisture þ water formed 

where w is the reacting mass. 
It was proposed that the presence of a good catalyst in the 

reacting mixture contributes to an easier removal of the water 
formed, away from the reacting sites. In other words, hydration 
seems restricted and the diffusion of water is favored so that the 
reaction equilibrium is shifted to the right. This finding of 
easier water removal was also verified when using TGA as an 
SSP reactor and examining the effect of flowing and static 
nitrogen on the rate.22 In particular, in the catalyzed process, 
the process-limiting step was not the by-product diffusion, 
since there was no difference in the rate of the reduced weight 
loss under either flowing or static nitrogen, as it was in the 
noncatalytic case. 

4.34.2.4 Low-Temperature Prepolymerization Process 

The aforementioned SMT occurring during SSP of PA salts can 
be exploited, instead of being avoided, through the develop
ment of a suitable prepolymerization process, as applied at 
DuPont Laboratories. More specifically, in the works of 
Papaspyrides et al.,28,29 dry balanced salt has been converted 
to PA 66 prepolymer by a low-temperature autogenous process 
operating in the vicinity of the melting point of the salt. In fact, 
operating even far below the salt initial melting temperature, 
the melting point is reduced due to the SMT phenomenon and 
the salt grains turn to a semimelt mass (Figure 7). The lower 
temperatures used are beneficial, since undesirable side reac
tions cannot occur and degradation is minimized. 
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Figure 7 Decrease in the melting point of reacting mass during SSP of 
PA 66 salt. 

Furthermore, in the suggested prepolymerization process, 
the diamine loss was avoided through an autogenous route; the 
use of a closed, intensively stirred vessel under autogenous 
pressure during initial stages of the polymerization was appro
priate to ensure that a feed consisting of dry salt with balanced 
end-groups would result in stable and balanced prepolymer, 
without the need for an elaborate control strategy to maintain 
the proper stoichiometry. The autogenous condition was main
tained up to or beyond the point where diamine end-groups 
had reacted, and then water vapor was vented from the vessel. 

This autogenous route allowed the production of a balanced 
prepolymer without detectable thermal degradation products 
and without the need for HMD recovery. The PA prepolymers 
formed solutions of relative viscosity (RV, 8.4 wt.% in 90% 
formic acid at 25 °C) between 8.5 and 27.1 (weight-average 
MW 12 500–25 500) and a low water content (0.79–3.70%). 
The quality of these products ensured safe solid-state finishing 
at higher temperatures and much higher MWs. 

Finally, it should be mentioned that on a large scale, the 
transitions between solid and melt require careful design of 
the experimental apparatus and the problem of an appropriate 
reactor arises. In particular, the equipment should be capable 
of handling (stirring and agitating) all these physical forms for 
an adequate period of time. The same reactor should be cap
able of keeping the reacting mass from hardening into a bulk 
mass and therefore producing a granular prepolymer. These 
requirements can be effectively satisfied through the use of a 
screw-type extruder.28 

4.34.3 Post-Solid-State Polycondensation 

It is generally accepted that reactions during post-SSP take place 
in the amorphous regions where, due to a temperature well 
above glass transition, the chain mobility is high enough to 
allow reactions to occur 30,31 (Figure 8). Any formed conden
sate is also transferred into the amorphous polymer phase 
along with end-groups and oligomers, and is preferably 
removed through convection caused by passing inert gas or 
by maintaining reduced pressure during the SSP process. 

The post-SSP of various condensation polymers can be 
characterized by specific features, which are discussed in the 
text below, regarding PA 66, PET, and PLA. 

4.34.3.1 Polyamide 66 

PA 66 and PA 6 are the most popular PAs, corresponding to 
more than 90% of PA uses, namely in textiles, carpets, rugs and 
home textiles, technical fibers, engineering plastics, and films. 

PA 66 prepolymer is prepared through a solution-melt 
polymerization technique, starting from the aqueous PA 66 

Solid state 

polymerization 

Figure 8 Schematic of solid-state polymerization reactions in the amorphous regions of prepolymers. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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salt.32 The precursors exhibit MWs equal to 15 000–25 000 and 
are suitable for textile applications. SSP follows in order to 
further increase the MW for injection or blow molding applica
tions, avoiding in this way any thermal degradation and gel 
formation (eqn [5]), which can drastically impair the quality of 
the end product:33–36 

½5  �

where R1, R2, and R3 are PA backbones of different polymeriza
tion degree. 

The kinetics of PA 66 post-SSP has been studied by a num
ber of researchers who developed proper kinetic equations in 
order to describe the process. More specifically, Vouyiouka 
et al.37 used the Flory equations for second- and third-order 
kinetics and integrated them based on the polymerization con
version (pt) (eqns [6] and [7]): 
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where [COOH]0 and [NH2]0 are the initial concentrations of 
the carboxyl and amino end-groups (mmol kg− 1), k2 

(kg mmol− 1 h− 1) and k (kg2 
3 mmol− 2 h− 1) the rate constants, 

and D0 the initial carboxyl end-group excess (mmol kg− 1). 
The third-order kinetics presented a slightly better fit under 

specific SSP conditions (160–200 °C, 0–4 h) and the rate 
expression of SSP was found as in eqn [8]: 

    

k ¼ 4 8 � 10−6
�
70:41 1 1

: exp 

�
− 

�
8  

R 423 T 

�
½ �

where k is the rate constant (kg2 mmol− 2 h− 1), T the reaction 
temperature (K), and R the universal gas constant (kJ mol− 1K− 1). 

Composition effects on the kinetics of SSP of PA 66 have 
also been examined and are discussed below, revealing differ
ent process mechanisms. In particular, three additive categories 
were studied: 

1. A comonomer, used for enhancing PA dyeability. 
2. Phosphorus-containing antioxidants, tested	 as candidates 

for catalysts. 
3. An	 organomodified clay, used for producing 

nanocomposites. 

4.34.3.1.1 The role of sulfur-containing comonomer 
The effect of sodium 5-sulfoisophthalic acid (NaSIPA) was 
examined with respect to the kinetics of post-SSP of PA 66.38 

As an aromatic dicarboxylic acid (Figure 9(a)), NaSIPA reacts 
with the free amine groups of PA structure and an anionically 
modified copolymer (ionomer) is formed (Figure 9(b)). 
The main attribute of the NaSIPA-containing copolymers is 
the improvement of polymer dyeability with cationic dyes, 
resulting in fibers or films with deep and brilliant colors and 
resistance to stains, fading, and yellowing throughout their life 
cycle. In addition, NaSIPA incorporation contributes to mini
mizing operation problems related to the use of pigments and 
stabilizers, as well as to avoiding problems during spinning. 
The preferred amount of NaSIPA to be used is 1–2 wt.% (added 
at the salt stage, i.e., prior to polymerization) for most combi
nations of pigments and copper, meanwhile above 4 wt.%, the 
additive itself begins to lower the relative viscosity of the poly
mer and gives poorer operability.39–43 

The effect of NaSIPA on SSP of PA 66 was thoroughly 
examined, considering the importance of the additive on 
industrial scale and that its presence affects a majority of 
nylon production lines. NaSIPA-containing copolyamides 
(1–3 wt.% NaSIPA) were submitted to SSP runs under flowing 
and static nitrogen in the temperature range of 160–200 °C.38 

It was shown that, at every reaction temperature, the copolya
mides exhibited reduced SSP rates; more specifically, the rate 
constant decreased by 11–57% as the amount of NaSIPA 
increased (Figure 10). 

The observed retardation was correlated first with the mor
phology of the sulfonated ionomers. According to the model 
proposed by Eisenberg et al.44 for random ionomers, the 
NaSIPA ionic moieties aggregate into ‘multiplets’, which, in 
turn, aggregate into clusters, creating finally a phase of 
restricted mobility in the polymer mass. During the SSP of 
the NaSIPA-containing copolyamides, the ionic groups are 
localized in the amorphous regions and create a low-mobility 
area, which obviously impedes the diffusion of the functional 
end-groups and/or the water escape, thus slowing down the 
SSP reaction. 

A reason for critical retardation also proved to be the 
partial deactivation of the PA amine ends by the NaSIPA 
sulfonate units, which exist in the amorphous regions of the 
copolyamides. Through this reaction, NaSIPA improves the 
polymer resistance to acid stains, since the amine groups are 
no longer available for absorbing them (e.g., wine and soft 
drinks), which is really important for applications such as 
flooring covers.41–43 However, during SSP in the presence of 
NaSIPA, this interaction leads to two types of end-groups, 
namely active and inactive amine ends. The former are able 
to participate in the polymerization reaction and their con
centration in the copolyamides is lower compared with that of 

Figure 9 (a) NaSIPA and (b) PA 66 copolyamide with NaSIPA (x, 0.01–0.05; y, 0.95–0.99). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 10 Rate constants (k3) during PA 66 post-SSP under nitrogen. PA, PA 66 homopolymer; PA1, PA 66 containing 1 wt.% NaSIPA; PA2, PA 66 
containing 2 wt.% NaSIPA; PA3, PA 66 containing 3 wt.% wt NaSIPA. From Vouyiouka, S.; Papaspyrides, C.; Weber, J.; Marks, D. Polymer 2007, 48 (17), 
4982–4989,38 by permission of Elsevier. 

PA 66 homopolymer, which results in reducing the reactant 
concentration and thus the reaction rate. The inactive amine 
groups are attached to SO− 

3 in the restricted mobility domains 
(clusters) and their constant concentration in SSP is assumed 
to be a fraction of the total amine ends, depending on the SO− 

3 

concentration (Cs), the reaction temperature (T), and the 
morphology of the ionomer. The effect of the two last para
meters is demonstrated on a deactivation factor denoted as 1/J 
(eqn [9]): 

  �
C

kcop ¼ k s
hom 1− 

J 

�
½9� 

The assumption of the inactive amine-end mechanism 
was tested through examining the fitting of SSP experimental 
data to eqn [9], which shows a correlation between the SSP 
rate constants of homopolymer (khom) and copolymer 
(kcop). Indeed, the kcop/khom was found proportional to 
Cs (R

2 = 0.9538), verifying the validity of the suggested mechan
ism. Furthermore, Cs/J can be considered as the fractional 
decrease in the total amine ends in the copolyamide grades; 
that is, for PA1, the active amine ends make 82% of the experi
mentally measured value, for PA2 65%, and for PA3 47%. 

Finally, the SSP kinetics was properly modified through eqn 
[10] to include the composition effect of NaSIPA on the appar
ent rate constant of SSP:45 
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where kcop is the SSP rate constant for the copolyamides 
(kg2 mmol− 2 h− 1), Cs the sulfonate group content (mmol 
kg− 1), T the reaction temperature (K), and R the universal gas 
constant (kJ mol− 1 K− 1). 

4.34.3.1.2 The role of phosphorus-containing additives 
The effect of hydroxyphenylalkylphosphonic esters was inves
tigated in post-SSP of PA 66.46,47 In particular, the additives 
studied were Irgamod® 195 (Figure 11(a)) and Irgamod® 295 
(Figure 11(b)) (formerly Ciba Specialty Chemicals, now 
BASF), which are used as antioxidants. Two approaches were 
examined regarding the additive incorporation: in the first one, 
the additive was mixed in concentrations of 0.1% and 0.5% 
with the prepolymer through melt blending in a single-screw 
extruder, meanwhile, in the second case, the compounds at a 
concentration of 0.1% were added during the prepolymer pre
paration through a low-temperature process starting from solid 
PA 66 salt (Section 4.34.2.4). 

SSP runs were conducted at 160 and 200 °C under nitrogen 
flow, resulting in process acceleration when the phosphonates 
were present, especially at the high SSP temperature. 
Indicatively, the solution relative viscosity of the products 
increased by up to 288% (200 °C, 4 h, 0.5% Irgamod® 195), 
while the relevant value for pure PA 66 was 144%. The SSP 
kinetics was estimated using a linear correlation of relative 
viscosity vs. reaction time and the calculated rate constants 
are shown in Figure 12. 

The catalytic activity of SSP of PA 66 was found to be 
dependent on the incorporation technique: the additive per
formance was improved when they were added in the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 Molecular structures of (a) Irgamod® 195 (calcium bis[(3,5-di-tert-butyl-4-hydroxybenzyl)ethylphosphonate]) and (b) Irgamod® 295 (diethyl 
(3,5-di-tert-butyl-4-hydroxybenzyl)phosphonate). 

Figure 12 SSP rate constants in the presence of phosphorus-containing additives. (a) 160 °C and (b) 200 °C. 

prepolymerization stage. The latter can be attributed to a more catalyst to the PA backbone, thus rendering the pertinent 
homogenous catalyst distribution in the reacting mass, with- segment more functional. A similar suggestion has also been 
out excluding the possibility of partial attachment of the made by Duh48 for the catalyzed (Sb2O3) SSP of PET, 
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according to which antimony glycolate is attached to the 
end-group of a polymer chain, thus imparting catalytic activ
ity to the polymer. Then, the catalyst containing the 
end-groups can react with a normal end-group to form a 
diester and regenerate glycolate, which continues to partici
pate in the catalytic reaction. 

Another phosphorus-containing antioxidant, (Irganox® B 
1171, former Ciba Specialty Chemicals, now BASF), a 1:1 
blend of a sterically hindered phenolic amide (N,N′-hexane-1,6
diylbis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanamide]) and 
a phosphite (tris(2,4-di-tert-butylphenyl) phosphite), also exhib
ited strong catalytic action at a concentration of 1 phr (melt 
blending) in SSP of PA 66.49 The relevant process yielded an 
SSP product of number-average MW equal to 37 300 (vs. 21 800 
in noncatalyzed process) after 4 h of reaction at 200 °C, while the 
reaction rate constant increased by almost 450%. It is interesting 
to note that the modified prepolymer showed a high reaction rate 
even at long SSP times, unlike in a typical SSP kinetics, which is 
characterized by lower final rates due to limitations of end-group 
diffusion. The latter indicated the ‘immunity’ of the catalyzed 
system to such limitations, implying that the phosphorus addi
tive seems to promote both chemical reaction and diffusion of 
end-groups. 

Finally, the catalytic action of the above-tested antioxidant 
was attributed to its triphenyl phosphite parent compound. In 
particular, phosphite esters, such as triaryl phosphites, have 
been reported as SSP catalysts, but the relevant literature is 
restricted and patented.47,50 On the other hand, the action of 
triaryl phosphites in solution and/or melt polycondensation 
has been shown by several groups,51–56 mainly in the forma
tion of aromatic PAs in solution at moderate temperatures. As 
an example, Aharoni et al.54–56 studied polyamidation in the 
presence of triaryl phosphites in solution55 and in the melt 
during extrusion.54 They suggested that triaryl phosphites 
serve as chain extenders for the polyamidation reaction. 

4.34.3.1.3 The role of nanomaterials 
Recent publications indicate the catalytic effect of nanomater
ials, as a result of morphological changes and/or of chemical 
interaction between the filler and the polymer matrix. In parti
cular, Yu et al.57 studied the SSP of PET in the presence of 
2.5 wt.% clay. They reported an acceleration effect based on 
intrinsic viscosity (IV) measurements, with the pertinent 
increase ranging from 2% to 8% at 230 °C for up to 25 h. 
This rate increase was attributed to clay nucleation action, 
which led to more amorphous regions both on the crystal 
surfaces and between them, and thus to easier by-product 
diffusion. Bikiaris et al.58 studied SSP kinetics in PET-activated 
carbon black (ACB) nanocomposites. A reaction scheme was 
suggested according to which ACB catalyzed the esterification 
reaction, while the transesterification rate decreased at low 
temperatures and remained the same at higher ones. The 
same group studied SSP kinetics of PET–silica (SiO2) nano
composite.59,60 They found that the reaction rate depended 
on SiO2 concentration: in small amounts (< 1 wt.%), both 
esterification and transesterification were enhanced, while at 
higher SiO2 contents (1–5 wt.%), branching was observed due 
to side reaction of PET hydroxy groups with the nanosilica 
particles. 

Regarding PA 66, the catalytic efficiency of nanoclays was 
proved in the solution–melt technique, being however strongly 

dependent on the extent of nanofiller exchange.61 More speci
fically, clays fully organomodified by exchange at a 
concentration of 1 phr caused an almost ≈ 75% increase in 
relative viscosity of the polymers; this nanocatalysis was attrib
uted to the clay action as a substrate for polyamidation, by 
forming an active intermediate between its SiOH groups and 
PA COOH ones, as it will be discussed later. On the other hand, 
in the case of clays partially organomodified, the MW was 
found almost equal to the reference grade. The latter observa
tion was attributed to Na+ cations present in the clay, the strong 
hydrophilic character of which renders them water ‘traps’ for 
the produced polycondensation water, thus enabling the rever
sible polycondensation. 

Solid-state polymerization of PA 66 nanocomposites was 
thoroughly examined by the same group of researchers,62 in the 
perspective of promoting the nanofiller incorporation not only 
for the modification and/or improvement of materials proper
ties but also for exploring their performance as SSP 
‘multifunctional’ catalyst systems. The SSP runs were carried 
out at temperatures of 160–200 °C and reaction times up to 8 h 
at a filler concentration of 1 phr (natural montmorillonite 
modified with benzyl dimethyl(octadecyl)ammonium chlor
ide). The SSP rate constant was found increased by 20–50% 
depending on the reaction temperature, and MW up to 26 500 
was reached, while the prepolymer value was 14 000. The 
Arrhenius equation was deduced for the SSP of PA 66 nano
composites (eqn [11]), with a significantly increased 
pre-exponential factor at 848.1 (kg2 mequiv− 2 h− 1) versus 
33.5 for pristine PA: 

    
−67:42 1 1 

k ¼ 3:94 � 10−6exp 
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R
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T 423 

where k is the SSP rate constant of the nanocomposite 
(kg2 mmol− 2 h− 1), T the reaction temperature (K), and R the 
universal gas constant (kJ mol− 1 K− 1). 

A nanocatalysis mechanism of SSP of PA 66 was suggested 
based on chemical reactivity enhancement and thermal protec
tion, induced by the presence of clay. In particular, the clay 
action as nucleation agent for PA 66 crystallization resulted in 
the creation of a very large number of small-size spherulites. 
This crystal morphology is anticipated to increase the 
end-group concentration in the amorphous regions and 
‘force’ them to react, since the distance that these groups 
needed to diffuse was essentially lower. In other words, a 
higher number of total collisions were permitted, as expressed 
also by the high Arrhenius pre-exponential factor for the 
nanogrades. 

At the same time, clay was suspected to facilitate the amida
tion reaction, acting as chain extender due to the SiOH groups 
on the edges of its surface. It is a well-known fact that clays 
contain reactive SiOH groups on the edges of their surface,63,64 

which may be used as catalysts/chain extenders of amidation in 
peptide formation through activated intermediates.65–67 The 
peptide reaction proceeds via the condensation of SiOH groups 
with amino acid COOH groups to form Si–O–CO ester/ 
anhydride, which is then attacked by an NH2 group to form 
amide. Accordingly, during SSP, clay can act as a substrate to 
promote amidation and chemical diffusion of end-groups, and 
this may explain the enhanced nanocomposite polymerizabil
ity (Figure 13). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 13 Action of clay substrate in polyamidation during SSP of PA 66 nanocomposite. From Boussia, A.; Konstantakopoulou, M.; Vouyiouka, S.; 
Papaspyrides, C. Macromol. Mater. Eng. 2011, 296 (2), 168–177,62 by permission of John Wiley & Sons, Inc. 

Another rate enhancement factor was the absence of ther
mal degradation reactions, as clay was found to provide 
thermal protection to the PA matrix. Side reactions were thus 
inhibited, while the contrary would significantly affect the SSP 
by disturbing end-group balance. 

Finally, in the case of SSP of PA 66, when combining a 
phosphorus-containing antioxidant and clay, reduced antioxi
dant catalytic performance was observed, which was ascribed to 
significant counteractions between them: clay hydrophilicity 
acted as a polycondensation water ‘trap’, hindering the escape 
of the by-product. The latter effect was also related to clay 
barrier properties, while the occurrence of adsorption phenom
ena on the surface of the nanofillers was also assumed to 
reduce the catalytic performance of the antioxidant.49 

4.34.3.2 Poly(ethylene terephthalate) 

PET is widely used for production of bottles. It is based on a 
copolymer of ethylene terephthalate and ethylene isophthalate, 
and constitutes an important family of commodity plastics, 
especially for packaging applications. In order to produce PET 
with IV of 0.6 dl g− 1, melt polymerization processes are nor
mally employed, involving the bulk reaction of ethylene glycol 
with dimethyl terephthalate or purified terephthalic acid. PET 
resins with higher IV (> 0.7 dl g− 1) are produced through SSP 
processes at 200–240 °C for 10–30 h under inert gas flow or in 
vacuum. Among its many advantages, SSP also favors the 
simultaneous removal of acetaldehyde, which can be formed 
at high reaction temperatures.68 

4.34.3.2.1 The role of water content in the carrier gas 
As in all SSP processes, mass transfer phenomena also affect the 
PET reactions in the solid state, where the main volatile 
by-products are ethylene glycol, diethylene glycol, acetaldehyde, 
and water. The rate of polycondensation can thus be limited by 

the rates of by-product removal, which depends on the diffusion 
coefficients within the polymer phase and on mass transfer 
coefficients from the particle surface to ambient atmosphere. 

There is extensive literature on the investigation of 
rate-controlling steps of SSP of PET. Most published studies 
regard them as models and analyze the diffusion phenomena 
inside the polymer particles,9,69–81 neglecting mass transfer 
limitations on the particle surface, which can be associated 
with the properties of the gas phase. However, the proper 
understanding of the resistance of gas-side by-product to 
mass transfer may be of significant commercial importance in 
the PET business. Most PET plants perform closed-loop recy
cling of the gas phase, usually nitrogen, and even after gas 
purification, it may still contain small amounts of contaminant 
volatiles, such as water. 

In particular, the presence of water can be detrimental to the 
quality of the SSP product. As pointed out by Whitehead,82 the 
hydrolytic degradation of PET causes a loss of IV, an increase in 
the carboxyl content, a change of color, etc., even at postreac
tion stages, such as granulation, spinning, drying, and storage. 
PET studies performed in humid environment also reported the 
plasticizing role of water,83–85 which leads to reduction of the 
glass transition temperature,85 decrease in the mechanical per
formance,85 swelling of the resin,82 and modification of the 
resin morphology.83 

Therefore, in a recent paper of Filgueiras et al.,86 the effects 
caused by variable water vapor content of the carrier gas 
(0–8 wt.%) on the course of the SSP of PET were analyzed, 
with emphasis on the IV. When humid nitrogen was used as 
the carrier gas, its water content exerted a pronounced effect 
on the course of the polymerization and on the final properties 
of the obtained polymer (Figure 14). The effects were more 
pronounced when the water content of the carrier gas, the 
reaction temperature, and the reaction time increased, indicat
ing that the observed effects can be explained in terms of the 
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degradative reaction steps, specifically related to the hydrolysis 
of the ester groups. In particular, when the water content was 
equal to or higher than 2.64 wt.%, the solid-state polymeriza
tion of amorphous PET pellets did not lead to any significant 
increase in the intrinsic viscosities of the final products. On the 
contrary, it resulted in products with reduced MW compared 
with the initial value. 

4.34.3.2.2 The role of crystallization 
On industrial scale, cold crystallization usually precedes SSP of 
PET, in order to avoid sticking or sintering of prepolymer 
particles. Obviously, crystallization also takes place during 
SSP, since particles are heated at temperatures higher than 
glass transition (Tg); however, the crystallinity of the SSP pro
duct (preform) designated for bottle applications should be 
kept low, as higher Tm values lead to higher injection molding 
temperatures and higher acetaldehyde contents in the 
preforms.68 

Existing literature focuses primarily on the crystallinity 
degree and crystallizability of the final SSP product of PET or 
PET grades produced through long reaction times. In other 
words, the evolution of these properties at early stages of SSP, 
where the main crystallization phenomena are anticipated to 
occur, is neglected. The reported crystallinity values (xc) range 
from 25 to 67 wt.% for number-average MWs (Mn) up  to
50 000, SSP temperatures ranging from 180 to 245 °C and 
reaction times up to 20 h (Table 2). It is also interesting to 
note that different dynamic xc trajectories have been reported 
during the SSP: xc has been found to remain constant,75 

increasing significantly in the first few hours of the reaction 
before final stabilization 8,87 and even decreasing during the 
SSP.88 The distinct xc behavior has been attributed to different 
reaction parameters, such as the used catalysts, the presence of 

 

Figure 14 Intrinsic viscosity change (ΔIV=IVt –IV0) as a function of the reaction time, reaction temperature, and water content during SSP of PET. From 
Filgueiras, V.; Vouyiouka, S.; Papaspyrides, C.; et al. Macromol. Mater. Eng. 2011, 296, 113–121,86 by permission of John Wiley & Sons, Inc. 

contaminants, and the thermal history of the prepolymer, 
among others.57 

On the other hand, a part of the literature on SSP of PET 
focuses on the effects of initial and increasing polymer crys
tallinity on the observed reaction rates.89,90 First, the 
increase in crystallinity leads to higher concentration of 
end-groups in the amorphous phase and thus to an increase 
in the reaction rate.9,76 On the other hand, the mobility of 
polymer chains is believed to decrease with the degree 
of crystallinity,91 which can lead to simultaneous reduction 
of reaction rates and removal of by-products from the react
ing mass.92 Duh87 reviewed the works in the field and 
highlighted that SSP rates can increase with the degree of 
crystallinity at 220 °C in both pellets and powder, due to an 
increase in the concentration of active end-groups in the 
amorphous phase. 

In a recent paper,93 the evolution of crystal morphology and 
polymer crystallinity was investigated during the initial SSP stages 
(0–2 h) under typical reaction conditions (180–230 °C, nitrogen 
flow). Short reaction times were selected in order to minimize the 
effects of MW buildup on the crystallization process even at low 
SSP temperatures and to distinguish between primary and sec
ondary crystal formation. The pertinent work resulted in multiple 
melting behavior for most SSP grades (Figure 15), where low 
melting peaks were attributed to secondary crystallization (SC) 
occurring since the early stages of crystal growth. 

The size and shape of secondary crystals was found to be 
strongly dependent on SSP temperature: at low temperature, 
SC rates were low and low-melting secondary crystals were 
formed. At higher SSP temperatures, SC was accelerated due 
to enhanced segmental mobility, leading to thickening and 
larger amounts of pertinent crystals and change of the behavior 
from two to one melting endotherm. This observed melting 
behavior of PET samples was also correlated with the attained 

(c) 2013 Elsevier Inc. All Rights Reserved.



Table 2 The effect of conditions of SSP of PET 
) 

on 
crystallinity (xc) and number-average MWs (Mn 

xc 
References SSP conditions (%) Mn 

 89a

75 

8a 

 87a

57 

230 °C 
20 h 
215–245 
12 h 
12 h 
180 °C 
190 °C 
200 °C 
210 °C 
220 °C 
230 °C 
220 °C 
20 h 

230 °C 
0 h 
4 h 
10 h 
20 h 

°C 
0.63 

 0.42b

 0.42b
 0.43b
 0.44b
 0.46b
 0.53b
 0.57b
 0.57b
 0.59b
 0.62b
 0.67b

 0.34c
 0.31c
 0.30c
 0.25c

19 

21 
25 
29 
32 
38 
46 
40 
42 
45 
48 

14 
20 
22 
24 

800 

900 
800 
400 
600 
200 
000 
600 
300 
300 
400 

400 
000 
900 
600 

a Estimation is based on figures. 
b Volume fraction crystallinity (xv) was 
fraction crystallinity (xc) through � � 

ρc ρaxc ¼ − ρc =ðρa − ρÞ, where ρ is ρ 
− − 3 (g cm 3), ρc = 1.455 g cm the density of 

− 3 and ρa=1.355 g cm the density of the amo
c − 1 73 ΔΗ0 = 135 J g .

converted to mass 
the formula xc 

the polymer density 

the crystalline phase, 
rphous phase. 
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MWs: the higher the MW of PET, the greater the rejection of 
chain sections in interlamellar regions. This rejection lead to 
larger secondary nucleation sites and supported the SC model, 
which involved the formation of an intermediate crystalline 
structure in-between two parent crystals.94 

The SSP time also exerted a positive effect on solid-phase 
perfection of secondary crystals. An empirical equation for 
melting point assessment as a function of SSP time and 
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temperature was successfully constructed and applied (eqn 
[12]). It can be used to control the melting point of the SSP 
products at plant site, for the benefit of subsequent processing 
stages: 

  

Tm ¼ 0:10 � t þ 2544:27 � exp 

�
−9845:44

�
 ½12� 

RT 

where Tm is the melting point due to SC ( °C), T the SSP 
temperature (K), t the SSP time (min), and R the universal gas 
constant (J mol− 1 K− 1). 

4.34.3.2.3 The role of contaminants: recycling 
SSP serves as a recycling technique for PET packaging materials, 
such as bottles and films.95–97 In particular, both the processing 
of virgin pellets to PET bottles and the remelting of used bottle 
flakes are accompanied by reductions in IV, coloration, and 
formation of by-products, such as acetaldehyde, diethylene 
glycol, vinyl end-groups, and excess acid end-groups. PET bot
tle flakes can be subjected to SSP for upgrading IV and 
achieving acceptable quality in terms of color, lower acetalde
hyde, and absence of contaminants. The recycling involves 
collection of the used PET bottles, crushing into flakes, sorting, 
and washing. Then, the flakes may be directly subjected to 
crystallization and SSP, or be melted and pelletized prior to 
crystallization and SSP. While the former process offers the 
advantage of a fast SSP rate, eliminates melting/pelletizing, 
and the associated costs and polymer degradation, the latter 
process employs melt filtration to reduce contamination, 
reduces the SSP equipment size (lower bulk of pellets), and 
reduces the heterogeneity in the final product. 

It should be emphasized that despite a MW increase, SSP 
also serves as a highly efficient decontamination technique in 
PET bottle recycling industry.98,99 More specifically, deconta
mination is the removal of all possible alien chemical 
substances (contaminants) that have penetrated into bottle 
wall through diffusion during the service life and waste dispo
sal. This removal is an indispensable step in PET recycling 
because of (a) a variety of contaminants derived from the 
introduction of PET material to nearly all kinds of commonly 
used liquids, such as edible oil, household chemicals, 
detergents, and health-care products, and (b) the required 

Figure 15 Typical DSC scan of PET presenting multiple melting behavior (endotherms I–III). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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high food-grade purity when the recycled material is designated 
to be used in packaging applications. 

Especially for the direct food contact applications, PET 
grade should meet strict requirements issued by Food and 
Drug Administration (FDA), for example, the limit of migra
tion to the foodstuff packed in recycled PET is < 0.5 ppb. There 
is a wide range of relevant decontamination techniques, while 
the solid-state treatments, such as crystallization, drying, and 
SSP, belong to the most efficient ones. They are used to effi
ciently remove volatile substances from the recycled material, 
for example, acetaldehyde to trace concentration of < 1 ppm, 
with typical SSP temperatures for contaminant removal at 
190–220 °C under vacuum (1 mbar) or using nitrogen flow 
along with high residence times (6–12 h). 

In the industrial recycling practice, SSP is usually applied in 
combination with other decontamination techniques, such as 
vacuum extrusion, supercritical extraction, and vacuum melt 
polymerization. An example is the Buhler’s bottle-to-bottle 
recycling, which involves in-house or market PET flakes, melt 
decontamination via vacuum extrusion, pellet crystallization 
and then their SSP. Another example is the Kornes process, 
which involves bottle sorting by mass spectroscopy, washing, 
and SSP of the flakes.98 

Finally, the effectiveness of decontamination and validation 
of industrial recycling processes is achieved through the ‘chal
lenge test’ procedure,100 specified by FDA. A large number of 
possible contaminants are simulated through selection of che
mical substances covering the following descriptions: (1) a 
volatile, nonpolar organic substance, (2) a volatile, polar organic 
substance, (3) a nonvolatile, nonpolar substance, and (4) a 
nonvolatile, polar organic substance. A substantial amount of 
test flakes is contaminated with a cocktail of the selected chemi
cals: the flakes and a surrogate cocktail blend are stored at 40 °C 
for 2 weeks under frequent agitation. After this treatment, the 
surrogate cocktail is separated, the flakes are rinsed with clean 
water, centrifuged, and then they are ready to be used in the 
decontamination test, determining which trace analysis of the 
contaminants is conducted. 

4.34.3.3 Poly(lactic acid) 

PLA is a semicrystalline biodegradable aliphatic PES that can be 
obtained from renewable resources. PLA has a glass transition 
temperature between 50 and 80 °C and a melting temperature 
between 170 and 180 °C depending on the amount of residual 
monomer. It is expected to have wide applications because of 
its excellent mechanical and biodegradable properties, as well 
as its adjustable hydrolyzability.101 

The synthesis of high-molecular-weight PLA is generally 
carried out by the ring-opening polymerization of lactide or 
by direct polycondensation of lactic acid. Tin-based catalysts 
are typically used in both cases, either alone or in combination 
with p-toluenesulfonic acid.102 

In the methods using lactide, the final product of 
the melt polymerization usually contains a certain amount 
of the cyclic monomer, which increases with polymerization 
temperature. This residual lactide has been known to dete
riorate mechanical properties of the polymer to cause 
corrosion of the processing machines and to increase 
the degradation rate of PLA. Solid-state polymerization has 
been applied to PLA as a method for monomer removal, 

considering that during SSP, crystallization also occurs, 
which may result in excluding reactive ends and monomer 
in the amorphous regions, thus reaching polymerization 
conversion to 100%.103 In the pertinent study, a two-step 
method and a one-step method were carried out in the 
presence of stannous 2-ethylhexanoate (octoate) as catalyst. 
In the former technique, melt polymerization of lactide was 
first performed at 140 and 170 °C for 1 h and then the 
postpolymerization continued for 9 h at the crystallization 
temperature of PLA, which was predetermined by DSC to 
be 120–140 °C. Optimum reaction conditions were found 
for the two stages in order to obtain crystalline PLA free of 
monomer. In the one-step process, a mixture of monomer 
and catalyst was subjected to polymerization at a constant 
temperature around the crystallization point of PLA to 
allow the system to transform into the solid state during 
the reaction. Indeed, this was achieved at temperatures up 
to 140 °C, while a further increase did not induce crystal
lization and monomer conversion. In both techniques, 
however, the MW of PLA did not increase due to the ester 
interchange reactions and the formation of oligomers. 

A two-step method was also applied to the direct poly
condensation of lactic acid,104,105 where again a ring-chain 
equilibrium with the formation of cyclic monomer can occur 
and may reduce the product yield during the melt polymer
ization. In the pertinent studies, a binary catalyst system 
comprising tin dichloride hydrate and p-toluenesulfonic 
acid was used in a process comprising melt polymerization, 
prepolymer crystallization, and the solid-state polymeriza
tion. In particular, melt polycondensation was performed at 
180 °C  for  5 h,  crystallization  at  105 °C  for  1  or  2  h,  and  SSP  
at 140 or 150 °C for 10–30 h. The suggested route resulted in 
high MW, above 500 000, and again crystallization of the 
prepolymer was a key process step and the crystallinity of 
the PLA product was well correlated with the increase in 
the MW. 

Regarding the MW, the effect of crystallization on the SSP 
of PLA has been investigated when the starting form was lactic 
acid.106 In particular, the crystallization temperature was set at 
105 °C for various times (15–90 min) and SSP was then 
performed in vacuo at 135 °C for 15–50 h. The optimum 
conditions for a prepolymer of MW 18 000 were found, 
namely a crystallization time of 30 min at 105 °C and then 
the solid-state polymerization at 135 °C for 35 h. Higher 
crystallization times for the prepolymer had a negative effect 
on the SSP rate due to the formation of large crystals and thus 
to the higher limitation to by-product diffusion. On the other 
hand, higher SSP times were detrimental to MW due to the 
occurrence of degradation reactions. 

Finally, in a very recent publication, PLA nanocomposites 
have been prepared through solid-state polymerization.107 

A prepolymer was first synthesized from both lactic acid and 
lactide in the presence of different organoclays and SSP 
followed. In the former case, a MW of 138 000 was reached 
after 10 h of SSP at 150 °C, while the presence of hydroxy 
groups in the organoclay modification inhibited a MW increase 
due to prepolymer end-groups binding to clay surface. When 
using lactide, an lactide–clay intercalated mixture was prepared 
by ring-opening polymerization and MW was further increased 
to 127 000 through SSP. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.34.4 Conclusions 

SSP processes are widely used in the production of PAs and 
PESs, in order to increase the degree of polymerization and to 
improve the quality of the end product. Recycling purposes are 
also highlighted, according to which SSP serves as an efficient 
decontamination technique in order to prepare food contact 
polymer. The most important commercial advantages of SSP 
focus on the use of easy and inexpensive equipment and on 
avoiding some of the drawbacks of conventional polymeriza
tion processes. This chapter provides insight into the prevailing 
mechanisms in direct SSP and post-SSP, focusing on two of the 
most commercially important condensation polymers, that is, 
PA 66 and PET, as well as on PLA, which is widely considered as 
a very promising bioplastic. 
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4.35.1 Introduction 

Radical polymerizations are carried out on a technical scale at 
pressures up to about 3000 bar and temperatures up to 300 °C. 
Approximately 20 million tons of low-density polyethylene 
(LDPE) are produced worldwide per year. The continued inter
est in high-pressure ethene polymerization is due to the 
enormous flexibility of this reaction, which proceeds under 
supercritical (sc) conditions with respect to the monomer. 
Illustrated in Figure 1 is the continuous variation in density 
that may be achieved above the critical temperature Tc. The 
density of the symbols reflects the mass density of the fluid. As 
polymerization and polymer properties are determined by the 
properties of the reaction medium, polymerization in sc fluid 
phase allows for widely tuning polymerization rate and poly
mer properties by varying p and T. Further advantages of 
polymerization in the sc range consist in the tunability of 
solvent properties such that homogeneity is achieved for reac
tion and two-phase behavior may be selected for product 
separation. Moreover, heat and mass transfer processes are 
very efficient under sc conditions. Because of these many favor
able aspects, high-pressure ethene polymerization, with Tc of 
ethene being at 9.5 °C, may be looked upon as the archetype of 
sc fluid-phase processes. The special signature of ethene 
high-pressure polymerization is that the monomer acts as 
both reactant and tunable sc fluid medium. 

In order to fully exploit this tuning potential and also to 
adequately describe these high-pressure polymerizations, simula
tions of both monomer conversion and product properties are 
required. Modeling studies have been performed chiefly by the 
groups of Hamielec,2 Villermaux,3,4 Luft,5,6 and Kiparissides.7 It 
has become clear that restrictions for these simulations mainly 
result from the limited availability of reliable kinetic data. As is to 

be expected, the situation is even worse with kinetic data for 
copolymerization processes. Kinetic studies into high-pressure 
ethene polymerization have been pioneered by Ehrlich and his 
group8 and by Thies and Schoenemann,9 Szabo et al.,10 Feucht 
et al.11 The earlier work was mainly concerned with studies on 
overall polymerization rate. 

With the exception of very few data at small degrees of 
monomer conversion,12,13 individual rate coefficients of pro
pagation kp and termination kt have not been reported as a 
function of pressure, temperature, and monomer conversion. 
In addition to kp and kt, transfer rates to monomer and to 
polymer, β-scission rates, and initiator decomposition rates as 
well as initiator efficiencies are required for the simulation of 
ethene homopolymerization. The lack of kinetic information is 
no signature of high-pressure polymerizations. Even for ambi
ent pressure and moderate temperatures, kp and kt data of some 
common monomers are fairly uncertain. This situation has 
significantly improved upon introducing pulsed lasers as a 
powerful tool for precise and detailed analysis of free-radical 
polymerization kinetics. The accurate determination on the 
basis of pulse laser experiments for ethene polymerization 
has been pioneered by Schweer.14 A large body of information 
on propagation and termination rate coefficients at high pres
sure has emerged from the investigations that use laser pulse 
initiation in conjunction with analysis of the molecular mass 
distribution (MMD) of the so-produced polymer and with 
highly time-resolved detection of the monomer conversion 
induced by a laser single pulse (SP), respectively. These meth
ods have also been applied to high-pressure polymerizations of 
acrylates, methacrylates, styrene, and a few other monomers.15 

It comes as no surprise that attempts have been made to use 
the benefits of tuning reaction conditions on a broader scale also 
for monomers that are below their critical temperature at typical 
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Figure 1 P–T diagram of a pure fluid. The full line represents the vapor 
pressure curve, which extends up to the critical point with critical tempera
ture Tc and critical pressure pc. Above the critical temperature, the density of 
the medium may be continuously tuned between gas-like and liquid-like 
densities. From Buback, M. Angew. Chem. Int. Ed. Engl. 1991, 30, 641.1 

polymerization conditions. To achieve fluid-phase behavior, a 
wide range of monomers have been polymerized in scCO2, 
mostly as dispersion polymerizations, but also as reactions in 
homogeneous solution.16–21 The particular advantages of CO2 

are associated with a pronounced lowering of viscosity, with the 
ease by which this solvent may be separated from the polymeric 
product and with the inertness of CO2 that includes the absence 
of chain-transfer-to-solvent reactions.22 The nontoxicity of CO2 

and its easy removal resulted in studies on the synthesis of 
polymers for medical applications.23 Further, scCO2 is a com
parably good solvent for fluoropolymers,24,25 which are 
insoluble in most common organic solvents. Thus, scCO2 is an 
attractive alternative to reaction in emulsion with fluorinated 
stabilizers or in fluorinated solvents. The methods of controlled 
radical polymerizations that allow for tailoring polymer archi
tectures were applied to polymerizations in scCO2 in 
heterogeneous17,26 and homogeneous phases.27 Moreover, 
scCO2 has a high potential for applications in polymer proces
sing.28 For example, the solutions of the polymeric product in 
scCO2 may be directly used for the generation of well-defined 
particle size distributions.29 For this purpose, techniques such as 
particles from gas-saturated solution (PGSS), rapid expansion 
from supercritical solution (RESS), or others may be applied.30 

The pressures used for polymerization in scCO2 are typically 
around 300 bar and thus about 1 order of magnitude below 
those used for LDPE production. 

Beyond the interest in identifying new high-pressure 
processes and improving existing ones, applying high pressure 
with polymerization reactions allows for providing mechanistic 
evidence and for deducing rate coefficients of the relevant steps 
of radical polymerization, for example, on initiation, propaga
tion, termination, and chain transfer (CT). These rate coefficients 
are also of relevance for controlled/living polymerizations, 
which according to IUPAC nomenclature should be referred to 
as reversible deactivated polymerization. 

The intention of this chapter is to present the current state of 
scientific analysis of the kinetics of high-pressure radical poly
merization. In Section 4.35.2, techniques for measuring rate 
coefficients up to 3 kbar will be illustrated. In Section 4.35.3, 

selected examples of initiation, propagation, and termination 
rate coefficients obtained as a function of pressure for homo-
polymerizations will be presented. Section 4.35.4 addresses 
high-pressure ethene polymerization. Section 4.35.5 deals 
with ethene copolymerizations and Section 4.35.6 illustrates 
examples of reversible deactivated polymerization up to high 
pressure. In Section 4.35.7, the applicability of scCO2 as a 
reaction medium for homogeneous-phase polymerizations of 
conventional nonfluorinated monomers and of fluoroolefins is 
demonstrated and in Section 4.35.8, the focus is on the poly
merization kinetics in the presence of scCO2. 

4.35.2 Experiments and Data Treatment 

Detailed studies on high-pressure polymerization kinetics 
require the measurement of concentrations under reaction con
ditions. Particularly, valuable insight comes from highly 
time-resolved measurements of monomer concentration after 
instantaneous laser-induced photoinitiator decomposition, 
which produces an intense burst of free radicals. 

Quantitative in-line spectroscopic analysis of polymerization 
processes depends on the availability of autoclaves equipped 
with windows that are transparent to the probing light and, for 
pulsed laser-induced studies, also to excimer laser light. A survey 
of such optical cells for vibrational spectroscopic online mea
surements up to kilobar pressures is given elsewhere.1,31 

Spectroscopy in the infrared (IR) and near-infrared (NIR) 
regions is particularly useful for quantitative analysis. The major
ity of fundamental vibrational modes together with overtones 
and combination modes of low-wavenumber fundamentals 
occur in the IR at wavenumbers from 400 to 4000 cm−1, whereas  
the NIR range between 4000 and 14 000 cm−1 is exclusively due 
to overtone and combination modes. Other than expected, the 
NIR range is not overly crowded but consists of a limited num
ber of bands that are first and second overtones or binary and 
tertiary combination modes of A–H vibrations, for example, of 
C–H, O–H, and N–H. The disadvantage of NIR spectroscopy for 
detecting a multitude of characteristic bands is more than com
pensated by the lower absorption cross section, which allows 
even pure materials to be measured at optical layer thicknesses 
of millimeters and centimeters. As a rule of thumb, the layer size 
may be increased by 1–2 orders of magnitude in passing from 
a first to a second overtone and from a second to a third 
overtone. 

In addition to measuring concentrations at widely differing 
optical path lengths and thus reactor dimensions, advantage of 
the enormous decay of absorption cross section toward higher 
overtone and combination modes may also be taken by simul
taneously measuring the IR and NIR ranges at fixed path length. 
Such measurements, for example, for the wavenumber range 
2000–10 000 cm−1, which may be routinely performed on a 
Fourier transform (FT) instrument within less than 1 s, enable 
quantitative analysis over a wide concentration range. 
Monomer and polymer concentrations may be accurately mon
itored during the entire course of a polymerization reaction 
from very low polymer contents, for example, of 
50–100 ppm, to almost full conversion where polymer is ubi
quitous and only small amounts of residual monomer are 
present. The low polymer content in the initial polymerization 
period and the low content of residual monomer at high 
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conversion are measured by IR, whereas the high concentra
tions of monomer, in the early polymerization period, and of 
polymer, in the final stage of the polymerization, are deter
mined via a higher overtone mode. Using this strategy, of 
course, depends on the availability of characteristic IR and 
NIR modes for both monomer and polymer. The enormous 
dynamic range associated with the simultaneous measurement 
of IR and NIR regions also allows for measuring the very low 
concentrations of initiator and initiator-derived species in the 
presence of high monomer and polymer concentrations.32 The 
aspects and procedures of IR/NIR quantitative spectroscopy on 
fluids at pressures up to 5 kbar and partly up to 7 kbar have 
been presented in quite some detail elsewhere.1,31,33 Detailed 
surveys of optical high-pressure cells are also given in the books 
by Isaacs34 and by Sherman and Stadtmuller.35 Within the 
subsequent text, only a brief account of optical high-pressure 
cells and of miniplant devices for studies on high-pressure 
polymerization including reactions in scCO2 will be given. 

Shown in Figure 2 is a transmission-type cell for experi
ments up to 3500 bar and 350 °C. The probing light penetrates 
the cell along the cylindrical axis. Each of the two windows is 
mounted on a steel ram and sealed according to Bridgman’s 
unsupported area principle. The rams are pressed against the 
cell body, each by means of a flange secured by six bolts. 
The optical path length is determined by the distance between 
the internal surfaces of the high-pressure windows. The sample 
material is introduced into the cell through holes at right angle 
to the cylindrical axis of the autoclave. Through these borings 
also, the connections to the pressure-generating and 
pressure-monitoring equipment are made and sheathed ther
mocouples are introduced into the pressurized fluid. The cell is 
heated electrically from the outside by a resistance wire that is 
mounted onto a brass support. 

For spectroscopic studies at wavenumbers between 2000 
and 50 000 cm−1, sapphire is unrivalled as high-pressure, 

1 2 3 5 6 

20 mm 

4 

Figure 2 Optical high-pressure cell: bolt (1), flange (2), heating mounted 
onto a brass jacket (3), thermocouple (4), optical window (5), and plug (6). 
From Buback, M. Angew. Chem. Int. 1 Ed. Engl. 1991, 30, 641.

high-temperature window material. Thus both the IR/NIR 
probing light and the excimer laser light at wavelengths of 
248, 308, and 351 nm may be transmitted through the cell. 
The stainless-steel materials used for the construction of cells as 
in Figure 2 are W.St.-Nr. 2.4668 for the cell body and flange 
and W.St.-Nr. 2.4969 for the steel ram and bolts, with these 
numbers referring to the German standard. These steels contain 
significant amounts of nickel, cobalt, and other materials of 
potential catalytic activity. To eliminate or at least to reduce 
catalytic activity, the stainless-steel W.St.-Nr. 1.4122 has been 
used for construction of the cell body. For dimensions as in 
Figure 2, by this change, the maximum operating temperature 
and pressure are reduced to 200 °C and 2000 bar, respectively. 

An efficient way of avoiding catalytic action of the metal 
walls consists of isolating the system under investigation from 
the steel parts. One such strategy is illustrated in Figure 3, where  
an internal cell that sits in between the windows of the 
high-pressure cell is shown. This particular internal cell consists 
of a poly(tetrafluorethylene) tube (inner diameter 9 mm, outer 
diameter 10 mm, and length about 12 mm) and two cylindrical 
CaF2 windows (diameter 10 mm and height 5 mm). The tube is 
widened before inserting the CaF2 windows so that a tight fit is 
achieved. The system under investigation is exclusively con
tained inside the internal cell. An obvious advantage of this 
device beyond eliminating catalytic action of the metal walls is 
that the entire sample volume can be irradiated by the incident 
light in photochemical (laser-induced) studies. In addition, the 
internal cell allows for easy collection of the product and easy 
cleaning of the device. 

The setup with the internal cell can only be used for 
batch-type polymerizations, whereas the optical cell in 
Figure 2 may also be operated as a flow-through cell for quanti
tative in-line analysis before and/or after penetrating a 
continuously operated reactor, for example, a tubular reactor 
or a continuous stirred tank reactor (CSTR) as shown in Figure 4. 

The CSTR for operation up to 3 kbar and 300 °C allows for 
investigations into high-pressure homo- and copolymeriza
tions.36 The internal volume may be monitored through the 
sapphire window of 34 mm diameter. The stirrer is magnetically 
driven from outside. Different geometries of the stirring device 
have been used; among them were stirrer types that leave signifi
cant free internal space that may be transmitted by laser light. The 
reactor thus also allows for photochemically induced 
high-pressure polymerization. Concentrations inside the CSTR 
are measured by IR/NIR spectroscopy using a transmission-type 

Figure 3 Internal cell consisting of Teflon tubing (1) and optical windows 
(2); (3) represents the reaction volume. From Buback, M.; Hinton, C. In High-
Pressure Techniques in Chemistry and Physics: A Practical Approach; Isaacs, 
N. S.; Holzapfel, W. B., Eds.; Oxford University Press: Oxford, UK, 1997.31 
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Figure 5 NIR spectra recorded during an ethene polymerization at 
200 °C and 2500 bar. From Beuermann, S.; Buback, M. High Press. Res. 
1997, 15, 333.39 

Figure 4 CSTR for operation up to 3 kbar and 300 °C. From Buback, M.;
 
Busch, M.; Lovis, K.; Mähling, F.-O. Chem. Ing. Tech. 1994, 66, 510.36 

cell as in Figure 2 that is positioned directly behind the exit of the 
CSTR. Through this optical cell also the residence time distribu
tion of the reactor may be measured. For this purpose, a very 
short CO2 pulse is added to the feed before entering the CSTR 
and the residence time distribution is found by spectroscopic 
measurement of the intense CO absorption behind the CSTR.37 

2 

Information about the phase behavior of the polymerizing 
system is essential, as the situation of the reacting mixture 
directly affects polymer properties. An experimental device for 
measuring cloud-point pressures is presented in Reference 38. 

Presented in Figure 5 is a series of NIR spectra in the region 
of the first C–H stretching overtones recorded during an ethene 
polymerization at 200 °C and 2500 bar. The polymerization 
reaction may be quantitatively monitored by the decrease of 
the ethene (E) bands, with maxima above 5900 cm−1, and by 
the increase of the polyethylene (PE) bands, with maxima 
below 5900 cm−1. The arrows indicate the direction of spectral 
changes with time. 

Ethene homopolymerization may also be followed via the 
absorbance spectra taken in the region of C–H stretching second  
overtones. Illustrated in Figure 6 is a series of spectra recorded 
during an ethene polymerization at 190 °C and 2630 bar. The 
bands around 8730 and 8960 cm−1 are due to ethene. PE 
absorption occurs around 8260 cm−1. The polymerizations in 
Figures 5 and 6 proceed at fairly high degrees of monomer 
conversion exceeding 75%. The optical path lengths are 1 and 
20 mm for the spectral series in Figures 5 and 6, respectively. 

4.35.2.1 Single Pulse-Pulsed Laser Polymerization 

Monomer conversion in pulsed laser polymerization (PLP) 
induced by an SP is measured at a fixed wavenumber using 
an NIR light source, a monochromator, and a fast detection 
unit for recording NIR intensity as a function of time.40 
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Figure 6 NIR spectra recorded during an ethene polymerization at 
190 °C and 2630 bar. From Beuermann, S.; Buback, M. High Press. Res. 
1997, 15, 333.39 

Figure 7 illustrates this time-resolved procedure for a homo-
polymerization of butyl acrylate (BA) at 40 °C and 1000 bar in 
solution with CO . Relative concentration 0 

2 cM/cM is plotted 
versus time t with c0 

M referring to monomer concentration at 
t = 0, when the particular laser pulse is fired. Monomer conver
sion induced by an SP is relatively small, which allows, by 
carrying out a series of successive such SP experiments, to 
map out the conversion dependence of the termination rate 
coefficient. As the size of the radical grows linearly with time t 
after applying the pulse, the so-called SP-PLP (SP-PLP-NIR) 
experiment in Figure 7 provides access to chain-length
dependent termination rate coefficients. The coupled kinetic 
parameters kt/kp and k 0 

t·cR are obtained by fitting eqn [1] to the 
monomer concentration versus time profile measured after 
applying a single laser pulse to the system: 

cMðtÞ ¼ ð2 ⋅ k 0 
t ⋅ cR ⋅ t 

t

0 þ 1Þ − kp =2k ½1
cM 

�

where c0 
R denotes radical concentration generated by the laser 

pulse. If monomer propagation is slow, which results in a weak 
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Figure 7 Change in relative monomer concentration during BA poly
merizations at 40 °C, 1000 bar, and 38% overall monomer conversion at 
two CO2 contents. From Beuermann, S.; Buback, M.; Schmaltz, C. Ind. 
Eng. Chem. Res. 1999, 38, 3338.41 

SP-PLP-NIR signal, data analysis may be performed on the 
signal obtained by coadding cM versus t traces measured for a 
few subsequent laser pulses. SP-PLP-NIR yields the ratio of 
propagation to termination rate coefficients (kp/kt) as one of 
the primary experimental quantities. From this ratio, kt is 
obtained in conjunction with the PLP–size exclusion chroma
tography (SEC) method, which provides direct access to kp. The 
SP-PLP-NIR method has been extensively used for measuring 
chain-length-averaged rate coefficients of termination for a 
series of monomers as a function of pressure, temperature, 
and degree of monomer conversion.15 

Recently, the SP-PLP-electron paramagnetic resonance 
(EPR) technique has been introduced as a direct method for 
kt measurement, in which EPR detection is used to trace the 
decay of radicals after laser pulse initiation.42,43 This novel 
technique has however not yet been applied at high pressures. 

4.35.2.2 Pulsed Laser Polymerization-Size Exclusion 
Chromatography 

The measurement of propagation rate coefficients kp by PLP in 
conjunction with SEC analysis of the polymeric product has 
been pioneered by Olaj et al.44,45 The technique is the IUPAC-
recommended method for kp determination.46 PLP-SEC has 
been used extensively for studies on kp of a large number of 
monomers.47–52 The PLP-SEC method is well suited for mea
suring kp at high pressures, as only laser pulsing has to be 
carried out under high pressure, whereas the molecular mass 
analysis, which yields kp, is performed by SEC at standard 
conditions. Polymerization is initiated by short laser pulses 
applied to the monomer/photoinitiator system at fixed repeti
tion rate ν so as to allow for some small initial monomer 
conversion, typically of 1–2%. Due to the almost instantaneous 
production of photoinitiator-derived radicals, an increased ter
mination probability for radicals from preceding pulses results 
upon application of each successive laser pulse. Repetitive laser 
pulse initiation at constant repetition rate is reflected by 
structured MMDs of the resulting polymer (see further 
below). A detailed discussion of the PLP-SEC procedure is 
given elsewhere.48 

The accuracy of kp determination by PLP-SEC is essentially 
determined by the quality of molecular mass analysis. In parti
cular, the position of inflection points needs to be precisely 

known. SEC analysis is straightforward in cases where narrow 
molecular mass standards are available for calibration. 

4.35.3 Initiation, Propagation, and Termination Rate 
Coefficients of Radical Polymerization up to High 
Pressure 

4.35.3.1 Decomposition of Peroxide Initiators at High 
Pressure 

Two pieces of kinetic information are essential with respect to 
applying chemical initiators in radical polymerization: the 
decomposition rate coefficient kd defined as the loss in initiator 
concentration with time and the efficiency of initiation f, which 
refers to the fraction of primary radicals that actually start chain 
growth. As initiator decomposition rates are mostly deduced 
from independent experiments, by monitoring initiator decay 
in (inert) solution, it is recommended to select the solvent as 
close as possible to the monomer system of interest. The sol
vent material in which the kd measurements have been 
performed needs to be stated when efficiencies f are presented. 
For use with ethene polymerization, kd from experiments in 
solution of heptane should be well suited. 

Quantitative IR spectroscopy has turned out to be very 
useful for measuring the decay of peroxide concentration or, 
alternatively, the increase in the concentration of products from 
decomposition. Two types of discontinuous procedures have 
been used: at lower reaction temperatures, the peroxide solu
tion is contained in an internal cell (see Figure 3), which is 
filled and assembled in a glove box under an argon atmo
sphere. The internal cell is positioned into the optical 
high-pressure cell and pressurized with n-heptane acting as 
the pressure-transmitting medium. The assembly is heated to 
the reaction temperature and the collection of IR spectra is 
started. In the case that decomposition rate becomes too fast 
and a major fraction of the peroxide is decomposed before 
reaction conditions of constant T and p are reached, the per
oxide solution is directly fed into a preheated autoclave. The 
solution is then quickly pressurized and the collection of IR 
spectra is started. 

Kinetic analysis under conditions where decomposition is 
fast, for example, reaction half-lives are well below 1 min, has 
been performed using a tubular reactor, which essentially con
sists of a high-pressure capillary of 10 m (or even larger) length 
and 0.5 mm internal diameter.53 The IR spectroscopic analysis 
is performed at reaction pressure, but at lower temperature, in 
an optical cell such (as the one in Figure 2) that is positioned 
directly behind the tubular reactor. 

The decomposition kinetics of several classes of peroxides, 
such as dialkyl peroxides, diacyl peroxides, peroxyesters, per
oxycarbonates, peroxydicarbonates, but also of a few 
multifunctional peroxides, has been studied. Among them, 
peroxyesters play an important role for high-pressure ethene 
polymerization. This group of peroxides will be discussed in 
some detail in the subsequent text. 

A wide variety of peroxyesters of general structure R(CO) 
OOC(CH3)2R* (Scheme 1) are commercially available:54 

where R and R* may be primary (e.g., methyl and ethyl), sec
ondary (e.g., iso-propyl), or tertiary (e.g., tert-butyl) alkyl groups. 

Within the primary reaction step of thermally induced 
initiator decomposition, the O–O bond is broken. Depending 
on the rate at which successive bond scission of the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 1 Structure of peroxyesters. 

initiator-derived primary radical species occurs, the overall 
decomposition rate coefficient kd may be affected. The 
follow-up reaction of the primary radicals may be relatively 
fast in cases where the radical produced by β-scission, that is, 
scission of the bond in β-position to the radical functionality, is 
relatively stable, for example, is a tert-butyl radical. 

The kd values for primary peroxyesters, that is, the ones 
where R is CH3 or CH2R′, are more or less identical, whereas 
in the cases of secondary and tertiary peroxyesters, the type of R 
moiety plays a significant role. This difference is best inter
preted as being due to fast or even almost instantaneous 
β-scission with secondary and tertiary peroxyesters and to 
slow β-scission with primary peroxyesters. Within the latter 
group of initiators, the R–O bond is not rapidly broken and 
the R group in R(CO)O is too far off the peroxy linkage to affect 
primary decomposition kinetics. The opposite is true with ter
tiary peroxyesters, where the stable tertiary radical is 
immediately formed and the specific type of R moiety thus 
affects decomposition kinetics. 

This interpretation is supported by inspection of measured 
activation energies of the observed decomposition rate coeffi
cient. In Figure 8, numbers for the activation energy at low 
pressure EA(0 bar) are plotted against bond dissociation energy 
of the R–H bond (BDE(R–H)), which serves as a measure for 
the stability of radical R. For primary peroxyesters, the activa
tion energy is insensitive toward BDE(R–H), whereas for 
secondary and tertiary peroxyesters, where the radical R is 
produced early after primary O–O bond dissociation, the 
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Figure 9 Pressure dependence of relative (with respect to the 
2000 bar value) rate coefficients for tert-amyl peroxyesters (filled 
symbols) and tert-butyl peroxyesters (open symbols) at constant 
temperatures (between 120 and 170 °C). For explanation of the 
abbreviations, see Table 3. From Buback, M.; Nelke, D.; Vögele, H.-P. 
Z. Phys. Chem. 2003, 55 217, 1169.

stability of R clearly matters. The increase in EA(0 bar) is linearly 
correlated with BDE(R–H). The data for tert-butyl and tert-amyl 
show the same trend, which indicates that they essentially 
reflect the impact of the decarboxylation (β-scission) reaction 
on the observed decomposition rate coefficient. 

The pressure dependence of kobs for primary peroxyesters is 
clearly different from that for secondary and tertiary peroxye
sters. Plotted in Figure 9 are relative decomposition rate 
coefficients kobs/kobs(2000 bar). Secondary and tertiary perox
yesters show a similar type of behavior with only a modest 
decrease of the decomposition rate coefficient toward higher 
pressure, whereas primary peroxyesters exhibit a pronounced 
such decrease. This clear difference is assigned to single-bond 
scission in the case of primary peroxyesters, which is asso
ciated with a pronounced increase in molar volume of the 
activated state. Secondary and tertiary peroxyesters undergo 
almost concerted bond scission with the immediate produc
tion of the linear CO2 molecule giving rise to only a weak 
increase in molar volume of the activated state, although two 
bonds are broken rather than one in the case of primary 
peroxyesters. 

The rate parameters for decomposition of peroxides up to 
high pressure and temperatures may be calculated according to 
eqns [2] and [3]. The pressure dependence of the decomposi
tion rate coefficient of aliphatic tert-butyl peroxyesters is given 
by eqn [2]:56 

1 C1

�
C

 2 þ p bar
k p; T s−  exp −

ð ÞðC3 − C4 ⋅ p ðbarÞð Þ ð Þ ¼ 2  
T ðK

�
½ �Þ 

with the constants C –1 C4 listed in Table 1 and that of aliphatic 
tert-amyl peroxyesters by eqn [3]:55 

�
E #

k ðp  TÞ ðs−1Þ ¼ A ⋅ exp A 0
obs

ð  bar
;

Þ þ ΔV ⋅ p ðbarÞ� ½3
RT 

�ðKÞ 
with the parameters A, EA(0 bar), and ΔV# being listed in 
Table 2. 

Figure 8 Activation energy EA of the decomposition rate coefficient kobs 
for tert-amyl (filled circles) and tert-butyl (open circles) peroxyesters 
plotted vs. the BDE of the associated alkane (BDE(R–H)). For explanation 
of the abbreviations, see Table 3. From Buback, M.; Nelke, D.; Vögele, 
H.-P.  Phys. Chem. 2003,  217, 1169.55Z.
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Table 1 Constants C1, C2, C3, C4 related to eqn [2] for estimating initiator decomposition rate coefficients of 
tert-butyl peroxyesters as a function of p and T 56 

C1 C2 C3 C4 

tert-Butyl peroxy-neo-decanoate(TBPD) 
TBPP 

1.22 � 1014 

6.10 � 1014 
14 011 
15 011 

0.0208 
0.0367 

0 
0 

tert-Butyl peroxy-2-ethylhexanoate (TBPO) 
tert-Butyl peroxy-2-methylbutanoate (TBPMB) 
TBPiB 

4.10 � 1014 

4.84 � 1014 

4.03 � 1014 

15 541 
15 792 
15 809 

0.0433 
0.0481 
0.0267 

0 
0 
0 

tert-Butyl peroxy-3,5,5-trimethylhexanoate (TBPN) 4.44 � 1015 17 465 0.208 5.36 � 10−5 

tert-Butyl peroxy-n-butanoate (TBPnB) 
tert-Butyl peroxypropionate (TBPProp) 

2.78 � 1015 

1.42 � 1015 
17 381 
17 087 

0.162 
0.145 

1.95 � 10−5 

2.03 � 10−5 

TBPA 6.78 � 1015 17 714 0.2471 3.336 � 10−5 

For explanation of the abbreviations, see Table 3. 

Table 2 Parameters A, EA (0 bar), and ΔV# related to eqn [3] for estimating initiator 
decomposition rate coefficients as a function of p and T 55 

A EA (0 bar) ΔV # 

(s−1) (kJ mol −1) (cm3 mol −1) 

TAPA 1.52 � 1015 141.2 12.5 
TAPn B 1.03 � 1015 139.6 8.2 
TAPi B 7.53 � 1014 132.9 2.6 
tert-Amyl peroxy-2-ethylhexanoate (TAPO) 
TAPP 

7.27 � 1014 

4.11 � 1014 
130.5 
122.7 

2.8 
2.4 

For explanation of the abbreviations, see Table 3. 

The kinetic information on single-bond scission (with pri
mary peroxyesters) and close-to-concerted two-bond scission 
with secondary and tertiary peroxyesters is of relevance for 
initiator efficiency. In case of concerted two-bond scission, 
the primary radical fragments from decomposition may react 
with each other, by termination or disproportionation, within 
the solvent cage. These follow-up reactions consume radicals 
and thus lower initiator efficiency. In case of single-bond scis
sion, combination of the primary fragments from peroxyester 
decomposition yields the initiator back, which may form radi
cal species in a successive reaction step. Thus, the initiation 
efficiency of primary peroxyesters should be above that of 
secondary and tertiary peroxyesters, where radical–radical reac
tions after secondary bond scission irreversibly destroy radical 
functionality. The question may be asked, whether the less 
efficient secondary and tertiary peroxyesters are used at all. 
The answer to this question may be found from Figure 8, 
which illustrates the lower activation energy and thus higher 
decomposition rate of secondary and tertiary peroxyesters, thus 
allowing for initiation of polymerization at lower tempera
tures. As ethene conversion is associated with a significant 
enhancement of temperature, by about 11 °C per 1% conver
sion under adiabatic conditions, it is important to have a wide 
temperature range available to reach higher monomer conver
sion in technical polymerization processes. 

The kinetically relevant quantity for modeling initiation in 
radical polymerization is ri, the rate by which primary 
initiator-derived radicals add to a monomer molecule and 

thus start chain growth. This rate ri is related to initiator decom
position rate rd via the initiator efficiency f: 

ri ¼ n ⋅ f ⋅ rd ½4� 
where rd is –dci/dt, with  ci being the initiator concentration, t the 
reaction time, and n the number of free radicals produced from 
the initiator. With monofunctional peroxides, n equals 2, whereas 
with bifunctional and trifunctional initiators, n is 4 and 6, respec
tively. By definition, f is in the range of 0 to unity. The fraction 
(1–f) refers to radicals that are consumed in reactions other than 
propagation and recombination to the initiator molecule. 

Initiator efficiency within ethene high-pressure polymeriza
tion has been measured for a wide range of organic 
peroxyesters.57 Determination of f has been carried out via 
the quantity ‘reduced peroxide-induced monomer conversion’ 
(ΔXr) presented in Reference 58. ΔXr has been determined 
under stationary conditions in a CSTR (Figure 4) from the 
concentration of initiator decomposed in the CSTR under poly
merization conditions cI,dec and monomer conversion ΔX. The 
quantity ΔXr is related to the rate coefficients of propagation kp 

and termination kt, respectively, to CSTR residence time τ and 
to initiator efficiency f via eqn [5]: 

ΔX ΔX 0:5 
r ¼ =cI;dec ¼ kp � k−0:5 � f 0:5 � τ0:5t ½5� 

Due to the imprecise knowledge of kp and kt under poly
merization conditions, it is recommended to estimate initiator 
efficiency f via eqn [5] by using a reference initiator system of 
known f. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 10 Arrhenius plot of reduced monomer conversion ΔXr for 
di-tert-butyl peroxide (DTBP)-induced ethene polymerizations carried out 
at 2000 bar in the miniplant device equipped with a CSTR (see Figure 4). 
From Buback, M.; Fischer, B.; Hinrichs, S.; et al. Macromol. Chem. Phys. 
2007, 208, 772.57 

Shown in Figure 10 is an Arrhenius plot of ΔXr for 
DTBP-induced ethene polymerizations at 2000 bar. According 
to the discussion in Reference 58, the initiator efficiency fDTBP 

of DTBP in ethene high-pressure polymerization is close to 
unity. The initiator efficiency f of an arbitrary peroxyester may 
be estimated from the ΔXr value measured for ethene 
high-pressure polymerization initiated by this particular initia
tor. Using the known decomposition rate coefficients of this 
initiator, comparison of the measured ΔXr value with the refer
ence ΔXr value of DTBP-induced ethene polymerization (for 
f = 1) obtained at a given temperature and otherwise identical 
reaction conditions directly yields the efficiency f for the initia
tor of interest. 

The initiator efficiencies of 16 peroxides collated in Table 3 
have been determined. Both alkyl groups R and R* of the 
tert-alkyl peroxyesters R*–C(CH –3) –O– –2 O CO R (see also 
Scheme 1) have been varied. The initiators were used as sup
plied from AkzoNobel Polymer Chemicals B.V., Deventer (The 
Netherlands). Ethene of 99.8% purity (Linde) has been freed 
from oxygen by passing ethene through a catalyst tower 
equipped with the BASF copper catalyst R 3-11. 

The efficiency values of the peroxyesters under investigation 
listed in Table 4 are in the range of 0.4 < f < 0.9. With 
the exception of the data for tert-Butyl peroxy-2-ethylhexanoate 
(TBPEH) and tert-Butyl peroxypivalate (TBPP), no literature 
values for f have been reported so far. Luft and co-workers59,60 

measured the initiator consumption of TBPEH and TBPP in 
ethene polymerization at 1700 bar and found that of TBPEH to 

Table 4 Initiator efficiencies f of 
high-pressure ethene polymerization 

peroxyesters in 
 at 2000 bar57

Peroxyester f 

TBPA 
TBPPent 
TBPi B 
TBPEH 
TBPP 
TAPA 
TAPnB 
TAPi B 
TAPEH 
TAPP 
TMBPA 
TMBPEH 
TMBPP 
TMPPA 
TMPPP 

0.79 
0.85 
0.66 
0.62 
0.37 
0.69 
0.73 
0.56 
0.61 
0.48 
0.76 
0.61 
0.50 
0.50 
0.50 

� 
� 
� 
� 
� 
� 
� 
� 
� 
� 
� 
� 
� 
� 
� 

0.06 
0.05 
0.08 
0.03 
0.04 
0.08 
0.07 
0.08 
0.10 
0.06 
0.06 
0.07 
0.05 
0.05 
0.02 

Table 3 Peroxyesters used within the polymerization experiments 

Peroxyester R* R Abbreviation 
Purity 
(%) 

tert-Butyl peroxyacetate 
tert-Butyl peroxypentanoate 
tert-Butyl peroxy-iso-butanoate 
tert-Butyl peroxypivalate 
tert-Butyl peroxy-2-ethylhexanoate 
tert-Amyl peroxyacetate 
tert-Amyl peroxy-n-butanoate 
tert-Amyl peroxy-iso-butanoate 
tert-Amyl peroxy-2-ethylhexanoate 
tert-Amyl peroxypivalate 
1,1,3,3-Tetramethylbutyl peroxyacetate 
1,1,3,3-Tetramethylbutyl peroxy-2
ethylhexanoate 

1,1,3,3-Tetramethylbutyl peroxypivalate 
Tetramethylpropyl peroxyacetate 
Tetramethylpropyl peroxypivalate 
Di-tert-butyl peroxide 

Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
neo-Pentyl 
neo-Pentyl 

neo-Pentyl 
tert-Butyl 
tert-Butyl 
– 

Methyl 
n-Butyl 
iso-Propyl 
tert-Butyl 
2-Heptyl 
Methyl 
n-Propyl 
iso-Propyl 
2-Heptyl 
tert-Butyl 
Methyl 
2-Heptyl 

tert-Butyl 
Methyl 
tert-Butyl 
– 

TBPA 
TBPPent 
TBPi B 
TBPP 
TBPEH 
TAPA 
TAPnB 
TAPi B 
TAPEH 
TAPP 
TMBPA 
TMBPEH 

TMBPP 
TMPPA 
TMPPP 
DTBP 

99.4 
93.5 
98.1 
99.0 
98.7 
98.9 
98.0 
98.0 
98.0 
98.0 
50 
90.9 

75 
96.8 
90.9 
99.0 

The type of substituent, R and R*, 
functional chemicals in high purity. 

refers to the notations in Scheme 1. All peroxyesters have been kindly provided by AkzoNobel 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 Initiator efficiency f of tert-butyl peroxyesters in high-pressure 
ethene polymerization at 2000 bar. The upper, middle, and lower lines 
indicate the arithmetic mean values of f for primary, secondary, and 
tertiary peroxyesters, respectively. For explanation of the abbreviations, see 
Table 3. From Buback, M.; Fischer, B.; Hinrichs, S.; et al. Macromol. Chem. 

57 Phys. 2007, 208, 772.

be lower than that of TBPP, which is consistent with the result 
in Table 4 saying that fTBPEH exceeds fTBPP. Van der Molen 
et al.61 deduced the same result from investigations into the 
initiator consumption of TBPEH and TBPP. 

The efficiencies of several tert-butyl peroxyesters are plotted 
in Figure 11. The size of f largely depends on the type of R 
moiety, that is, on the carbon atom in α-position to the carbonyl 
group being primary, secondary, or tertiary. In passing from 
primary to tertiary peroxyesters, the initiator efficiency clearly 
decreases. The less pronounced effects of varying the R* moiety 
for a given R group are illustrated and explained in Reference 57. 

The initiator efficiency data demonstrate the strong impact 
on f of in-cage reactions that result in irreversible loss of radi
cals. Of relevance is whether successive β-scission reactions of 
primary radical species from initiator decomposition occur 
within the short time interval, of about 1 ns duration, during 
which the radicals R*C(CH3)2O· and RCOO· remain in the 
caged situation. The two dominant follow-up reactions are 
decarboxylation of RCOO· and ‘deacetonization’ of R*–C 
(CH3)2O· radicals. With primary peroxyesters, for example, 
with tert-butyl peroxyacetate, decarboxylation is relatively 
slow, as the methyl radical is too high in energy to be formed 
on the very short timescale of 1 ns. The significantly lower 
energy of tertiary radicals, for example, of tert-butyl, makes 
decarboxylation of the associated R–COO· species very fast. 
Thus, primary peroxyesters predominantly undergo out-of-cage 
decarboxylation, whereas secondary and tertiary peroxyesters 
undergo in-cage decarboxylation. 

The β-scission rate of the R*–C(CH3)2O· species follows 
similar trends. DFT calculations in conjunction with unimole
cular rate theory indicate that the β-scission rate coefficient kβ 

for such isolated species strongly depends on the type of R 
substituent.62 In passing from the tert-butoxy radical to the 
1,1,2,2-tetramethylpropyloxy radical, kβ increases by about 4 
orders of magnitude. The results from DFT calculation indicate 
that ‘deacetonization’ occurs as an in-cage process with 
1,1,2,2-tetramethylpropyloxy radicals, whereas with tert
butoxy, tert-amyloxy, and 1,1,3,3-tetramethylbutyloxy radicals, 
this reaction most likely occurs as out-of-cage process. 

4.35.3.2 Pressure Dependence of Homopropagation Rate 
Coefficients 

Propagation rate coefficients kp for a monomer A at a particular 
pressure p are deduced from the MMD measured by SEC on a 
poly(A) sample produced by PLP with repetition rate ν at 
pressure p. The characteristic points of inflection are deter
mined from the first-derivative curve of the MMD. Of 
particular interest is the degree of polymerization L0 on the 
low molecular mass side of the MMD peak maximum. L0, 
which reflects the number of propagation steps between two 
successive laser pulses, is correlated with kp via eqn [6]: 

L0 ¼ kp ⋅ cM ⋅ ν−1	 ½6� 
where cM is the monomer concentration during the PLP experi
ment. Mostly, cM is determined as the arithmetic mean of the 
initial monomer concentration prepared by weighing and cM is 
measured after applying a sequence of laser pulses at constant 
ν. The reliability of the PLP-SEC method is checked by mon
itoring higher order inflection points that occur at twice or even 
thrice the value of L0. The characteristic position, for example, 
of 2L0 is assigned to termination being induced by the next but 
one laser pulse. 

The PLP-SEC technique has been applied toward the study 
of kp for a wide variety of monomers.15 Literature reflects the 
excellent agreement of PLP-SEC data obtained by different 
groups. In what follows, a brief overview will be given on kp 

data for homopolymerizations up to high pressure. 
Illustrated in Figure 12 is a series of MMDs for polystyrene 

samples obtained by PLP of styrene at 30 °C and pressures up 
to 2800 bar. A laser pulse repetition rate of ν = 9.9 Hz has been 
applied for the entire set of polymerizations. With increasing 
pressure, the MMD peak shifts to higher molecular mass, as 
does the first point of inflection L0, which serves for kp deter
mination. The variation of peak position with pressure directly 
reflects the increase of kp with pressure. The intense peak corre
sponds to termination of propagating radicals after a growth 
period within the time interval t = ν−1. At lower pressure, the 
PLP-induced structure on the MMD is particularly clear, 
whereas at higher pressure, only the first-derivative spectra 
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Figure 12 MMDs for polystyrene samples from PLP experiments on 
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Table 5 Activation volumes ΔV≠(kp) deduced from PLP-SEC 
experiments for methacrylates and styrene at 30 °C, for MA 
at –15 °C, and for DA at 15 °C15 

ΔV # 

Monomer (cm3 mol−1)

Methacrylates MMA	 –(16.7 � 1.1)
Butyl methacrylate (BMA) –(16.5 � 1.8) 
DMA –(16.0 � 3.0)
GMA –(15.0 � 0.7) 
CHMA –(16.2 � 1.1) 
HEMA –(15.8 � 1.1) 

Acrylates MA –(11.3 � 0.7) 
DA –(11.7 � 1.8) 

Styrene –(12.1 � 1.1) 

Figure 13 Pressure dependence of kp for a range of monomers based on 
literature data. From Buback, M.; Kuchta, F.-D. Macromol. Chem. Phys. 
1995, 196, 1887; Beuermann, S.; Buback, M.; Russell, G. T. Macromol. 
Rapid Commun. 1994, 15, 351; Buback, M.; Geers, U.; Kurz, C. H. 
Macromol. Chem. Phys. 1997, 198, 3451; Buback, M.; Kurz, C. H. 
Macromol. Chem. Phys. 1998, 199, 2301; Buback, M.; Kurz, C. H.; 
Schmaltz, C. Macromol. Chem. Phys. 1998, 63199, 1721. –65,67,68 

give clear indication of ‘overtone’ peaks located at about iL0 

(i =2,  3,  4,  …). The consistency criteria of reliable kp determi
nation are fulfilled by the styrene experiments. 

Plotted in Figure 13 is the pressure dependence of kp for 
polymerization of styrene, methyl acrylate (MA), and dodecyl 
acrylate (DA) as well as for several methacrylic acid esters at 
30 °C. The kp value of linear alkyl esters increases in passing 
from methyl methacrylate (MMA)64 to dodecyl methacrylate 
(DMA).65 The reason behind this trend is seen in the reduced 
internal friction of the transition state structure with DMA, 
where the dipolar interactions of the carbonyl moieties are 
better shielded than in case of MMA.66 

Monomers with cyclic ester groups, such as glycidyl metha
crylate (GMA) and cyclohexyl methacrylate (CHMA),67 exhibit 
even higher kp. For 2-hydroxyethyl methacrylate (HEMA), a 
particularly large kp value is found.67 Although the methacry
late kp values clearly differ in size, for example, by a factor of 4 
between MMA and HEMA, the activation volumes ΔV ≠(kp), 
calculated according to eqn [7], are identical within 
experimental accuracy: ΔV≠(kp) =– (16.7  1.1) and 
(15.8 � 1.1) cm3 −

�
– mol 1, respectively: �

∂lnðkp =k0Þ ΔV#ðkpÞ  −	 7  
∂p 

�
T 

¼
R ⋅ T

½ �

The individual activation volumes for methacrylate kp, as
deduced from PLP–SEC studies at 30 °C, are listed in Table 5. 
This entire set of activation volumes may be represented by 
ΔV≠(kp) =– (16 � 2) cm3 mol−1. In addition, Table 5 contains 
values for MA and DA68 as well as for styrene,63 which are 
distinctly below methacrylate ΔV≠(kp). 

A clear family behavior is seen for both acrylates and metha
crylates. The pressure dependence follows the general trend 
that larger steric hindrance at the reaction site is associated 
with the activation volume being larger in absolute value. 
The α-methyl group of the methacrylates is primarily responsi
ble for this enhanced hindrance. The acrylate kp values were 

 

measured at fairly low temperatures in order to avoid interfer
ence by the 1,5-hydrogen shift (backbiting) reaction, which 
transforms a secondary chain-end radical into a tertiary mid-
chain radical. The kp value associated with the latter radical is 
by 2–3 orders of magnitude below that of secondary chain-end 
radicals. The backbiting process has an important impact on 
acrylate kinetics at typical polymerization conditions. This 
aspect is described in more detail elsewhere.51,69–71 

4.35.3.3 Pressure Dependence of Homotermination Rate 
Coefficients 

An essential difference between propagation and termination 
kinetics relates to the fact that propagation is chemically con
trolled, whereas termination proceeds under diffusion control. 
The latter effect is clearly seen from the pressure dependence of 
the termination rate coefficient kt. Termination by combination 
occurs as a bond-forming reaction. Thus, as with propagation, 
one would expect kt to be enhanced upon increasing pressure. 
The opposite is true. The observed decrease in kt results from the 
enhancement of viscosity with pressure, which slows down dif
fusive motion. 

The understanding of pressure-dependent kt is difficult 
because of different types of diffusion control operating during 
polymerization to high degrees of monomer conversion X. 
Illustrated in Figure 14 is the variation of chain-length-aver
aged kt with X, as observed with MMA bulk polymerization. 
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Figure 14 Chain-length-averaged termination rate coefficient of MMA as 
a function of the degree of monomer conversion. 
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The initial plateau region of constant kt is followed by a 
significant decrease of kt. Above 40% conversion, further 
decrease in kt with conversion becomes less prominent but is 
more pronounced again at high X. The line in Figure 14 is 
constructed from eqn [9] discussed further below. The 
low-conversion regime is assigned to segmental diffusion 
(SD), which basically says that segmental mobility of entangled 
macroradicals rather than diffusional motion of entire macro-
radicals controls kt. The rate-controlling step consists of 
segmental reorientation such that the radical sites of two 
entangled macroradicals approach each other to undergo che
mical reaction. In this initial range, both the motion of small, 
nonentangled radicals and the segmental reorientation of 
entangled macroradicals experience the friction provided by 
the viscosity of the solvent medium. In the case of bulk poly
merization, this viscosity is essentially the one brought upon by 
the monomer. Toward higher conversion, center-of-mass diffu
sion controls termination rate. Under these higher conversion 
conditions, chemical reaction after segmental reorientation 
occurs once the macroradicals have approached each other by 
center-of-mass diffusion and have become entangled. The rele
vant viscosity in this translational diffusion (TD) regime is that 
of the monomer–polymer system but no longer the viscosity of 
the monomer. The steep decrease in kt (Figure 14) is thus 
understood as resulting from the large increase in bulk viscosity 
of the monomer–polymer mixture with conversion. 

The interpretation of termination behavior in the TD 
region is far more complicated, as monomer conversion is 
no sufficient measure for characterizing radical mobility. 
Average polymer size or, even better, size distribution and 
the extent of branching should additionally be known. The 
situation may be referred to as ‘history-dependent’ kinetics,72 

which basically says that kt depends on the characteristics of 
the polymerizing system, in particular on the properties of the 
polymer. These properties are determined by the specific 
mode of polymerization by which a particular conversion 
has been reached. The pathway thus affects kt under TD con
ditions via the polymeric structure given by the preceding 
polymerization. 

Toward even higher conversion, bulk viscosity becomes too 
large so as to allow for significant center-of-mass diffusion of 
large polymeric species on the timescale of polymer growth. 
Under such conditions, a third mechanism comes into 
play. Termination occurs via propagation of macroradicals 
embedded into a monomer-containing environment. Radical 
functionalities thus may approach each other via propagation, 
the process of which is assisted by segmental motion of parts of 
the macroradicals, for example, of the sections in between entan
glement nodes. This mechanism, which has been put forward by 
Schulz73 and has been extended by several other groups,74–76 is 
referred to as reaction diffusion (RD). In the RD regime, kt is 
proportional to kp and to monomer content. At very high 
degrees of monomer conversion, even kp may come under diffu
sion control and, perhaps even more importantly, monomer 
content becomes very low, which leads to a significant drop in 
kt at the highest degrees of monomer conversion. With CRD as 
the reaction diffusion constant, the rate coefficient under reac
tion diffusion control kt,RD may be expressed by eqn [8]: 

kt;RD ¼ CRD ⋅ kp ⋅ ð1– XÞ ½8� 
where 1 – X is the fraction of (nonreacted) monomer. 

As has been discussed in detail elsewhere,75 the individual 
diffusion mechanisms may be put together into an equation for 
overall chain-length-averaged kt: 

1 CRD ⋅ k
ð1 − XÞ 

t ¼   − 0 9
k − 1 0  1  
SD  ηr=kTD

þ
k p;0  ηr=kp;D 

½ � þ þ
in which kSD, k

0 
TD, and kp,0 denote the rate coefficients of SD, TD 

at zero conversion, and propagation at low conversion, respec
tively. k0 

P,D refers to the diffusion-controlled propagation at 
zero conversion and ηr is the relative bulk viscosity: ηr = η /η0, 
with η0 referring to the viscosity of the pure monomer. The 
second term on the r.h.s. of eqn [9] essentially is kt,RD, with, 
however, kp being written as a diffusion-controlled quantity. 
With diffusion control of propagation being restricted to extre
mely high X, it is mostly sufficient to use eqn [9] with the 
second term on the r.h.s. being replaced by CRD kp,0 (1 – X). 
The first term on the r.h.s. of eqn [9] accounts for diffusion 
control of kt by SD and by TD, with kTD = k0 

TD/ηr (for details, see 
Reference 74). 

One way of testing the mechanistic concept, in particular 
the effect of viscosity on kt, is by varying laser pulse repetition 
rate. Higher repetition rate shifts the MMD to lower molecular 
mass. The effect is demonstrated in Figure 15 for MMA bulk 
polymerizations at 30 °C, 1000 bar, and laser pulse repetition 
rates of 0.21 and 13.5 Hz.77 No significant effect of pulse 
repetition rate on kt may be detected in the plateau region at 
low degrees of conversion, but a significant effect occurs at 
higher conversion. At lower repetition rates, the gel effect, 
associated with a clear drop in kt, is seen at around 20% con
version, whereas at higher repetition rate and thus at smaller 
molecular mass of the radical species, the transition from SD to 
TD control of kt is shifted to about 30% or even 35%. These 
results indicate that the variation of radical size has only a small 
influence on kt under conditions of SD control, where 

Figure 15 Variation of termination rate coefficient with monomer 
conversion in laser-induced MMA bulk polymerizations at 30 °C and 
1000 bar carried out at laser pulse repetition rates of 0.21 and 13.5 Hz; 
the lines are fits to eqn [9]. From Beuermann, S. Ph.D. thesis, Cuvillier 
Verlag, Göttingen, 1994.77 
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Figure 16 Comparison of log <kt> as a function of monomer conversion X for n-BMA (open markers) and tert-BMA (full markers) bulk homopoly
merizations at 2000 bar and 40 and 80 °C, respectively. From Buback, M.; Junkers, T. Macromol.  Phys. 2006,  207, 1640.78Chem.

monomer viscosity controls termination rate. In the TD region, 
on the other hand, bulk viscosity matters and thus a pro
nounced dependence of both polymer concentration and 
polymer size is observed. 

Even minor structural differences between monomers may 
largely affect termination behavior, as is illustrated for n-BMA 
and tert-BMA bulk homopolymerizations in Figure 16, where 
chain-length-averaged termination rate coefficients <kt> are 
plotted for 2000 bar and temperatures of 40 and 80 °C. At 
identical p and T, <kt> of  n-BMA is well above the value of 
tert-BMA. This difference is assigned to higher flexibility of 
n-BMA macroradicals. The n-alkyl group acts as a better solubi
lizing moiety and the tert-butyl group may even enhance chain 
stiffness. This argument also accounts for the higher kp value of 
n-BMA as compared to tert-BMA under otherwise identical 
conditions. Enhanced flexibility of poly(n-BMA) chains is also 
indicated by the lower glass transition temperature TG, which is 
20 °C for poly(n-BMA) as compared to 118 °C for poly 
(tert-BMA).79 The steep decrease in <kt> occurs at a higher 
degree of monomer conversion with n-BMA than with 
tert-BMA, which is also consistent with assuming a better 
chain-fluidizing action of n-butyl as compared to tert-butyl 
ester groups. It is known that upon addition of a solvent, the 
onset of gel-effect behavior of <kt> is shifted toward higher 
degrees of monomer conversion or may even disappear.15,41 

Figure 16 tells that <kt> of  tert-butyl methacrylate (BMA) at 
80 °C is close to <kt> of  n-BMA at 40 °C. The effect of reduced 
mobility on <kt> of  tert-BMA may thus be compensated by 
increasing temperature. 

Reaction diffusion constants have been estimated from pri
mary experimental <kt>/kp data at higher X (not shown in 
Figure 16) to be about 550 for n-BMA and close to 370 for 
tert-BMA. That CRD is larger for n-BMA is consistent with the 
assumption of a higher segmental mobility of n-BMA as com
pared to tert-BMA macroradicals. Enhanced chain flexibility 
allows for a more efficient screening of the molecular environ
ment and provides better opportunities for chain-end 
encounter and thus for termination. CRD values reported 
for bulk homopolymerizations of other monomers are 800 
for styrene (at 2000 bar), 700 for ethene (at 2550 bar), 100 
for MMA, and 1200 for BA (both at ambient pressure).75 As is 
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Figure 17 Pressure dependence of <kt,SD> in the initial plateau region 
for n-BMA (open circles) and tert-BMA (full circles) bulk homopolymer
izations at 60 °C. From Buback, M.; Junkers, T. Macromol. Chem. Phys. 
2006, 207, 1640.78 

to be expected, the CRD values for n-BMA and tert-BMA are in 
between the ones reported for MMA and BA, with the number 
for tert-BMA being closer to the MMA value. 

The effect of pressure on termination rate has been primar
ily investigated for the initial conversion range. Plotted in 
Figure 17 is the variation of the low-conversion plateau value 
<kt> with pressure for tert-BMA and n-BMA bulk homopoly
merizations at 60 °C.78 

Within experimental uncertainty, the activation volumes 
associated with <kt,SD> are almost identical for the two mono
mers: ΔV#(<kt,SD>) = (13.8 � 1.2) and (14.3 � 2.6) cm3 mol−1 

for n-BMA and tert-BMA, respectively. The ΔV#(<kt,SD>) values 
are listed together with activation volumes for other (meth) 
acrylates and styrene in Table 6. The ΔV#(<kt,SD>) values for the 
entire series of monomers are rather similar. 

The activation volume of styrene and MMA fluidity (ΔV# 

(η−1)) amounts to 14.6 and 14.0 cm3 mol−1, respectively,80 

which are well within the range of the ΔV#(<kt,SD>) values 
listed in Table 6. This finding provides further evidence for 
the pressure dependence of <kt,SD> being close to that of fluid
ity, η−1. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 6 Activation volumes ΔV #(<kt,SD>) for the initial polymerization period of various (meth)acrylates 
and styrene. The reaction conditions of the underlying experiments are given in Reference 15 

MMA n-BMA tert-BMA STY MA n-BA DA 

ΔV# (cm3 mol−1)  15  � 5 13.8 � 1 14.3 � 3 15.4 � 2  20  � 6  16  � 3  21  � 6 

Figure 18 Dependence of the chain-length-averaged termination rate 
coefficient <kt> on monomer conversion for MAA polymerizations at 50 °C 
and 2000 bar for initial monomer concentrations of 30 and 60 wt.% MAA, 
respectively. From Beuermann, S.; Buback, M.; Hesse, P.; et al. 
Macromolecules 2008, 41, 3513.81 

Free-radical termination kinetics up to high pressure has 
also been studied for solution polymerizations. Illustrated in 
Figure 18 is the dependence of the chain-length-averaged ter
mination rate coefficient <kt> on monomer conversion for 
polymerization of nonionized methacrylic acid (MAA) in aqu
eous solution.81 The SP-PLP-NIR experiments have been 
carried out at 50 °C and initial MAA concentrations of 30 and 
60 wt.%. As with MMA bulk polymerization, <kt> exhibits a 
plateau region at low degrees of monomer conversion, which is 
followed by the translational diffusion range with a steep 
decrease of <kt> toward higher conversion. This decrease is 
rather pronounced at the higher MAA concentration, whereas 
the initial plateau values of <kt,SD> at the two MAA contents are 
close to each other. The minor difference in <kt,SD> is most 
likely due to the viscosity of the aqueous monomer solution 
with 60 wt.% MAA being clearly above that with 30 wt.% MAA. 
At even higher conversion, which becomes particularly clear 
from the data for 60 wt.%, termination runs into control by 
reaction diffusion. 

The rate coefficient for termination under translational dif
fusion control kTD, which primarily affects the section where 
the steep decrease of <kt> occurs, may be expressed as kTD = kTD

0 / 
ηr (see first term on the r.h.s. of eqn [9]). Although ηr depends 
on both polymer content and the type of polymer produced, it 
has turned out in preceding studies on bulk (meth)acrylate74 

and MMA solution polymerizations82 that ηr may be repre
sented by the simplifying expression: 

ln η ¼ Cη ⋅ X ½10�r 

The parameter Cη may be looked upon as an adjustable 
parameter, which determines the conversion dependence of 
<kt> under conditions where kTD controls termination rate. 

The Cη parameter may be found from the slope of the straight 
line, which intersects the ordinate at log(kTD

0 ) and passes 
through the inflection point of the sigmoidal log(<kt>) versus 
X curve. The so-obtained Cη values are 12.8 and 21.2 for poly
merization of 30 and of 60 wt.% MAA, respectively. That Cη at 
60 wt.% MAA is above Cη at 30 wt.% MAA by a factor of about 2 
may be understood as a consequence of twice the amount of 
polymer being present at initial contents of 60 wt.% MAA and 
identical X. Plotting the <kt> data from Figure 18 against 
weight fraction of poly(methacrylic acid) rather than against 
conversion results in the two curves from Figure 18 sitting 
more or less on top of each other in the TD range.81 

4.35.4 High-Pressure Ethene Polymerization 

A kinetic scheme for high-pressure ethene polymerization 
includes propagation, termination, chain transfer (CT) to 
monomer, CT to polymer, CT to chain-transfer agents (CTAs), 
intramolecular CT (backbiting), and β-scission rate coefficients 
(Scheme 2). Initiation, propagation, and termination steps 
primarily determine monomer conversion, whereas the entire 
set of reactions needs to be known for simulation of MMD and 
polymer architecture. 

4.35.4.1 Propagation and Termination 

As mentioned above, diffusion-controlled kinetics depends on 
the history of the (preceding) polymerization. Thus, physical 
properties of the polymerizing medium, such as bulk viscosity 
and diffusivity as a function of chain length, should be known 
to fully understand polymerization kinetics. This information 
is mostly not available. Fortunately, under typical polymeriza
tion conditions, the impact of transport processes is not that 
all-invasive and it is essentially termination that is significantly 
affected. This dependence may, however, be very complicated 
and may largely vary with monomer conversion. 

Among the pulsed laser techniques described in Section 
4.35.3, only SP-PLP-NR could be successfully applied to ethene 
polymerization.40 The primary parameters from SP-PLP are the 
coupled quantities kp/kt and kt·cR

0 (and thus also kp ·φi), where 
φi is the initiating quantum efficiency. φi should be close to 
unity, the assumption of which is supported by kp ·φi being 
almost identical to the kp value reported by Lim and Luft12 for 
200 °C/1750 bar and extrapolated to the p and T conditions of 
the SP-PLP-NIR experiment (230 °C and 2550 bar). The extra
polation is based on the experimental activation parameters 
from Reference 83. Adopting φi = 1 for the entire range of 
high-temperature, high-pressure experiments allows for dedu
cing both kt and kp from SP-PLP-NIR. According to this 
procedure, Schweer14 obtained the correlations for kt 
(eqn [11]) and kp (eqn [12]) as a function of temperature, 
pressure, monomer conversion, and viscosity from his 

(c) 2013 Elsevier Inc. All Rights Reserved.
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k
I d
2 ⎯⎯→ 2I⋅ initiation 

kpI⋅ + E ⎯⎯→ R1 primary propagation step 
k

s +
pR  E ⎯⎯→ Rs + 1  propagation 

k
R t,comb 

s + Rr ⎯⎯ →  ⎯ Ps +  r termination by combination 
k

R t,disp 
s + Rr ⎯⎯ →  ⎯ Ps + Pr termination by disproportionation 

k
R + E ⎯⎯ →tr,M

s ⎯ Ps + R1 chain transfer to monomer 
k

R tr,X
s  + CTA ⎯⎯ →⎯ Ps + R1 CT to a CTA 

k
Rs ⎯⎯→bb Rr,sec backbiting 

k
+ tr,P⋅r 

Rs  Pr ⎯⎯ →  ⎯ Ps + Rr,sec. CT to polymer 
kβ

Rr,sec.⎯⎯→ Pr − s  + Rs β-scission 
kp,sec Rr,sec.  + M ⎯⎯ →  ⎯ Rr + 1,LCB propagation of a branched radical 

k
R  ⎯p,se⎯ →c 

r,sec(from bb). + M ⎯ Rr +  1  + SCB monomer addition to a secondary 
radical from backbiting 

Scheme 2 Kinetic steps of ethene homopolymerization (r, s characterize chain length). 

measurements at temperatures between 190 and 230 °C and 
pressures between 1950 and 2900 bar: 

;

 
1 

ktðT; p; X  ηÞ ¼  0:832 � þ 8:04 � 10 − 6 � ð1 − XÞ 
ηr 

k0 

� p 0
k0 

!
 

⋅ kt ½11� 
1 þ p  η1:13 ⋅ 1010 ⋅ r 

k0 
pkpðT; p; X; ηÞ ¼  0 ½12� 

 þ k
1  p  η1:13 ⋅ 1010 ⋅ r 

where ηr indicates relative bulk viscosity and ηr = η/η0, with η0 

referring to pure ethene viscosity at identical p and T. The 
notations k0 0 

t and kp refer to the termination and propagation 
rate coefficients at very low conversion, respectively. These two 
quantities were also deduced from SP-PLP experiments: 

k0 ðmol − 1 s − 

�
− −1 8  553  0:190 ⋅ p bar

t :
Þ 

 Þ ¼ 8 11 � 10 ⋅ exp
ð

T ðKÞ 
�
½13� 

   

�
−0 − 1 − 1 7  4126 þ 0:33 ⋅ p 

 
ðbar

kp mol s 10
Þð Þ ¼ 1:88 � ⋅ exp

T ðKÞ 
�
 

½14� 

4.35.4.2 CT to Monomer 

CT to monomer occurs between the same reaction partners as 
does propagation: 

with Rs and Ps referring to radicals and polymer of chain length 
s, respectively; E is ethene; and R1 is a small free radical of 
similar size to ethene. 

According to the standard procedure, the inverse (average) 
degree of polymerization P−1 

N from experiments at low initia
tion rate, and thus also low termination levels, is used to 
estimate the CT to monomer constant Ctr,M: 

P − 1 
N ¼ Ctr;M ¼ ktr;M=kp ½16� 

Plotted in Figure 19 is P−1 
N against inverse temperature for 

ethene homopolymerizations at 2000 bar and very low initia
tion rates.84,85 Arrhenius-type behavior of Ctr,M is clearly seen. 
The slope to the straight line yields the difference in the activa
tion energies for CT to monomer and propagation. With EA(kp) 
being known from Schweer’s work,14 the experimental value of 
EA(Ctr,M) yields E A(ktr,M) = (74 � 8) kJ mol−1, which is remark
ably close to E (k ) = 83 kJ mol−1  

A tr,M estimated by Heuts et al.86

from ab initio quantum mechanical calculations for the transfer 
reaction between an ethyl radical and ethene. 

Fitting the entire set of experimental P−1 
N data measured as 

a function of p and T yields the following expression for 
Ctr,M:

84,85 

ln Ctr;M ¼ 2:90 − ðT ðKÞÞ − 1 ⋅ 5524 

þ 0:257 ⋅ 

�
�
ðp ðbarÞÞ− 2000

��
 ½17� 

Figure 19 Variation of −1 PN with inverse temperature for ethene polymer
izations at 2000 bar and low initiation rates with data from Buback, M.; 
Choe, C.-R.; Franck, E. U. Makromol. Chem. 1984, 185, 1685; Buback, M.; 
Choe, C.-R.; Franck, E. U. 84,85 Makromol. Chem. 1984, 185, 1699.

Rs þ E�!ktr;M PsþR1 ½15�
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4.35.4.3 CT to Polymer and β-Scission 

Intramolecular CT (backbiting), intermolecular transfer to 
polymer, and β-scission largely affect polymer structure. 
Backbiting occurs by 1,5-H shift and results in the formation 
of short-chain branches, mostly n-butyl side groups. The back
biting reaction has been thoroughly studied by Goto et al.87 

and rate coefficients are available as a function of pressure and 
temperature. 

Secondary macroradicals from intermolecular CT may 
either propagate to form long-chain branches (LCBs) or 
undergo β-scission. It should be noted that LCBs signifi
cantly contribute to the very specific and attractive 
structure of LDPE. No generally accepted view of the trans-
fer-to-polymer process has emerged so far. Feucht et al.11 

treated this process as a single reaction step characterized by 
the rate coefficient  ktr,P. The increasing probability for CT of 
a larger molecule is taken into account by multiplying ktr,P 

with the chain length r of the polymer molecule, which 
reacts with radical Rs: 

k ⋅ ða þð 1 − aÞ ⋅ rÞ 
Rs þ P

tr;P 

r �! Ps þ Rr; …LCB; a ∈ ½ 0; ; 1� ½ 18� 
An alternative description of the transfer-to-polymer pro

cess has been put forward by Goto et al.87 These authors also 
assume transfer-to-polymer rate to scale with polymer chain 
length r (eqn [19]). By introduction of the β-scission step (eqn 
[20]) for branched macroradicals, the steep rise in MW toward 
high conversion is avoided: 

k
R

tr;P ⋅ r 
s þ Pr �! Ps þ Rr;LCB ½ 19� 

k
R

β 

s þ ðP qÞ �! Ps þ Rr þ ðP q−r Þ ½ 20� 
As a third alternative, Lorenzini et al.3,4 envisaged the trans-

fer-to-polymer process as a reaction sequence that starts with 
the formation of a secondary macroradical (eqn [21]) and is 
followed by either β-scission (eqn [22]) or propagation 
(eqn [23]): 

ktr;P ⋅ r 
Rs þ Pr �! Ps þ Rr;sec ½ 21� 

k
R

β

r;sec �! Pr−s þ Rs ½ 22� 
k

R
p;sec

r;sec þ M �! Rr  1;LCB ½ 23þ � 
Both the Goto et al. and the Lorenzini et al. models afford 

for a good fit of the experimentally observed long-chain 
branching index ILCB, that is, of the number of branches per 
1000 chain atoms, of measured MW, and also of the full MMD. 
The Goto et al. scheme has the advantage of a reduced stiffness 
of the differential equations associated with this approach. In 
case that the type and the concentration of branched macro-
radicals need to be specified, the kinetic scheme of Lorenzini 
et al. appears to be more suitable. 

The difficulties met in deducing chain-transfer and 
β-scission rate coefficients from experimental quantities are 
due to the fact that the individual kinetic steps contribute in a 
complex fashion to polyethylene properties. A brief survey on 
the correlation of fundamental polymerization kinetics to pro
cess design and to the prediction of polymer properties has 
been presented by Bauer et al.88 

Several additional engineering aspects need to be consid
ered with high-pressure ethene polymerizations carried out in 
tubular or autoclave reactors, including phase behavior and 
safety aspects.89–91 

4.35.5 High-Pressure Ethene Copolymerization 

Via high-pressure copolymerization, the properties of 
ethene-based materials may be significantly modified and 
adjusted to special applications. Frequently used comonomers 
are vinyl acetate and (meth)acrylic acid esters. Of primary 
importance is the knowledge of reactivity ratios ri, which are 
defined as ri = kii/kij, that is, the ratio of homopropagation kii to 
cross-propagation kij rate coefficients. The notation kij refers to 
addition of monomer j to a radical chain end with the terminal 
unit resulting from species i. Under ideal polymerization con
ditions, the mole fraction Fi of monomer units i contained in 
the copolymer is given by eqn [24], which holds for both the 
terminal and the implicit penultimate models.92 

ri ⋅ f 2 
i þ fi ⋅ ð1  − f

F i
i  

2 

Þ¼
r ⋅ f þ 2 ⋅ f ⋅ ð 1  f Þ þ  r 2  24  
i −i i i j ⋅ ð 1 − fi

½ �Þ
In eqn [24], fi is the mole fraction of monomer i in the 

monomer mixture. In the penultimate models, two 
monomer-derived segments at each radical chain end are 
taken into account, for example, by the rate coefficient kiij, 
which refers to addition of a monomer molecule j to a radical 
chain end where both terminal and penultimate units consist 
of species i. Equation [24] is used to derive ri and also rj = kjj/kji 
from measured compositions of monomer mixture and copo
lymer, fi and Fi, respectively. 

Plotted in Figure 20 is the copolymer mole fraction FMA 

versus monomer mole fraction fMA for E–MA copolymeriza
tions carried out in a continuously operated reactor at 2000 bar 
and temperatures of 220, 250, and 290 °C. By visual and/or 
spectroscopic monitoring of the copolymerizing system, it is 
ensured that the reaction takes place in homogeneous phase. 
Copolymerization is associated with a significant increase in 
MA content. The two reactivity ratios are strongly correlated, 
which is best taken into account by calculating 95% confidence 

Figure 20 MA content of the copolymer FMA (in mol.%) plotted against 
the MA content of the monomer mixture fMA for E–MA copolymerizations 
at 2000 bar and temperatures of 220, 250, and 290 °C. The curves are fits 
of the experimental data to eqn [24]. From Buback, M.; Dröge, T. 
Macromol. Chem. Phys. 1997, 198, 3627.93 
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Figure 21 Arrhenius plots of ethene and acrylate reactivity ratios rE and 
rA, respectively, for copolymerization of the binary systems E–MA (trian
gles), E–BA (squares), and E–EHA (circles) at 2000 bar. The dashed lines 
represent the fit to the combined data set for E–BA and E–EHA. From 
Buback, M.; Dröge, T.; van Herk, A.; Mähling, F.-O. Macromol. Chem. 
Phys. 1996, 197, 4119.95 

intervals for these quantities according to the procedure sug
gested by van Herk.94 

Arrhenius plots of ethene and acrylate reactivity ratios rE 

and r , respectively, for the E–MA, E– –A BA, and E EHA (ethyl
hexyl acrylate) copolymerizations at 2000 bar are shown in 
Figure 21. The rE values of the three systems are rather similar, 
whereas rA of E–MA is slightly, but significantly, above the 
corresponding values for the E–BA and E–EHA systems. The 
fitted lines in Figure 21 are given by the following 
Arrhenius-type relations (referring to 2000 bar): 

E–MA system:93 

–1 
ln rE ðMAÞ ¼ –0:0202 – 1516 � 

�
T ðKÞ

�
½25� 

–1 
ln rA ðMAÞ ¼ –3:170 – 2406 � T ðKÞ ½26� 

(p = 2000 bar; 220 °C ≤ Θ ≤ 290 °C). 

� �

E 95
–BA and E–EHA systems:  

–1 
ln rE ðBA=EHAÞ ¼ –0:0834 – 1431 � 

�
T ðKÞ 

�
½27� 

� �–1 
ln rA ðBA=EHAÞ ¼ –4:135 – 2670 � T ðKÞ ½28� 

(p = 2000 bar; 150 °C ≤ Θ ≤ 250 °C). 
Ethene high-pressure copolymerization studies have also 

been carried out for the systems E–MMA,96 E 97 
–BMA, E–acrylic 

acid, and E–methacrylic acid.98,99 Whereas the comonomer 
reactivity ratios turn out to be slightly different, the ethene 
reactivity ratios for the entire set of (meth)acrylates and for 
(meth)acrylic acid are remarkably close to each other. The 
similarity of rE = kEE/kEX is probably due to the cross-
termination propagation rate coefficient rate kEX being domi
nated by the highly reactive ethene-terminated radical.99 

Arrhenius equations such as eqns [25]–[28] and/or the 
corresponding expressions presented in References 96 and 99 
allow for estimating ethene and comonomer reactivity ratios 

for 2000 bar, which is a typical pressure. Further information 
about reactivity ratios in ethene copolymerization may be 
found in the pioneering article by Ehrlich and Mortimer,100 

which contains a wealth of detailed information on all aspects 
of ethene homo- and copolymerization. 

The variation of reactivity ratios with pressure is minor, as it is 
the difference between the activation volumes for homopropa
gation and cross-propagation that determines the formal 
activation volume of r: ΔV≠(ri) = -(∂ ln ri/∂p)TRT. As  a c onse
quence, the accurate measurement of the resulting small 
activation volumes poses problems, which is especially true for 
ΔV≠(rX), as the comonomer content of the feed is mostly rather 
low. On the other hand, because of the small size of ΔV≠(r), this 
number need not be known overly accurately. Moreover, the 
pressure range of ethene copolymerizations is not very extended, 
as pressure is limited toward high p for technical reasons and 
toward low p by inhomogeneity of the reaction mixture. 

A few experiments, in which pressure was changed during 
the course of continuous copolymerizations under otherwise 
constant reaction conditions, have been carried out to estimate 
ΔV≠(rE).

93 The numbers obtained for the E–MA and E–EHA 
systems are ΔV≠(rE) = –(7.4 � 4.1) and –(8.2 � 3.5) cm3 mol−1, 
respectively. For ethene–BMA copolymerizations, the value 
ΔV≠(rE) = –(6.0 � 3.9) cm3 mol−1 has been reported.97 These 
negative ΔV≠(rE) values indicate that rE slightly increases with 
pressure. 

Simulation of polymerization and copolymerization kinetics 
requires additional information about the phase behavior of the 
monomer–polymer system. Cloud-point studies on copolymer– 
ethene as well as copolymer–ethene–comonomer systems have 
been carried out over wide p and T ranges under visual inspec
tion of the reaction mixture.38,101 Part of the measured 
cloud-point curves have been modeled by perturbed chain 
statistical associating fluid theory (PC-SAFT) theory.102 

4.35.6 Reversible Deactivated Radical Polymerization 

Reversible deactivated radical polymerization processes, which 
have been referred to as living/controlled radical polymeriza
tions, allow for producing polymeric materials with controlled 
molecular masses, low dispersities, and complex macromolecular 
architectures, such as block and comb-like copolymers as well as 
star-shaped (co)polymers. In addition to nitroxide-mediated 
polymerization (NMP)103 and atom-transfer radical polymeriza
tion (ATRP),104 reversible addition fragmentation chain-transfer 
(RAFT) polymerization is an attractive new method.105 

One type of RAFT agents are dithioesters, Z–C(=S)S–R, 
which have been developed in great structural variety. RAFT 
polymerization proceeds via a degenerative chain-transfer 
mechanism in which two equilibria (see Scheme 3) are 
embedded into a conventional radical polymerization scheme 
with the elementary initiation, propagation, and termination 
steps remaining unaffected. In the pre-equilibrium, addition of 
a propagating radical to the sulfur–carbon double bond of the 
RAFT agent 1 produces a carbon-centered intermediate RAFT 
radical 2, which may undergo β-scission either yielding back 
the reactants or releasing an initiating radical R● plus a 
polymeric dithioester compound 3 that constitutes the 
dormant species. A similar set of reactions is operating under 
main-equilibrium conditions, where growing macroradicals 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 3 Pre-equilibrium and main-equilibrium species occurring in dithiobenzoate-mediated RAFT polymerization. 

react with polymeric RAFT agent 3 to produce the intermediate 
radical 4. Repeated RAFT events result in the living/controlled 
characteristics of the polymerization. 

High pressure may provide deeper insight into the RAFT 
mechanism and may also be interesting because of potential 
applications. Propagation rate should be enhanced by pressure, 
whereas termination rate should decrease. A first study on RAFT 
polymerization at high pressure (1.8 kbar) has been carried out 
on styrene.106 Rzayev and Penelle107,108 performed dithioester
mediated polymerizations of methyl ethacrylate and MMA 
under high pressure and succeeded in producing controlled 
polymer of high molecular mass. 

Online NIR spectroscopy has been used to measure conver
sion versus time traces for cumyl dithiobenzoate (CDB)
mediated styrene bulk polymerizations up to 2.5 kbar. MMDs 
of the resulting polymer were determined by SEC.109 

Polymerization rate is decreased with increasing RAFT con
centration (Figure 22), which is a specific feature of CDB 
mediation that will not be addressed here. Irrespective of 
RAFT content, overall polymerization rate increases by a factor 
of 3 in passing from ambient pressure to 2.5 kbar. 

In addition to favorably affecting rate, high pressure is 
advantageous with respect to molecular mass control. 
Dispersity, PDI, of polystyrene generated via CDB-mediated 
polymerization could be improved, for example, has been 

reduced in styrene bulk polymerization at 70 °C from 1.28 at 
ambient pressure to 1.12 at 2000 bar. Illustrated in Figure 23 is 
the accompanying decrease in half-width of the MMD for 
polystyrene produced under CDB control at 1 and 2000 bar. 

The beneficial action of high pressure on reversible deacti
vated radical polymerization is not restricted to RAFT systems 
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Figure 23 MMDs of polystyrene generated via CDB-mediated styrene 
bulk polymerization at 70 °C and two pressures, 1 and 2000 bar. The other 
reaction parameters were kept constant. From Arita, T.; Buback, M.; 
Janssen, O.; Vana, P. Macromol. Rapid Commun. 2004, , 1376.109 25

Figure 22 Pressure dependence of the rate of polymerization at 70 °C for CDB-mediated styrene bulk polymerization at three CDB levels; initiator 
azobisisobutyronitrile concentration: 1 � 10−2 mol l−1. The dashed line represents conventional polymerization, that is, without CDB, under otherwise 
identical conditions. From Arita, T.; Buback, M.; Janssen, O.; Vana, P. Macromol. Rapid Commun. 2004, 25, 1376.109 
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from scCO2 as the common reaction and process medium, an 
integral process requires only one pressurization step in con
trast to isolated individual process steps. In particular for 
high-pressure conditions, continuous processes are favorable, 
since the pressurized volume may be relatively small and still 
large quantities of product may be obtained. As an example for 
homogeneous-phase reactions, the synthesis of binder materi
als for coating applications is considered. In an effort to 
decrease the amount of solvents and to obtain products of 
high-solid contents, modern acrylic binders are of rather low 
molecular mass around 2000 g mol−1. The actual coating is 
formed in situ on the surface via cross-linking reactions.117 

Synthesis of styrene–methacrylate copolymers that serve as 
model compounds for binder materials in solution with 
scCO2 is discussed below. Other attractive monomers for 
homogeneous-phase polymerizations in scCO2 are vinyl 
acetate and silica- and fluorine-containing monomers. In par
ticular, fluorinated systems were investigated in scCO2. The 
fluoropolymer synthesis in solution with scCO2 is reported 
for fluorinated olefins, that is, vinylidene fluoride (VDF) and 
hexafluoropropene (HFP). 

4.35.7.1 Styrene–Methacrylate Copolymers 

Copolymers consisting of styrene, MMA, and functional 
methacrylates are applied as low-molecular-mass binder mate
rials. Functional methacrylates such as GMA or hydroxyethyl 
methacrylate containing epoxy or hydroxyl groups are consid
ered as cross-linkers. To study the feasibility of scCO2 as 
reaction medium for binder synthesis, model copolymeriza
tions containing initial monomer mole fractions of 0.07, 
0.51, and 0.42 for styrene, MMA, and GMA, respectively, were 
carried out. In a first step, batch polymerizations were per
formed in optical high-pressure cells equipped with sapphire 
windows. This setup allows for visual inspection of the reaction 
mixture and for FT-NIR monitoring of monomer conversion 
during polymerization. Moreover, information on the phase 
behavior may be obtained from the NIR spectral series. 
Heterogeneity is detected from NIR light scattering, which 
results in an increase of the spectrum baseline, whereas a con
stant baseline indicates polymerization in homogeneous 
phase.116 Single-phase copolymerizations were carried out 
with 20 wt.% CO2 at temperatures ranging from 80 to 160 °C 
and pressures around 350 bar.20 It should be noted that at 
temperatures above 120 °C, depropagation comes into play 
and limits the final conversion as well as affects copolymer 
composition.118,119 Up to 120 °C, complete monomer conver
sion was obtained in homogeneous phase. 

The molecular masses were controlled by either initiation 
rate or the use of CTAs. Because of the targeted low molecular 
masses, high amounts of initiator or conventional CTAs, such 
as dodecyl mercaptan, were required. In case that a catalytic 
CTA, such as bis(borondifluoro diphenylglyoximato) cobaltate 
(CoPhBF), is used for molecular mass control, only parts per 
million (ppm) amounts of CTA are required.120 Molecular 
mass control via initiation leads to high-dispersity material. 
Because of the low CO2 contents and consequently the high 
monomer concentrations, conventional peroxide initiators, for 
example, TBPP or TBPO, of known decomposition kinetics and 
efficiency (see Section 4.35.3.1) could be used. No special 
fluorinated initiators were required. 

Figure 24 MMA polymerization under ATRP control by TPMA with 
EtBri B as the initiator at 40 °C and several pressures; solvent, acetonitrile. 
From Morick, J. Ph.D. thesis, Georg-August-Universität Göttingen, 
Göttingen, 2011.110 

but occurs also with ATRP. This is exemplified by data for MMA 
solution polymerization in acetonitrile with ethyl-2-bromo-iso
butyrate (EtBriB) being the initiator and CuI complexed by tris 
[(2-pyridyl)-methyl]amine (TPMA) being the catalyst. The mea
sured pressure-induced increase in polymerization rate and 
decrease in dispersity are plotted in Figure 24.110 

4.35.7 Homogeneous-Phase Polymerization in scCO2 

The solubility of polymers in scCO2 depends strongly on pres
sure and temperature, which alter inter- and intramolecular 
forces between solvent molecules and polymer segments and 
affect the free-volume difference between polymer and CO2. 
Important parameters are the chemical nature of the repeat 
units, polymer crystallinity, molecular mass, and polymer 
architecture.24 The presence of acetate and ether moieties,111 

Si atoms, and in particular of fluorocarbon pendent groups on 
a hydrocarbon backbone has a positive influence on polymer– 
scCO2 phase behavior.112–114 

Despite the fact that most nonfluorinated polymers show 
poor solubility in scCO2, polymerizations may be carried out 
in homogeneous phase in the presence of significant amounts of 
scCO2. In contrast to solubility measurements, in which a poly
mer has to be dissolved by the sc fluid, a polymerizing system 
initially consists of monomer and CO2. Then, conversion occurs 
and polymer concentration increases, while monomer serving as 
cosolvent is still present. Depending on the CO2 content, mole
cular masses, and type of polymer, solution polymerizations are 
feasible. For example, it was shown that even polystyrene, which 
is considered as the archetype of a polymer being insoluble in 
scCO2,

115 may be obtained from single-phase polymerization 
in CO2, provided that low-molecular-mass material is gener
ated.116 Moreover, the choice of pressure and CO2 content 
strongly affects the styrene conversion that may be reached in 
homogeneous phase. If the CO2 content is sufficiently low, CO2 

will diffuse into a polymer melt, leading to a homogeneous 
system consisting of a CO2-swollen polymer melt. 

With respect to technical applications, integral processes 
that combine polymer synthesis with formulation and polymer 
processing are particularly attractive. If all three steps benefit 

(c) 2013 Elsevier Inc. All Rights Reserved.
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A tubular reactor setup was developed for the synthesis of 
the above-mentioned model copolymer for acrylic binder 
materials. The tubular reactor essentially consists of capillaries 
with an internal diameter of 3.8 mm and a length of either 4 or 
8 m, which are wound up to a coil of 15 cm diameter. The two 
reactor lengths allow for adjusting residence times between 5.5 
and 44 min. The maximum pressure of the setup is 500 bar at 
200 °C.120 Typically, a premixed solution containing the 
monomers, initiator, and, if applicable, the CTA, was pressur
ized and fed into the reactor via a membrane pump. Liquid 
CO2 was fed by a pneumatic high-pressure liquid chromato
graphy (HPLC) pump. A constant CO2 flow of up to 
8 ml min−1 was maintained by means of an electric HPLC 
pump. After bringing the monomer–initiator or the mono-
mer–initiator–CTA solution and CO2 together, a mixing 
chamber was passed to generate a homogeneous mixture. The 
homogenized mixture was pumped through the thermostated 
tubular reactor. Behind the reactor, the mixture was depressur
ized and the polymeric product was collected. For monomer 
conversions above 95%, a white powder was obtained during 
expansion. Expansion of the reaction mixture is accompanied 
by significant cooling and an oversaturation of polymer in the 
surrounding CO2 phase. Consequently, particle formation 
occurs. Further details are contained in References 119 and 120. 

Beneficial aspects for homogeneity are the required low 
molecular masses and the low CO2 content of 20 wt.%. The 
latter is also important for process productivity. Moreover, the 
presence of scCO2 leads to a reduction in viscosity compared to 
polymerizations in bulk or organic solvents, which is advanta
geous for a continuous process. 

4.35.7.2 Fluorinated Olefins 

Fluorinated polymers exhibit unique properties leading to 
advanced applications, which were outlined in a recent review 
by Ameduri.121 VDF homo- and copolymers are of particular 
interest, because in addition to high stability, they show ferro-, 
pyro-, and piezoelectric behavior for use in transducers, sensors, 
or switches.122 Being insoluble in common organic solvents, 
fluoropolymers are mostly synthesized in emulsion polymeriza
tion using fluorinated stabilizers, which, however, may 
accumulate in the environment.123 Because of the fair solubility 
of amorphous fluoropolymers in common solvents, scCO2 is 
considered as an attractive alternate reaction medium for the 
production of fluoropolymers. In their pioneering work on poly
merizations in scCO2, the group of DeSimone124 studied 
homogeneous-phase polymerizations of tetrafluoroethene and 
semi-fluorinated acrylates (e.g., 1,1-dihydroperfluorooctyl acry
late or 2-(N-ethylperfluorooctanesulfonamido)ethyl acrylate) 
and styrene with fluorinated substituents, for example, perfluor
oethyleneoxymethyl styrene. For tetrafluoroethene, the use of 
scCO2 does not only provide a nonfluorinated reaction medium 
but also add to the safety of the process. Moreover, acid end 
groups frequently formed in aqueous phase are not seen.125,126 

Most studies using scCO2 in VDF polymerizations deal with 
heterogeneous-phase reactions, either dispersion or precipita
tion polymerizations.127–131 In precipitation polymerization, 
bimodal MMDs were obtained, which was explained by differ
ent loci of polymerization.132 Homogeneous-phase reactions 
in the absence of any fluorinated solvents or stabilizers yield 
rather narrow monomodal MMDs.21,126,133–136 Additionally, a 

stabilizer influence on product properties is avoided. For 
kinetic investigations, homogeneous-phase conditions are 
desirable since no mass transfer processes over phase bound
aries have to be considered and in-line FT-IR or FT-NIR 
spectroscopy may be applied to monitor monomer conversion 
throughout the reaction. 

Poly(vinylidene fluoride) (PVDF) is only poorly soluble in 
scCO2 despite the high degree of fluorination. The reason is 
seen in the semicrystallinity of PVDF.114 With Mn values being 
limited to 10 000 g mol−1, homogeneity may be obtained at 
120 °C and 1500 bar in the presence of 77 wt.% CO2 up to 
complete VDF conversion.134 If chain length was controlled by 
the initiation rate, broad MMDs with dispersities ≥ 3 were 
obtained. When DTBP is used, a high concentration of 
0.3 mol l−1 is required, which corresponds to 10% of the mono
mer concentration. To avoid the use of such high initiator 
concentrations, molecular mass was controlled by CTAs. With 
respect to phase behavior, fluorinated CTAs are interesting. 
Particularly attractive is the use of perfluorinated alkyl iodides, 
for example, C6F13I, because, as pointed out by Ameduri and 
co-workers,137–139 fluorinated iodides such as C6F13I do not 
only effectively control molecular masses but also enable 
so-called iodine transfer polymerizations (ITPs), which exhibit 
living polymerization behavior. ITP of VDF with C6F13I has 
been carried out in scCO2.

135 The availability of this technique 
is important for the fluorinated olefins, as other CRP techni
ques, such as ATRP, RAFT, and NMP, are not easily applied to 
this class of monomers.121 ITP employing C6F13I is based on 
the equilibrium between free radicals and I-end-capped radi
cals as the dormant species: 

P• þ Pm − I ⇄ Pn −n  I þ P• 
m 

The prerequisite of the equilibrium is the rather labile C–I 
bond of the CH –CF –2 2 I end group. This labile end group may 
also be used for modification of the polymer, for example, to 
an azide end group, which may subsequently be used for reac
tions with alkynes or for functionalization of carbon black 
nanoparticles.140,141 

As described above for styrene–methacrylate copolymers, 
PVDF is collected as a dry white powder after expansion of 
the reaction mixture containing scCO2. Scanning electron 
micrographs of the particulate material show that porous struc
tures are obtained. The molecular mass and polymer end 
groups originating from either initiator or CTA strongly influ
ence the PVDF morphology, the degree of crystallinity, and the 
type of crystal phase.133 In addition, the size distribution of 
PVDF nanoparticles obtained from RESS experiments strongly 
depends on Mn and polymer end groups.142 

Despite the fluorination of the VDF units, rather high tem
peratures and pressures are required for homogeneous-phase 
polymerizations of VDF in scCO2. Addition of HFP to the 
reaction mixture leads to a lowering of cloud-point pressures, 
because it is known that VDF–HFP copolymers are amorphous 
at HFP contents, FHFP, above 0.20.121 Due to the pending CF3 

group, the free volume of the polymer is increased and the 
entropy of mixing with CO2 is enhanced. A reduction in poly
mer segment–segment interactions will favor the interchange 
energy.143 Moreover, it was shown that HFP not only acts as a 
comonomer but also affects the phase behavior and reduces 
cloud-point pressures significantly.144 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 25 NIR (left)145 and MIR (right) spectra of VDF, HFP, and CO2 recorded at 100 °C and 800 bar. The crisscrossed area was integrated. 

To explore the conditions for homogenous-phase VDF–HFP 
copolymerizations, monomer feed composition and CO2 con
tent were varied over a wide range. Performing the reactions in 
optical high-pressure cells allows for in-line monitoring of 
phase behavior and monomer conversion. As described 
above, the olefinic CH-stretching vibration of VDF is associated 
with a prominent peak at 6303 cm−1. As shown in Figure 25, 
HFP shows no absorbance in the wavenumber range assigned 
to CH-stretching vibrations. CO2 absorbs weakly at 6214 and 
6332 cm−1. Contributions of CO2 were eliminated by subtrac
tion of reference spectra recorded at the same temperature and 
pressure, since CO2 has an intense peak at 6953 cm−1, which is 
not superimposed by absorptions of either VDF or HFP. HFP is 
characterized by an absorption in the mid-infrared (MIR) range 
at 2095 cm−1. The higher wavenumber half-band is not signifi
cantly superimposed by absorptions of VDF or CO2. 
Monitoring of both monomers during a copolymerization 
requires the use of silicon windows, because the transparency 
of sapphire windows at and below 2100 cm−1 is unsatisfactory. 

VDF–HFP copolymerizations with in-line monitoring of 
the NIR and the MIR region provide access to conversion of 
both monomers as a function of time, as is illustrated in 
Figure 26(a). Since reacted monomer is converted into 
copolymer units, information on copolymer composition as a 
function of monomer feed composition is available. With one 
reactivity ratio value being below unity and the other one 
above unity, copolymer composition always differs from 
comonomer feed. 

Copolymer composition data derived from four experi
ments are given in Figure 26(b). The major advantage of this 

procedure is that a few experiments are sufficient to derive the 
reactivity ratios, in contrast to the classical approach where a 
large number of low-conversion experiments have to be carried 
out. The composition data obtained at reaction conditions may 
be used to derive the reactivity ratios according to the Lewis– 
Mayo equation, eqn [24]. 

The resulting reactivity ratios are rVDF = 4.3 and rHFP = 0.12. 
These values indicate, as can be seen in Figure 26, that VDF is 
preferentially built into the copolymer. Since HFP does not 
homopolymerize, HFP concentration is not further diminished 
once VDF is consumed. The reactivity ratios are within the 
expected range: rVDF = 3.3  

–5.13 and r = 0–HFP 0.09.19,131,146 It
should be noted that the experimental composition data 
agree very well with values calculated from the reactivity ratios 
reported by Ahmed et al.19,146 for reaction in the presence of 
scCO2 at around 400 bar and 35–40 °C. 

In-line FT-NIR spectroscopy was also used to detect phase 
separation. Shown in Figure 27 are two NIR spectral series 
recorded during VDF–HFP copolymerizations at 100 °C in 
70 wt.% CO2 with equimolar amounts of both monomers in 
the feed at initial pressures of 900 and 510 bar. The two peaks 
at 6214 and 6332 cm−1 marked by the asterisk symbols are due 
to CO2. The spectra recorded at 900 bar clearly show that the 
peak assigned to the CH-stretching vibration of VDF disappears 
completely and that the baseline of the spectra is not signifi
cantly varied, indicating a homogeneous-phase reaction. The 
VDF peak at 6303 cm−1 recorded during the copolymerization 
at 510 bar also disappears completely. However, contrary to the 
reaction at higher pressure, a strong baseline shift is observed at 
510 bar. The numbers 1–5 refer to the chronological order of 
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spectra recording: 1 is the first spectrum and 5 the final one. 
After some conversion is reached, the system turns heteroge
neous and the NIR light is scattered, which is reflected by a shift 
of the baseline to higher absorbance. With increasing conver
sion, the baseline moves back to lower absorbances, indicating 
that the heterogeneity disappears. When full VDF conversion is 
reached, the NIR baseline suggests that the reaction mixture is 
homogeneous again.21 

Heterogeneity in VDF–HFP copolymerizations mostly 
occurs in the beginning of the reaction. With increasing con
version, the polymer content in the mixture increases and 
swelling of the copolymer with CO2 becomes important, rather 
than dissolution of polymer in the monomer–CO2 mixture. 
The extent of the heterogeneous behavior depends strongly 
on FHFP: the more HFP is contained in the copolymer, the 
smaller is the heterogeneous-phase region. At high HFP con
tent, VDF–HFP copolymerizations were feasible even in bulk 
due to the cosolvent action of HFP.21 Roberts and DeSimone 
reported on VDF–HFP copolymerizations in a CSTR in homo
geneous phase for HFP-rich systems. Typical conversions were 
around 10%.19 

4.35.8 Kinetics of Radical Polymerization in 
Homogeneous Mixture with scCO2 

In the previous section, it was shown that homogeneous-phase 
polymerizations of conventional and fluorinated monomers 
may be carried out in scCO2. The phase behavior is strongly 
determined by polymer properties, such as molecular masses 
and copolymer composition. To identify suitable reaction con
ditions and to optimize polymerization processes, kinetic 
modeling of the high-pressure reactions with sc carbon dioxide 
is important. The rate coefficients for the individual reaction 
steps need to be known for polymerization in the presence of 
scCO2. Diffusion-controlled termination should be strongly 
affected, as CO2 leads to a significant reduction of viscosity.147 

It is thus to be expected that termination rate coefficients are 
clearly enhanced compared to reactions in bulk or in organic 
solvents. For the chemically controlled propagation reaction, 
only a modest influence of CO2 is anticipated. Nevertheless, it 
is important to know the impact of different amounts of CO2 

on kp, because termination and transfer coefficients are 

commonly determined from parameters coupled to kp, for 
example, from kp/<kt>, k

2
p/<kt>, or ktr/kp. It goes without saying 

that accurate kp is also required for estimates of the properties 
of polymer produced in scCO2. 

The decomposition kinetics of various peroxide initiators 
were described in Section 4.35.3.1 with particular emphasis on 
initiators used in high-pressure, high-temperature ethene 
homo- and copolymerizations. Since the reaction medium 
may affect decomposition kinetics,148 it was tested whether 
scCO2 influences kd. For this purpose, the peroxyesters TAPP, 
TBPP, and TBPA as well as the diacyl peroxides dioctanoyl 
peroxide (DOP) and bis(3,5,5-trimethylhexanoyl) peroxide 
(BTMHP) were investigated.149 For both peroxypivalates, a 
minor variation in kd by about 10% was observed. While kd 

of TBPP in the presence of CO2 is slightly lower than that in 
n-heptane solution, kd of TBPA is slightly enhanced. The oppo
site effect of CO2 on decomposition rate is understood by 
differences in the mechanism: TBPP undergoes rapid successive 
two-bond scission accompanied by almost instantaneous pro
duction of CO2. Decomposition of TBPA proceeds via 
single-bond scission to form a tert-butoxy radical and a methyl
carbonyloxy radical. The low-viscosity environment of scCO2 

enables faster out-of-cage diffusion with TBPA, which in turn 
reduces the importance of back reaction and is identified as an 
enhancement of decomposition rate. A more detailed discus
sion is presented in Reference 150. 

The CO2 influence on the decomposition kinetics of BTMHP 
is somewhat larger. Plotted in Figure 28 is the temperature 
dependence of kd in scCO2 and n-heptane. The data for decom
position in scCO2 represent the experimental data points,149 

while the n-heptane data are calculated according to the pressure 
and temperature dependencies reported in the original work.148 

The slopes of the Arrhenius lines are very similar. Absolute kd in 
scCO2 is above the associated numbers in n-heptane by 40%. 
Similarly, kd for DOP is enhanced by 40% in scCO2 compared to 
n-heptane. A strong impact of solvent environment on the 
decomposition of BTMHP has been reported and correlated 
with the EN 

T parameter of the solvent, which provides a measure 
for polarity.151 k is enhanced toward higher EN 152 N

d T . As ET of 
scCO2 is above the n-heptane value, the polarity of CO2 may 
contribute to the 40% increase in kd. 

The studies on peroxide decomposition kinetics in scCO2 

reveal that only minor differences compared to decomposition 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 28 Decomposition rate coefficients kd for BTMHP determined in solution of CO2 and n-heptane at 500 bar. From Beuermann, S.; Buback, M. In 
Supercritical Carbon Dioxide in Polymer Reaction Engineering; Kemmere, M. F.; Meyer, T., Eds.; Wiley–VCH: Weinheim, 2005, pp 5 5–80.150 

rate in n-heptane occur. Thus, with the exception of BTMHP, 
the large literature database available for peroxide decomposi
tion in n-heptane up to high pressure may be used for estimates 
of kd values for polymerizations of nonpolar monomers in the 
presence of scCO2. 

Phase behavior is determined by copolymer composition. 
Thus, control of the copolymer composition is of importance. 
Due to the nonideality of most systems, copolymer composi
tion drift may occur during polymerization to high degrees of 
monomer conversion. To estimate the effect of CO2 on copo
lymer composition, low-conversion polymerizations with 
varying monomer feed composition were carried out at con
stant temperature, pressure, and CO2 content. Resulting 
copolymer was analyzed by 1H-NMR spectroscopy. The reac
tions were carried out at 60 °C and 300 bar in bulk and in 
40 wt.% CO2. For styrene–BA systems as well as for styrene– 
alkyl methacrylate systems, it turned out that the reactivity 
ratios were not affected by the presence of scCO2.

153 This 
finding, which is equivalent to stating that the r values are 
independent of CO2 content, allows for using the large body 
of data already available for styrene–(meth)acrylate reactivity 
ratios to describe copolymerization in sc CO2. 

As described in Section 4.35.3.2, kp data are derived from 
PLP-SEC. The experimentally accessible quantities are the time 
period between two successive laser pulses t0 and the number 
of propagation steps between two subsequent laser pulses L1 as 
obtained from SEC. In systems where solubility is no problem, 
for example, in many bulk polymerizations, cM is easily identi
fied with overall monomer concentration. However, in 
solution polymerizations, local monomer concentration in 
the vicinity of the propagating radical chain end cM,loc may 
differ from the analytic overall monomer concentration cM,a. 
In particular for systems in which the solvent power of mono
mer and solvent (e.g., of scCO2) are markedly different, cM,loc 

and cM,a may not be the same. If the addition of scCO2 to a 
polymerizing system leads to a variation in the product kp∙cM, 
which is the quantity directly accessible from PLP-SEC, two 
limiting situations may occur: 

kp ⋅ cM ¼ kp;app ⋅ cM;a ¼ kp;kin ⋅ cM;loc ½29� 

First, the relevant monomer concentration is given by cM,a. 
Consequently, differences in kp∙cM from the bulk value may be 
assigned to changes in the propagation rate coefficient, given 
by kp,app. Second, the propagation rate coefficient is the same 
for bulk and solution polymerization, kp = kp,kin, and variations 
in kp·cM are due to changes in effective monomer concentra
tion with the solution value being assigned as cM,loc. Since only 
cM,a is known in what follows, the experimentally derived 
propagation rate coefficients are designated as kp,app. 

First, kinetic data derived for BA and MMA PLP with varying 
CO2 content at otherwise identical conditions are presented in 
Figure 29.154 The propagation rate coefficients and monomer 
concentrations cM are given relative to the corresponding bulk 
values to facilitate comparison. Despite the fact that the mono
mers exhibit largely differing absolute kp values, kp,bulk 

(BA) = 28 000 l mol−1 s−1 and kp,bulk(MMA) = 648 l mol−1 s−1 at 
50 °C, the variation with CO2 content or with cM is not 
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Table 7 The ratio of 
to polymerizations in 40 

kp,app /kp,bulk 
155 wt.% CO2

with kp,app referring 

Monomer kp,app/kp,bulk 

Methyl acrylate 
Butyl acrylate 
Dodecyl acrylate 
Methyl methacrylate 
Butyl methacrylate 
Dodecyl methacrylate 
Glycidyl methacrylate 
Cyclohexyl methacrylate 
iso-Bornyl methacrylate 
Styrene 
Vinyl acetate 
Hydroxypropyl methacrylate 

MA 
BA 
DA 
MMA 
BMA 
DMA 
GMA 
CHMA 
iBoMA 
S 
Vac 
HPMA 

0.60 � 0.10 
0.65 � 0.05 
0.75 � 0.05 
0.65 � 0.05 
0.78 � 0.05 
0.83 � 0.05 
0.87 � 0.05 
0.75 � 0.05 
0.60 � 0.05 
1 � 0.05 
1 � 0.05 
1 � 0.05 

significantly different. Moreover, PLP of BA at 11 °C and 200 bar 
or at −1 °C and 1000 bar does not show any difference in the 
relative kp values plotted on the ordinate. Reduction of mono
mer concentration to 60% of the bulk value decreases kp by 40%. 
Further lowering of monomer concentration does not result in 
an additional decrease in kp. Additional monomers were studied 
in the plateau region at 40–60% of cM,bulk. It turned out that a 
reduction in kp compared to kp,bulk occurred in many cases, with 
the exception of vinyl acetate, styrene, and hydroxyl propyl 
methacrylate, where no impact of CO2 on kp was found.

150,155 

The extent by which kp is lowered correlates with the size 
and structure of the ester group. Within the alkyl acrylate and 
alkyl methacrylate families, the decrease is most pronounced 
for the monomer with the smallest ester alkyl group. For 
monomers with dodecyl ester groups, the lowering is only by 
17% and 25% for the methacrylates and acrylates, respectively. 
The data are summarized in Table 7. For methacrylates with the 
cyclic ester groups, the lowering is between 13% for glycidyl 
and 40% for iso-bornyl methacrylate. At first sight, polymer 
solubility is not the determining factor, because no influence 
of CO2 is seen on styrene and vinyl acetate kp, although poly
styrene and poly(vinyl acetate) solubility in scCO2 is known to 
be very different.111,115 

To check whether CO2-induced variations in kp are of 
kinetic origin, the temperature and pressure dependence of kp 

from PLP in scCO2 was compared with the bulk data. As an 
example, the pressure dependence of BA kp at 11 °C and of 

CHMA kp at 40 °C for polymerizations in bulk and in 40 wt.% 
CO 155,156

2 is shown in Figure 30.  Whereas the data for poly
merizations in scCO2 are below the corresponding bulk data, 
the lines representing linear fits of the individual data sets in 
bulk or in scCO2 are more or less parallel. Significant differ
ences in the slopes are not seen. Thus, the activation volumes 
ΔV# are not affected by the presence of CO2. The same is true 
for the activation energies.150,155 

With MAA radical polymerization, the activation energy of 
kp has been found to be insensitive to the solvent environment 
(MAA or MAA/water). This was assigned to changes in the 
pre-exponential and thus to a purely kinetic effect.157 The 
question, whether the same argument applies to propagation 
in scCO2, cannot be safely answered so far. The variation here 
may be due to the contribution of local monomer concentra
tions, but this should be checked by direct local concentration 
measurement. 

To control molecular mass, CTAs may be used. The chemi
cally controlled transfer reaction of dodecyl mercaptan in 
homo- and copolymerizations of styrene and MMA is not 
influenced by the presence of up to 40 wt.% CO2.

158 On the 
other hand, the diffusion-controlled catalytic chain-transfer 
reaction of Co complexes was enhanced by up to 1 order of 
magnitude depending on the reaction conditions, in particular 
on CO 158,159 

2 content and the Co complex used.
Particular emphasis has been paid to studies on the influ

ence of CO2 on termination kinetics. The SP-PLP-NIR 
technique described in Section 4.35.2 has been applied to MA 
and DA polymerizations in 40 wt.% CO2 and in bulk. The 
experimentally accessible quantity kp/<kt> is used to calculate 
<kt> with kp being known from PLP-SEC. The conversion 
dependence of chain-length-averaged termination rate coeffi
cients <kt> is plotted in Figure 31. DA <kt> stays constant up to 
at least 60% conversion, but MA <kt> stays constant only up to 
about 15% conversion. DA <kt> shows the expected increase 
due to the presence of scCO2, which amounts to almost 1 order 
of magnitude at 40 °C and 1000 bar. In contrast, for MA<kt>, 
no significant variation is found. At first sight, the latter result is 
surprising, as for both systems, comparable amounts of CO2 

are used and thus in both cases, a significant reduction in 
viscosity occurs. 

The difference in CO2 influence on <kt> suggests that termi
nation kinetics is not exclusively determined by viscosity η. For 
DA and MA, differences in shielding were discussed to have a 

Figure 30 Pressure dependence of BA and CHMA propagation rate coefficients determined in bulk and in homogeneous mixture with scCO2 at 11 and 
40 °C, respectively. From Beuermann, S.; Buback, M.; El Rezzi, V.; et al. Macromol. Chem.  2004,  Phys. , 876.155205
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Figure 31 Conversion dependence of DA and MA termination rate coefficients derived from SP-PLP-NIR experiments at 40 °C and 1000 bar in bulk and 
in 40 wt.% CO2. From Beuermann, S.; Buback, M. Prog. Polym.  2002,  Sci. , 191.1527

significant impact on the termination kinetics.150 In the case of 
DA, each monomer unit carries a long dodecyl ester group, 
which provides shielding of the radical chain end. Thus, entan
glement of two DA macroradicals does not necessarily lead to 
chain termination. The radicals may become separated before 
the two radical functionalities have approached each other. 
Thus, several encounters are required before two radicals actu
ally react with each other. Addition of CO2 and consequently a 
lowering of the intracoil viscosity, which is relevant for termi
nation under SD control, strongly enhances chain-end 
mobility.150 The potential of the entangled radical for screening 
its immediate environment and to bring the radical function
alities into close contact for termination is enhanced by the 
addition of CO2, and termination may occur faster. For MA, on 
the other hand, no effective shielding is provided by the small 
alkyl ester groups. As a consequence, even in MA bulk systems, 
entanglement of two MA macroradicals results in termination. 
This may explain why <kt> for MA bulk polymerizations is 
significantly higher than that for monomers with longer ester 
groups. Thus, as termination occurs anyway, the lowering of 
intracoil viscosity, which is associated with the addition of 
CO2, does not result in any further significant enhancement 
of termination probability. 

DMA and MMA polymerizations in scCO2, in contrast to  
MA and DA, exhibit a very similar increase in <kt> compared 
to the situation with bulk DMA and MMA polymerizations. 
This observation is explained by the dominant shielding 
action of the α-methyl group in close proximity to the radical 
functionality rather than to effects of the size of the alkyl ester 
group.150 The influence of CO2 content on termination 
kinetics has also been studied for styrene polymerizations.116 

Whereas E # 
A and ΔV of <kt> are not affected by the presence of 

CO2, a  large increase  in <kt> by about 1 order of magnitude 
has been seen. This effect may be due to the poor solubility of 
polystyrene in scCO2, which can be associated with the occur
rence of more tightly coiled polystyrene macroradicals that 
terminate at a much higher rate. Similar arguments were put 
forward to discuss the termination kinetics in conventional 
solvents.160 
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4.36.1 Introduction 

Monomers can be polymerized electrochemically, i.e., by elec
trons that travel from (or to) the polymerization medium to (or 
from) a solid electrode of an electrolytic cell as schematized in 
Figure 1. Practically, two solid electrodes, usually made of a metal, 
are immersed in a solvent that contains the monomer and an 
electrolyte and they are polarized by an external power supply. 

Polymerization in this case, occurs at one of the two electro
des, which is designated as the working electrode, whereas the 
second one, which is oppositely charged, is the counterelectrode. 

Similar to conventional polymerization of vinyl monomers, 
electropolymerization can be initiated by radical, cationic, or 
anionic species, depending on the cell constituents and the 
polarization conditions. As defined by Michael Faraday, the 
cathode is the electrode to which cations flow for being reduced 
by reaction with electrons given by the electrode. Conversely, the 
anode is the electrode where the oxidation occurs by accepting 
the electrons from the reactant. Therefore, either a radical or an 
anionic polymerization can occur when the working electrode is 
the cathode whereas polymerization can be radical or cationic at 
the anode. Step-growth polymerization, for example, based on 
oxidative coupling reactions, can also be sustained electrochemi
cally provided that the working electrode is properly polarized. 

Whenever vinyl monomers are electropolymerized, two situa
tions must be distinguished depending on whether the vinyl 
monomer is the precursor of the initiating species or not. Either 
the polymerization is directly initiated by the activated monomer 
or the initiation is indirect whenever the active species (radical, 
anion, or cation) is generated by a compound other than the 
monomer (conducting salt, solvent, or properly selected addi
tives). Besides these electroinitiated polymerization processes, a 
very recent report1 also demonstrated that electrochemistry is a 
valuable tool to mediate atom transfer radical polymerization 
(ATRP). Indeed, an externally applied electrochemical potential 
can activate the copper catalyst by a one-electron reduction of an 
initially added air-stable cupric species (CuII/ligand) allowing 

control of the polymerization kinetics in real time by tuning 
the position of the dormant to active species equilibrium by 
varying the magnitude of the applied potential. 

In contrast to propagating species that can be identified by 
reaction with appropriate compounds, the number and life 
time of the initiating species are so low during the whole 
process that only sophisticated electrochemical techniques 
can provide reliable pieces of information about their nature. 

The next section focuses on a representative example of 
electroinitiated polymerization of vinyl monomers, with the 
purpose of introducing basic concepts and some tools dedi
cated to the analysis of the process. 

4.36.2 Electroinitiated Polymerization of Vinyl 
Monomers for Promoting Coatings Adhesive to Metals 

Metals are currently protected against corrosion by deposition of 
preformed synthetic polymers by electrophoresis. This technique 
is more effective than the spray application of paints whenever 
the shape of a metal frame is highly complex, as may be the case 
in the car industry. Then, parts of the metal can be hidden from a 
direct line of sight and thus of protection by spraying paints. It is 
the reason why corrosion resistance is maximized by the electro
deposition of a primer coating by electrophoresis. For this 
purpose, the metal is electrically charged and immersed in a 
bath that contains oppositely charged polymer particles. Once 
they are in contact with the metal surface, these particles are 
electrically neutralized, and after curing at an appropriate tem
perature, they coalesce, ideally into a tough homogeneous film. 
Because the current practice is to have the metal frame cathodi
cally polarized – which minimizes steel corrosion – the process 
is referred to as cataphoresis. 

Despite recognized advantages, metal protection by electro
phoresis suffers limitations because of the need of (1) high 
potential differences for preformed polymer particles to 
migrate to and be deposited on the metal, (2) high curing 
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Figure 1 Schematic representation of an electrochemical cell used for 
electropolymerization. 

temperature, and (3) strong adhesion to the metal that is 
usually not the case, because of lack of molecular interactions 
between the polymer particles and the metal. 

Direct deposition of the protecting film by electroinitiating 
polymerization in the electrolyte bath is an alternative to the 
electrodeposition of preformed polymers. Compared to cata
phoresis, this strategy does not need high electrical potentials, 
whereas the film adhesion may be improved to some extent. Early 
contributions to this technique of deposition of in situ electro
polymerized acrylic and vinyl monomers in organic and aqueous 
media have been already reviewed elsewhere by Mengoli et al.2 

In the 1980s, a paper by Lécayon et al.3 aroused not only 
curiosity but also optimistic prospects for the permanent coat
ing of metal and thus for their very effective protection against 
atmospheric agents. Indeed, these authors reported on the 
chemisorption, rather than on the mere deposition, of poly
acrylonitrile (PAN) onto metals, such as copper and nickel.3 

This one-step electrografting technique relies on the electroini
tiation of the acrylonitrile (AN) polymerization in acetonitrile 
(ACN) under well-controlled cathodic polarization. This pio
neering work is discussed hereafter in terms of basic concepts, 
requirements, and advantages. 

4.36.2.1 Implementation of the Electrografting of AN 

The remarkable observation by Boiziau and Lécayon4,5 was that a 
PAN film formed by cathodic electroinitiation of the AN poly
merization in ACN was strongly adhering onto nickel, i.e., a 
common metal, used as the cathode. This so-called electrograft
ing reaction was conducted in a very standard electrochemical 
cell (Figure 2). Nevertheless, it was mandatory to use an oxygen-
and water-free solution of AN and a conducting salt in ACN, and 
to keep the whole system under a dry and inert atmosphere. 
Under these conditions, a strongly adhering thin film was depos
ited on the immersed part of the cathode a few seconds after the 
application of an appropriate cathodic potential. The working 
electrode was then passivated by this insulating organic film. For 
the potential applied to the working electrode to be controlled, a 
third electrode had to be used (Figure 2), the reference electrode, 
which was endowed with a stable and well-known potential. The 
calomel electrode is the well-known reference used in water. In 
contrast, the availability of a reference electrode suitable to 
organic solvents is quite a problem, which is circumvented by 
the use of a pseudo-reference electrode, such as a platinum wire. 

Figure 2 Conventional electrochemical cell used for electrografting. 

Nevertheless, although unknown, the electrode potential remains 
stable as long as the composition of the monomer/conducting 
salt solution is constant, which is a reasonable assumption in the 
herein reported experiments that consume a minute amount of 
monomer. It is, therefore, relevant to investigate the electrograft
ing process by voltammetry, which is a potentiodynamic method 
in which the current at the working electrode is measured while 
the potential between the working electrode and the reference 
electrode is scanned linearly. Oxidation or reduction of species is 
recorded as a peak or a wave in the current signal at the potential 
at which the species starts to be oxidized or reduced. This tech
nique was applied to the AN reduction on a Ni working electrode 
in a solution of tetraethylammonium perchlorate (TEAP; 0.05 M) 
in ACN. This solvent is very well suited to this type of reaction 
because (1) it dissolves monomers and most of the polymers, 
(2) it dissolves salts with ionic dissociation, (3) it is non-protic, 
(4) it is easily dried over calcium hydride, and (5) it is stable in a 
large window of cathodic potentials. 

The choice of TEAP as a conducting salt was justified by 
electrochemical stability and ionic dissociation in organic sol
vents in relation to delocalization of the charge of both the 
cation and the anion over a large number of atoms. The vol
tammogram did not show any reduction peak below −2.2 V 
versus Pt (Figure 3). This observation is indirectly consistent 
with the effective elimination of water and oxygen from the 
electrolytic solution, otherwise their reduction peaks would 
have been recorded at potentials less cathodic than 2.2 V. 
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Figure 3 Voltammogram of the acrylonitrile reduction in acetonitrile 
containing tetraethylammonium perchlorate (0.05 M) on a Ni working 
electrode. The potential scanning rate was 20 mV s−1.I, grafting peak; II, 
diffusion peak. 
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reactions at the surface of a polarized electrode. Quartz crystal 
microbalance (QCM)7 is one of these techniques well suited for 
discriminating two situations in which electroinitiated chains 
either remain adsorbed or are not adsorbed onto the surface of 
the electrode. QCM actually measures a mass per unit area by 
recording the change in frequency of a quartz crystal resonator. 
Whenever this acoustic resonator is used as an electrode, the 
resonance is disturbed by the electrodeposition (or removal) of 
matter on the surface. The technique is then designated as 
‘electrochemical QCM (EQCM)’ because voltammogram and 
frequency variation of the vibrating electrode are recorded 
simultaneously, which provides a unique tool for investigating 
any electrochemical reaction, that either form or do not form 
products at the surface of the working electrode. Indeed, 
according to the Sauerbrey relationship (Δf = −KΔm), a decrease 
of the electrode frequency (Δf) is consistent with a mass 
increase (Δm) of the electrode, and vice versa. 

Figure 5 shows the two curves recorded by EQCM for the AN 
electropolymerization in DMF.8 The voltammogram (full line) 
expectedly shows the two reduction waves, I and II, on the Pt 
sensor. Moreover, the vibration frequency of this cathode (dotted 
line) decreases at the potential of the first peak, in accordance 
with PAN chemisorption responsible for an increase in the sensor 
mass. Consistent with previous observations (Section 4.36.2.1), 
the initial frequency is restored at the potential of the second 
reduction wave (at −3.25 V, Δf = 0), which confirms that the 
previously chemisorbed/grafted chains are released from the 
cathode surface and grow in the electrolytic solution. 

Because the PAN chains that are electroinitiated in a good 
solvent (DMF) at the potential of peak I are strongly adsorbed 
onto the cathode, this peak is currently designated as the ‘graft
ing peak’. The very low intensity of this peak is accounted for by 
the very rapid passivation of the surface by the chemisorbed 
chains. In contrast, at the potential of peak II, the monomer 
reduction is merely controlled by the monomer diffusion to the 
cathode whose surface remains active; this more cathodic peak 
is referred to as the ‘diffusion peak’. 

Although of great interest, data provided by EQCM are not 
quantitative, including the amount of chains electrografted at 
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Figure         
ing tetraethylammonium perchlorate (0.05 M) and AN (0.2 M) on Ni. The 
potential scanning rate was 20 mV s. Inset refers to a steel electrode and a 
scanning until the potential of peak I (PAN chemisorbed on the cathode 
area dipped in solution) and peak II (degrafting of PAN), respectively. 

Two electrochemical waves were, however, observed beyond 
−2.2 V, which was not the case in the absence of monomer. They 
must thus be assigned to the monomer reduction. When the 
surface of the electrode was observed by the naked eye after the 
potential scanning until the one of peak I and peak II, respec
tively, the deposition of an organic layer identified as PAN was 
reported. The macroscopic aspect of the deposition was, however, 
different, being a very thin iridescent film when the potential was 
scanned until the less cathodic peak and a thicker yellowish layer 
in the second case, which was easily dissolved by a good solvent 
for PAN (dimethylformamide (DMF)), in contrast to the former 
film that resisted DMF washing. A tentative explanation is that 
the PAN chains electroinitiated at the cathode are chemisorbed 
onto the surface at the potential of peak I, whereas they are 
detached from the cathode at a more cathodic potential. 
However, ACN being a nonsolvent for PAN, these chains preci
pitate onto the electrode without any adhesion to the surface. 

In order to give credit to this scenario, DMF was substituted for
ACN in the voltammetry experiment. Again, two distinct reduc
tion phenomena were observed on various metals such as Ni, Fe,
and Pt (Figure 4, full line).6 Scanning the potential to the max
imum of the first cathodic peak (peak I, Figure 4) resulted i n the
deposition of a PAN film onto the cathode (see inset in Figure 4, 
peak I, in case of steel electrode). Scanning down to the second 
reduction wave (peak II, Figure 4), restored the original surface of 
the electrode as a result of release of the previously chemisorbed 
chains that grew in the electrolytic solution (see inset in Figure 4, 
peak II, in the case of a steel electrode). This preliminary voltam
metric study in two organic solvents combined with the visual 
aspect of the working electrode in relation to the applied potential 
provided strong evidence that the PAN chains are electrografted at 
the potential of the first reduction peak, whereas this benefit is 
lost at more cathodic potentials. 

4.36.2.2 Investigation of the Electrografting Process 

In addition to conventional electrochemical methods, such as 
voltammetry, some more sophisticated and powerful techni
ques are available for the in situ investigation of electrochemical 

4 Voltammogram of the acrylonitrile reduction in DMF contain-

 

 

 

c 

Figure 5 Potential dependence of the AN reduction current (voltammo
gram, full line) and the quartz crystal frequency (dotted line), in DMF 
containing tetraethylammonium perchlorate (0.05 M) and AN (0.2 M) on a 
Pt-coated quartz crystal vibrating electrode. The potential scanning rate 
was 20mV s−1. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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the potential of peak I, because solvation of the grafted chains 
by DMF (a good solvent) makes the Sauerbrey equation inva
lid. Indeed, validity holds strictly only for rigid coatings. 

4.36.2.3 Investigation of the Electrografting Mechanism 

Despite the valuable and reliable experimental data collected 
by classical voltammetry and EQCM in poor and good solvents 
for the reaction product (PAN), the basic mechanism of the AN 
electrografting was a topic of debate. 

According to the way the AN electropolymerization was 
conducted, the initiation of the process must be direct. 
Indeed, the conducting salt (Et4NClO4) is known for stability 
in the cathodic regime. All the constituents, that is, monomer, 
salt, solvent, and argon, were carefully dried (water content less 
than 5–10 ppm) such that indirect initiation by H• formed by 
water reduction (unobserved on the voltammogram) may be 
precluded. The oxygen content was also lower than 5 ppm 
consistent with lack of an O2 reduction peak (expected at a 
potential less cathodic than the AN reduction), which allows 
indirect initiation by reduction by-product ðO2 

−Þ to be disre
garded. Lécayon and co-workers9,10 proposed a mechanism 
that consists of the transfer of one electron from the cathode 
to the monomer together with the bonding of the accordingly 
formed radical-anion to the metal. Chain initiation is thus an 
electrochemical event in contrast to chain propagation that 
proceeds through the repeated addition of the monomer to 
the chemisorbed active species [Ni–CH2CH(CN)*]. 

The crucial question is the nature of this species. A series of 
experiments were devised and carried out in order to decide 
whether it is a radical or an anion.11,10 Diphenylpicrylhydrazyl 
(DPPH), an electrochemically stable radical scavenger, was 
added to the electropolymerization medium. However, the 
PAN chains formed at the potential of peak I were not 
end-capped by a DPPH residue, as would be expected in the 
case of a radical process. AN was then tentatively copolymer
ized, respectively, with ε-caprolactone (a monomer that 
polymerizes anionically but not by radicals) and with vinyl 
acetate (a monomer that polymerizes radically but not by 
anions). Neither of these two comonomers were incorporated 
in the PAN chains electrografted at the potential of peak I, 
which may merely indicate that these comonomers were not 
part of the electrical double layer of the cathode. In a third 
experiment, a potential radical transfer agent (CDCl3) was 
added to the electrolytic solution. The PAN chains formed at 
the less cathodic potential were selectively end-capped by –D to  
the exclusion of –CCl3 as shown by secondary ion mass spec
trometry (SIMS). This observation strongly suggested that 
CDCl3 reacted as an acid with anionic species consequently 
capped by D+. Finally, methyl methacrylate (MMA) was 

substituted for AN. Part of the poly(methyl methacrylate) 
(PMMA) chains were growing in solution at the potential of 
peak I (strong overlap of the two reduction peaks). They were 
analyzed by thermal gravimetric analysis because the thermo
gravimetric analysis (TGA) profile depends on the 
polymerization mechanism (anionic vs. radical). The one-step 
degradation profile that was observed is actually typical of anio
nically prepared PMMA. From this series of experiments, it may 
be reasonably concluded that the electrografting of AN proceeds 
through an anionic mechanism. As schematized in Figure 6, the  
acrylic monomer would be reduced in the potential range of 
peak I into an anion-radical that would then be chemisorbed 
(after some monomer additions or not) onto the cathode 
through the radical. As mentioned in the previous section, the 
very low intensity of peak I is the signature of the electrodeposi
tion of a passivating polymer film. At a more cathodic potential, 
the chemisorption of the anion-radical species is no longer 
effective, the intensity of the reduction peak II increases rapidly, 
and the fast coupling of the radical-anions into anionic dimers 
sustains the chains propagation in solution. The general picture 
is, thus, that of an equilibrium between chemisorbed 
radical-anions and unbound radical-anions, whose position 
strongly depends on the cathodic potential. 

4.36.2.4 Effect of Solvent on the Electrografting of AN 

Until now, voltammetry has shown that AN could be electro
grafted onto usual metal in ACN (a nonsolvent for PAN) and in 
DMF (a good solvent for PAN) provided that the potential is 
kept in the range of the first reduction peak. Clearly, the ‘graft
ing peak’ is a passivation one, which means that the process is 
very rapidly stopped and that the thickness of the chemisorbed 
film cannot be increased further by keeping the potential con
stant as soon as it reaches the maximum of peak I. Nevertheless, 
the question must be addressed in order to know whether the 
actual reaction time (thus intensity of peak I) depends on both 
the solvent and the monomer concentration. Therefore, the 
current density of the electrografting peak (peak I) was mea
sured at different monomer concentrations in several solvents. 
Table 1 clearly shows that the current density of peak I 
decreases when the monomer concentration is increased what
ever the solvent may be.12 This behavior, which is quite 
unusual for a faradic reaction, has been accounted for by the 
faster chain propagation at higher monomer concentration, 
which results in the more rapid passivation of the electrode. 
Coming back to the comparison of a nonsolvent (ACN) and a 
good solvent (DMF) for PAN, ellipsometry displayed strong 
differences in the film thickness and its dependence on the AN 
concentration (Figure 7). In DMF, the film thickness increases 
from 25 to 150 nm when the monomer concentration is 

Figure 6 Proposal of mechanism for the electroreduction of acrylonitrile at the potentials of peak I and peak II, respectively. 

(c) 2013 Elsevier Inc. All Rights Reserved.



 

100 

 

DMF 

ACN 

800 

200 600

nm
10

0.
0 

0 

800 

600 
50 

nm
 

10
0.

0 
0 

400 

200 150 

F
ilm

 th
ic

kn
es

s 
(n

m
)

0 
0 200 400 600 800 nm 

400 

200 
0 

0 1 2 3 
0 [AN] (M) 

0 200 400 600 800 nm 

Electroinitiated Polymerization 907 

Table 1 Intensity of peak I (IpI) at different AN concentrations in solvents of different dielectric constants (ε) and donor 
numbers (v = 20mV s−1) 

[AN] 0.05 M [AN] 0.1 M [AN] 0.5 M [AN] 2 M 
Solvent ε Donor number (μA) (μA) (μA) (μA) 

Acetonitrile 38 14.1 - 370 30 25 
Propylene carbonate 65 15.1 - 650 90 60 
Pyridine 12.3 33.1 25–30 15–20 Weak Weak 
Hexamethylphosphoramide 30 38.8 30–35 15–17 Weak Weak 

Figure 7 Film thickness vs. acrylonitrile (AN) concentration for polyacrylonitrile (PAN) films electrografted onto Ni in dimethylformamide (DMF) and 
acetonitrile (ACN). Inset: atomic force micrographs of electrografted PAN films. 

increased from 0.1 to 2 M.12 Because the chains are solvated in 
DMF, they can grow for a longer time and reach higher mole
cular weight at higher monomer concentration. The film 
thickness is basically independent of the AN concentration in 
ACN (less than 25 nm), merely because the growing PAN 
chains precipitate on the electrode as soon as their length 
exceeds a critical value and they do not propagate anymore 
whatever be the monomer concentration. Consistently, the 
morphological features of the cathode surface13 can be seen 
by atomic force microscopy (AFM) (inset in Figure 7) beneath 
the film deposited in ACN, which is no longer the case when 
the film is formed in DMF at high monomer concentration. 
Thus the choice of both the solvent and the monomer concen
tration has an impact on the electrografted films. 

Additional comparisons can be made on the basis of the IpI 
data collected at the same AN concentration in different sol
vents (Table 1).14 The current density of peak I at [AN] = 0.1 M 
is typically much lower in hexamethylphosphoramide (HMPA) 
than in ACN, which is of a comparable polarity (ε = dielectric 
constant) but of a much higher donor number (DN, a qualita
tive measure of the Lewis basicity developed by V. Gutmann) 
than HMPA. Obviously, passivation and thus electrografting 

are much more effective in the solvent of a higher DN in 
agreement with the deposition of a thicker film (ellipsometric 
data) in this solvent. The same conclusion holds when pyridine 
(Py) and ACN are compared, although the comparison is not 
straightforward because of an additional difference in polarity 
between the two solvents (cfr. infra). A reasonable explanation 
that will be discussed further in Section 4.36.2.5 may be found 
in a competition between the monomer and the solvent for 
adsorption to the electrode surface. Solvents of high DN (Py 
and HMPA) have a low propensity of adsorbing onto metals, 
which means that all the potential initiating sites on the surface 
are occupied by the monomer, which is then electrografted 
under ‘ideal’ conditions. In contrast, ACN and propylene car
bonate (PC) of low DN are effective competitors for the 
monomer toward adsorption onto the cathode. As a result, 
electrografting and passivation are slower and less efficient. 

Finally, when solvents of similar DN are compared at the 
same [AN] (ACN/PC and Py/HMPA), IpI depends on the polar
ity of the solvent only in case of solvents of low DN (ACN and 
PC). Then, the more polar solvent is a better competitor for the 
monomer with regard to adsorption onto the electrode, which 
is detrimental to the polymer electrografting (PC in Table 1). 

(c) 2013 Elsevier Inc. All Rights Reserved.



908 Electroinitiated Polymerization 

E −1.9 V 

 

 

−50 μA 

−300 μA 

I 

Figure 8 Voltammogram for the reduction of AN in DMF on Ni 
( −v = 20mV s 1): first scan, full line; second scan, dotted line. 

Whenever solvents are poor competitors because of a high DN, 
a difference in polarity has no significant impact on IpI and the 
electrografting (HMPA vs. Py in Table 1). Thus solvent donicity 
has a key effect on the electrografting process. As a rule, a 
solvent of high DN is recommended for the AN to be selectively 
adsorbed onto the working electrode and for the electrografted 
film to be thicker and more passivating. 

As a rule, the homogeneity of the PAN film can be improved 
by increasing the grafting density. For this purpose, the scan
ning of the cathodic potentials until the maximum of peak I 
has to be repeated until passivation is complete, thus IpI is 
negligible (Figure 8). 

4.36.2.5 Extension of the Electrografting Process 
to Monomers Other than AN 

For a long time, AN was the only monomer that could be 
electrografted onto a common metal. It might be argued that 
AN is the monomer best suited to an anionic-type polymeriza
tion because nitrile is the strongest electron-withdrawing 
substituent of the double bond in the family of vinyl monomers. 
For this reason, the DN of AN is low, which allows it to be 
adsorbed onto the cathode preferably to most of the organic 
solvents stable in the cathodic regime. As a rule, the other acry
late monomers, such as ethyl acrylate (EA), have a DN higher 
than that of ACN, which may explain why their electrografting 
failed in this solvent. An illustration can be found in Figure 9(a) 
showing only one reduction peak of EA, which is a diffusion 

peak typical for the polymer growth in solution (peak II). The 
trick is thus to use a solvent with a DN higher than that of the 
monomer. This is the case with DMF with respect to EA, because 
then the typical grafting peak of very low intensity is observed 
before polymerization in solution takes place as assessed by the 
diffusion peak (Figure 9(b)). The basic requirement for an anio
nically polymerizable monomer to be cathodically electrografted 
onto a metal is thus to use an organic solvent, easy to dry, stable 
in the cathodic regime, and above all having a DN higher than 
that of the monomer, and, therefore, unable to compete with it 
for adsorption to the metal. 

This rule of competitive adsorption to the metal was illu
strated by electroinitiating the EA polymerization in ACN/DMF 
mixtures of various compositions.14 It must be noted that den
sity functional theory (DFT) calculations ranked the affinity of 
EA, ACN, and DMF toward Ni as follows: ACN > EA > DMF.15 

Figure 10 shows the progressive increase of the peak I intensity 
when the relative content of ACN in the solvent mixture is 
increased, consistent with the increasingly more effective displa
cement of the monomer from the metal surface by ACN. 

So, the best guideline for the cathodic electrografting of vinyl 
monomers to be successful is a scale of donicity of monomers 
and organic solvents stable in the cathodic regime. However, 
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Figure 10 Voltammograms for the electroreduction of EA (1 M) on Ni in 
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conducting salt (5 � 10−2 M) and the scanning rate was 20 mV s−1. 

Voltammograms for the reduction of ethyl acrylate (EA) onto a Ni electrode: (a) in acetonitrile; and (b) in dimethylformamide. Et NClO was the

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 11 Voltammogram for the electroreduction of MMA (3 M) on Ni 
in DMF. 

when DN of both the monomer and the solvent is comparable, 
the preferential adsorption of the monomer to the cathode can 
be enhanced by increasing the monomer concentration. This 
approach was illustrated in the case of a less activated monomer, 
that is, MMA, that could not be successfully electrografted in 
DMF at low concentration (0.2 M). Upon a tenfold increase in 
monomer concentration (2–3 M), the situation was consider
ably improved as illustrated by Figure 11. 

Once the rule of the game was properly understood, a series 
of commercially available (meth)acrylics were successfully 
electrografted, including monomers with functional electron-
withdrawing substituents (protected or not), making the sur
face hydrophilic and/or reactive toward various topcoats 

(epoxy, protected carboxylic acid, and hydroxyl groups),14 or 
highly hydrophobic (partly fluorinated film) and the precursor 
of anti-adhesive coatings.16 

As a rule, DMF appears to be the organic solvent best suited 
to the electrografting of (meth)acrylate derivatives, including 
macromonomers, because it affords a good compromise in 
terms of drying, handling, solvent power, electrochemical sta
bility, and donicity. Figure 12 shows a series of (macro) 
monomers that were electrografted onto common metals in 
DMF with good success. 

These compounds were designed with the purpose (1) of 
increasing the thickness of the adhering organic film, which is 
systematically smaller than 200 nm, and (2) of increasing the 
range of the chemical properties and reactivity of the grafted 
films. For instance, the electrografting of the inimers 1 and 2 is 
a strategy for initiating a second generation of chains from the 
surface by controlled radical polymerization (ATRP or 
nitroxide-mediated polymerization (NMP)) (Chapter 3.05).17,18 

Electrografted films were used to initiate the living ring-opening 
polymerization of lactones and norbornene (from structure 3) in  
the presence of appropriate catalysts.19–21 The activated ester 
substituent of N-succinimidyl acrylate (NSA; structure 4) and  
related electrografted films were used to anchor amino derivatives 
similar to a molecular Velcro.22,23 Dual monomers 5 and 6 were 
electrografted for the opportunity for the heteroaromatic ring to 
be anodically copolymerized with monomer precursor of con
ducting polymers, to which strong adhesion was accordingly 
imparted (see also Section 4.36.4).24 

Finally, the successful electrografting of macromonomers gen
erated strongly adhering films with specific properties, such as 

Figure 12 Examples of acrylic monomers and macromonomers that were designed for successful electrografting in DMF and that were able to fit 
specific applications. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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lubricating properties (silicone derivative, structure 7), protein 
repellent properties (polyethylene oxide derivative, structure 8), 
and degradability (poly-ε-caprolactone derivative, struc
ture 9).25,26 The large variety of available electrografted coatings, 
their properties, and specific applications were recently reviewed 
elsewhere.27 Application of electrografting to build efficient and 
permanent bactericidal coatings is exemplified in Box 1. 

Box 1 Development of Antibacterial Coatings 
by Electrografting 

A valuable approach for preventing surface-mediated infection consists in 
coating the surface with an intrinsically bactericidal polymer. Polycationic 
chains with long alkyl chain quaternary ammonium (octyl or dodecyl) 
constitutive units were found to be very efficient in eliminating bacteria as 
a result of increased hydrophobicity and cidal activity.74,75 It is now widely 
accepted that the target site of these cationic polymers is the cytoplasmic 
membrane of bacterial cells and that the crucial step of their lethal action is 
the disruption of the membrane – penetrated by the ammonium alkyl chain – 
followed by the rapid release of K+ ions and other cytoplasmic constituents. 

Interestingly enough, coating of metals by strongly adhering bactericidal 
polymers, by the combination of electrografting and controlled radical poly
merization (see Section 4.36.2.5), is an efficient strategy to obtain a long-term 
bioactive surface. For example, an alkoxyamine-containing acrylate 
(Figure 12 (structure 2)) can be first electrografted to the surface of a 
polarizable substrate, so making nitroxides available at this surface, that are 
effective for the controlled radical polymerization (NMP mechanism) of styrene 
(St) (or n-butyl acrylate (BuA)) and 2-(dimethylamino ethyl)acrylate (DAEA).76 

Finally, the DAEA comonomer units can be quaternized. The antibacterial 
activity of the quaternized copolymers was highlighted against Gram-positive 
bacteria (Staphylococcus aureus) and Gram-negative bacteria 
(Escherichia coli ). For example, the efficiency of quaternized copolymers to 
kill E. coli bacteria was measured by the commonly reported viable cells 
counting method. This test, applied to poly(St62-co-DAEA38) quaternized by 
1-bromooctane or bromododecane, shows that after 30 min all the bacteria are 
dead when the alkyl chain of the quaternary ammonium is octane for two 
different DAEA concentrations in the incubation medium (i.e., 288 and 
1415 µg ml−1) while there is a need for incubation between 1 and 2 h to kill 
completely the bacteria with the same quaternized copolymer but bearing 
dodecane chains for a concentration of DAEA of 1415 µg ml−1. 

A similar two-step ‘grafting-from’ method was successfully carried out 
by combining the electrografting of polyacrylate chains with an ATRP 
initiator in the ester groups (Figure 12 (structure 1) and the atom transfer 
radical polymerization (ATRP) of 2-(tert-butylamino)ethyl methacrylate 
(TBAEMA).77 By using the 2-(2-bromopropionate)ethyl acrylate inimer in 
the ‘grafting-from’ step by ATRP, hyperbranched polymer brushes were 
prepared with a high density of bromide groups, which were finally quater
nized by an amine.78 The positively charged hyperbranched polymer brush 
was preventing both protein adsorption and bacterial adhesion as a result of 
high hydrophilicity and high density of cationic groups. 

In an alternative strategy, hyperbranched polymer brushes with a high 
density of quaternary ammonium groups were prepared by combining 
electrografting of poly(N-succinimidyl acrylate) (Figure 12 (structure 3)) 
onto stainless steel with the ‘grafting-onto’ method22 of preformed hyper-
branched polyethyleneimine.78 Again, quaternization of the constitutive 
amines of the hyperbranched polymer was at the origin of antibacterial 
properties. 

Because chitosan is a natural polymer known for bactericidal properties, 
chitosan-containing multilayered films were prepared by layer-by-layer 
deposition of polyanions and polycations, the very first layer being a 
polyanion or a polycation electrografted onto the solid substrate.52,53 

The development of these bactericidal coatings is a representative 
example of how combining electrografting with more conventional controlled 
polymerization and deposition processes might be a powerful tool to confer 
long-term and specific surface properties to metals. 

4.36.2.6 Microstructure of the Electrografted Chains 

The analysis of the microstructure of electrografted chains is quite 
challenging. Although these chains are completely desorbed from 
the surface when the metal is immersed in an electrolytic solution 
(without monomer) and cathodically polarized in the potential 
range of the second voltammetric peak, the amount of chains to 
be recovered is so small that conventional analytical methods, 
such as size-exclusion chromatography and nuclear magnetic 
resonance (NMR), have to be precluded. Because the released 
material appears to be soluble (in DMF), poly(ethyl acrylate) 
(PEA), or PAN chains would not be cross-linked as might have 
been assumed in case of anionic polymerization and possible 
nucleophilic attack of the ester group of the monomer and/or the 
polymer by the propagating anions. 

For PAN, the absence of cross-linking was confirmed by 
Fourier transform infrared (FTIR) analysis.28 Nevertheless, 
depending on the experimental conditions, some azine inter
molecular bonds were detected by Raman spectroscopy at the 
very first stage of electrografting.28 For these bonds to be 
formed by nucleophilic addition of the nitrile groups, the latter 
have to be aligned, parallel to the electrode surface, which 
might be possible in the electrical double layer of the cathode, 
and liable in case of isotactic PAN. Isotacticity of PAN was 
experimentally confirmed by dynamic mechanical thermal 
analysis (DMTA) and near edge X-ray Absorption fine structure 
(NEXAFS)29 analysis. These preliminary observations provide 
hints for a brush-like conformation of the electrografted chains. 

Recent advances in AFM make this technique a unique tool for 
collecting pertinent information about length and conformation 
of the electrografted chains. In addition to topographic details, 
force–distance curves can be recorded by AFM as illustrated in 
Figure 13. This technique can be used to measure long-range 
attractive or repulsive forces between the probe tip and the sam
ple surface, to elucidate local chemical and mechanical properties, 
such as adhesion and elasticity, and even to measure thickness of 
adsorbed molecular layers and bond rupture lengths. 

The inset in Figure 13 is the curve recorded when a 
gold-coated AFM tip is approaching a surface electrografted 
by poly(N-succinimidyl acrylate) (PNSA).30,31 The compres
sion profile of the chain that makes a bridge between the 
AFM tip and the surface directly depends on the monomer 
concentration used for the electrografting of NSA. Would this 
solution be diluted (0.05 M), the recorded profile is typical of 
the isolated chain regime, where the behavior of a tethered 
chain is independent of the neighboring ones as result of a 
low grafting density. In case of a more concentrated NSA solu
tion (1 M), a monotonous increase in the repulsive forces is 
observed as the tip approaches the surface, which is character
istic of a brush regime when the grafting density is high 
enough. This situation was confirmed by topographic AFM 
imaging. The chain length was estimated from the tip–surface 
distance when the brush started to be compressed. A chain 
length of approximately 80 and 250 nm was reported for 
PNSA chains electrografted onto silicon nitride in a monomer 
solution in DMF of 0.5 and 1 M, respectively. These data 
directly confirm that the length of the grafted chains increases 
with the monomer concentration. In this example, the average 
degree of polymerization of the PNSA chains was estimated at 
320 and 1000, respectively. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 13 Idealized force–distance curve describing a single approach–retraction cycle of the AFM tip. Modified from Shahin, V. et al. J. Cell. Sci. 
2006,119, 23–30. The AFM tip is approaching the sample surface (a). The initial contact between the tip and the surface is mediated by the attractive van 
der Waals forces (contact) that lead to an attraction of the tip toward the sample (b). Hence, the tip applies a constant and default force upon the sample 
surface that leads to sample indentation and cantilever deflection (c). Subsequently, the tip tries to retract and to break loose from the surface (d). Various 
adhesive forces between the sample and the AFM tip, however, hamper tip retraction. These adhesive forces can be taken directly from the force–distance 
curve (e). The tip withdraws and loses contact with the sample upon overcoming the adhesive forces (f). Inset: experimental approach curve recorded for a 
silicon surface electrografted by poly(N-succinimidyl acrylate) (PNSA) (from a 0.1 M NSA solution in DMF) with a silicon nitride tip. 

The surface grafting of PNSA onto doped silicon was also 
analyzed by AFM. A grafting density of ~1 chain per 100 nm2 

was determined from the compression profile recorded for a 
surface electrografted in DMF ([NSA] = 1 M), i.e., in a brush 
regime (Chapter 1.15). The tip–surface distance at which the 
chain rupture occurred in the retraction mode was the length of 
the chain fully stretched between the grafting point on the 
surface and the tip (Figure 14). The average degree of polymer
ization was accordingly estimated at 1016.30 

Last but not least, the good fit of the shape of the compres
sion profiles and the function based on the Alexander-de Gennes 
scaling concept that describes the compression forces of polymer 
brushes, together with the good agreement between the bridging 
profiles and models for a wormlike chain and freely jointed 
chain under tension, are strong indications that the grafted 
chains are essentially linear with few branching points. 

In addition to providing strong evidence that the electro
grafted polyacrylate chains are tethered to the surface and form a 

brush as soon as the grafting density is high enough, AFM was also 
useful for investigating the adhesion forces of the grafted chains. 

As illustrated by Lee et al.,32 the adhesion force 
(Chapter 2.24) of a polymer chain onto a solid surface can be 
extracted from retraction curves (Figure 13). This technique 
was applied to polymers electrografted onto gold and doped 
silicon33,34 in order to confirm the chemisorption of the chains 
that was an assumption until then. These two solid substrates 
were electrografted by PNSA, which is highly reactive toward 
nucleophiles. In parallel, an AFM silicon tip was chemically 
grafted by an amino-containing organosilane. The tip was 
approached very closely to the electrografted surface, in DMF, 
a good solvent for PNSA. Individual chains were chemically 
captured by the tip as result of the spontaneous reaction 
between amino groups of the tip and NSA units of the electro
grafted film. Depending on the substrate onto which PNSA was 
grafted, rupture forces of 1.1 and 2.4 nN were measured for 
gold and silicon, respectively. These forces, which correspond 
to the rupture of the weakest bond of the bridged system, 
actually fit the strength of C–Au and C–Si bonds, respectively. 

These data are in line with more conventional spectroscopic 
studies, particularly X-ray photoelectron spectroscopy (XPS), of 
the electrografting of 2-butenenitrile onto Ni.35 Deniau et al. 
observed the bonding of monomeric, dimeric, and trimeric 
species by XPS at 283.6 eV, typical of carbon–nickel bonds. 
The higher acidity of this monomer compared to the metha
crylate counterpart dramatically restricts the anionic 
propagation of the chains such that the deposition was thin 
enough for the bonding to Ni to be observed by XPS. 

4.36.2.7 Variety of Substrates Suitable for Electrografting 

Being a cathodic process, electrografting is an ideal coating 
process not only for ‘noble’ metals, that is, metals that resist 

Figure 14 Distribution of the rupture distances obtained from the bridg
ing interactions in DMF between a PNSA electrografted onto silicon, from a 
0.1 M monomer solution, and from a gold-coated AFM tip.30 

(c) 2013 Elsevier Inc. All Rights Reserved.
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oxidation in the anodic regime, but also for common metals, 
such as Fe, Ni, and Cu, provided that they have been pretreated 
by removing any superficial oxides.35 Actually, superficial oxi
des can be cathodically reduced in an ACN–conducting salt 
solution followed by the quick transfer of the reduced metal 
to the electrochemical cell, under inert atmosphere. Because Zn 
and Al oxides resist electrochemical reduction, electrografting 
onto these metals remains quite a problem.36 

The metal used as the working electrode has a clear influence 
on the thickness of the electrografted film. For instance, the 
thickness of PAN films electrografted under the same conditions, 
except for the substrate, decreases as follows: Pt > Ag > Cu > Au. 
Interestingly enough, theoretical models showed that AN would 
be physisorbed onto gold37 but chemisorbed onto copper,38 

silver,39 and platinum,37 thus in qualitative agreement with 
both the poor results observed whenever gold is the cathode 
and the preferential adsorption of the monomer to the surface 
that is the prerequisite of successful electrografting. Of course, 
the theoretical models did not take the environment into 
account (solvent, monomer concentration, polarization), 
whose optimization can provide the surface with a suitable 
coating. In addition to metal, various metallic alloys, for exam
ple, stainless steel, brass, nitinol, and shape-memory alloys, were 
also successfully electrografted by polyacrylates. 

Semiconductors, such as n- and p-doped silicon, are quite 
valuable substrates in microelectronics. Their oxide layer can be 
removed by an appropriate chemical pretreatment with fluor-
hydric acid. These activated surfaces are then well suited to 
electrografting, i.e., to chemisorption of polymer chains 
through quite stable Si–C bonds.33 It was also shown that 
depending on the solvent and the monomer, the electrografting 
potential changes with the conductivity of the substrate. 
According to Table 2, the passivation peak observed in the 
electroreduction of MMA in DMF is shifted toward more catho
dic potentials when the silicon conductivity is decreased. In 
case of AN, the passivation potential is, however, independent 
of the electrode conductivity, more likely because the quantum 
states in the energy bands of the semiconductor and the elec
tronic levels of the monomer nearly overlap,40 making the 
electron transfer for the electroreduction of the monomer 
quite easy. 

Electrografting onto the native oxide layer of doped silicon 
is also feasible,41 because this layer is thin enough to allow for 
the tunneling electron transfer from silicon to the adsorbed 
monomer. However, the Si–O–C bond that is formed is hydro
lytically unstable, and the polymer film can be dissolved by 
extensive washing of the surface with a good solvent (from the 
shelf) for the polymer. 

Table 2 Potential of the peak I for the electroreduction of MMA and 
AN depending on the electrode conductivity using various doped silicon 
as substrates 

5 � 10 −3 0.1 10 

Si resistivity 
(ohm cm) 

Potential of the grafting peak 
(V) 

MMA 1 M 
AN 1 M 

−2 
−2 

−2.8 
−2 

−3 
−2 

In the field of microelectronics, electrografting appears as a 
cheap one-step technique for the localized modification of a 
composite conducting surface. This process is based on the 
concept that the local work function of electrons can be easily 
tuned by patterning the substrate with materials of different 
conductivity. In a typical example, silicon wafers (bearing an 
oxide top layer) have been locally coated with a thin film of 
gold by classical vacuum deposition through a mask (with a 
thin adhesion interlayer of chromium).42 When such a compo
site conducting substrate is used as a cathode in the 
electrografting process, a polymer coating is observed only on 
the gold areas and no polymer is detected on the silicon oxide 
regions. This is observed whatever be the polarization contact 
area, that is, gold or silicon wafer. This locally selective grafting 
results from the electron transfer that is intrinsically more 
favorable from gold than from silicon oxide to the monomer. 
Selectivity is thus of a kinetic origin. This technology has been 
applied to submicrometer patterns, the lateral resolution being 
limited only by the thickness of the grafted polymer layer. This 
localized electrografting has also been extended to silicon wafer 
locally doped by ion implantation. The implantation pattern is 
clearly revealed by the polymer coating without use of any 
mask for deposition. This process opens up new prospects for 
the one-step local functionalization of various electronic 
devices, such as transistors, sensors, and memories. 

Interestingly, several carbon allotropic forms43 (at least 
semiconducting carbon objects) have been successfully electro
grafted by (meth)acrylates. The polymer is then chemisorbed to 
the surface through a carbon–carbon bond, which provides the 
organic coating with the best adhesion to the substrate. The 
extension of this process to carbon fibers44 is thus a strategy for 
the sizing technology of carbon fibers. 

In contrast to bulk materials, including fibers, that can be 
easily polarized, the situation is more complex when powdery 
or nanoparticulate conducting materials are concerned. Three 
main strategies were reported so far. 

Electrically conducting powders were placed in a zinc con
tainer immersed in (and filled by) the electrochemical bath and 
used as a cathode. As long as the particles percolate and are in 
contact with the polarized container, they can be electrografted 
by poly(meth)acrylates provided that the cathodic potential 
and the solvent are properly chosen. An additional and criti
cally important requirement must be pointed out, that is, the 
inability of the container to be electrografted. Otherwise, it 
would be rapidly passivated, and the process would be stopped 
possibly before the powdery material is coated as desired. Zinc 
fulfills this condition. Voltammograms on various carbon 
black and multiwalled carbon nanotubes (MWNTs) were 
recorded, and the electrografting potential was determined for 
each of them.45 The electrografting of the individual particles, 
particularly carbon nanotubes (CNTs), is essential when they 
are intended to be extensively dispersed in a polymer matrix for 
preparing composites with high performances. For this pur
pose, the powdery or particulate conducting material was 
maintained under mechanical dispersion within the monomer 
and conducting salt solution, which resulted in the intermittent 
but repeated contact of the carbon particles with a zinc grid 
used as the working electrode.45 Upon contact with the zinc 
grid, particles are instantaneously polarized, and the electro
grafting is accordingly initiated. Chain propagation, which 
does not require polarization, then occurs even in the absence 

(c) 2013 Elsevier Inc. All Rights Reserved.
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of contact. Although depending on the suspension stirring time 
and efficiency, the particles may hit the electrode frequently 
enough to be modified to the point where they are prevented 
from settling on the bottom of the flask when the stirring is 
stopped even for a long time. Particles inadequately modified, 
if any, can then be eliminated by filtration or centrifugation. 
Finally, taking advantage of the production of MWNTs by 
aerosol-assisted catalytic chemical vapor deposition,46 the 
accordingly prepared carpet of aligned CNTs standing from 
the solid surface was cathodically polarized and the constitu
tive nanotubes were modified by electrografting.47 

Immobilization of polymerizable ferrocene derivatives by elec
trografting onto CNTs of high surface area is very interesting for 
sensoring or catalytic applications. Glucose sensors were 
recently prepared according to this strategy.48 

4.36.2.8 Implementation of Electrografting in Aqueous 
Media 

The implementation of electrografting on a large scale is 
severely limited by the use of an organic solvent together with 
the very demanding experimental conditions of dryness and 
absence of oxygen. It is thus highly desirable to conduct elec
trografting in nontoxic, cheap, and environmentally friendly 
media, which means substituting water for the organic solvent. 

4.36.2.8.1 Direct initiation of amphiphilic acrylates 
The major issues raised by the electrografting of acrylic deriva
tives in water are the rapid adsorption of water onto the electrode 
and the poor cathodic stability of water. A possible way of 
increasing the electrochemical window of water is to perform 
electrochemistry in emulsions. Indeed, a positively charged 
amphiphile added to water is expected to be adsorbed onto the 
cathode, so creating a protective hydrophobic barrier against 
water whose reduction would be shifted toward more cathodic 
potentials.49 Based on this consideration, an amphiphilic acrylic 
monomer that consists of an acrylic unsaturation attached to the 
end of a hydrophobic tail, that is, [(10-acryloyloxy)decyl] 
trimethylammonium bromide (acry-C10) (Figure 15), was 
synthesized. This purposely designed monomer was electropo
lymerized in water at the surface of a glassy carbon cathode and 
the chains were chemisorbed to carbon.50 

In close relation to the molecular structure, the amphiphi
licity of the monomer is of prime importance. On the basis of 
voltammetric and ellipsometric data, a three-step mechanism 
was proposed to explain the successful electrografting. The 
positively charged micelles formed by the monomer in water 
diffuse toward the cathode and spread out on the solid surface 
as a bilayer. At an appropriate cathodic potential, the acrylic 
double bonds of the double layer, which are close enough to 

O 

Br 
+ 

O N 

10 

− 

acry-C10 

Figure 15 Amphiphilic acry-C10 monomer well suited to electrografting 
in water. 

the carbon surface, are reduced and grafted as radical species 
that propagate the polymerization. The electroreduction of 
water molecules that regularly migrate to the cathode in spite 
of the hydrophobic barrier results in hydrogen radicals that 
initiate polymerization as long as the potential is applied. 
Although they grow in the micelles, part of these chains can 
transfer to the electrografted chains whose lifetime is short 
because of irreversible chain termination. The electroinitiation 
is also limited in time as a result of the surface saturation. These 
chain transfer reactions have a beneficial effect on the film 
thickness that continues growing beyond the electroinitiating 
step. Figure 16 is an illustration of films of poly(acry-C10) 
electrografted onto carbon in DMF and in water. No macro
scopic difference is noted between these two solvents 
(Figures 16(b) and 16(c)). The substantial increase in the 
film thickness shown by Figures 16(c) and 16(d) merely results 
from the repetition of the potential scanning. 

Electrografting is thus possible in water, with formation of a 
strongly adhering polycationic coating. This type of positively 
charged film can impart specific properties to the surface, for 
example, bactericidal properties associated to the quaternary 
ammonium groups.51 Moreover, they are highly desirable 
anchoring layers for building up multilayered films by the 
well-known layer-by-layer deposition of polyelectrolytes of 
opposite charges52,53 (Chapter 7.09). 

4.36.2.8.2 Indirect electroinitiation of vinyl monomers 
by diazonium salts 
As shown in the previous section, amphiphiles are effective in 
widening the narrow cathodic window of water, so making 
possible cathodic reactions that could not be achieved other
wise. An alternative to this direct electroinitiation method 
consists of an indirect electroinitiation process, based on the 
electroreduction of water-soluble aromatic diazonium salts 
(Figure 17). These molecules can be electrochemically cleaved 
at potentials less cathodic than water reduction, and the radical 
compounds that are accordingly generated can eventually form 
a covalent bond with the carbon electrode.54 The concomitant 
release of nitrogen keeps the reactive species formed by electron 
transfer neutral, such that polyaddition reaction cannot occur 
as was the case for the electroreduction of acrylic monomers. 
The high stability of nitrogen formed as a by-product is the 
driving force of the reaction. 

It must be noted that the thickness of the deposited layer 
exceeds that of a monolayer as a result of radical reaction of 
reduced species with the very first grafted layer as shown by XPS 
and scanning tunnelling microscopy (STM). 

When aryl diazonium salts are electrochemically activated 
in water at low pH in the presence of vinyl monomers,55 

Figure 16 Photographs of carbon electrode (a) uncoated (b) coated by 
poly(acry-C10) in DMF, and (c–d) coated by poly(acry-C10) in aqueous 
medium after one (c) and several potential scans (d). Film thickness was 
determined by ellipsometry. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 17 Electrochemical reduction of diazonium salt. 

polyvinyl chains are chemisorbed onto the cathode. Indeed, in 
addition to the electrografting of an organic layer to the sub
strate (Figure 17), the radical polymerization of the vinyl 
monomer is initiated in solution. The radical growing chains 
can transfer to the electrografted organic layer, which is the 
basic mechanism of chemisorption of a thin polyvinyl film. 
This indirect electrografting process of vinyl monomers has 
been extended to the permanent coating of carpets of CNTs.56 

Resistance of the coating to long ultrasonic treatment in a good 
solvent of the polymer was reported. 

4.36.3 Electropolymerization of Conjugated Polymers 
as Active Layers in Advanced Devices 

If economical and ecological considerations have triggered the 
reviving interest for cathodic electrografting processes carried 
out in water for protective paints and coatings, the unique 
electronic properties of conjugated polymers that can be pre
pared by anodic electrodeposition are at the origin of the recent 
developments in anodic electrodeposition processes. Indeed, 
poly(hetero)aromatic compounds, such as polyaniline (PANI), 
polypyrrole (PPy), polythiophene (PThi), and their derivatives, 
are conductive polymers easily prepared by electrooxidation of 
the parent aromatic monomer57 schematized in Figure 18. A  
conjugated π-electron system provides these polymers with 
high rigidity and strong intermolecular interactions, 

responsible for insolubility in both organic solvents and 
water. Doping occurs simultaneously to the anodic growth of 
the chains that precipitate onto the anode. Therefore, the 
coated electrode remains remarkably conductive during the 
whole electrochemical process and the film thickness can be 
easily tuned by coulometry (at least up to several tens of 
micrometers), in agreement with the mechanism of oxidative 
radical coupling polymerization that requires the withdrawal 
of two electrons for a new bond to be formed (Figure 18). This 
anodic electropolymerization can be carried out in organic 
solvents as well as in water at low pH provided that the hetero
aromatic ring of the monomer is oxidized at a lower potential 
than the aqueous medium, which is the case for pyrrole and 
aniline. The polymerization is enhanced under acidic 
conditions. 

The anodic polymerization herein discussed must be con
ducted with a noble metal as anode, i.e., a metal that is not 
oxidatively dissolved in the anodic regime. Pt, Au, stainless 
steel, carbon, and conductive oxides (ITO, etc.) are examples 
of commonly used anodes. Interestingly enough, these sub
strates are common constituents of devices, such as actuators, 
sensors, solar cells, and electrochromic windows, in which thin 
films of conjugated polymers are desirable active layers. Last 
but not least, conjugated polymers can also be electrodeposited 
onto common metals (iron and copper) for sake of protection 
against corrosion, provided that the composition of the elec
trolytic medium is properly controlled.58 

Figure 18 Oxidative coupling mechanism for the electropolymerization of an heteroaromatic monomer. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Interestingly enough, poly(p-phenylene vinylene) (PPV) 
films can be cathodically prepared by electroreduction 
of α,α,α′,α′-tetrabromo-p-xylene59 in DMF using tetraethylam
monium tetrafluoroborate as the conducting salt. The reductive 
coupling reactions in electrochemical polymerization of PPV 
studied by in situ UV−vis spectroscopy, by in situ UV−vis−ESR 
spectroscopy, and by the rotating ring-disk electrode technique 
show that the reduction of brominated monomer takes place in 
two steps.60 The first step is a two-electron reduction process, 
leading to formation of intermediates that stay in solution 
without precipitation onto the electrode surface. The second 
two-electron reaction of these intermediates produces oligo
mers that precipitate onto the surface of the electrode. It was 
observed that the electrode material, cell design, and tempera
ture have a marked influence on the value of the peak potential 
of the second reduction reaction. Resonance Raman spectro
scopy, optical absorption spectroscopy, and electron spin 
resonance (ESR) spectroscopy led to the conclusion that in 
this reaction the quinoid structure is formed rather than the 
benzenoid structure.61 FTIR spectroscopy and EQCM experi
ments62 obtained from the charging–discharging reaction are 
consistent with movement of countercations during n-doping. 
In presence of fullerene,63 such units can even be incorporated 
in the polymer main chain, leading to promising donor– 
acceptor systems. 

The conjugated polymers under consideration are smart or 
responsive materials, because many of their properties (color, 
conductivity, volume, hydrophilicity, permeability, etc.) 
directly depend on their oxidation state and can thus be rever
sibly controlled by the applied potential (Chapter 8.06). As an 
example, smart windows64 are organic–inorganic multilayers 
that consist of a conjugated polymer layer sandwiched between 
two ITO-coated glass sheets. These devices take advantage of 
the electrochromism of the polymer coating, thus the reversible 
switching between dark and colorless aspect in direct relation 
to the redox state of the polymer. The intensity of the light 
transmitted through such a window can be tuned at will by 
external electrical stimuli. 

Surprisingly enough, the redox responses of these conju
gated polymers change with the deposition conditions, which 
is an additional parameter for modulating the properties in 
relation to the envisioned applications. In the wide field of 
sensors (Chapter 8.05), electrodeposited conjugated polymers 
play a major role as a transducer layer. Their easy (bio)functio
nalization, high sensitivity and selectivity toward electroactive 

species, fast and accurate response, compactness, and cheap
ness make them highly competitive to construct diversified 
sensoring electrodes. They already have an active role in, for 
example, clinical analysis or environmental monitoring. 

Quite interestingly, the conductive conjugated polymers can 
be shaped at the nanoscale by anodic electrodeposition onto 
properly designed electrodes.65 For example, one side of por
ous membranes was coated by a metal (Au) to make them 
anodically polarizable. PPy nanotubules were then grown elec
trochemically into the pores and collected upon dissolution of 
the membrane (Figure 19). 

Many books and reviews have been devoted to the electro
chemical synthesis and applications of conductive conjugated 
polymers. Only for reasons of limited space, just few of them 
are cited herein.58,66,67 

4.36.4 Electrografting of Conjugated Polymers 

Although electrooxidation of heteroaromatic monomers, 
such as pyrrole, thiophene, and their derivatives, is a classical 
technique to prepare intrinsically conducting polymer,68 a 
drawback of this method is the poor adhesion of the films 
to the substrate. The polymer chains are indeed merely depos
ited by precipitation on the electrode without creating specific 
mutual interactions. A way of tackling this problem is to 
combine anodic electropolymerization with cathodic 
electrografting. 

In a first strategy, dual monomers, i.e., acrylates that con
tain a pyrrole or a thiophene unit in the ester group, such as 
N-(2-acryloyloxyethyl) pyrrole (PyA) and 
3-(2-acryloyloxyethyl) thiophene (ThiA), were synthesized. 
The parent polyacrylates were easily chemisorbed under 
cathodic polarization, followed by a polarization inversion 
that resulted in the polymerization of the pyrrole or thio
phene substituents, so making the electrically conducting 
film adhere strongly to the electrode. Pyrrole or thiophene 
can be added to the electrochemical bath for the purpose of 
increasing the thickness of the electrically conducting film, 
which was confirmed by the voltammetric analysis of the 
conjugated polymer electroactivity.24,69 

In an alternative approach, PyA and ThiA were polymerized 
by conventional or controlled radical polymerization. Prior to 
electrooxidation of PyA or ThiA, the preformed polyacrylates, 
polyPyA and polyThiA, were either dissolved in the 

Figure 19 Template electrodeposition of Ppy and transmission electron microscopy (TEM) micrographs of the collected PPy nanotubules. 
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electrochemical bath or cast onto an electrode onto which PyA 
or ThiA was previously electrografted. Depending on the anodic 
polarization time, electroactive films of a controlled thickness 
(up to several micrometers) were prepared. This substantial 
progress can be instrumental in improving the performances of 
various high-tech devices, such as light-emitting diodes 
(Chapter 8.10), anticorrosion coatings, electrochromic win
dows, and electrochemical sensors, which depend on the 
stability and adherence of a conjugated polymer coating on a 
conducting solid surface. 

In a second strategy, binary polymer films consisting of an 
insulating polymer and a conducting polymer were prepared by 
sequential electropolymerization of the parent monomers.70 

The insulating polymer (PAN or PEA) was electrografted under 
cathodic polarization, onto nickel and carbon, respectively. The 
conducting polymer (polybithiophene or PPy) was anodically 
deposited in a second step by electrooxidation of the related 
monomer in a good solvent for the electrografted chains. The 
main advantages of this strategy are the use of commercially 
available monomers and a substantial improvement of the 
adhesion of the conducting polymer, more likely by a chain 
entrapment effect. Finally, a solvent-responsive film was pre
pared as a result of the proper combination of both the 
insulating and the conducting polymers (e.g., PEA and PPy). 
Indeed, the electroactivity of PPy strongly depended on the 
extent of swelling of the electrografted PEA chains. The anodic 
polarization time was controlled for growing PPy nuclei smaller 
than the tethered PEA chains. Whenever the electroactivity of the 
binary film was recorded in a good solvent for the PEA chains, 
the ions could diffuse through the PEA coating and a strong 
redox signal typical of PPy was observed. However, in a poor 
solvent for PEA, the PPy nuclei were screened by the insulating 
polymer, and the electroactivity of PPy completely disappeared. 
These films thus have a potential in solvent sensoring devices. 

Finally, under specific conditions, the grafted layer of an 
insulating polymer can act as a template for the growth of PPy 
nanowires. The conjugated polymer was synthesized under 
galvanostatic rather than potentiostatic conditions, and long 
filaments of conjugated polymers were formed as observed by 
SEM (Figure 20).65,71,72 The proposed mechanism for the wire 
formation relies on the continuous electrooxidation of the 
pyrrole monomer at vicinity of the electrode, that is, beneath 
the PEA chains. The already polymerized PPy is simultaneously 
rejected from the surface through a channel left in the insulat
ing layer that plays the role of template. The length of the 
nanowires depends only on the polarization time, whereas 

the diameter is mainly dictated by the characteristic features 
of the electrografted coating. Polyacrylate brushes of higher 
density are responsible for wires with a smaller diameter.73 

4.36.5 Conclusion 

The greatest potential of electroinitiated polymerization falls in 
coating technology. In this field, electrochemical methods may 
compete with conventional polymerization methods even 
though developed on a large scale. Provided that the solid 
substrate is (semi)conducting, the relevance of electroinitiated 
polymerization provides an unique opportunity to impart per
manent functionality/reactivity to a variety of surfaces. Among 
possible achievements, let us mention the following: 

• Homogeneous coating of surfaces with complex structures. 
•	 Strongly adhesive polymer coatings onto (semi)conducting 

surfaces to be used as primer coating reactive toward various 
top coats. 

• Electrochemical tuning of the thickness of coatings. 
•	 One-step process of selective decoration of composite sur
faces even at the nanoscale. 

Protection of metals against corrosion remains, however, a 
major potential achievement as long as the electrografting can 
be conducted in aqueous media, which is a restriction on the 
choice of the monomer. Further improvements remain highly 
desirable, which is a strong driving force for future efforts. 

The permanent coating of electrodes by a layer of an elec
troactive polymer is an effective strategy for providing it with 
functionalities very specific to various application fields, 
including sensors, actuators, batteries, electrochromic win
dows, light-emitting diodes, and solar cells. 

It may be recalled that the electrografting of polymers onto 
surface plasmon resonance chips and the resonator sensor of 
QCM improved very advantageously by the analytical perfor
mances of those sensoring techniques. 

The very fast development of nanotechnologies and micro
electronics can also take advantage of electroinitiated 
polymerization, as was exemplified by the production of 
nano-objects of well-defined shape and dimensions by using 
properly designed template electrodes. A clever combination of 
AFM and electroinitiated polymerization is also looking very 
promising for manipulating macromolecules at the molecular 
level. 

Figure 20 Polypyrrole wires anodically grown from (a) poly(ethyl acrylate)-coated carbon and (b) a poly(t-butyl acrylate)-coated carbon. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Last but not least, the anodic deposition of electroconduc
tive conjugated polymers can benefit from the cathodic 
electrografting process for improving the intrinsically poor 
adhesion of these highly cohesive polymers. The great potential 
of the electrochemical polymerization techniques as a whole 
could be exploited in the future to face challenges raised by 
economical and ecological pressure, on the one hand, and by 
high level performances required by rapidly expanding top 
technologies, on the other hand. 
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4.37.1 Introduction human health and welfare. Using computer-aided design and 

Within the constraints of a single chapter, it is not feasible to 
provide a detailed or comprehensive coverage of all aspects of 
the topic of photopolymerization chemistry. Accordingly, sev
eral relevant books and book chapters1–6 are recommended to 
the reader as general resources on the topic of photopolymer
ization chemistry. In addition, key references are provided in 
each section of this chapter to allow the reader to pursue a 
further in-depth exploration of the specific material presented 
herein. to the classical mechanistic and kinetic designations that are 

It is difficult to overstate the present and growing impor
tance of photopolymerization chemistry both as a research area 
and with respect to the present and future technological impact 
of this field. Indeed, photopolymerizations have already chan
ged our lives in manifold ways. Only a few examples will be 
given here. Without doubt, the electronic and microelectronic 
technology that pervades our lives would simply not be possi
ble without the use of photopolymers. The application of 
photopolymerization chemistry is also responsible for the 
rapid curing printing inks used in our magazines and packaging 
materials, in the floor coatings and wallpaper used in our 
homes, and the simulated wood that is used in furniture, 
cabinetry, and paneling. The photopolymerization technology 
has provided these and a myriad of similar items at lower cost, 
with less environmental consequences and reduced energy 
consumption than would be obtainable by the traditional 
means used in their manufacture. Photocurable dental compo
sites, dental coatings, and orthodontic retainers are another 
area where this technology is being applied to improve 

employing such three-dimensional imaging techniques as digi
tal imaging, stereolithography, and ink-jet printing together 
with photopolymerization chemistry have revolutionized the 
entire design, engineering, and manufacturing process of many 
industries. 

As the word implies, photopolymerizations are polymer
ization reactions that take place under the specific stimulus 
of light. From an organizational point of view, the various 
types of photopolymerizations can be classified according 

used to distinguish between polymerization reactions in 
general. Figure 1 shows a schematic representation of the 
basic classifications of photopolymerizations. These basic 
classifications form the outline for the major divisions 
within this chapter. 

4.37.2 Photochemical Condensation Reactions 

Photochemical condensation reactions that have been applied 
to the formation of polymers are of two basic types: (1) those 
in which the direct irradiation of a monomer species leads to its 
polymerization; and (2) those that are mediated by a photo-
generated catalyst. 

4.37.2.1 Direct Photochemical Condensation Reactions 

Organic photochemical processes that result in the joining 
together, that is, condensation, of two or more molecules 
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Figure 1 Categories of photopolymerization reactions. 

were the first class of reactions to be utilized to make polymers. 
As has been previously documented,7 the hardening of bitu
men of Judea on exposure to light was used by ancient peoples 
to provide waterproof coatings for boats and for the preserva
tion of Egyptian mummies. In the eighteenth and nineteenth 
centuries, the same reactions and materials were used by 
Niépce and others for photographic purposes to record images. 
The development of modern organic chemistry and its exten
sion into the more specialized field of photochemistry 
provided a plethora of new types of reactions that could be 
harnessed to produce polymers. Let us consider, as a 
prototypical example, the photochemically allowed 2π +2π 
cycloaddition of carbon–carbon double bonds to form cyclo
butanes. A schematic representation of this reaction is shown in 
eqn [1] of Scheme 1. 

Application of the 2π + 2π cycloaddition reaction to the 
formation of a linear polymer as shown in eqn [2] would 
require the use of a diene, such as represented by 1, as  a  
monomer. However, there are several difficulties with such 
a scheme. First, the quantum yields for such cycloaddition 
reactions with simple alkenes are very low (Φ = ~0.04– 
0.10).8 This is due to the fact that there are many pathways 

types of reactions than for the synthesis of high
molecular-weight linear polymers. To achieve the differen
tial solubility required to distinguish between the irradiated 
and nonirradiated regions of these photoresists, only a few 
crosslinks per chain are required. In the first instance, a 
poly(vinyl alcohol) backbone polymer is fitted with pen
dant photosensitive cinnamate groups.13 As shown in eqn 
[3], the 2π + 2π cycloaddition occurs on ultraviolet (UV) 
irradiation to produce network polymers joined together 
by crosslinks containing cyclobutane units. 

Scheme 1 Photopolymerization via 2π + 2π cycloaddition reaction of 
alkenes. 

available by which photochemically generated excited states 
can be deactivated and is also due to the presence of a wide 
range of side reactions.9 Even though the quantum yields 
for photocycloaddition of conjugated alkenes and for 
enones are considerably higher than for simple alkenes, 
these reactions are still unsuitable for the stringent selectiv
ity and conversion requirements for the production of high
molecular-weight linear polymers, 2. It is also worth noting 
that under optimal conditions for the photoinduced 
cycloaddition of 1, a minimum absorption of a photon of 
light is required for each monomer incorporated within the 
polymer chain. This implies that these photochemical con
densation reactions to make polymers are inherently highly 
energy-consumptive processes. 

Despite the abovementioned drawbacks, photochemical 
condensation reactions have found considerable application 
in polymer chemistry. During the early development of 
integrated circuit (IC) technology in the 1960s to the 
mid-1970s, this chemistry was extensively used in the pro
duction of negative-tone photoresists.10–12 Two typical 
examples are given below. Rather than using these photo
induced condensation reactions to prepare linear polymers, 
they were employed to carry out crosslinking reactions of 
appropriately functionalized oligomers and polymers. There 
are considerably fewer constraints in carrying out these 
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Scheme 2 Photoinduced generation of nitrenes and their addition to alkene double bonds. 

Another approach that has been used in photoimaging is 
exemplified in eqn [4].14 Cyclized cis-1,4-polyisoprene, 5, 
containing residual double bonds is irradiated in the presence 
of a diazide such as compound 6. As can be seen in the 
mechanism in eqns [4]–[6] of Scheme 2, the resulting bisni
trene that is produced inserts into the double bonds (eqn [5]) 
along the polymer chains crosslinking the polymer. 
Additionally, the highly active nitrenes can also undergo 
insertion into carbon–hydrogen bonds (eqn [6]) to give  
amine crosslinks. 

Due partly to the rather low photosensitivity and resolution 
capabilities (>2mm) of negative photoresists based on con
densation types of photoreactions, they are no longer in use for 
microelectronic applications. However, currently they do find 
some use in the fabrication of printed wiring boards and in 
photolithographic printing plates. 

4.37.2.2 Photocatalyzed Condensation Polymerization 
Reactions 

Unlike the condensation reactions described above that 
depend on the direct absorption of light by chromophores 
present in the monomers or functionalized oligomers, the 
use of condensation reactions that proceed in the presence 
of photogenerated catalysts is an area of current active 
development. Several examples are presented here. The 
first is the well-known thiol–ene reaction. The mechanism 
of this reaction is shown in Scheme 3.15–18 Irradiation of a 
diaryl ketone initially produces the singlet excited state (eqn 
[7]) that undergoes intersystem crossing (ISC) to the excited 
triplet. The latter species is capable of abstracting hydrogen 

Scheme 3 Photoinitiated radical-catalyzed thiol–ene reaction. 

atoms from a thiol (eqn [8]). Other photochemical sources 
of radicals can also be employed to initiate this reaction. In 
some cases, direct UV–vis irradiation is sufficient to induce 
the reaction in the absence of a photoinitiator. The resulting 
sulfur-centered thiyl radicals add to terminal double bonds 
(eqn [9]) generating carbon-centered radicals that subse
quently abstract hydrogen atoms from the thiol (eqn 
[10]). This sets up a chain reaction (eqns [9] and [10]) 
that results in the quantitative addition of a sulfur– 
hydrogen group to a carbon–carbon double bond. Thus, 
this reaction has some aspects of both condensation and 
addition types of polymerizations. It is worth noting that 
unlike typical radical-mediated reactions, thiol–ene poly
merizations show little sensitivity toward inhibition by 
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Scheme 4 Hydrosilylation reaction catalyzed by a photogenerated platinum colloid. 

molecular oxygen. Although thiol–ene photopolymeriza
tions are commonly carried out using a multifunctional 
thiol together with a multifunctional ‘ene’ to produce cross
linked polymers, they can also be used to prepare linear, 
block, or graft polymers. In recent years, thiol–ene chemis
try has seen a resurgence of publication activity.19,20 Two 
recent extensive reviews on this topic are especially 
recommended.21,22 

As with all condensation reactions, thiol–ene polymeriza
tions are sensitive to the stoichiometry of the thiol- and 
ene-containing monomer substrates. Typically, the best 
results are obtained when there is a molar equivalent concen
tration of thiol and double bonds present. Recently,23,24 there 
has been a considerable effort to extend the photoinduced 
radical addition of thiols to alkynes (the so-called thiol–yne 
reaction). 

Another polymerization that proceeds under the influence 
of a photogenerated catalyst is the hydrosilylation reaction. In a 
patent, Drahnak25 described the photoinduced addition of 
Si–H functional silanes to poly(dimethylsiloxane)s containing 
pendant and terminal vinyl double bonds. This reaction is 
catalyzed by the in situ generation of a colloidal platinum 
hydrosilylation catalyst, [Pt(0)]x, by the photolysis of 
η-cyclopentadienyl(trimethyl)platinum complex, 7. The 
proposed mechanism is shown in eqns [11] and [12] of 
Scheme 4.26 Reportedly, this chemistry has been used to gen
erate crosslinked silicone elastomers.27 

Amine bases generated by the photolysis of carbamates, 
O-acyloximes, ammonium salts, formanilides, aminoimides, 
α-aminoketones, and amidines28–31 have been used to catalyze 
a wide range of different condensation polymerization reac
tions.32,33 Scheme 5 shows a mechanism for the photolysis of 
an O-acyloxime, 8, as a photolatent base to produce 
benzylamine. 

When the photolysis of photolatent base, 9, is carried out 
in the presence of the photosensitizer, 2-isopropyl-9H
thioxanthen-9-one(ITX)asshownineqn[13], thestrongamidine 
base, 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), is generated. 
DBN strongly catalyzes the condensation of isocyanates with 
polyols to produce urethanes (eqn [14] in Scheme 6). 

Similarly, photolatent base, 9, can be used to catalyze 
the addition of thiols, amines, and carboxylic acids to 
epoxide monomers. Oftentimes, the irradiation is followed 
by a brief thermal treatment as well to complete the poly
merization reaction. The conjugate addition of thiols to 
electron-deficient acrylate double bonds has been success
fully conducted under UV irradiation conditions through 
the use of a photolatent base such as 9 as a catalyst.34 An 
unusual type of Michael polymerization reaction explored 
by Dietliker and co-workers32,35 is depicted in eqn [15]. 
Photogenerated DBN is a sufficiently strong base to remove 
a proton from the multifunctional malonate monomer, 10, 
and the corresponding malonate carbanion adds to the 
acrylate monomer, 11. 

Scheme 5 Mechanism of the photogeneration of benzylamine from an O-acyloxime. 
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Scheme 6 Mechanism of the photobase-catalyzed urethane reaction. 

Sol–gel condensation polymerizations have also been 
carried out using either photogenerated acids or bases as 
catalysts. For example, Hanson and Jensen36 employed a 
(diphenylmethyl)trimethylammonium salt as a photolatent 
source of trimethylamine to conduct the sol–gel condensation 
of tetraethoxysilane (Scheme 7). Postirradiation heating at 
65 °C was necessary to drive the reaction to completion. 
Crivello and Mao37 and Croutxe-Baghorn38 have reported 
similar sol–gel condensation polymerizations of alkoxysi
lanes conducted using diaryliodonium salts as photoacid 
generators. 

½15� 

4.37.3 Photoinduced Active Center Polymerizations 

These addition polymerizations occur by means of a chain 
reaction mechanism involving the propagation of an active 
center by interaction with the monomer. The active center 
consists of reactive species, typically, a radical, a cation, or an 
anion. In the simplest case, a photoinitiated addition polymer
ization can be represented as shown in eqns [16]–[18] of 
Scheme 8. 

In the first step (eqn [16]), the active species is generated by 
the absorption of light by a photoinitiator, A, and the 

Scheme 7 Sol–gel condensation polymerization of tetraethoxysilane conducted using a photolatent base. 
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Scheme 8 General mechanism for photoinduced active center addition 
polymerizations. 

subsequent decay of the excited species, [A]‡, by a homolytic or 
a heterolytic bond cleavage to generate the active center, R*. 
Again, R* represents a radical, a cation, or an anion. R* is the 
‘true’ initiator that induces polymerization of the monomer, M, 
usually by opening a multiple bond or a ring (eqn [17]). 
During this process, the active center is conserved by producing 
a new reactive species, RM*. In the subsequent reaction of the 
latter species with monomer (eqn [18]), the polymer chain 
lengthens as monomer molecules are added to the active center 
located at the chain end. Depending on the type of active center 
present in the polymerization and the reaction conditions, a 
variety of chain termination or transfer processes may also 
occur that stop or disrupt the progress of the growing chain. 

Consideration of the mechanism depicted above leads to 
the realization that the only factor that distinguishes an active 
center photopolymerization from classical radical, cationic, or 
anionic polymerizations is the use of light as a stimulus to 
break bonds present in the photoinitiator to generate the active 
center. Thereafter, the usual initiation, propagation, termina
tion, and chain transfer processes are identical. Consequently, 
the design and synthesis of specific, high-quantum-yield 
photoinitiators with specific wavelength sensitivities to achieve 
each of the three different classes of photoinduced active center 
polymerizations is one of the major foci of photopolymeriza
tion technology. 

Although it may be technically possible to conduct the 
large-scale synthesis of linear polymers using active center 
photopolymerizations, it is probably impractical to do so. 
The main considerations are the complex logistics of supplying 
UV light to a reaction vessel while simultaneously meeting the 
requirements of agitation and efficient removal of the heat of 
reaction. Instead, photoinitiated cationic ring-opening poly
merizations find their main use with multifunctional 
monomers in crosslinking polymerizations. These photopoly
merizations are part of a related group of technologies 
collectively denoted by the term ‘UV curing’ or ‘radiation cur
ing’.1,2 It should be pointed out that photoinduced active 
center crosslinking polymerizations are inherently attractive 
from several practical points of view. Since they proceed by a 
chain reaction mechanism, they are highly efficient processes 
requiring the absorption of only a small quantity of light 
energy for the conversion of a large mass of monomer to 
polymer. Likewise, only a small amount, usually less than 
5%, of the photoinitiator is required for this purpose. Most 
photopolymerizations used in UV curing applications are car
ried out as bulk processes without the use of solvents. This 
means that commercial products employing such technology 
have minimal adverse environmental consequences. UV curing 
is a so-called ‘line-of-sight’ technology with the prime require
ment that exposure of the monomer–photoinitiator mixture to 
light must take place for polymerization to occur. This means 
that the best applications of this technology involve 

polymerizations carried out on thin liquid monomer films 
deposited on simple flat or curved surfaces. More complex 
surfaces can be accommodated with the aid of lenses and 
reflectors to bend and focus the light, although polymeriza
tions on convoluted surfaces that are inaccessible to light are 
not possible. The photopolymerizations of highly filled, opa
que, or heavily pigmented monomer mixtures are likewise 
problematic. Polymerizations of unfilled monomers can be 
carried out to provide appreciable thicknesses of crosslinked 
polymers of the order of several centimeters given the use of a 
long-wavelength, high-intensity light source and employing 
sufficiently long irradiation times. Most commercial applica
tions, however, involve carrying out polymerizations in thin 
layers (<0.5 mm) at high rates (very short irradiation times). If 
a final thick polymeric object is desired, it is oftentimes advan
tageous to apply and photopolymerize multiple layers one on 
top of the other. This strategy is used in three-dimensional 
imaging processes such as stereolithography and ink-jet print
ing to build up solid polymer objects for modeling and 
prototyping purposes. 

4.37.3.1 Photoinitiated Radical Polymerizations 

Without question, the photoinitiated radical polymerizations 
of acrylates and methacrylates comprise the most well-studied 
and commercially important class of active center photopoly
merizations. Contributing significantly to the commercial and 
academic success of this chemistry has been the development 
of a wide range of highly sensitive radical photoinitiators. 
A photoinitiator is a compound that becomes electronically 
excited through absorption of light within a given spectral 
range, and undergoes subsequent reactions to afford reactive 
species capable of inducing an addition polymerization 
reaction. 

While the use of light to break bonds in organic, inorganic, 
and organometallic compounds to form radicals is a very com
mon process, most of these reactions are inefficient. Two basic 
types of radical photoinitiators are currently in widespread use 
due to their high quantum yields of photolysis and because 
their simple synthesis makes them relatively inexpensive com
pounds.28 The first type of radical photoinitiators is 
unimolecular photoinitiators based on aryl ketones that 
undergo facile α-cleavage reactions on irradiation with light. 
An example is shown in Scheme 9 for the compound benzil 
dimethyl ketal (2,2-dimethoxy-1,1-diphenylethan-1-one). 
Irradiation of benzil dimethyl ketal results in the initial forma
tion of a benzoyl, 13, and α,α-dimethoxybenzyl, 14, radical 
pair. Further fragmentation of 14 results in the formation of a 
methyl radical, 15, along with methyl benzoate. Species 13 and 
15 are credited with initiating the subsequent radical 
polymerizations. 

A wide range of α-cleavage photoinitiators have been pre
pared and are commercially available. Not only have these 
photoinitiators been optimized to provide high quantum 
yields for radical production at specific irradiation wavelengths, 
but they have also been structurally modified to tailor their 
solubility and to provide nonyellowing characteristics in the 
final polymer product. The structures of some additional exam
ples of α-cleavage photoinitiators that illustrate the versatility 
of these efficient photochemical radical sources are shown 
below: 
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Scheme 9 Mechanistic pathway for the photolysis of benzil dimethyl ketal. 

The second type of radical photoinitiators is the so-called 
bimolecular photoinitiators that consist of a diaryl ketone 
together with a compound that provides easily abstractable 
hydrogen atoms. The most common of these photoinitiators 
consists of benzophenone or a substituted benzophenone in 
combination with an aliphatic tertiary amine. A proposed 
mechanism for the formation of radicals by these bimolecular 
photoinitiators is depicted in Scheme 10. Photoexcitation of 
benzophenone results in the formation of triplet-state benzo
phenone that forms a charge transfer complex, 22, with  
triethanolamine. Formal electron transfer takes place with 
the subsequent formation of a radical cation–radical anion 

pair. Proton transfer then occurs with the formation of a 
carbon-centered radical, 23, and the hydroxy(diphenyl) 
methyl radical, 24. Radical species 23 initiates polymeriza
tion, while 24 primarily undergoes dimerization to form 
benzopinacol. 

Since the diaryl ketone is the light-absorbing species in 
bimolecular photoinitiator systems, the selection of the 
appropriate ketone determines the wavelength sensitivity of 
the system. Besides benzophenone and substituted benzophe
nones, 25–27, a variety of thioxanthones (9H-thioxanthen
9-ones) and substituted thioxanthones, 28–30, are also com
monly used. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 10 Mechanism of the formation of radicals by bimolecular photoinitiator systems. 

Scheme 11 Radical formation by the photolysis of camphorquinone in the presence of tertiary amines. 

1,2-Diketones, benzil, biacetyl, and camphorquinone (bor
nane-2,3-dione) have strong absorption bands in the mid- and 
long-wavelength UV regions, which makes them valuable for 
use in bimolecular radical photoinitiator systems. Of particular 
note is the use of camphorquinone, 31, shown in Scheme 11, 
which is extensively used together with various tertiary amines 
for the photocure of acrylate-based dental composites using 
visible light (λ = 400–500 nm). Both radicals 32 and 33 initiate 
the polymerization of the acrylate monomers. 

A variety of amine-containing hydrogen donors are 
commonly employed. Besides triethanolamine (tris(2-hydro
xyethyl)amine), methyldiethanolamine (bis(2-hydroxyethyl) 
methylamine), triisopropylamine, and ethyl-4-(dimethyla
mino)benzoate are commercially available and widely used 
for that purpose. Especially interesting is 4-[2-(diethylamino) 
ethoxy]benzophenone, 34, which, due to the presence of both 
the amine and ketone functional groups in the molecule, forms 
an intramolecular excited-state charge transfer complex. 

In addition to the above two classes of commonly used radical 
photoinitiators, a wide assortment of azo, sulfur, and heterocyclic 
compounds, organometallic compounds, and charge transfer 
complexes are known to generate radicals on irradiation with 
light. These systems are also occasionally used to initiate radical 
photopolymerizations and may have advantages in specific appli
cations due to their long-wavelength absorption. 

Advances in the field of radical photopolymer chemistry 
have been facilitated by the availability of a broad range of 
highly reactive monomers and functional oligomers. In parti
cular, the use of well-established synthetic methodology to 

(c) 2013 Elsevier Inc. All Rights Reserved.
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prepare multifunctional acrylate and methacrylate monomers 
and to tailor them for specific end uses has been especially 
valuable in promoting this technology. 

Several examples of the structures of typical multifunctional 
acrylic monomers (35–40) used in photoinduced radical cross-
linking polymerizations are depicted below: 

In a similar manner, extended-chain oligomeric polyesters, 
polyethers, and poly(dimethylsiloxane)s have been fitted with 
acrylate or methacrylate functional groups, and these materials 
find a multitude of practical uses such as UV-curable coatings 
and adhesives. The photoinitiated radical polymerizations of 
acrylic monomers and oligomers proceed very rapidly in the 

In addition, the reactions of acrylic and methacrylic acid 
and their derivatives with di- and multifunctional hydroxy-, 
amino-, epoxy-, anhydride-, and isocyanate-containing sub
strates give rise to a wide variety of acrylic functional 
oligomers with useful properties. For example, as shown in 
eqn [19], 2-hydroxyethyl acrylate undergoes facile condensa
tion with 2,4-toluenediisocyanate (4-methyl-1,3-phenylene 
diisocyanate) to yield urethane-containing diacrylate oligomer, 
34. More complex acrylate-terminated polyurethanes are simi
larly produced by the reaction of isocyanate-functional linear 
and branched short-chain polyurethanes with 2-hydroxyethyl 
acrylate. These are used to produce photocurable tough poly
urethane floor coatings that display outstanding resistance to 
staining and abrasion. 

absence of oxygen. However, the rates of polymerization are 
markedly reduced in the presence of oxygen due to its 
well-known inhibiting effects. 

In the early 1990s, Decker and Moussa39,40 described sev
eral classes of novel acrylic monomers that display enhanced 
rates of radical photopolymerization together with reduced 
sensitivity toward oxygen inhibition. Examples of the struc
tures of several of these monomers are shown below. The 
presence of highly polar cyclic carbonate (41), cyclic urethane 
(42), or open-chain urethane (43) groups within the molecule 
appears to be required for the enhanced reactivity of these 
monomers. A number of theories41,42 have been set forth to 
account for the results, but a fully definitive explanation is still 
not available. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 12 Pathway for the crosslinking polymerization of styrene– 
unsaturated polyester systems. 

An additional class of photoinitiated radical polymeriza
tions in wide use is composed of a combination of a styrenic 
monomer together with a polyester oligomer bearing unsatu
rated double bonds arrayed along the backbone. Such systems 
are, in fact, photoinitiated copolymerizations that have a strong 
tendency toward alternation. A graphical representation of the 
mechanism involved in these chemistry systems is Shown in 
Scheme 12. 

Unsaturated polyesters 44 containing multiple electron-
deficient maleate and/or fumarate double bonds along the 
polymer chain are readily prepared by the reaction of maleic 
anhydride or fumaric acid with a diol. In many cases, other 
diacids or dianhydrides are also included as comonomers to 
improve the final mechanical properties. The polyester is com
bined with styrene monomer and photopolymerization is 
carried out using a radical photoinitiator. Due to the reactivity 
ratios of the two vinyl components, there is a tendency toward 
alternation. However, the length of crosslinks between the 
polymer chains can be controlled by the amount of excess 
styrene present. This allows appreciable control over the struc
ture of the network polymer formed, and this has a 
considerable impact on its mechanical and chemical proper
ties. Photocurable unsaturated polyester–styrene systems have 
found numerous uses, but the major applications are in wood 

finishing as UV-curable fillers/sealers and topcoats for 
particleboard. 

Thermally initiated radical ring-opening polymerizations 
were first pioneered by Stansbury and Bailey.43 Stansbury44 

has shown that the spiro orthocarbonate monomers such as 
45 undergo facile ring-opening photopolymerization in the 
presence of radical photoinitiators (Scheme 13) and has sug
gested that they may be useful in low-volume-shrinkage 
photocurable dental composites. In addition to the polycarbo
nate repeating units, 46, formed by the double ring-opening 
reaction, simple vinyl polymerization of 45 and fragmentation 
of the radical intermediates also take place to give a polymer 
with a complex backbone structure. 

4.37.3.2 Photoinitiated Cationic Polymerizations 

Nearly 35 years have elapsed since the first practical onium salt 
cationic photoinitiators were reported.45,46 During this period, 
the field of cationic photopolymerization has advanced rapidly 
propelled by both the considerable academic interest and their 
increasing use in industrial applications. A recent SciFinder 
search on this topic returned more than 1 660 000 citations, 
reflecting the past and present activities of a large number of 
researchers engaged in this field. It is well beyond the scope and 
intent of this chapter to summarize all these activities. Rather, 
the approach that will be taken in this chapter is to provide the 
reader with an overview of the essential aspects of various 
cationic photoinitiation processes as they apply to the design 
and function of the photoinitiators and to discuss the main 
applications of cationic photoinitiation, especially in the 
ring-opening crosslinking polymerizations of mono- and mul
tifunctional heterocyclic monomers. For further reading, the 
reader is referred to several previously published summaries 
and reviews on this topic.28,47,48 

Cationic vinyl and ring-opening polymerizations are a 
well-studied area of polymer chemistry.49–53 A wide assortment 
of electrophilic agents have been documented as initiators for 
these polymerizations. Many such agents are routinely used 
both in the laboratory and for commercial purposes to prepare 
polymers by cationic polymerization. So, the question imme
diately arises, why use photochemical methods to conduct 
these polymerizations? There are two main reasons that can 
be cited to justify the use of photoinitiation: (1) photoinitia
tion provides access to electrophilic initiators that are otherwise 

Scheme 13 Photoinitiated radical ring-opening polymerization of spiro orthocarbonate 45. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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difficult or inconvenient to generate and to use; and (2) photo-
initiation makes it possible to conduct the rapid, homogeneous 
formation of network polymers. There are many additional 
secondary benefits that derive from these two main rationales, 
and these will be further discussed and elaborated on in sub
sequent portions of this chapter. 

4.37.3.2.1 Brønsted acids as initiators in cationic 
polymerizations 
Among the simplest and broadest classes of initiators for the 
cationic polymerization of vinyl and heterocyclic monomers 
are protonic or Brønsted acids. The respective mechanisms for 
the initiation and subsequent polymerization by a Brønsted 
acid, HX, for these two types of monomers are depicted in 
Schemes 14 and 15. Only the initiation and propagation pro
cesses are depicted. Many additional termination and chain 
transfer processes may also occur depending on the specific 
Brønsted acid, monomer, and conditions used. The polymer
ization of a vinyl compound is straightforward consisting first 
of the protonation of the monomer (eqn [20]) followed by 
propagation of the carbocation, 47, that is formed (eqn [21]). 
The mechanism for cationic ring-opening polymerization 
involves a three-step process with four different rate constants. 
As shown in eqn [22], initiation involves the reversible electro
philic attack by a proton on the nucleophilic heteroatom, Z, of 
the monomer to afford the secondary onium ion 48. In sub
sequent steps (eqns [23] and [24]), 48 reacts further to give the 
tertiary onium species 49 and 50. The ability of a given acid to 
protonate a specific monomer is, therefore, directly related to 
its inherent acidity as well as the basicity of the monomer. Since 
heterocyclic monomers are only weakly basic and vinyl mono
mers even less so, strong acids are required to shift the 
equilibrium of eqns [20] and [22] significantly to the right. 

The Hammett acidity scale shown in Table 1 provides a 
comparative ranking of the strengths of a number of the stron
gest inorganic and organic acids.54 Some, but not all, of these 
acids are employed as initiators in cationic ring-opening poly
merizations. It is important to note that the Ho values given in 
Table 1 are based on a logarithmic scale and that acids with 
strengths over a range of 25 orders of magnitude are repre
sented. Brønsted acids with Ho values more negative than −12 
(sulfuric acid) are classified as ‘superacids’. Only ‘superacids’ 
with Hammett acidities of −14 to −30 are useful as initiators for 
the ring-opening polymerizations of heterocyclic monomers. 
Perfluoroalkanesulfonic acids (Ho = −14) are sometimes used 
for the polymerization of heterocyclic oxygen-containing 
monomers but are generally regarded as rather weak initiators 

Table 1 Hammett acidities of Brønsted acids 

Acid Ho 

H3PO4 

HNO3 

H2SO4 

HClO4 

ClSO3H 
CF3CF2SO3H 
CF3SO3H 
H2SO4–SO3 

FSO3H 
HBF4 

HTaF6 

HPF6 

HAsF6 

HSbF6 

−4.7 
−6.3 
−12.0 
−13.0 
−13.8 
−14.0 
−14.1 
−14.5 
−15.0 
−16.6 
−18.9 
~−20 to 
~−20 to 
~−30 

−25 
−25 

Scheme 14 General mechanism for Brønsted acid-catalyzed vinyl polymerizations. 

Scheme 15 General mechanism for Brønsted acid-catalyzed ring-opening polymerizations. 
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due to termination reactions with the propagating oxonium end 
groups to form stable fluoroalkanesulfonate esters. The most 
powerful acids and cationic initiators lie at the bottom of 
Table 1 and are represented by the complex fluorinated com
pounds HBF4, HPF6, and especially HSbF6. Within the latter 
group, there is a very large range in acidity (13 orders of magni
tude). Hexafluoridoantimonic acid, HSbF6, is reputed to be the 
strongest acid known with an estimated Ho value of −30. Thus, 
HSbF6 will protonate even nonpolar compounds such 
as methane as well as other aliphatic hydrocarbons.55 All 
three pure complex fluorinated acids will efficiently and quanti
tatively initiate the polymerization of virtually all types of 
heterocyclic monomers. It is clear that the reason for the high 
acidities of HBF4, HPF6, HAsF6, and  HSbF6 lies in the low nucleo
philic character of the corresponding anion that is associated with 

−the proton. Within the anion series, BF4 
−, PF6 

−, AsF6 
−, and  SbF6 , 

the nucleophilic character decreases dramatically as the size of the 
complex anion increases, and this is probably related to dispersal 
of the negative charge over an increasingly larger spherical surface 
area. Similarly, anions such as TaF6 

− and (C6F5)4B
− are large and 

non-nucleophilic, and consequently, their corresponding proto
nic acids are also very strong. 

Returning to the mechanisms shown in Schemes 14 and 15, 
it is important to note that the nucleophilic character of the 
anion of a Brønsted acid not only impacts the initiation step, 
but also plays a role in the subsequent respective propagation 
steps. In the latter steps, the lower the nucleophilic character of 
the anion, the higher the electrophilic character (i.e., reactivity) 
of the corresponding carbocation, 47, and secondary and ter
tiary onium ions 48–50 that are formed. 

Having established that Brønsted superacids such as HBF4, 
HPF6, HAsF6, and HSbF6 are powerful initiators for cationic 
ring-opening polymerizations, it must also be acknowledged 
that they are very rarely employed either for academic studies 
or for industrial use. The reasons for this are apparent when one 
considers the general method used for their synthesis. 
Anhydrous HBF4, HPF6, HAsF6, and HSbF6 are prepared by 
reaction of gaseous HF with the corresponding Lewis acid. For 
example, as shown in eqn [25], HSbF6 is produced by the 
reaction of HF with liquid SbF5. The safe handling and storage 
of highly corrosive and exceedingly toxic HF, SbF5, and HSbF6 

are problematic and require special equipment and techniques 
that are generally unavailable in the typical laboratory or in a 
commercial polymer synthesis facility. Such considerations 
have precluded the use of these Brønsted superacids as initia
tors for most ring-opening polymerizations. 

HF þ SbF5 → HSbF6 ½25� 
There are additional factors that have militated against the 

use of the same initiators. Cationic ring-opening polymeriza
tions of small-ring heterocyclic monomers are typically highly 
exothermic processes, especially when carried out under bulk 
reaction conditions. To maintain control over such polymer
izations, the use of less active initiators is advisable. It is also 
generally impractical to use Brønsted superacids as initiators for 
the ring-opening polymerizations of multifunctional mono
mers. Since initiation with these acids is nearly instantaneous 
and quantitative and because the subsequent network forma
tion is exceedingly rapid, it is not possible to achieve complete 
dispersion of the initiator in the monomer or solutions of the 
monomer even under intensive mixing conditions. Typically, 

when such acids are added to multifunctional monomers, a 
substantial portion of the initiator becomes encapsulated 
within the crosslinked gel particles that are formed. This leads 
to inhomogeneous reaction conditions with the formation of a 
correspondingly inhomogeneous product. 

Nevertheless, network polymers based on vinyl monomers, 
and especially heterocyclic monomer systems such as di- and 
multifunctional epoxides and multifunctional oxetanes, are 
important for a multitude of applications ranging from potting 
and encapsulating compounds to composites. In addition to 
homogeneous reaction products, these applications require a 
considerable delay period before polymerization sets in to 
allow for processing. Both these requirements are currently met 
through the use of very weakly acidic initiating systems such as 
amine–Lewis acid complexes that are thermally dissociated at 
relatively high temperatures over long times during use. 

Many of the above-described deficits surrounding the use of 
Brønsted superacids as initiators for cationic polymerization have 
been offset through the use of onium salt cationic photoinitiators. 

4.37.3.2.2 Arenediazonium salts 
The first effective onium salt cationic photoinitiators were are
nediazonium salts. As early as 1949, Roe56 showed that when 

−arenediazonium salts bearing complex anions of the type BF4 

were irradiated with light in the long-wavelength UV region, 
they are efficiently decomposed to yield an aryl fluoride, nitro
gen gas, and the Lewis acid, BF3. Noting that in the presence of 
a trace amount of water, BF3 is a good initiator of cationic 
polymerization, Schlessinger,57 Watt,58 and Feinberg59 irra
diated arenediazonium tetrafluoroborates in the presence of 
various epoxide monomers and observed their cationic poly
merization. Equations [26] and [27] of Scheme 16 depict this 
sequence of reactions. Unfortunately, monomer solutions of 
arenediazonium tetrafluoridoborates and especially the corre
sponding analogue salts containing the PF6 

−, SbF6 
−, and other 

similar anions tend to be thermally unstable and are subject to 
spontaneous polymerization even when stored in the absence 
of light. Moreover, the formation of nitrogen gas during irra
diation of arenediazonium salts is a serious impediment for 
their use in most practical applications. 

4.37.3.2.3 Diaryliodonium salts 
Dialkylhalonium ions are highly reactive species and have been 
detected only as reactive intermediates in organic reactions.60 

In contrast, diarylhalonium salts are colorless, crystalline com
pounds that are quite stable at room temperature and above. 
These compounds can be prepared by straightforward electro
philic aromatic substitution chemistry. They are generally 
insoluble in water but freely soluble in common organic sol
vents from which they can be purified by the usual 
chromatographic and crystallization techniques. 

Scheme 16 Photoinitiated cationic polymerization by arenediazonium 
salts. 

(c) 2013 Elsevier Inc. All Rights Reserved.



Photopolymerization 931 

The discovery of diaryliodonium salts, 51, as  a  class  of  highly  
photosensitive and thermally stable cationic photoinitiators in 
the early 1970s43,44,61–64 marked the onset of the practical use of 
the photoinitiated cationic ring-opening polymerization of 
heterocyclic monomers. It may generally be stated that all diary
liodonium salts independent of the presence or absence of 
electron-donating or electron-withdrawing substituents are 
photosensitive. These include cyclic diaryliodonium salts such 
as 52. These compounds undergo fragmentation reactions when 
irradiated with UV light, leading to the formation of Brønsted 
acids. In addition, the analogous diarylchloronium (53) and  
diarylbromonium (54) salts bearing non-nucleophilic anions, 
X−, were subsequently prepared although in modest yields and 
were also observed to be excellent photoinitiators for cationic 
polymerization.65 The latter diarylhalonium salts are somewhat 
less thermally stable than their diaryliodonium salt counterparts 
and more difficult to prepare; consequently, they have received 
little further attention. 

In recent years, there has been a considerable effort to 
expand the range of iodonium salts that can be employed as 
photoinitiators for cationic polymerizations. Stable iodo
nium salts can be obtained when one of the aryl groups in 
51 is replaced by a moiety that can provide resonance stabi
lization to the positively charged iodine atom. For example, 
Koser et al.66 prepared stable aryl(phenylethynyl)iodonium 
salts, 55, that were shown by Kitamura et al.67 and by Höfer 
and Liska68 to exhibit good activity as cationic photoinitia
tors. Similarly, iodonium salts, 56, in which the positively 
charged iodine atom is attached to the central carbon of a 
resonance-stabilized 1,3-diketone moiety such as dimedone 
are also isolable compounds that display the ability to serve 
as photoinitiators for cationic polymerization.69 Finally, it 
has been reported70 that diaryl(oxo)iodonium salts, 57, can  
be readily prepared by the base-catalyzed self-condensation 
of diaryliodyl compounds. Replacement of the initial 

hydroxide anion by acidification with HBF4 results in the 
formation of the desired tetrafluoridoborate salt as shown 
in Scheme 17. 

4.37.3.2.3(i) Photochemistry of diaryliodonium salts 
Scheme 18 shows the details of the complex mechanism that 
has been proposed for the photolysis of diaryliodonium 
salts.71,72 UV irradiation of a diaryliodonium salt into its 
primary absorption band at 230–250 nm (depending on sub
stitution) leads to the initial formation of the excited singlet 
state. Subsequent ISC results in conversion of the excited sing
let to the excited triplet state. Fragmentation of the molecule 
with the formation of various reactive species including radi
cals, cations, and cation-radicals evolves from the respective 
excited singlet and triplet states by both in-cage and out-of-cage 
processes. For diaryliodonium salts, the fragmentation takes 
place predominantly by a homolytic pathway that results in 
the formation of aryl radicals and aryliodine cation-radicals. As 
noted in Scheme 18, no matter which pathway is followed, 
Brønsted acids are produced by reaction of the reactive primary 
fragmentation products of the diaryliodonium salt with traces 
of water, solvent, monomer, or other protonic species (RH) 
present in the reaction medium. A correspondingly wide 
range of organic photolysis products were identified. Similar 
results were obtained from the study of the photolysis of dia
rylchloronium and diarylbromonium salts.66 The mechanisms 
for the photolysis of iodonium salts 55–57 have yet to be 
determined. 

In most respects, diaryliodonium salts are nearly ideal as 
cationic photoinitiators for the ring-opening polymerizations 
of heterocyclic monomers. The photolysis of diaryliodonium 
salts is highly efficient with quantum yields of the order of 0.7 
based on the amount of acid generated.73,74 Not only are they 

Scheme 17 Synthesis of diaryl(oxo)iodonium salt photoinitiators. 
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Scheme 18 Mechanism of the photolysis of diaryliodonium salts. 

very efficient photochemical sources of Brønsted superacids, 
but their photolysis also yields by-products that do not sig
nificantly interact during the subsequent cationic addition 
polymerizations of the monomers to cause inhibition, retar
dation, or chain transfer. An additional benefit derives from 
the fact that these photoinitiators can be prepared in good to 
excellent yields by a number of straightforward synthetic 
routes that allow great flexibility in the design of unique 
photoinitiators for specific end uses.75,76 Several of these syn
thetic methods have been adapted for the industrial-scale 
synthesis of these photoinitiators on the multikilogram 
scale. Generally, these halonium salts are isolated as colorless, 
crystalline compounds that may be rigorously purified by 
common techniques such as crystallization and column chro
matography. While they are highly sensitive to light in the 
short-wavelength UV region of the spectrum, they can be 
readily synthesized and handled for short times under labora
tory lighting conditions with only minimal losses. Finally, 
these two classes of photoinitiators are indefinitely stable in 
the pure state when stored in the absence of light. Samples of 
diaryliodonium salt photoinitiators have been maintained 
under these conditions in this laboratory for over 25 years 
without appreciable degradation. 

4.37.3.2.3(ii) Design and synthesis of diaryliodonium salts 
It is useful to consider that diaryliodonium as well as other 
photosensitive onium salts as being composed of two discrete 
components, namely, the cation and the anion. These two 
essential components can be viewed as having different func
tions in the overall photoinitiation process of cationic 

polymerization. Most conveniently, each component can be 
manipulated more or less independently to optimize those 
functions. For example, in the case of a diaryliodonium salt, 
Table 2 outlines the functions ascribed to the respective cation 
and anion. The cation is the photosensitive component of the 
onium salt. The structure of the cation determines not only the 
position of the absorption wavelength maximum and its inten
sity but also the quantum yield of photolysis. In later portions 
of this chapter, it will also be shown that the magnitude of the 
redox potential of the diaryliodonium cation plays an impor
tant role in the electron transfer photosensitization of this class 
of photoinitiators. The cation is also the prime determinant 
responsible for the thermal stability and ultimately the latency 
of a diaryliodonium salt photoinitiator. Finally, manipulation 
of the structure of the cation through substitution on one or 
both of the aromatic rings allows tailoring of the solubility 
characteristics as well as permits the introduction of other 
useful functional groups. Whereas the photochemistry of a 
diaryliodonium salt is controlled by its cation, the anion, as 
noted previously, is the ultimate determinant of the type and 
strength of the Brønsted acid that is generated on photolysis. 
For this reason, the kinetics of both the initiation and the 
subsequent propagation processes, as pointed out previously, 
are determined by the character of the anion. In those cases 
where termination occurs by ion-splitting reactions, the rate 
and extent of this reaction are also controlled by the type of 
anion. For example, shown in eqn [28] is a schematic repre
sentation of the ion-splitting termination reaction that can 
occur during a cationic ring-opening polymerization with the 
BF4 

− anion. Similarly, if, for example, a diaryliodonium triflate 
is used as a photoinitiator, chain termination can occur by 
collapse of the propagating ion pair to form a stable, covalently 
bound triflate ester. 

Table 2 Functions of the cation and anion of a diaryliodonium salt 
photoinitiator 

Z 
+ 

Z F + BF3 ½28� 
BF –

4 
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Figure 2 Comparison of the effects of different anions on the rate of 
ring-opening photopolymerization of cyclohexene oxide. 

The ability to prepare photosensitive onium salts with dif
ferent types of anions permits a direct comparison of the 
reactivity of the corresponding strong Brønsted acids in various 
ring-opening polymerizations. An example is shown in 
Figure 2. In this instance, the photoinitiated cationic polymer
izations of cyclohexene oxide (1,2-epoxycyclohexane) using bis 
(4-tert-butylphenyl)iodonium salts bearing, respectively, the 
BF −, PF − −

4 6 , AsF  
6 , and SbF −

6 anions are compared at the 
same molar concentration and under identical UV irradiation 
conditions. Since the cations are the same in all cases, this also 
implies that identical amounts of the respective Brønsted acids 
are generated per unit irradiation time. The results are in good 
agreement with the prediction based on the Hammett acidities 
(Table 1) of the respective four acids that are generated. The 
rate of the polymerization using the SbF −

6 -containing photo-
initiator is almost too high to measure at room temperature. 
Although also very rapid, polymerizations carried out with the 
corresponding AsF − 

6 and PF − 
6 salts are slower and less vigorous 

than those with the SbF − 
6 salt. In contrast, the polymerization 

rate of cyclohexene oxide using the tetrafluoridoborate salt is 
comparatively slow. Over the years, many similar comparisons 
of diaryliodonium and triarylsulfonium salts bearing different 
anions with various heterocyclic monomers have been made 
with the same results. 

Many attempts have been made to find alternatives to the 
most reactive onium salt photoinitiators bearing the AsF − 

6 and 
SbF − 

6 anions. These efforts have mainly been in response to the 
perception of toxicity and/or the possibility heavy metal con
tamination due to arsenic- and antimony-containing residues 
that are of concern in certain applications. In recent years, there 
has been considerable progress in the development of novel 
anions with weakly coordinating (i.e., low nucleophilic) char
acter.77 For example, Castellanos et al.78 have introduced 
diaryliodonium salt photoinitiators with the tetrakis(pentafluor
ophenyl)borate ((C −

6F5)4B ) anion. Following closely on this 

work, Neckers and co-workers79,80 have reported on additional 
members of this class of photoinitiators with group III anions of 
low nucleophilic character as indicated in structure 58. 

On a weight percentage basis, these photoinitiators gener
ally display comparable, although slightly less, reactivity on a 
molar basis than the corresponding SbF −

6 -containing onium 
salts.81 One very conspicuous additional benefit of onium salts 
containing the ((C6F5)4M

−) anion is their good solubility even 
in nonpolar monomers and oligomers. Ren et al.82 have 
reported that diaryliodonium salts bearing the exceedingly 
non-nucleophilic hexabromocarborane anion ðCB11H −

6Br6 Þ 
are similar to analogs bearing the SbF −

6 with respect to their 
activity as photoinitiators in cationic ring-opening polymeriza
tions of epoxy-functional silicone polymers. However, it 
should be cautioned that when these or other photoinitiators 
are compared in such monomers or oligomers that are very 
poor solvents, the effects of solubility of the onium salt photo-
initiators rather than their reactivity may dominate the results 
that are obtained. 

4.37.3.2.3(iii) Tailoring the solubility and crystallinity 
of diaryliodonium salts 
Diaryliodonium salts are ionic compounds. For this reason, 
crystalline mono- and disubstituted diphenyliodonium salts dis
play good solubility in polar monomers, but rather poor 
solubility in nonpolar monomers. Consequently, the onium 
salt-catalyzed photopolymerizations of the latter substrates are 
often problematic. From Table 2, it may be noted that the 
solubility and related crystalline characteristics of a diaryliodo
nium salt are listed as being determined by the structures of both 
the cation and the anion. Generally, as one progresses from a 
diaryliodonium salt with a small anion such as a halide to a 
complex nonmetal halide such as PF −

6 , the solubility increases. 
However, for many nonpolar substrates, this is not sufficient. For 
example, due to the very nonpolar characteristics of linear and 
cyclic epoxy-functional poly(dimethylsiloxane)s, developing a 
photoinitiator for the photocrosslinking polymerization for 
these substrates was a particularly challenging problem. The 
solution required the synthesis of diaryliodonium salts that 
were specifically tailored for this application. Two different syn
thetic approaches were successfully developed and are presented 
here to illustrate general methods employed for the preparation 
of diaryliodonium salts. The first approach used by Eckberg and 
LaRochelle83 and shown in Scheme 19 involves the synthesis of 
a symmetrical diaryliodonium SbF −

6 salt bearing long, highly 
branched alkyl groups. This synthesis employs dodecylbenzene 
as a starting material in which the dodecyl group is highly 
branched consisting of numerous positional and stereoisomers. 
Reaction in the presence of potassium iodate, sulfuric acid, and 
acetic anhydride directly yields the diaryliodonium hydrogensul
fate salt, 59.84 Replacement of the hydrogensulfate anion by a 
straightforward anion exchange with sodium hexafluoridoanti
monate affords the desired bis(dodecylphenyl)iodonium SbF −

6 
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Scheme 19 Synthesis of bis(dodecylphenyl)iodonium hexafluoridoantimonate. 

salt as a noncrystalline oil consisting of a complex mixture of 
isomeric salts. The p,p′-disubstituted isomers are formed prefer
entially in this synthetic method, although minor amounts of o,p 
′- and  o,o′-substituted isomers are also produced. 
Hexafluoridoantimonate salt (60) is produced commercially 
using the reaction sequence shown in Scheme 19. It is  freely  
soluble in epoxy-functional silicone oligomers and used to 
photocrosslink them at line speeds in excess of 500 m min−1. 
These photopolymerizations are carried out on a large industrial 
scale for the production of release coatings. 

A somewhat different approach shown in Scheme 20 is used 
by the Rhône-Poulenc company to synthesize Rhodorsil 2746 
for the photocrosslinking polymerization of epoxy-functional 
silicones.85 Solubility is achieved by the synthesis of an 

Scheme 20 Synthesis of Rhodorsil 2746. 

unsymmetrical diaryliodonium cation together with the use of 
the large tetrakis(pentafluorophenyl)borate anion. As shown in 
Scheme 20, the unsymmetrical diaryliodonium tosylate, 61, is  
obtained by the electrophilic attack of hydroxy(4-tolyl) 
iodonium tosylate on isopropylbenzene. Thereafter, 61 is sub
jected to a metathesis with KB(C6F5)4 to give the desired 
Rhodorsil 2746, 62, as a colorless crystalline powder. 

The preparation of a hydroxy-functional diaryliodonium salt 
is shown in Scheme 21.86 Phenol is first condensed with 
1,2-epoxytetradecane in the presence of a basic catalyst. The 
resulting 2-hydroxyalkyl phenyl ether, 63, is thereafter reacted 
with hydroxy(4-tolyl)iodonium tosylate under acid conditions 
to give the iodonium tosylate, 64. Further anion exchange of 64 
with an alkali salt bearing the desired anion yields the active 

Scheme 21 Synthesis of an unsymmetrical diphenyliodonium salt bearing a hydroxy group. 
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photoinitiator. The presence of the long-chain alkoxy group 
together with the unsymmetrical substitution provides good 
solubility characteristics, while the hydroxy functional group 
allows fragments of the photoinitiator to be bound into a cross
linked matrix during ring-opening photopolymerization. The 
presence of the substituted alkoxy group also serves to activate 
the benzene ring toward attack by weakly electrophilic hydroxy 
(4-tolyl)iodonium tosylate. Subsequent further functionaliza
tion of the diaryliodonium salt can also be carried out by 
reaction at the hydroxy group. A series of related diaryliodonium 
salts with different alkyl chain lengths and anions were prepared 
analogously by varying the 1,2-epoxyalkane used in eqn [33]. 

4.37.3.2.3(iv) Photosensitization of diaryliodonium salts 
As indicated in Table 2, the cation is responsible for determin
ing all the parameters associated with the light absorption of a 
diaryliodonium salt and its resultant photosensitivity. 
Generally, it is desired to overlap as closely as possible the 
absorption characteristics of a photoinitiator with the emission 
bands produced by a given light source. Depending on the 
specific application, a wide variety of light sources with differ
ent emission characteristics are currently in use. These include 
high- and low-intensity mercury and xenon arc lamps, tung
sten–halogen lamps, lasers, and light-emitting diodes (LEDs), 
among others. Figure 3 shows the relationship between various 
different applications and the preferred wavelength range that 
is used. As may be noted, cationic photoinitiators have applica
tions that require photosensitivity at wavelengths that span the 
electromagnetic spectrum from the extremely short-wavelength 
UV all the way into the visible region. 

Unsubstituted diphenyliodonium salts and those bearing 
simple substituents absorb in the UV region with their λmax 

from 230 to 250 nm. For this reason, they are well suited for 
high-performance photolithographic applications such as 
those used for the manufacture of ICs. Increasingly, 
shorter-wavelength irradiation is being used to define ever 
smaller features for this application. To achieve a reasonable 
irradiation flux requires the use of various laser light sources. 
Mercury arc lamps are the light sources of choice for carrying 
out ring-opening polymerizations used in so-called UV curing 
processes. These lamps have their most intense emission bands 
in the region 365–433 nm. While diaryliodonium salts can be 
used for UV curing applications, their efficiency is somewhat 
limited due to their poor absorption characteristics at these 
wavelengths. Similarly, the direct use of these onium salts in 
stereolithography,87 in graphic arts imaging, and in a variety of 
biomedical and dental applications is precluded since all 
require sensitivity at wavelengths greater than 400 nm. 

The need for long-wavelength-absorbing cationic photo-
initiators to address the above targeted applications has 
provided the incentive for considerable synthetic activity 
focused on expanding the range of spectral sensitivity of dia
ryliodonium salts through manipulating the structure of their 
cations. Unfortunately, the introduction of various numbers 
and types of electron-donating and electron-withdrawing sub
stituents onto the benzene rings produces only modest 
long-wavelength shifts in the absorption spectra of the basic 
diphenyliodonium chromophore. Consequently, alternative 
measures for broadening the spectral sensitivity of these com
pounds were sought. 

Figure 3 Relationship between the wavelength sensitivity of onium salts and their application as cationic photoinitiators. DUV, deep UV; EUV, extreme UV. 
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Scheme 22 Mechanism of the electron transfer photosensitization of 
diaryliodonium salts. 

Specifically, direct and indirect methods of photosensitiza
tion were investigated to extend the range of spectral sensitivity 
of diaryliodonium salts. Much of the initial effort was 
concentrated on classical triplet energy transfer as a direct 
photosensitization method.88,89 However, this type of photo
sensitization proved to be rather inefficient and, consequently, 
the direction of the focus of the research turned toward electron 
transfer photosensitization. Electron transfer photosensitiza
tion provides a practical means to extend the photosensitivity 
of diaryliodonium salts from the mid-UV well into the visible 
region of the spectrum. Shown in Scheme 22 is the proposed 
generalized mechanism for photosensitization as applied to 
diaryliodonium salts. 

The photosensitizer, PS, is excited by the absorption of the 
irradiating light as shown in eqn [35]. Then, the excited photo
sensitizer interacts with the diaryliodonium salt to form an 
intermediate excited-state complex (exciplex) as depicted in 
eqn [36]. The latter transient species undergoes formal electron 
transfer (eqn [37]) to give a photosensitizer cation-radical, 
[PS]+·, and a diaryliodine radical. The process is rendered 
irreversible by the further fragmentation of the diaryliodine 
radical (eqn [38]) to give an aryl radical and an aryl iodide. It 
should be noted that the overall process can be considered a 
photoinduced redox reaction in which the diaryliodonium salt 
undergoes reduction while the photosensitizer is oxidized. The 
driving force (i.e., Gibbs free energy, ΔG) for an electron trans
fer photosensitization is expressed by the Rehm–Weller 

oxequation90 shown in eqn [40], where Esens is the oxidation 
redpotential of the photosensitizer, Eonium the reduction potential 

of the diaryliodonium salt, and E* the excitation energy of the 
oxphotosensitizer. The magnitudes of the Esens and E* parameters 

are known for many common photosensitizers, and the 
redEonium values have been measured by polarography for 

many different onium salt photoinitiators. 

ΔG ¼ ðEox − Ered 
sens oniumÞ − E� ½40� 

For facile electron transfer photosensitization to occur, ΔG 
must have a value of at least −10 kcal mol−1. The magnitude 

redof Eonium for diaryliodonium salts is of the order of 
−5 kcal mol−1, indicating that these compounds are easily 
reduced (i.e., they are good oxidizing agents). The low value 
of the reduction potential also suggests that it should be 
energetically possible to use dyes as electron transfer 

photosensitizers for diaryliodonium salts that absorb at long 
wavelengths, even those in the low-energy visible region. This 
has been verified as will be described below. 

A wide assortment of electron transfer photosensitizers for 
diaryliodonium salts have been described in the journal and 
patent literature. Among these are polynuclear aromatic hydro
carbons with three or more rings such as anthracene,91 

alkoxyanthracenes,92 pyrene, and perylene;93 heterocyclic com
pounds of low basicity such as carbazoles94 and 
phenothiazines;95 aromatic ketones such as benzophenone,96 

Michler’s ketone,94 and thioxanthone and substituted thiox
anthones;97,98 coumarins;99 phenanthrene-9,10-quinone;100 

Mannich bases;101 and (dimethylamino)benzylidyne com
pounds.102 In addition, the use of dyes such as eosine,101 

acridine orange, acridine red, and benzoflavin103 has been 
employed to provide photosensitization in the visible region 
of the spectrum. 

A particularly interesting and useful photosensitizer for dia
ryliodonium salts in the visible region of the spectrum is the 
naturally occurring dye, curcumin, 65.104 The source of curcu
min is the spice, turmeric, which is widely used as a food 
flavoring and coloring agent. As a result of the extended con
jugation present in this molecule, curcumin has a strong 
absorption band at 427 nm (ε = 55 000) with a tail absorption 
that extends to at least 540 nm. Curcumin is readily available at 
low cost; it is highly soluble in a wide assortment of polar and 
nonpolar monomers, functional oligomers, and polymers. 

It is notable that according to the mechanism depicted in 
eqn [37] of Scheme 22, a key product formed during the 
photosensitization process is the photosensitizer-derived 
cation-radical, PS+·. The formation of this intermediate was 
readily confirmed for many different types of electron transfer 
photosensitizers. For example, the exposure of a mixture of a 
diaryliodonium salt and perylene in an inert solvent to UV light 
results in the immediate formation of an intensely deep blue 
solution. UV absorption spectra confirmed the formation of 
the comparatively stable perylene cation-radical. These results 
suggest, as shown in eqn [39], that in the case of photosensi
tized cationic polymerization systems, the primary initiating 
species is the cation-radical derived from photosensitizer. It 
should additionally be pointed out that such cation-radicals 
have been shown to initiate polymerization by a series of 
complex pathways, including a number that result in the for
mation of Brønsted superacids.105,106 A further implication of 
this mechanism is that, like the diaryliodonium salt, the photo
sensitizer is also consumed by various reactions during and 
after the irradiation process. The ‘bleaching’ that occurs during 
these photosensitization reactions is important to many ima
ging applications. 

Another indirect method by which spectral broadening of the 
sensitivity of diaryliodonium salts can be achieved is by the 
so-called free radical-promoted photosensitization. It has already 
been noted that diaryliodonium salts are oxidants with low 

(c) 2013 Elsevier Inc. All Rights Reserved.



O OCH O OCH
3 3 

hνPh C C Ph Ph C + C Ph 

OCH OCH3 3 

66 67 [41] 

OCH3 OCH3 
Ph CH + Ar2I+ X– 

Ph C+ X– + Ar2I 
OCH3 OCH3 

68 69 [42]

OCH3 

Z 

OCH3+ 
Ph C+ + Z Ph C X– Polymer 

OCH OCH33 [43] 

Ar2I Ar + ArI [44]

Photopolymerization 937 

Scheme 23 Proposed mechanism for the radical-promoted photosensitization of diaryliodonium salts. 

Scheme 24 Radical-promoted photosensitization of diaryliodonium salts. 

oxidation–reduction potentials. Several research groups107–112 

have taken advantage of this fact by using easily oxidized radicals 
generated by both Norrish type I and type II photoreactions to 
release a cationic initiating species by the chemical reduction of a 
diaryliodonium salt. For example, unimolecular radical photo-
initiators such as 2,2-dimethoxy-2-phenylacetophenone undergo 
efficient photolysis by a Norrish type I α-cleavage reaction as 
shown in eqn [41] of Scheme 23 to afford the benzoyl (66) 
and α,α-dimethoxybenzyl radicals (67). Radical 67 can subse
quently reduce a diaryliodonium salt (eqn [42]) to  give  the  
dimethoxybenzyl carbocation (68). Carbocation 68 initiates 
cationic ring-opening polymerization as shown in eqn [43] by 
direct electrophilic attack on the heterocyclic monomer. The 
diphenyliodine radical, 69, which is also formed, irreversibly 
fragments to give a phenyl radical and iodobenzene (eqn [44]). 
By selection of a radical photoinitiator with the appropriate 
absorption characteristics, it is possible to conduct the 

polymerization of heterocyclic monomers using long-wavelength 
UV and even visible light. 

Recently, Durmaz et al.113 have described several interesting 
radical-promoted cationic photoinitiator systems based on the 
same general principles outlined above. One of the most inter
esting shown in Scheme 24 involves the use of acylgermanes, 70, 
as photochemical sources of radicals. These compounds conve
niently absorb in the region 350–420 nm and undergo an 
α-cleavage (eqn [45]) to form the benzoyl and germyl radicals, 
71. In subsequent steps, 71 is oxidized by the diaryliodonium 
salt to form the germanium-centered cation, 72 (eqn [46]). The 
latter species initiates the polymerization of the monomer 
(cyclohexene oxide) by a direct electrophilic attack similar to 
that shown in eqn [43]. Another class of free radical photoini
tiators that the Yagci group has employed together with 
diaryliodonium salts for radical-promoted cationic polymeriza
tion is diacylphosphine oxides 73.114 In this case, it was 
proposed that a photogenerated phosphorus-centered radical 
reduces the diaryliodonium salt. 

An example of a bimolecular photoinitiator that gener
ates radicals by a Norrish type II hydrogen abstraction 
process is the combination of camphorquinone with a ben
zyl alcohol (eqn [47]).115 The carbon-centered radical, 74, 
is capable of reducing a diaryliodonium salt in a similar 
manner as shown previously in Scheme 24. 
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Scheme 25 Silyl radical-promoted cationic photopolymerization. 

al.116,117 Recently, Lalevée et have reported analogous 
Norrish type II systems involving the use of aromatic oxo 
compounds such as benzophenone, thioxanthone, camphorqui
none, or eosine together with a silane or germane as a hydrogen 
donor.118 For example, as depicted in eqn [48] of Scheme 25, 
the photolysis of benzophenone in the presence of tris[(tri
methylsilyl)oxy]silane generates the silyl radical 75. The latter 
species is oxidized by a diaryliodonium salt (eqn [49]) to  
yield the silylium cation 76 that then can initiate cationic 
ring-opening polymerization. The wavelength sensitivity of this 
system is determined by the choice of a specific ketone. A study 
of the ring-opening polymerizations of epoxide monomers was 
conducted using these silane-mediated initiator systems. 

4.37.3.2.4 Triarylsulfonium salts 
The initial development of diaryliodonium salt cationic photo-
initiators was quickly followed by the nearly parallel discovery 
of triarylsulfonium salts as a second general class of highly 
efficient and thermally stable cationic photoinitiators.119 

Along with triarylsulfonium salts, 77, their S-aryl 
sulfur-heterocyclic analogs display good photosensitivity and 
function well in photoinitiated cationic polymerizations.120,121 

In contrast, trialkylsulfonium salts, 78, do not absorb in the UV 
spectrum and are not useful photoinitiators. As might be 
expected, dialkyl(aryl)sulfonium salts, 79, and alkyl(diaryl)sul
fonium salts, 80, are progressively better photoinitiators but are 
less photoactive as well as less thermally stable and more 
difficult to prepare than their triarylsulfonium salt counter
parts.122 There have also been several reports of the use of 
triarylsulfoxonium salts, 81,123,124 and diaryl(aryloxy)oxosul
fanylium salts, 82,125 as photoinitiators for cationic 
polymerization. In general, the latter classes of related sulfo
nium salts are more difficult to prepare and also less thermally 
stable than triarylsulfonium salts. Consequently, they have 
received less attention in the literature and are not used for 
commercial purposes. Triarylselenonium salts, 83, while excel
lent cationic photoinitiators, are impractical for general use due 
to the relative rarity and expense of the starting materials 
required for their preparation.126 Among the first-generation 
onium salts, triarylsulfonium salts remain the cationic photo-
initiators of choice for academic studies as well as for use in 
industrial applications due to their outstanding thermal stabi
lity in solutions of highly reactive monomers. 

4.37.3.2.4(i) Synthesis of triarylsulfonium salts 
A variety of well-established synthetic schemes for the prepara
tion of triarylsulfonium and related compounds appear in the 
literature. They were employed with appropriate modifications 
for the synthesis of these onium salt cationic photoinitiators. 
These methods will not be presented in this chapter and, instead, 
the reader is referred to the extensive literature that appears in 
several dated but still relevant review articles on the topic of 
sulfonium salts.127,128 In recent years, the previous preparative 
methods for triarylsulfonium salts have been augmented by the 
development of several novel highly useful synthetic methods 
that will be briefly described here. The first of these involves the 
copper(I)-catalyzed arylation of diaryl sulfides with a diarylio
donium salt. An example is depicted in eqn [50] for the synthesis 
of S-phenyldibenzothiophenium salt, 84.63 The method is espe
cially useful for simple substituted triphenylsulfonium salts and 
affords the desired active onium salt photoinitiator in nearly 
quantitative yields. This synthesis has been used for the prepara
tion of compounds containing multiple triarylsulfonium salt 
moieties in the same molecule as well as for the facile arylation 
of sulfur-containing heteroaromatic compounds such as diben
zothiophene, thioxanthene, and thianthrene. An extension and 
modification of the above method involves the double arylation 
of benzenethiols for the synthesis of triarylsulfonium salts.129 It 
should be noted that if an appropriate diaryliodonium salt 
bearing the desired anion is used, the triarylsulfonium salt 
obtained is directly ready for use when isolated as a cationic 
photoinitiator. 
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Scheme 26 Preparation of [4-(octyloxy)phenyl]diphenylsulfonium hexafluoridoantimonate. 

A second general and highly useful method involves the 
acid-catalyzed condensation of a diaryl sulfoxide with an 
electron-rich aromatic compound.130 The reaction is typically 
carried out using Eaton’s reagent, a mixture of methanesulfonic 
acid and phosphorus pentoxide, as a catalyst and dehydrating 
agent. The reaction can be applied to a broad spectrum of diaryl 
sulfides, including both open-chain and cyclic compounds. An 
example is shown in eqn [51] of Scheme 26 in which this 
method is used for the preparation of [4-(octyloxy)phenyl] 
diphenylsulfonium hexafluoridoantimonate, 85. The reaction 
is usually carried out at 25–40 °C in the absence of a solvent. In 
all cases, the initially formed sulfonium salt bearing the metha
nesulfonate anion must be subjected to anion exchange. Yields 
of triarylsulfonium salts from this method are generally quite 
high (80–90%). 

Employing both old and newly developed synthetic meth
ods, the preparation of triarylsulfonium salts with a wide 
variation in their structures has been achieved. Table 3 lists a 
sampling of some of these photoinitiators along with the 
appropriate literature references. Identical considerations with 
respect to the tailoring of the structures of the cations and 
anions for specific applications as were discussed for diarylio
donium salts (Table 2) apply to triarylsulfonium salt cationic 
photoinitiators as well. 

4.37.3.2.4(ii) Photochemistry of triarylsulfonium salts 
The mechanism of the photolysis of triarylsulfonium salts is 
very similar to that of diaryliodonium salts (Scheme 18), 
though with minor differences.136 The major photolysis path
way involves the excitation of the triarylsulfonium salt with the 
formation of the excited singlet. The latter species undergoes 
heterolytic cleavage at a carbon–sulfur bond to generate an aryl 
cation and a diaryl sulfide pair. ISC from the excited singlet 
to the corresponding triplet does occur but is inefficient. 
However, radical products resulting from the decay of the 
excited triplet are always observed. Subsequent reaction of 
these primary species with themselves and with solvents or 
monomers leads to the formation of diaryl sulfides, coupled 
diaryl sulfides,137,138 and aromatic hydrocarbons as well as 

small amounts of a variety of additional organic products. 
Brønsted acids are also generated. A shorthand representation 
of the mechanism of photolysis of triarylsulfonium salts is 
given in eqn [52]. 

½52� 

Quantum yields for triarylsulfonium salts are in the 
range of 0.5 139 

–0.7. It is notable that triarylsulfonium 
salts are highly photosensitive compounds, with quantum 
yields that are similar to those measured for diaryliodo
nium salts. However, diaryliodonium salts are more 
efficient photoinitiators of vinyl and cationic ring-opening 
polymerizations. The difference in the two classes of photo-
initiators lies in the nature of the products produced as a 
result of their photolysis. As indicated previously, the 
organic products of diaryliodonium salts are chiefly aro
matic hydrocarbons, biarenes, and various iodoaromatic 
compounds. These compounds do not interact with the 
monomers, initiators, or propagating species during a 
ring-opening polymerization. In contrast, the diaryl sulfides 
and the biarene sulfide products of triarylsulfonium salt 
photolysis are weakly nucleophilic and have been demon
strated to display both inhibiting and retarding effects in 
cationic ring-opening polymerizations.140 

4.37.3.2.4(iii) Photosensitization of triarylsulfonium salts 
While possessing marginally longer-wavelength absorption 
than diaryliodonium salts, the primary absorption bands of 
unsubstituted and monosubstituted triphenylsulfonium 
salts (λmax = 240–305 nm) still lie in the short- to 
mid-wavelength region of the UV spectrum. As with their 
diaryliodonium salt counterparts, broadening of the spectral 
sensitivity of these cationic photoinitiators is necessary to 
enable their use in many different applications (e.g., 
Figure 3). Electron transfer photosensitization is again the 
most effective available method for extending the range of 
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Table 3 Structures of triarylsulfonium salt cationic photoinitiators 

113,131 113 132 

123 133 134 

127 110 111 

114 123,134 
135 

X− is a non-nucleophilic anion. 

spectral sensitivity of triarylsulfonium salts into the 
long-wavelength UV and visible regions. According to the 
Rehm–Weller equation, the ability of a triarylsulfonium salt 
to undergo electron transfer photosensitization depends on 
its reduction potential. The value of Eredonium for a triphenyl
sulfonium salt is −28 kcal mol−1,141 suggesting that 
triarylsulfonium salts are also more difficult to photosensi
tize by an electron transfer mechanism than the 
corresponding diaryliodonium salts. This has been con
firmed experimentally. Nevertheless, there are several 
classes of ‘crossover’ photosensitizers that are capable of 
working with both types of onium salt photoinitiators. For 
example, some crossover photosensitizers are perylene,142 

anthracene and substituted anthracenes,92 carbazoles,94,143 

phenothiazines, benzophenothiazines, and benzophenoxa
zines.115 On the other hand, thioxanthones and dye 
photosensitizers, curcumin, benzoflavin, and acridine 
orange, which are effective for diaryliodonium salts, do not 
photosensitize the decomposition of triarylsulfonium salts. 

Despite many attempts, the radical-promoted photosensiti
zation, which is so effective for diaryliodonium salts, also 
fails in the case of the triarylsulfonium salts. Again, this is 
due to the more than fivefold greater magnitude of the 
reduction potentials for the latter compounds, which makes 
them poorer oxidants for radicals. 

The synthesis of sulfonium salts that incorporate a photo
sensitizing anthracene moiety in the same molecule was 
successfully undertaken by Pappas et al.144 Details of the synth
esis of an anthracene-containing sulfonium salt, 86, are 
exhibited in eqn [53]. It was the objective of this work to 
improve the efficiency of electron transfer photosensitization 
since it was proposed that an intramolecular interaction 
between the photosensitizing moiety and the sulfonium 
groups would be more facile in these compounds than in an 
intermolecular one. Indeed, 86 bearing the tetrafluoridoborate 
anion was observed to exhibit excellent activity in the 300 nm 
region due to the presence of the strongly absorbing anthracene 
chromophore. 
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4.37.3.2.5 Other sulfonium salt photoinitiators 
Although, as mentioned above, most of the academic and, in 
particular, the commercial development has been focused on 
triarylsulfonium salts, there have been a number of investiga
tions of other types of sulfonium salt photoinitiators. The most 
notable of these are briefly discussed here. 

4.37.3.2.5(i) S,S-Dialkyl-S-phenacylsulfonium salts 
salts145,146 Probably, S,S-dialkyl-S-(phenacyl)sulfonium have 

received the most attention as novel cationic photoinitiators 
for ring-opening polymerizations. One of their main attractive 
features is the very simple and broadly applicable synthesis 
shown in eqn [54] that has been developed for their prepara
tion.147 The general, one-pot synthesis is illustrated for one of 

−these compounds, 87, bearing  the  SbF6 anion. In addition, 
photoinitiator 87 incorporates a dodecyl group that provides 
excellent solubility of the photoinitiator in various nonpolar 
monomers. The reaction is typically carried out at room tem
perature in acetone or butan-2-one (ethyl methyl ketone). 
During the reaction, sodium bromide precipitates from the 

solution driving the reaction in the forward direction to form 
the desired sulfonium salt in excellent yields. 

Studies of the mechanism of photolysis of S,S-dialkyl
S-(phenacyl)sulfonium salts showed that irradiation at 248 nm 
produces Brønsted acids by a reversible intramolecular Norrish 
type II hydrogen abstraction process as shown in Scheme 27.148 

Ylides are also formed as by-products. However, once the light is 
extinguished, the two photolysis products recombine to regen
erate the starting sulfonium salt. Estimates of the quantum yields 
for these photoinitiators are 0.4–0.5.93 

Despite the reversibility of the photolysis of S,S-dialkyl-S
(phenacyl)sulfonium salts, these compounds are quite good 
photoinitiators for the ring-opening polymerizations of epox
ides, oxetanes, thiiranes, vinyl ethers, and 1,3,5-trioxane. It is 
also worth pointing out that the intermediate ylides generated 
during the photolysis can react as nucleophiles with the grow
ing polymer chain as shown in eqn [55] resulting 
in termination. However, the macromolecular sulfonium 
salts, 88, that are formed are capable of further 
dissociation on continued irradiation by the same photolysis 
mechanism. 

Scheme 27 Mechanism of the photolysis of S,S-dialkyl-S-(phenacyl)sulfonium salts. 
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The Eredonium values for S,S-dialkyl-S-(phenacyl)sulfonium 
salts have been measured and found to be −14.5 kcal mol−1.149 

This suggests that these sulfonium salts might be expected to 
undergo more facile electron transfer photosensitization than 

reported to function well as cationic photoinitiators. While 
there appears to have been no additional information regard
ing these compounds, the authors suggest similar mechanisms 
for the photolysis of these oxosulfonium salts. 

triarylsulfonium salts. Indeed, polynuclear aromatic hydrocar
bons, carbazoles, and phenothiazines are good photosensitizers 
for S,S-dialkyl-S-(phenacyl)sulfonium salts.150 

In analogy with triarylsulfonium salts, higher-
oxidation-state analogs of S,S-dialkyl-S-(phenacyl)sulfonium 
salts and dialkyl(2-anilino-2-oxoethyl)sulfonium salts, 89 
and 90, respectively, have been described.66 These compounds 
also appear to have appreciable photosensitivity and are 

4.37.3.2.5(ii) S,S-Dialkyl-S-(4-hydroxyphenyl)sulfonium salts 
An additional class of sulfonium salt photoinitiators that have 
received some attention is S,S-dialkyl-S-(4-hydroxyphenyl) 
sulfonium salts (91) and S,S-dialkyl-S-(2-hydroxyphenyl) 
sulfonium salts (92).145 These compounds are readily prepared 
as illustrated in eqn [56] of Scheme 28 by the 
room-temperature condensation of a phenol with a dialkyl 
sulfoxide in the presence of dry hydrogen chloride gas in 

Scheme 28 Synthesis of S,S-dialkyl-S-(4-hydroxyphenyl)sulfonium salts. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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methanol. Anion exchange (eqn [56]) in the sulfonium chlor
ide, 93, with an alkali or alkaline earth salt bearing a 
non-nucleophilic anion completes the synthesis of the active 
photoinitiator, 94. An alternative synthetic procedure is to 

O– 

R1 R2 

+ – Z XHZ +

S+ 

R3 R4

O Z ZH 

R1 R2 

X– 

S+
 

R3
 [59] R4 

condense a dialkyl sulfide with a phenol in the presence of a 
mixture of methanesulfonic acid and phosphorus pentoxide 
(Eaton’s reagent).151 

Irradiation of S,S-dialkyl-S-(4-hydroxyphenyl)sulfonium 
salts (eqn [58]) results in the reversible formation of the 
resonance-stabilized betaine, 95, together with the Brønsted 
acid, HX. On standing in the dark, these two products recom
bine to form the starting sulfonium salt. The quantum yields 
based on the quantity of acid generated for these photoinitia
tors were found to range from 0.12 to 0.31 depending on the 
substitution and position of the sulfonium group relative to the 
hydroxy group.152 S,S-Dialkyl-S-(2-hydroxyphenyl)sulfonium 
salts (92) have higher quantum yields than their S,S-dialkyl
S-(4-hydroxyphenyl)sulfonium salt (91) isomers. 

polymerizations induced by these photoinitiators have an 
inherent chain termination reaction shown in eqn [59] that is 
analogous to that reported for S,S-dialkyl-S-(phenacyl) 
sulfonium salts (eqn [55]). 

The reduction potentials for S,S-dialkyl-S-(hydroxyphenyl) 
sulfonium salts do not appear to have been measured. These 
sulfonium salts do not undergo electron transfer photosensitiza
tion. Rather, photosensitization has been achieved using typical 
diaryl ketones such as benzophenone, Michler’s ketone, and 
thioxanthone as photosensitizers.97 Strongly acidic solutions 
are produced during photosensitized photolysis, suggesting the 
formation of a protonic acid as one of the products. 

4.37.3.2.5(iii) Thiopyrylium salts 
The use of thiopyrylium salts, 96 and 97, and pyrylium salts, 
98, bearing the BF − 

4 anion ðX ¼ BF −
4 Þ, as cationic photoinitia

tors was reported some years ago153–155 and applied 
principally to the polymerization of epoxides.156 Pyrylium 

S,S-Dialkyl-S-(hydroxyphenyl)sulfonium salts are active 
photoinitiators for the cationic ring-opening polymerizations 
of a wide variety of heterocyclic monomers, including tetrahy
drofuran, ε-caprolactone, epoxides, oxetanes, thiiranes, and 
1,3,5-trioxane. It has been suggested that ring-opening 

salts such as 98 were less efficient as photoinitiators than 
their thiopyrylium counterparts. There are a number of 
straightforward routes to the synthesis of thiopyrylium salts.80 

Perhaps, the most general route is depicted in eqn [60] for the 
synthesis of thiopyrylium salt, 96. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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In general, thiopyrylium salts have currently seen little use as 
photoinitiators for cationic ring-opening polymerizations 
mainly due to their comparatively low initiation efficiency and 
poor thermal stability. In recent years, however, there appears to 
have been a resurgence of interest by Morlet-Savary et al.,157 who 
have conducted a detailed study of the photophysics of their 
photolysis. This group has pointed out that thiopyrylium salts 
are particularly interesting due to their inherent long-wavelength 
absorption characteristics. For example, thiopyrylium salt, 96, 
has major absorption bands at 232 and 475 nm with respective 
molar absorption coefficients of 16 100 and 29 200. More recent 
studies by El-Roz et al.158 have shown that together with silanes 
bearing Si–H groups, thiopyrylium salts can be used in the 
radical-promoted photosensitization of diaryliodonium salts. 
Apparently, the photoexcited thiopyrylium salt interacts with 
silane to generate silyl radicals that subsequently reduce diary
liodonium salts. The polymerization of an epoxide monomer 
using this system was studied. 

4.37.3.2.6 N-Alkoxypyridinium and N-phenacylpyridinium 
salt photoinitiators 
A third major class of photoinitiators for cationic ring-opening 
polymerizations is N-alkoxypyridinium salts. The structures, 
99–103, are representative of this class of cationic photoinitiators. 
A comprehensive review of chemistry of these photoinitiators 
by Yagci and Endo was published in 1997.159 

monomer or through the formation of a Brønsted acid by 
reaction with a hydroxy group or other proton donor (R–H). 
Subsequent studies161 of the pyridinium cation-radicals by 
flash photolysis showed them to react very rapidly with mono
mers such as cyclohexene oxide and with vinyl ethers. Due to 
the formation of basic pyridines and pyridine-containing 
photolysis products, N-alkoxypyridines are chiefly useful for 
the photopolymerization of the most reactive, highly strained 
heterocyclic monomer systems. 

The structural variations represented by compounds 
99–103 provide spectral sensitivity from approximately 260 
to 340 nm. Further sensitivity at longer wavelengths can be 
achieved by various photosensitization strategies. The 
half-wave oxidation–reduction potential (Ered 

1/2) determined 
by polarography for 99 is −0.7 V (−16 kcal mol−1), whereas 
the corresponding value for diphenyliodonium hexafluorido
phosphate measured by the same technique is −0.2 V. This 
indicates that N-alkoxypyridinium salts should undergo facile 
reduction. Indeed, electron transfer photosensitization by 
typical excited-state electron donors such as anthracene, per
ylene, thioxanthene,162 and trimethoxybenzene163 has been 
reported. Scheme 30 depicts the mechanism of the electron 
transfer photosensitization of 99 by excited anthracene. As 
shown in eqn  [65], the alkoxypyridine radical, 106, undergoes 
irreversible decomposition to give pyridine and an alkoxy 
radical. 

Although a wide variety of substituted N-alkoxypyridinium 
salts have been prepared and evaluated as cationic photoinitia
tors, the simplest and most useful alkoxypyridinium salt is 
N-ethoxypyridinium hexafluoridophosphate, 99. This  photoini
tiator is prepared by the reaction of pyridine-N-oxide with a 
triethyloxonium salt bearing a non-nucleophilic anion such as 
PF6 

− as depicted in eqn [61]. The preparations of photoinitiators 
100–103 shown earlier were carried out in a similar manner. 

½61� 
The proposed mechanism of photolysis and subsequent 

initiation of cationic ring-opening polymerization is displayed 
in Scheme 29.160 During photolysis, N-alkoxypyridinium salts 
undergo homolytic cleavage of the nitrogen–oxygen bond to 
form the pyridine cation-radical, 104, and an alkoxy radical, 
105. Quantum yields for this reaction have not been reported. 
The initiation of cationic polymerization proceeds either by 
the direct interaction of the pyridine cation-radical with the 

The Yagci group has also demonstrated that the decomposi
tion of N-alkoxypyridinium salts can be promoted using a 
variety of radical photoinitiators.164 Among the radical 
photoinitiators that have been employed are benzoin 

Scheme 29 Photolysis of N-ethoxypyridinium salts and cationic initiation. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 30 Photosensitization of 99 by anthracene. 

Scheme 31 Mechanism of the radical-promoted photosensitization of N-alkoxypyridinium salts. 

derivatives, (phenylazo)triphenylmethane, 2,2-dimethoxy-2
phenylacetophenone, and acylphosphine oxides. As was the 
case with diaryliodonium salts and shown in Scheme 31, the 
mechanism involves the photolytic dissociation of the radical 
initiator into a pair of radicals. This is followed by oxidation of 
one or both of the radicals formed to the corresponding carbo-
cation by the N-alkoxypyridinium salt. It has been proposed 
that the carbocation, 107, initiates cationic ring-opening 
polymerization. 

A number of additional photoinduced radical-promoted 
systems incorporating N-alkoxypyridinium salts were also 
described by the Yagci group. These include the use of photo-
excited phthalaldehyde165 and polysilanes166 to generate 
reducible carbon- and silicon-centered radicals, respectively, 
by hydrogen abstraction and cleavage of silicon–silicon 
bonds. 

N-Phenacylpyridinium salts, 108, were briefly reported 
along with phenacyltriphenylphosphonium salts, 109, to  
be good photoinitiators for cationic ring-opening polymeriza
tions.167 The photochemistry of these compounds has not been 
further investigated. 

η54.37.3.2.7 -Cyclopentadienyl salt photoinitiators 
η5-Cyclopentadienyl(arene)iron(II) salts have been reported in 
a series of publications and patents as cationic photoinitiators 

for the ring-opening polymerizations of epoxides.168–171 It is 
worth noting that the technical literature refers to this class of 
cationic photoinitiators as ‘ferrocenium salts’. A prototypical 
example of these photoinitiators is η5-cyclopentadienyl(η6-iso
propylbenzene)iron(II) hexafluoridophosphate, 110. This 
compound was commercialized as a cationic photoinitiator 
by the Ciba-Geigy Corporation. 

The general synthesis for this class of metallocene com
pounds is illustrated in Scheme 32 for the preparation of 
110. Ferrocene undergoes η5-cyclopentadienyl ligand replace
ment with the aromatic hydrocarbon in the presence of 
aluminum, aluminum chloride, and titanium tetrachloride to 
afford the desired η5-cyclopentadienyl(isopropylbenzene)iron 
(II) chloride. Anion exchange with KPF6 in aqueous solution 
gives the PF − 

6 salt 110. 
η5-Cyclopentadienyl(arene)iron(II) salts are deeply colored 

compounds with strong absorption bands in the 
long-wavelength UV and visible regions of the spectrum. The 
mechanism for the photolysis of η5-cyclopentadienyliron(II) 
salts along with their initiation of the ring-opening polymer
ization of epoxides was investigated by Meier and Rihs172 and 
by Hendrickson and Palazzotto.173 The proposed mechanism 
is given in Scheme 33. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Scheme 32 Synthesis of η5-cyclopentadienyl(η6-isopropylbenzene)iron(II) hexafluoridophosphate photoinitiator. 

Scheme 33 Mechanism of the photolysis of η5-cyclopentadienyliron(II) salts and subsequent initiation of epoxide polymerization. 

On irradiation, the arene ligand is lost and the coordina
tively unsaturated complex, 111, is formed. If the photolysis 
takes place in the presence of an epoxide monomer, 111 ligates 
to three molecules of the monomer to form 112. Epoxide 
polymerization begins within the coordination sphere of the 
iron atom of 112 and then proceeds outward. Experimental 
evidence174 using ethylene oxide as a monomer appears to 
confirm this conclusion. The quantum yields for the photolysis 
of these η5-cyclopentadienyliron(II) salts do not appear to have 
been measured. 

In recent years, the range of η5-cyclopentadienyliron(II) 
salts has been expanded by replacement of the isopropylben
zene in 110 with a wide assortment of arene ligands. For 
example, 113 bearing a fluorene ligand was described by 
Hendrickson and Palazzotto173 while Wang and co-workers 
prepared analogs containing the carbazole (114),175 diphenyl-
methane (115),176 and benzophenone (116) ligands.177 These 
modifications were all intended to enhance the photosensitiv
ity of those respective η5-cyclopentadienyliron(II) salts at long 
wavelengths. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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η5-Cyclopentadienyliron(II) salts have been used primar
ily for the polymerization of epoxide monomers. Since the 
photolysis of η5-cyclopentadienyliron(II) salts produces a 
relatively weak iron-based Lewis acid, their reactivity as 
photoinitiators in cationic polymerization is lower than 
typical Brønsted superacid producing diaryliodonium and 
triarylsulfonium salts. To improve the reactivity of these 
systems, oxidants such as cumene (isopropylbenzene) 
hydroperoxide, tert-butyl hydroperoxide,178 or dibenzoyl 
peroxide125 are often added. It is believed that these agents 
oxidize the η5-cyclopentadienyliron(II) salts to the corre
sponding Fe(III) analogs and that the resulting 
photogenerated iron(III) intermediates are more powerful 
Lewis acid catalysts for cationic epoxide ring-opening poly
merizations. Studies were also reported in which the effects 
of different superacid anions of a η5-cyclopentadienyliron(II) 
salt were determined on the rates of the photopoly
merization of the same epoxy monomer.121 The rates were in 

− − − −the order SbF6 > AsF6 > PF6 > BF4 . 
It was reported that the photolysis of 

η5-cyclopentadienyliron(II) salts can be photosensitized.179 

The use of electron donor (polynuclear aromatic) compounds 
as photosensitizers suggests that the mechanism may involve 
electron transfer photosensitization. 

4.37.3.2.8 Photoinitiated cationic polymerizations 
Having presented the chemistry of the main classes of onium 
salt cationic photoinitiators, this section will be used to further 
elaborate on their use in cationic polymerizations. Those 
onium salts that generate Brønsted superacids on photolysis 
are technically capable of initiating the cationic polymeriza
tions of all known polymerizable electron-rich vinyl and 
heterocyclic monomers. Figure 4 provides an overview of the 
photopolymerizations of some of the more commonly used 
classes of monofunctional vinyl and heterocyclic monomers 
and is not intended to be inclusive. 

Included among the many types of vinyl monomers that 
have been subjected to photoinitiated cationic polymeriza
tion are styrene,46 substituted styrenes,180 

α-methylstyrenes,181 N-vinylcarbazole,182 alkyl vinyl 
ethers,183 prop-1-en-1-yl ethers,184,185 ketene acetals,186 

and alkoxyallenes.187 Most useful in the crosslinking photo-
polymerizations employed for UV curing applications are 
multifunctional vinyl ethers and multifunctional prop-1-en
1-yl ethers. A number of multifunctional vinyl ether mono
mers are available from commercial sources, while 
multifunctional prop-1-en-1-yl ethers can be readily pre
pared by catalytic isomerization from their corresponding 
allyl ether precursors.185,186 The photoinitiated cationic 

Figure 4 Range of monomers that can be cationically photopolymerized. 
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polymerizations of both of the latter classes of vinyl mono
mers are exceptionally fast and exothermic. 

Monomers that undergo photoinitiated cationic 
ring-opening polymerization broadly encompass prop-1-en
1-yl-substituted small, medium, and large heterocycles as 
well as bi- and spirocyclic compounds incorporating one, 
two, and three or more heteroatoms. The same factors such 
as the influence of ring strain and the contributions of steric 
and electronic factors, which must be taken into account in 
determining the cationic polymerizability of a given mono
mer under thermally initiated conditions, also apply to its 
photopolymerization. The very extensive literature on 
cationic ring-opening polymerizations is comprehensively 
summarized in several monographs on this topic to which 
the reader is referred.53,54,188,189 

Although it is possible to use onium salt photoinitiators to 
conduct the cationic photopolymerizations of many different 
types of heterocyclic monomers, it is evident that they are not 
all equal in this regard. As mentioned previously, diaryliodo
nium salts display the highest efficiency as cationic 
photoinitiators due to the inertness of the organic by-products 
of their photolysis toward the propagating species in the poly
merizations. In confirmation of this, the photoinitiated 
cationic photopolymerizations of monomers such as tetrahy
drofuran with diaryliodonium salts display classical ‘living’ 
behavior.190 This implies that no chain transfer and no termi
nation takes place. Triarylsulfonium salts are less efficient than 
diaryliodonium salts due to the slight nucleophilic character of 
their diaryl sulfide photoproducts. Triarylsulfonium salt photo-
initiators are most effective when there is a large difference 
between the nucleophilicities of the photolysis by-products 
and the monomer undergoing polymerization. The same con
siderations also apply to S,S-dialkyl-S-(phenacyl)sulfonium 
salts and to N-alkoxypyridinium salts that respectively generate 
even more nucleophilic ylides and pyridines during photolysis. 
For the latter photoinitiators, the best polymerization results 
are obtained with the most highly reactive heterocyclic mono
mers. The relatively weak nature of the Fe2+ and Fe3+ 

electrophiles that are produced by the direct and 
peroxide-assisted photolysis of η5-cyclopentadienyliron(II) 
salt photoinitiators also makes them suitable primarily for the 
most highly reactive heterocyclic monomers, that is, epoxides. 
Even so, η5-cyclopentadienyliron(II) salts are not commonly 
employed in rapid, in-line industrial epoxide photopolymer
izations such as for photocurable coatings, printing inks, and 
adhesives. 

4.37.3.2.9 Fundamental studies of cationic ring-opening 
polymerizations 
Onium salt cationic photoinitiators present many unique and 
interesting opportunities for basic studies of cationic 
ring-opening polymerizations. Since they are latent photoche
mical sources of strong Brønsted acids, they can be dissolved 
in the subject monomers and then precisely triggered on 
demand by the application of light. Mixing problems and 
the use of complex stopped-flow devices and other appara
tuses required to overcome them are thus avoided. Only the 
rate of initiation is different in a photoinitiated cationic poly
merization as compared to a conventional thermally initiated 
polymerization. The rate of initiation for an onium 
salt-photoinitiated cationic polymerization (eqn [68]) is  

determined by its quantum yield of photolysis, ϕ, and  the  
absorbed light intensity, Ia. Ia is a function of the molar 
absorption coefficient of the photoinitiator and its concentra
tion. The rate of a photochemically induced polymerization 
(Rp) follows the regular and well-known kinetic expression 
shown in eqn [69].191 Therefore, knowing these parameters, 
one can very accurately determine the photopolymerization 
rate of a given monomer. 

Rp ¼ ϕIa ½68� 

ϕIa 
�1=2 

Rp ¼ kp½M� ½69� 
2kt 

Many different methods have been used to monitor the 
kinetics of cationic ring-opening photopolymerizations. 
Among the most commonly used techniques are real-time 
infrared spectroscopy,192,193 differential scanning photocalori
metry,194 thin-film calorimetry,195 and optical pyrometry.196 

A particularly important use of photoinitiated cationic 
polymerizations is the determination of the comparative reac
tivity of various related monomers. For example, epoxides 
(oxiranes) are a highly diverse class of cationically polymeriz
able monomers. While almost all epoxy compounds appear 
to undergo facile cationic ring-opening polymerizations, their 
rates are vastly different and dependent on various structurally 
related parameters such as ring strain, steric hindrance, and 
the polar and electronic effects of various substituents. 
Although much anecdotal information exists with respect to 
the relative reactivity of various members of this class of 
monomers, no published scientific ranking or explanation 
exists for the observed reactivity differences. Accordingly, 
Crivello and co-workers197,198 undertook such a study, ana
lyzed the results, and offered a rationalization for the 
behavior of individual epoxy monomers within the frame
work of the general cationic ring-opening polymerization 
mechanism shown in Scheme 15. During the course of that 
work, it was observed that the slowest and rate-determining 
step of the mechanism is the reaction of the secondary oxira
nium ion with the monomer (eqn [23], Scheme 15). Those 
factors that tend to decrease the reactivity of the secondary 
oxiranium ion slow the polymerization, while those that 
increase its reactivity tend to accelerate the overall 
ring-opening polymerization. Insights into these structure– 
reactivity relationships are highly germane to the design of 
novel epoxy monomer systems. Parenthetically, the genera
tion of oxiranium ions by acids generated by the photolysis of 
onium salts also provides a means for the direct spectroscopic 
detection of the metastable secondary oxonium intermedi
ates. The extension of this type of study to other classes of 
heterocyclic monomers would also appear to afford an oppor
tunity to gather valuable information concerning their 
structure–reactivity relationships. 

In principle, onium salt cationic photoinitiators are cap
able of photochemically generating any desired Brønsted acid 
by simply selecting the appropriate anion of the salt. If indi
vidual members of a series of onium salts in which only the 
anion is varied are irradiated at a constant light intensity, the 
same quantity of Brønsted acid per unit time will be produced 
in every case. When the photolysis is carried out in a suitable 
heterocyclic monomer, a Brønsted acid can then be ranked 
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with others in terms of its efficiency as an initiator in that 
specific monomer. If pure onium salts and monomers are 
employed in such a study, the acid-lowering effects of water 
and protonic impurities can be minimized or eliminated. 
Given the difficulties of generating many pure Brønsted 
acids as outlined earlier in this chapter, there does not seem 
to be a suitable alternative means for accomplishing the same 
result. 

4.37.3.2.10 Applications of photoinitiated cationic 
ring-opening polymerizations 
Photoinitiated cationic ring-opening polymerization shares all 
of the benefits inherent in UV curing technologies. Among these 
are large energy savings as compared to traditional thermally 
induced polymerizations. This is achieved due to the nature of 
the chain reaction polymerizations that take place, which require 
the absorption of only a small number of photons to release a 
catalytic amount of an electrophilic agent (a Lewis or Brønsted 
acid or a cationic iron species) to initiate polymerization. Thus, a 
large polymer mass can be realized for the expenditure of a small 
amount of energy. In most cases, the photopolymerizations used 
in UV curing are conducted without the use of solvents. This 
means that UV curing does not release volatile organic com
pounds into the environment. Cationic UV curing is especially 
attractive in that ring-opening polymerizations do not exhibit 
inhibition due to the presence of oxygen. It is likewise fortunate 
that the excited states generated upon the irradiation of onium 
salts are not appreciably quenched by molecular oxygen. For 
these reasons, the use of inerting gases, as is necessary for 
many radical UV curing applications, is not required in the 
corresponding cationic photopolymerizations. Unlike photoini
tiated radical polymerizations that generally quickly cease due to 
bimolecular termination reactions once irradiation is stopped, 
the corresponding photoinitiated cationic ring-opening poly
merizations display a considerable ‘dark’ polymerization 
character. This means that while there may be extensive chain 
transfer taking place, these polymerizations are essentially non
terminating and that once photoinitiated will proceed further 
even in the absence of light. 

In most commercial cationic UV curing applications, 
including high- and low-volume applications such as coatings, 
adhesives, printing inks, and stereolithography, the monomers 
of choice are multifunctional epoxides for these applications is 
the requirement for a high polymerization rate. Epoxide mono
mers undergo the most rapid polymerizations of all simple 
heterocyclic monomer systems due to their inherent high ring 
strain. In addition, photocured epoxy polymers possess excel
lent thermal capabilities, mechanical properties, solvent 
resistance, and adhesion to a wide variety of substrates. A 
broad spectrum of multifunctional epoxide monomers is avail
able on a commercial scale. However, it should be cautioned 
that these monomers were developed primarily for use in con
densation polymerizations with, for example, multifunctional 
amines as reaction partners. For this reason, many commer
cially available monomers may or may not be of insufficient 
purity to meet the requirements for a catalytic cationic photo-
polymerization. The observation of a long induction period 
prior to the onset of a polymerization is often indicative of 
the presence of inhibiting impurities. Additionally, and more 
significantly, currently available multifunctional epoxide 
monomers are not optimally designed for cationic 

ring-opening polymerizations. Consequently, there is a consid
erable opportunity for the development of novel, 
multifunctional epoxide monomers specifically for use in 
cationic UV curing. In recent years, some attempts have been 
made to bridge this gap with the synthesis of several new 
classes of epoxide monomers. Worthy of note is the synthesis 
of bis-cycloaliphatic epoxide monomers by Carter and 
Jupina199 and by Sasaki200 as well as the development of 
high-reactivity di- and multifunctional silicone–epoxide 

201,202monomers by Crivello and co-workers. 
While photoinitiated cationic ring-opening polymeriza

tions used in UV curing applications are most often applied 
to multifunctional epoxide monomers, these systems are often 
modified in many ways. For example, a common strategy is to 
combine epoxide monomers with long-chain poly(alkylene 
oxide) and poly(ε-caprolactone) polyols in UV-curable formu
lations to improve the fracture toughness and flexibility of 
crosslinked epoxy network polymers that are formed.203,204 

As has been described by Penczek et al.,53 the addition of 
such polyols results in a changeover in the polymerization 
from an active chain end to an activated monomer mechanism. 
This is accompanied by a significant change in the kinetics of 
the photopolymerization reaction. Similarly, a number of 
authors205–208 have investigated hybrid systems in which 
photoinitiated cationic and radical polymerizations are 
conducted concurrently. These hybrid systems produce inter
penetrating networks with useful, unique, and interesting 
properties. 

Oxetanes are slightly more basic than epoxides and have 
similar ring-strain energies. For this reason, oxetane monomers 
are also excellent candidates for use in UV curing applications. 
However, only monofunctional oxetane monomers were 
known and these were available only in small quantities from 
chemical supply houses. Crivello and Sasaki209,210 and Sasaki 
et al.211 used novel synthetic methods to prepare a series of 
mono- and difunctional 3,3-disubstituted oxetane monomers 
that are now available on a commercial scale. In many cases, 
the oxetane monomers are used in combination with epoxide 
monomers in UV curing applications.212 

The use of onium salt photoinitiators to carry out cationic 
ring-opening polymerizations is an enabling technology that is 
currently finding a myriad of uses in many high-performance 
applications. Only a very few examples will be given here. 
Many of these exciting new applications rely on the design 
and synthesis of tailored, functional substrates that are fitted 
with polymerizable epoxide or oxetane groups. One of the 
major themes being investigated is the use of cationic photo-
polymerizations for biorenewable monomers intended for use 
in coatings, printing inks, adhesives, and composites. To that 
end, Crivello and co-workers213,214 explored the synthesis and 
photopolymerization of epoxidized vegetable oils. Soucek and 
co-workers215,216 and Lu and Wool217 have pursued the use of 
epoxidized vegetable oils in UV-curable composites. Other 
biorenewable monomers derived from epoxidized terpenes 
have also been investigated.218 The use of photoinitiated 
cationic ring-opening polymerizations to carry out 
three-dimensional imaging using stereolithography has already 
been mentioned.219,220 Other computer-aided solid modeling 
and rapid prototyping technologies such as those offered com
mercially by Envisiontec and Objet Geometries, Ltd., also 
employ photopolymers based on epoxides. Thick (up to 
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2 mm) negative-tone photoresists based on highly functional 
novolak, epoxy, or bisphenol A glycidyl ether epoxy resins are 
employed for the fabrication of ink-jet printer heads and other 
MEMS (microelectromechanical systems) applications due to 
the excellent vertical side walls and high aspect ratios (>20:1) 
that can be obtained.221 Other imaging processes that are also 
being researched include step and flash imprint lithogra
phy,222,223 holographic image recording,224 and holographic 
data storage.225 The success of flexible plastic electronics will 
likely rely on the application and photopolymerization of 
monomers or oligomers bearing electroactive components 
that will serve various electronic functions such as conductors, 
insulators, and transistors.226 Similarly, organic solar cells are 
being designed in which the photoactive electron donors and 
acceptors that will be rendered photopolymerizable by virtue 
of oxetane or epoxide functional groups that are appended to 
them.227 Epoxy-based optical adhesives used for bonding lens 
and optical fibers are also in wide use. An important ongoing 
effort is being directed toward the development of photopoly
merizable dental composites with reduced or no shrinkage 
during UV cure. Ge et al.228 have investigated the photoini
tiated double ring-opening cationic polymerization of 
spirobicyclic orthoesters and carbonates for this application. 

4.37.3.3 Photoinitiated Anionic Polymerizations 

Along with the photochemical generation of bases, Crivello and 
Dietliker28 have reviewed the field of photoinitiated anionic 
polymerizations. Until this point in time, there has been no 
report of the photochemical generation of carbanionic species 
equivalent to those obtained from organometallic compounds 

that are broadly capable of initiating the anionic polymerizations 
of simple alkenes and conjugated dienes. Consequently, this area 
still remains as an academic challenge to future researchers. From 
a practical point of view, there may be few applications of such 
technology given the well-known sensitivity of most carbanionic 
polymerizations toward even traces of oxygen, water, alcohols, all 
acids, and a wide range of carbonyl compounds. 

There are, however, several highly reactive vinyl monomers 
such as 2-(trifluoromethyl)acrylates and 2-cyanoacrylates that 
undergo anionic polymerizations in the presence of even weak 
bases. The photoinitiated anionic polymerizations of these 
monomers have been achieved using a number of photosensi
tive metal complexes.229 For example, the irradiation of alkali 
salts containing the trans-[Cr(NH3)2(NCS)4]

− anion at wave
lengths in the range of 350–532 nm releases the thiocyanate 
anion (SCN−). As depicted in Scheme 34, the thiocyanate 
anion is capable of initiating the anionic chain polymerization 
of ethyl 2-cyanoacrylate.230,231 

As described by the Kutal research group,232 another 
approach to the photoinitiated anionic polymerization of 
ethyl 2-cyanoacrylate involves the photolysis of the platinum 
bis(acetylacetonate) complex, 117. The irradiation of 117 at 
wavelengths above 300 nm results in the liberation of the 
acetylacetonate anion (118, Scheme 35) that is capable of 
initiating the polymerization of the monomer in a manner 
similar to the thiocycanate anion as shown in Scheme 34. 

Further examples of the use of metal–organic comp
lexes as photoinitiators for 2-cyanoacrylates are iron(II) and 
ruthenium(II) cyclopentadienyl complexes.233 

Inoue and co-workers have been active in the study of 
immortal polymerizations conducted in the presence of 

Scheme 34 Photoinitiated anionic polymerization of ethyl 2-cyanoacrylate by K+[Cr(NH3)2(NCS)4]− . 

Scheme 35 Mechanism for the photogeneration of the acetylacetonate anion by photolysis of 117. 
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Scheme 36 Mechanism of the photoinitiated polymerization of aryl glycidyl ethers. 

aluminum or zinc porphyrins. More recently, this group has 
reported that methyl methacrylate undergoes polymerization 
when irradiated in the presence of aluminum methyltetraphe
nylporphyrin coordination complex.234 Evidence was offered 
that this polymerization takes place by an anionic mechan
ism. The Inoue group has reported that the polymerization, 
while anionic, does not appear to be photoinitiated. 
Continuous irradiation is required for the polymerization to 
proceed. 

The ring-opening polymerizations of heterocyclic mono
mers take place under milder conditions than the 
corresponding carbanionic polymerizations of alkenes and 
dienes. For this reason, several examples of the photoinitiated 
anionic polymerizations of the former monomers have been 
successfully conducted. The Inoue group235 has employed a 
modified zinc methyltetraphenylporphyrin as a photoinitiator 
to carry out the ring-opening polymerization of propylene 
oxide and other epoxides. The reaction, once initiated using 
light, proceeds further in the dark. 

Imidazole is a well-known initiator for the anionic 
ring-opening polymerization of epoxides. The photogeneration 
of imidazole and its subsequent use as an initiator for the 
polymerization of multifunctional epoxy-novolak resins have 
been reported by Nishikubo et al.236 Photolysis of the nitro-
benzyl derivative 119 as shown in Scheme 36 generates 
imidazole, 120, which forms zwitterionic intermediate, 121, 
by reaction with the epoxide. The latter species is a rather weak 
nucleophile and the application of heat (120 °C) was required 
to drive the polymerization to completion. 

4.37.4 Conclusions 

The rapid development of a variety of photopolymerization 
reactions has resulted in a proliferation of this technology 
that has been driven primarily by its implementation in a 
burgeoning number of high-volume and specialty applications. 
As the uses have expanded, the need for still other additional 

classes of thermally stable, highly efficient radical, cationic, and 
anionic photoinitiators with tailored wavelength sensitivities 
has also correspondingly increased. Parallel developments have 
taken place in the design and synthesis of novel photopolymer
izable monomer and reactive oligomer systems that are 
targeted to meet the specific demands of the emerging applica
tions. A further strong impetus for the development of the field 
is the increasing need to replace outdated solvent-based ther
mal cure coating, adhesive, and printing ink systems with more 
environmentally acceptable photopolymerization technolo
gies. For all of these reasons, it would appear that the field of 
photopolymerization chemistry is well positioned to experi
ence a continued future growth. 
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4.38.1 What Is Frontal Polymerization? 

Frontal polymerization (FP) is a polymerization process in 
which polymerization occurs directionally in a localized reac-
tion zone. There are three types of FP. The first is photofrontal 

polymerization in which the front is driven by the continuous 
flux of radiation, usually UV light.1–7 The second is isothermal 
frontal polymerization (IFP), which is based on the ‘gel effect’ 
to create a localized reaction zone to propagate slowly from a 
polymer seed. The last type is thermal frontal polymerization, 
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Figure 1 A schematic of photofrontal polymerization method used to
 
prepare microfluidic chips. Reprinted with permission from
 
Cabral, J. T.; Hudson, S. D.; Harrison, C.; Douglas, J. F. Langmuir 2004,
 
, 10020 10029.7 20 – Copyright 2004 American Chemical Society.
 

and it results from the coupling of thermal transport and the 
Arrhenius dependence of the reaction rate of an exothermic 
polymerization (Figure 1). 
Photofrontal polymerization produces fronts whose positions 
depend logarithmically on time if the initiator continues to 
absorb light and linearly on time if the initiator is photo-
bleached. It is limited in application to unfilled systems. IFP 
propagates on the order of 1 cm day− 1 and only for total dis
tances of about 1 cm. Thermal frontal polymerization has the 
widest range of velocities and types of chemistries that can be 
used. 

4.38.2 Photofrontal Polymerization 

Photofrontal polymerization requires a continuous input of 
radiation, usually UV light, to create a propagating front. 
Koike et al.8 and Ohtsuka and Koike9 used photofrontal 
polymerization to create gradient optical materials (see next 
section). Briskman4 and Righetti et al.10 studied photopolymer
ization of acrylamide in weightlessness. The reaction mixture 
was composed of 18% aqueous solution of acrylamide with 
methylenebisacrylamide (0.46%), catalyst (tetramethylenedia
mide, 0.01%), and riboflavin (4.9 � 10− 4%) as the initiator. 
The illumination was provided by a lamp with a maximum 
intensity at 4450 Å. The experiment was performed in weight
lessness (on the Mir space station) because buoyancy-driven 
convection was generated by the temperature and concentra
tion gradients. In the absence of convection, the front position 
increased with the logarithm of illumination time. This reflects 
the exponential distribution of illumination in the sample 
caused by the absorption of the riboflavin. 

Cabral et al.7 developed a beautiful application of photo-
frontal polymerization for producing microfluidic chips. By 
illuminating through a glass plate in contact with a polymeriz
able resin, they created patterns that grew from the surface. If 
the polymer possessed the same absorption properties as the 
resin, then the front propagation was proportional to the loga
rithm of the dose (Figure 2). However, if the polymer absorbed 
more light than the resin, the position versus the logarithm of 
the dosage exhibits curvature. Warren et al.11 analytically solved 
the phase-field model of the process. 
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Figure 2 ‘Photoinvariant’ polymerization: frontal kinetics of resist 
material whose transmission remains constant upon UV exposure. 
Adapted from Cabral, J. T.; Hudson, S. D.; Harrison, C.; Douglas, J. F. 
Langmuir 2004, 20, 10020–10029.7 

If the photoinitiator is bleached, then a front with a con
stant velocity can be created. Terrones and Pearlstein5 

considered a model of free-radical photopolymerization with 
a photobleaching initiator. They derived an analytical expres
sion for the front speed of the localized traveling wave 

�I
Front speed ¼ 0

CA;0 

where �, I0, and CA,0 are the quantum yield of the photoinitia
tor, incident intensity, and photoinitiator concentration, 
respectively. They predicted and confirmed numerically that 
front velocity does not depend on the absorption coefficient 
of the initiator, as long as it is sufficiently large. However, the 
front profile is a function of the coefficient. 

4.38.3 Isothermal Frontal Polymerization 

IFP is a slow process in which a localized polymerization 
propagates from a solid polymer piece into a solution of its 
monomer and a thermal radical initiator. The typical experi
ment requires placing a piece of high-molecular-weight poly 
(methyl methacrylate) (PMMA), the ‘seed’ in a solution of 
methyl methacrylate and azobisisobutyronitrile (AIBN). The 
monomer-initiator solution dissolves the polymer seed, creat
ing a highly viscous ‘gel’ region (Figure 3). The initiator is 
decomposing throughout the system and initiating 
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Figure 3 Schematic of isothermal frontal polymerization. 
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polymerization but because of the Norrish–Trommsdorff effect 
(gel effect),12,13 the rate of polymerization is higher in the gel 
region than that in the rest of the solution. 

Koike et al.14 first discovered this process and called it 
‘interfacial gel polymerization’. He was interested in producing 
Gradient Refractive INdex (GRIN) optical materials.14–24 GRIN 
materials are formed by dissolving a dopant in the monomer. 
Usually, the dopant possesses a higher refractive index than the 
polymer. As the front propagates, the dopant is partially incor
porated in the polymer such that the dopant’s concentration 
increases in the bulk solution. If the front is performed in a 
cylindrical geometry with the polymer seed in the form of an 
annulus, then as the front propagates toward the center, the 
dopant concentration increases. When all the monomer finally 
polymerizes, a gradient in dopant concentration remains, 
which creates a gradient in refractive index. As we can observe 
in Figure 4, the flat disk of PMMA magnifies the letters because 
of the gradient of naphthalene that was created. 

Such GRIN cylinders are useful because they can be used in 
optics.8,25 More importantly, such cylinders can be drawn into 
GRIN optical fibers, which have a higher bandwidth for data 
transmission than step-index fibers.16,26 

For all the work carried out on polymeric GRIN materials 
via interfacial gel polymerization in the 1980s and 1990s, little 
work was performed on the actual front propagation process. 
Golubev et al.27 proposed a mechanism in 1992. Gromov and 
Frisch28 proposed a mathematical model that was flawed. 
Ivanov et al. did work with IFP in 199729 and 2002.30 

Lewis et al.31 used the deflection of a sheet of laser light to 
measure the position of the front and measure the magnitude 
of the gradient between the monomer and polymer. In 2005, 
they confirmed the proposed mechanism of IFP from 
experiments and numerical modeling.32,33 Evstratova et al.34 

confirmed that the process is indeed isothermal and there exists 
a minimum molecular weight required for the seed. 

The fronts propagate a short distance because polymeriza
tion is occurring throughout the solution, and the fronts stop 
propagating when the monomer has bulk polymerized. 

Figure 4 An image of a GRIN lens created by a radically propagating 
front of methyl methacrylate polymerization from an annulus (1.5 cm) of 
PMMA. Naphthalene was initially present in the monomer and accumu
lated as the front propagated inward. 

Figure 5 The front position versus time for three different concentra
tions of AIBN in methyl methacrylate at 50 °C. Data courtesy of L. Lewis. 

Because of the slow bulk polymerization, the front accelerates 
(Figure 5). This is because as the front propagates, it enters 
region of higher and higher conversion, which means it takes 
less time for the reaction in the front to reach high viscosity and 
thus high reaction rate. This is analogous to smoldering.35 If a 
piece of paper is uniformly heated until smoldering com
mences and then a flame is ignited at one end, the flame will 
accelerate as it propagates. The temperature is analogous to the 
conversion in the polymer case. 

Volpert and his colleagues have performed mathematical 
analysis of IFP,32,36,37 and modeled how the nonuniform 
dopant distribution arises.38 

Short front propagation is adequate for many applications, 
but propagation over greater distances than a centimeter is 
possible. Masere et al.39 used IFP to create gradients of dyes 
over several centimeters by performing the experiments at 4 °C 
with trioctylmethyl ammonium persulfate.40 Ivanov et al.29 

used a polymeric inhibitor that would not diffuse into the gel 
region but did prevent polymerization in the bulk solution. 

IFP is a useful technique for producing gradient optical 
materials but it is limited to free-radical systems that exhibit 
the gel effect and whose polymers are soluble in their 
monomers. 

4.38.4 Cryogenic Fronts 

A fascinating mode of frontal polymerization at temperatures 
of 77 K and below was developed at the Institute of Chemical 
Physics in Chernogolovka, Russia.41–47 Many systems can be 
polymerized by this method, including acetaldehyde, formal
dehyde, cyclopentadiene, and methyl methacrylate. Filled 
polymers, such as acetaldehyde and alumina, can also be 
prepared.48 

The mechanism of propagation is via a non-Arrhenius 
mechanism. The monomer is frozen at a temperature from 
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4 to 77 K and then irradiated with gamma radiation. A mono
mer such as methyl methacrylate is cooled in liquid nitrogen or 
even liquid helium. Fronts are started by heating the surface. 
Temperature and density gradients arising in the reaction are 
responsible for further layer-by-layer disruption of the solid 
sample and creation of the surface on which the reaction con
tinues. Because of this positive feedback between the 
solid-phase chemical reaction and the cracking of the frozen 
reagents, the polymerization proceeds in a layer-by-layer fash
ion and propagates through the entire sample as a front. 

For example, epichlorohydrin can be rapidly cooled to 77 K 
and then irradiated with 680 kGy dose of gamma radiation.43 A 
polymerization front with a velocity of 1.3 cm s− 1 propagated 
after fracturing a small region of the sample. Cations formed by 
the irradiation were released by the cracking and a wave of 
polymerization resulted. 

4.38.5 Thermal Frontal Polymerization 

Thermal frontal polymerization is a process in which a loca
lized reaction zone propagates from the coupling of thermal 
diffusion and the Arrhenius dependence of reaction rate of an 
exothermic polymerization. Thermal frontal polymerization 
was discovered at the Institute of Chemical Physics in 
Chernogolovka, Russia by Chechilo and Enikolopyan. They 
studied methyl methacrylate polymerization under 3500 atm 
pressure.49–52 (We will consider later why these extreme con
ditions were used.) The literature from that Institute was 
reviewed in 1984.53 Pojman54 rediscovered what he called 
‘traveling fronts of polymerization’ in 1991. Pojman et al.55 

reviewed the field in 1996. There have been other focused 
reviews.56,57 

Thermal frontal polymerization is by far the most com
monly studied form of FP, so we will henceforth refer to it as 
‘FP’. We will first consider the necessary conditions for FP and 
give an overview of the types of systems that have been studied. 

4.38.5.1 Origins 

Thermal fronts have been used in a process discovered in 1967 
by Merzhanov and co-workers58 called self-propagating 
high-temperature synthesis (SHS) to prepare ceramics and 
intermetallic compounds.59–64 Secondly, such fronts demon
strate a variety of dynamical behavior, including planar fronts, 
spin modes,65–68 and chaotically propagating fronts.69 

Chechilo et al.52 were the first to study FP. They studied 
methyl methacrylate polymerization with benzoyl peroxide as 
the initiator. Figure 1 is taken from their original data. They 
performed the reactions in closed metal reactors under pressure 
so they were unable to directly observe the front. 

Chechilo and Enikolopyan51 studied the effect of pressure 
on the velocity. Raising the pressure (up to 5000 atm) increased 
the velocity by effectively increasing the concentration of the 
monomer and increasing the polymerization rate constant. 
They reported that drops of polymer descended from the 
front, which underwent a convective breakdown. By increasing 
the pressure to > 3500 atm, the instability was eliminated by 
possibly reducing the density difference between monomer 
and polymer and/or increasing the monomer/polymer 
viscosities. 

In bulk polymerizations, as the viscosity increases, the rate 
of termination decreases causing autoacceleration, which is 
called the gel effect.12,13 For a monomer such as methyl metha
crylate, the gel effect can play a significant role in the kinetics. 
Davtyan et al.70 examined the influence of the gel effect on the 
kinetics of radical polymerization in a front. 

4.38.5.2 Attempts at Frontal Polymerization Reactors 

A natural early goal of FP researchers was to develop a reactor in 
which the monomer–initiator solution was pumped in such 
that the product would continuously flow out, without the 
input of heat. Attempts were made with reactors of cylindrical 
and spherical geometries. Zhizhin and Segal71 performed a 
linear stability analysis of a reactor consisting of two concentric 
cylinders. A radial, axisymmetric front was supposed because 
the monomer/initiator would be pumped through the perme
able inner cylinder. The viscous reacted polymer was supposed 
to flow out through the outer permeable cylinder. No 
buoyancy-driven convection was included. They found that if 
the resistance of the outer boundary was small, the front would 
become hydrodynamically unstable. They also considered a 
reactor with concentric spheres and found similar results. 

Volpert and Volpert and their colleagues in Chernogolovka 
continued these analytical and numerical studies.72–77 They 
found cases where the front would become unstable and 
develop spin modes and multiple steady states, which we will 
discuss in detail later. More numerical studies were performed 
for the spherical case by Solovyov et al.78 They found that the 
front could be unstable, and chaotic oscillations with low 
frequency could result. 

All the studies ignored the difference in density between 
reactants and product, which meant they could not consider 
how buoyancy-driven convection would affect the reactor per
formance. From work, we will consider shortly, convective 
instabilities are a major interference when using monomers 
that form molten polymer. 

4.38.5.3 Requirements for Frontal Polymerizations 

For a system to support FP, it must have a low rate of reaction at 
the initial temperature but have a very high rate of reaction at a 
temperature between the initial temperature and the adiabatic 
reaction temperature. What we mean by the ‘adiabatic reaction 
temperature’ is the temperature reached if the reaction went to 
completion without heat loss. Clearly, the reaction must be 
exothermic. The essential criterion for FP is that the system 
must have an extremely low rate at the initial temperature but 
a high rate of reaction at the front temperature such that the 
rate of heat production exceeds the rate of heat loss. In other 
words, the system must react slowly or not at all at room 
temperature, have a large heat release, and have a high energy 
of activation. For free-radical polymerization, the peroxide or 
nitrile initiator provides the large activation energy. As we will 
discuss later, it is not possible to create a system that has a long 
pot life at room temperature and a rapid reaction at any arbi
trary temperature if the system follows Arrhenius kinetics. 

Thermal polymerization fronts can exhibit a wide range of 
interesting dynamical behavior.79,80 Fronts do not have to 
propagate with a constant velocity or constant shape but can 
be affected by buoyancy-driven convection and/or intrinsic 
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thermal instabilities. Some of these phenomena significantly 
affect FP and must be considered; others are of more interest to 
those collecting nonlinear phenomena.80 

4.38.5.4 Starting Fronts 

Fronts can be started by any process that will raise the starting 
materials to a temperature high enough that the rate of heat 
production will exceed heat loss. Three methods have been 
used. The most common is to use a thermoelectric heater 
such as a soldering iron. With benzoyl peroxide as the initiator, 
N,N-dimethylaniline can be added to cause the peroxide to 
rapidly decompose in the location in which it is added. The 
other method is to use a UV light with a system that contains 
both photoinitiator and thermal initiator. Ritter et al.81 analy
tically considered the necessary conditions for ignition. Heifetz 
et al.82 performed numerical simulations determining how the 
temperature of a constant temperature heat source affected the 
ability to initiate a front with heat loss. 

Nason et al.83 examined the conditions for photoinitiation 
of FP of trimethylolpropane triacrylate with Luperox 231 as the 
thermal initiator and Darocur 4265 as the photoinitiator. They 
found that there was an optimal concentration of photoinitia
tor to achieve the shortest start time for the front (Figure 6). 

4.38.5.5 Free-Radical Frontal Polymerization 

Free-radical chemistry is the most amenable to FP because the 
reactions can be rapid, very exothermic, and with a high energy 
of activation controlled by the type of initiator. A number of 
radical polymerization reactions are highly exothermic and 
able to support the FP regime. A free-radical polymerization 
with a thermal initiator can be approximately represented by a 
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Figure 6 The time until front ignition as a function of photoinitiator 
concentration for irradiance of 5.9 mW cm− 2 with 0.4 wt.% Luperox 231 
for trimethylolpropane triacrylate. Adapted from Nason, C.; Roper, T.; 
Hoyle, C.; Pojman, J. A. Macromolecules 2005, 38, 5506–5512.83 

three-step mechanism. First, an unstable compound, usually a 
peroxide or nitrile, decomposes to produce radicals: 

I → f 2R • ½1� 
where f is the efficiency, which depends on the initiator type 
and the solvent. A radical can then add to a monomer to 
initiate a growing polymer chain: 

R • þ M → P1 • ½2� 
P• 
n þ M ¼ P• 

n 3  þ1 ½ �
The propagation step [3] continues until a chain terminates 

by reacting with another chain (or with an initiator radical): 

P• þ P• 
n m→ Pn þ Pmðor PnþmÞ ½4�

The major heat release in the polymerization reaction 
occurs in the propagation step. However, the propagation 
step does not have a sufficiently high activation energy to 
permit a front. FP autocatalysis is controlled by the energy of 
activation of the initiator decomposition. The steady-state 
assumption in the polymerization model gives an approximate 
relationship between the effective activation energy of the 
entire polymerization process and activation energy of the 
initiator decomposition reaction: 

  
Ei E

E t
eff ¼ Ep þ 

� �
− 

� �
5

 
� 

2 2
½

where Ep is the activation energy of the propagation step, Ei is 
that for the initiator decomposition, and Et is that for the 
termination step. 

The second term in the right-hand side of eqn [5] depends 
on the initiator. Because it has the largest magnitude, this value 
mostly determines the effective activation energy. Because of 
this, the initiator plays a significant role in determining if a 
front will exist, and if so, temperature profile in the front and 
how fast the front will propagate. 

4.38.5.6 Properties of Monomers 

Some requirements on the physical properties of the polymer
ization medium itself must also be met. In the early papers on 
FP, the authors49–52 applied very high pressure (up to 5000 atm) 
to eliminate monomer boiling (methyl methacrylate) and the 
reaction zone decay due to the density gradient in the reaction 
zone (Rayleigh-Taylor instability). They also managed to 
observe only downward traveling fronts because natural convec
tion rapidly removed heat from the reaction zone of an 
ascending front leading to extinction. However, at pressures 
less than 1500 atm, descending fronts decayed because the poly
mer was denser than the monomer. Thus, unless a sufficiently 
high pressure is applied, it is not possible to obtain a polymer
ization front with methyl methacrylate (Figure 7). 

We describe cases when FP is expected to be observed. The 
first case is the polymerization of crosslinking monomers (ther
mosets). The second group of monomers form polymers that 
are insoluble in the monomer. Good examples are acrylic and 
methacrylic acids.54,84,85 Insoluble polymer particles adhere to 
each other during their formation and stick to the reactor or test 
tube walls, forming a mechanically stable phase and discern
ible polymer–monomer interface. Nonetheless, Rayleigh– 
Taylor and double-diffusive instabilities, which we will discuss 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 7 A descending front of triethylene glycol dimethacrylate poly
merization with benzoyl peroxide as the initiator. 

in Section 4.38.5.16.1, partially develop in such systems and 
manifest themselves as fingering.54,86 How well the front sus
tains itself depends on conversion, the polymer glass transition 
temperature, and molecular weight distribution. Indeed, these 
properties themselves depend on the initial reactant tempera
ture, initiator type, and concentration.84 

Nagy and Pojman developed a technique to suppress finger
ing with methacrylic acid fronts in which the tube was rotated 
around the axis of front propagation.87 The front velocity 
depended on the fourth power of the rotational frequency, 
and the amplitude of the front curvature was proportional to 
the square of the frequency. 

The third group of monomers includes all highly reactive 
monomers that produce thermoplastic polymers, which are 
molten at the front temperature. Such fronts decay due to 
the Rayleigh–Taylor instability. Although these polymers are 
soluble in their monomers (given sufficient time), on the time 
scale of the front the polymer is effectively immiscible with 
the monomer. Adding inert filler such as ultrafine silica gel 
or a soluble polymer increases the viscosity and eliminates 
the front collapse. Some monomers such as styrene and 
methyl methacrylate require moderate pressure (20–30 atm) 
to eliminate monomer boiling. Higher-boiling-temperature 
monomers like butyl acrylate support the frontal regime at 
ambient pressure in test tubes. FP of the third group of mono
mers can be realized in any orientation because the large 
viscosity (of the monomer-Cabosil system) suppresses natural 
convection. 

All FP monomers should be highly reactive to maintain the 
reaction in the presence of heat losses that always occur, and 
are especially important in narrow tubes. The frequency 
factor for the propagation rate coefficient should be at least 
Ap ≥ 105 l mol− 1 s− 1, based on experience with reactions in the 
test tubes with less than 3 cm diameter at ambient temperature. 
A polymerization front is a thermal wave having existence 
conditions with respect to the heat loss intensity. In some 
cases, the problem of quenching can be solved by using larger 
diameter test tubes or preheating the initial reactants. 
Preheating will not work with a fast decomposing initiator, 
for example, AIBN, because of the homogeneous reaction in 
the bulk monomer. 

Figure 8 Spatial temperature profiles for methacrylic acid polymeriza
tion fronts: 2% w/v of benzoyl peroxide (BPO), 12.5% v/v of tert-butyl 
peroxide (t BPO). Adapted from Pojman, J. A.; Ilyashenko, V. M.; 
Khan, A. M. J. Chem. Soc. Faraday Trans. 1996, 92, 2825–2837.55 

4.38.5.7 Frontal Polymerization in Solution 

FP of several reactive monomers can be performed in high 
boiling point solvents.88 Acrylamide polymerization will pro
pagate in water (with some vaporization of water),89,90 in 
dimethyl sulfoxide (DMSO)91 and in dimethyl formamide 
(DMF) with several initiators, including sodium persulfate, 
potassium persulfate, ammonium persulfate, and benzoyl per
oxide. Interestingly, no gas bubbles are observed with 
acrylamide/persulfate in DMSO. (The persulfates do not pro
duce volatile side products.) Several other monomers also work 
in these solvents, including acrylic acid, sodium methacrylate, 
and zinc dimethacrylate.88 

For a monomer to support FP in a solvent, the enthalpy of 
the reaction must be sufficiently high that dilution does not 
lower the front temperature below a front-sustaining value. 
Dimethylbenzene can be used with polyurethane synthesis.92 

Fronts of acrylamide in DMSO (1:1) are not destroyed by 
the Rayleigh–Taylor instability (‘fingering’) because the poly
acrylamide gels. However, a monomer such as acrylic acid, 
which does not gel in DMSO, exhibits rampant fingering and 
will not propagate without the addition of a few percent of 
bisacrylamide (a difunctional monomer), which produces a 
crosslinked and solid product. The same is true for acrylamide 
in DMF. 

4.38.5.8 Temperature Profiles 

A polymerization front has a very sharp temperature profile, 
and profile measurements can provide much useful informa
tion. The temperature profiles help elucidate the reasons for 
incomplete conversion and the structure of the front. Two 
temperature profiles measured during FP of methacrylic acid 
are shown in Figure 8. The first profile is for benzoyl peroxide 
in methacrylic acid at different initial temperatures. The other 
profile was obtained for the same monomer with tert-butyl 
peroxide (tBPO). Conversion is directly proportional to the 
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difference between the maximum and initial temperatures. The 
tBPO profile reflects the use of a more stable initiator, which 
led to the highest conversion and widest heat conductivity 
zone. All these facts point to initiator burn out, that is, when 
the initiator has been exhausted before the reaction has been 
completed, more stable initiators give higher conversion. The 
methacrylic acid front with tBPO was significantly slower in 
spite of having the highest reaction temperature. This means 
that the effective activation energy of a polymerization front is 
directly correlated to the activation energy of the initiator 
decomposition, as was expected. 

4.38.5.9 Velocity Dependence on Initiator Concentration 

Chechilo et al.52 studied methyl methacrylate polymerization 
with benzoyl peroxide as the initiator. By placing several ther
mocouples, they could infer the front velocity and found a 0.36 
power dependence for the velocity on the benzoyl peroxide 
concentration. More detailed studies for several initiators 
showed 0.223 for tBPO, 0.324 for BPO, and 0.339 for cyclo
hexylperoxide carbonate.50 

Pojman et al. reported a detailed study of Triethylene glycol 
dimethacrylate (TGDMA) FP.84 The power functional depen
dence for velocity versus initiator concentration was different 
for all three: AIBN (0.20), BPO (0.23), and LPO (0.31). 

Khanukaev et al.93,94 considered the theory of front propa
gation in terms of conversion and velocity as a function of 
initial temperature. Because of the high front temperature, all 
the initiator can decompose before all the monomer has 
reacted. The result is initiator ‘burn out’, which decreases con
version and velocity. High initial temperatures exacerbate this 
effect. Using their theory, they correctly predicted the conver
sion for one experiment with methyl methacrylate (46%) and a 
velocity of 0.12 cm min− 1. 

The most careful study of velocity as a function of experi
mental parameters was performed by Goldfeder et al.95 They 
considered the FP of butyl acrylate containing fumed silica (to 
suppress convection) in a custom-built reactor that allowed 
temperature control at 50 atm pressure (to suppress bubbles). 
They developed analytical solutions for the front velocity as a 
function of initiator concentration and initial temperature. 

4.38.5.10 Front Velocity as a Function of Temperature 

The front velocity is a function of the initial temperature 
and the ΔT of the reaction, where ΔT is determine by the 
|DH| � M0/Cp. The value of ΔT is also affected by the presence 
of any inert material. Goldfeder et al.95 derived an expression 
for the front velocity in terms of the parameters for a 
free-radical polymerization. The velocity is a function of κ, the 
thermal diffusivity (0.0014 cm2 s− 1), Tb, k

0
d = the preexponen

tial factor for the initiator decomposition (4 � 1012 s− 1), 
E1 = Ed = the energy activation for the dissociation constant for 
the initiator = 27 kcal mol− 1, Rg is the ideal gas constant. 

κRgT2 
2 ¼ b k0u	 de − Ed=RgTb ½6� 

2E1ðTb − T0Þ 
The model worked well for butyl acrylate. Figure 9 shows 

the results for the experiment and analytical solution as well as 

Figure 9 Comparison of the velocity dependence on the AIBN concen
tration for the frontal polymerization of butyl acrylate at 278 K, determined 
experimentally, numerically and analytically. Adapted from Goldfeder, P. M.; 
Volpert, V. A.; Ilyashenko, V. M.; et al. J. Phys. Chem. B 1997, 101, 
3474–3482.95 

numerical simulations with the complete model. This model 
does not work with multifunctional monomers. 

4.38.5.11 The Effect of Type of Monomer and Functionality 
on Front Velocity 

Fronts with methacrylates propagate more slowly than with 
acrylates, as would be expected from the lower reactivity of 
the methacrylate. Nason et al.83 studied the velocity for many 
different acrylates and methacrylates (Figure 10). In Figure 11, 
we can see how the front velocity varies with the inverse of the 
molecular weight per acrylate group. Front velocities can reach 
as high as 50 cm min− 1 for both triacrylates and tetraacrylates 
with high concentrations of initiator. 

The high velocity is consistent with the behavior of multi
functional acrylates. Once gelation occurs, the rate of 
termination decreases and so the overall rate of polymerization 
increases. Thus, the multifunctional acrylates exhibit an 
extreme gel effect that causes them to polymerize very rapidly. 
This crosslinking also affects the manner of front propagation, 
as we will discuss in section 4.38.5.16.4. 

4.38.5.12 Solid Monomers 

Pojman et al.96 demonstrated that acrylamide could be poly
merized frontally without solvent. Using a rock tumbler, they 
ground acrylamide and various solid initiators, including ben
zoyl peroxide, AIBN, potassium persulfate, ceric ammonium 
nitrate, ceric ammonium sulfate, bromate/malonic acid, lead 
dioxide, and lithium nitrate. The conversion was determined 
by adding bromine97 and titrating the excess iodimetrically.98 

The number of growing chains that are terminated by an initia
tor radical (primary termination) increases with higher 
concentrations of initiator, decreasing conversion. The degree 
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Figure 10 Chemical structures of some acrylate and methacrylate monomers: (a) hexanediol diacrylate (HDDA), (b) diethylene glycol diacrylate 
(DEGDA), (c) poly(ethylene glycol) diacrylate (PEGDA), (d) trimethylolpropane ethoxy triacrylate (TMPEOTAI), (e) trimethylolpropane ethoxy triacrylate 
(TMPEOTA-II), (f) difunctional urethane acrylate (Ebecryl 8402), (g) hexanediol dimethacrylate (HDDMA), (h) diethylene glycol dimethacrylate (DEGDMA), 
(i) triethylene glycol dimethacrylate (TREGDMA), (j) trimethylolpropane trimethacrylate (TMPTMA), (k) trimethylolpropane triacrylate (TMPTA). Reprinted 
with permission from Nason, C.; Roper, T.; Hoyle, C.; Pojman, J. A. Macromolecules 2005, , 5506 5512.83 38 – Copyright 2005 American Chemical Society. 
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Figure 11 Velocity versus MW per double bond; 1 wt.% Luperox 231, 
2 wt.% Darocur 4265; In air: Monomers and MW per double bond; 
PETA-K, 91; TMPTA, 99; DPHA, 105; DEGDA, 107; HDDA, 113; DPGDA, 
121; TMPEOTA, 143; TMPEOTA, 201; PEGDA, 350; Ebecryl 8402, 500; 
irradiance of 5.9 mW cm− 2. Adapted from Nason, C.; Roper, T.; Hoyle, C.; 
Pojman, J. A. Macromolecules 2005, 38, 5506–5512.83 

of monomer conversion with AIBN was strongly dependent on 
the initiator concentration, with 0.8% AIBN, 95% of the mono
mer reacted but only 50% reacted with 2% AIBN. 

Figure 12 Temperature profiles for the frontal polymerization of undi
luted acrylamide, of acrylamide diluted with commercial polyacrylamide, 
of acrylamide diluted with barium carbonate, and of acrylamide diluted 
with frontally polymerized acrylamide. Adapted from Fortenberry, D. I.; 
Pojman, J. A. J. Polym. Sci. 99Part A: Polym. Chem. 2000, 38, 1129–1135.  

The front velocities were about on the order of 10 cm min− 1. 
The higher velocities compared to monoacrylates resulted from 
high front temperatures (272 °C compared to 190 °C) and the 
greater reactivity of acrylamide. 

Fortenberry and Pojman99 studied FP of acrylamide in 
detail.Synthesis of polyacrylamide via FP resulted in a cross
linked, insoluble product. Figure 12 shows that the maximum 
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Figure 13 The scheme for intermolecular imidization, as occur in the 
frontal polymerization of acrylamide. 
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Figure 14 Temperature profiles of the frontal polymerization of acryla
mide with potassium persulfate as the initiator, at two different initial 
densities. Adapted from Fortenberry, D. I.; Pojman, J. A. J. Polym. Sci. 
Part A: Polym. 99 Chem. 2000, 38, 1129–1135.

front temperature reached during polymerization was 235 °C. 
The presence of ammonia was detected by scent and litmus 
paper, which indicated imidization occurred (Figure 13). 
Analogous crosslinking by anhydride formation was observed 
in the FP of methacrylic acid (see section 4.38.5.14).100 They 
calculated that the frontally produced samples were only 6% 
imidized. Imidization was prevented by adding an inert filler, 
either barium carbonate or polyacrylamide. Fronts propagated 
with front temperatures as low at 97 °C (Figure 14). 

Foretenberry and Pojman99 found that the front velocity 
was not a function of the particle size of the ground acrylamide 
but was a function of the green (unreacted) density. The velo
city increased with the increased green density because the front 
temperature was higher and the thermal diffusivity larger. 
Fronts can even propagate if the sample is immersed in liquid 
nitrogen, provided a change of temperature of 400 K 
(Figure 15). 

Pomogailo and his co-workers studied interesting solid sys
tems that require no added initiator but proceed by a 
free-radical mechanism.101–109 Using transition-metal com
plexes with acrylamide, they achieved FP with the solid 
monomers. 

4.38.5.13 Effect of Pressure 

Pojman et al.55 performed experiments in a custom-built reac
tor that allowed isobaric and isothermal conditions. They 
found that the front velocity was a function of the applied 
pressure, even at low values of less than 30 atm. As the pressure 
is increased, the velocities decrease, exactly opposite the beha
vior observed by Chechilio and Enikolopyan at high pressures! 

Figure 15 The temperature profile of frontal polymerization of acryla
mide immersed in liquid nitrogen. Adapted from Pojman, J. A.; 
Ilyashenko, V. M.; Khan, A. M. J. Chem. Soc. Faraday Trans. 1996, 92, 
2825–2837.55 

At the low pressures we employ, we are not affecting the rate 
constants of polymerization but suppressing bubbles. 

There are three sources of bubbles. All thermal initiators 
(except for persulfates), produce volatile byproducts, such as 
CO2, methane, or acetone. It is an inherent problem with all 
commercially available peroxide or nitrile initiators. 

Another source of bubbles is dissolved gas and water in the 
monomer. Gases can be removed under vacuum but water is 
extremely difficult to remove from methacrylic acid and 
TGDMA. Less than 1 mg of water will result in 2 cm3 of water 
vapor at the front temperature of 200 °C and 1 atm of pressure. 
The only certain solution to all three sources is to perform 
reactions under pressure. 

Bubbles can increase the velocity of fronts in standard 
closed test tubes initially at ambient pressure by as much as 
30% compared to fronts free of bubbles under high pressure. 
The expansion of bubbles is part of the velocity by forcing 
unreacted monomer up and around the cooling polymer plug 
that is contracting; poly(methacrylic acid) is about 25% more 
dense than its monomer. This means that the pressure increases 
during the reaction because the tube is sealed, except for leak
age around the initial polymer plug.86 

Figure 16 shows the front velocity as a function of the 
inverse of the applied pressure. As the pressure was increased 
the velocity decreased because the volume of the bubbles was 
decreased, following Boyle’s law. 

We can write the velocity as 

Const 
vel ðpÞ ¼ vel0 þ ½7� 

p 

where the constant is a function of the number of moles of gas 
produced in the front. Therefore, the higher the initiator con
centration, the higher is the applied pressure necessary to 
obtain the true front velocity. 

To determine the true front velocity dependence on initiator 
concentration requires that the effect of bubbles be eliminated. 
Different initiators can yield different amounts of gas. Thus, the 
velocity depends not only on the kinetics of the initiator 
decomposition, but also on the amount of gas produced and 
on the applied pressure. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 16 Front velocity of butyl acrylate polymerization as a function of 
applied pressure with AIBIN as the initiator (1.7% w/w) and 5.7% fumed 
silica. Adapted from Pojman, J. A.; Ilyashenko, V. M.; Khan, A. M. 
J. Chem. Soc. Faraday Trans. 1996, 92, 2825–2837.55 
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Figure 17 A front of butyl acrylate polymerization with fumed silica (to 
prevent convection) and with 4% AIBN, under 50 atm pressure. Adapted 
from Pojman, J. A.; Ilyashenko, V. M.; Khan, A. M. J. Chem. Soc. Faraday 
Trans. 1996, 92, 2825–2837.55 

Poly(methacrylic acid) formed in a front in a test tube 
initially at ambient pressure is opaque but translucent when 
produced under at least 34 atm pressure. Very small bubbles 
scatter light and make the material opaque when in fact, the 
polymer itself is clear. This is also true with butyl acrylate 
fronts. Cabosil has a refractive index close enough to poly 
(butyl acrylate) that the initial solution and product are trans
lucent, as can be seen in Figure 17. 

If TGDMA was partially reacted to produce a gel before front 
initiation, no bubbles appear as the front propagates. (Gelling 
was accomplished by allowing TGDMA/initiator to sit at room 
temperature for several days or by heating to 40 °C until gelation 
occurs.) In ungelled TGDMA, copious bubble production occurs. 
It seems that the gel prevents nucleation of bubbles before 
complete crosslinking makes it impossible to form bubbles. 

To reduce bubble formation, there are several approaches 
besides using applied pressure. Some peroxides produce less 

gas. Let us consider more about why peroxide and nitriles 
produce volatile compounds. The decomposition of a peroxide 
is endothermic and reversible. To make the production of 
radicals irreversible, initiators fragment (Figure 18). For exam
ple, AIBN decomposes to produce N2 and organic radicals, 
making the overall reaction exothermic and irreversible. 
Benzoyl peroxide decomposes into the benzoyl radical, which 
fragments into carbon dioxide and a phenyl radical. Dicumyl 
peroxide breaks into peroxy radicals that undergo beta scission 
to produce acetophenone and methyl radicals. 1,1-Di-(tert
butylperoxy)-3,3,5-trimethylcyclohexane (Luperox 231) is a 
room-temperature stable liquid that readily dissolves in acry
lates. Upon decomposition and beta scission, it produces 
acetone and methyl radicals and a diperoxy radical. 

Persulfate does not produce bubbles. Pojman et al.88 used 
ammonium persulfate in the solution polymerization of acry
lamide in DMSO. Persulfate salts are not soluble in organics; so 
Masere et al.40 synthesized trioctylmethyl ammonium persul
fate, which is a room temperature ionic liquid. Mariani et al.110 

synthesized phosphonium-based persulfate ionic liquids, 
which had less of a plasticization effect because of their lower 
molecular weight. 

4.38.5.14 Molecular Weight Distribution 

Pojman et al.100 examined the molecular distribution of two 
systems: methacrylic acid and butyl acrylate. Previously 
Pojman et al.86 had determined the molecular weight of poly 
(methacrylic acid) produced frontally and reported very high 
molecular weight (about 106 g mol− 1), which did depend on 
the radial position in the sample. Methacrylic acid can undergo 
anhydride formation, leading to branched polymers of higher 
molecular weight than expected. Using morpholine to selec
tively cleave the anhydride linkages, they determined that the 
degree of polymerization was about 100 and that about 20% of 
the carboxyl groups were in the anhydride form. After cleavage, 
the molecular weight was in the expected range (Figure 19). 
Poly(butyl acrylate) prepared frontally produced the expected 
molecular weight ranges (Figure 20). 

Fortenberry and Pojman99 determined by light scattering 
that polyacrylamide prepared frontally with barium carbonate 
as an inert diluent had a molecular weight average on the order 
of 106. 

Enikolopyan et al.111 analytically considered the problem of 
the molecular weight distribution when the consumption of 
initiator was included. Not surprisingly, the distributions were 
more broad than observed in an isothermal polymerization, 
but no supporting experimental data were presented. 

In order to produce the poly(butyl acrylate), silica gel was 
added to increase the viscosity and avoid convective mixing.100 

(We will discuss convective instabilities in section 4.38.5.16.1). 
Because high viscosity leads to high molecular weight via the 
gel effect, Pojman et al.112 sought to prepare poly(butyl acry
late) frontally but without added silica. In order to accomplish 
this, they flew an experiment on a sounding rocket in order to 
avoid buoyancy-driven convection. They found that the mole
cular weight distribution was the same as that prepared in the 
lab using silica gel. Thus, they concluded that the silica 
increased the macroscopic viscosity but did not affect the 
molecular-level viscosity. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 18 The decomposition schemes for three different initiators. 
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Figure 19 The molecular weight distribution for frontally prepared poly 
(methacrylic acid) and after the anhydride linkages were cleaved with 
morpholine. Adapted from Pojman, J. A.; Willis, J. R.; Khan, A. M.; 
West, W. W. J. Polym. Sci. Part 100A: Polym. Chem. 1996, 34, 991–995.  

4.38.5.15 Conversion 

An important issue for using FP for polymer synthesis is con
version. We will consider in Section 4.38.5.26 the advantages of 
FP, some of which will be rapid conversion without the use of 
solvent. However, if conversion is low and the product must be 
purified, those advantages will be nonexistent. Initiator ‘burn 
out’ occurs when the all the initiator has decomposed before 
the monomer has been completely reacted.93,94 For 
methacrylic acid polymerization with benzoyl peroxide as the 
initiator, conversion ranged from 80% to below 70% in a 
2.2-cm tube (Figures 21 and 22).84 The conversion was higher 
in a 1.5-cm diameter tube (85–80%) because the front 

4% AIBN 

3% AIBN 

2% AIBN 

1% AIBN 

1000 104 105 106 

Molecular weight 

Figure 20 The molecular weight distributions for poly(butyl acrylate) 
produced frontaly. Adapted from Pojman, J. A.; Willis, J. R.; Khan, A. M.; 
West, W. W. J. Polym. Sci. Part A: Polym. 100Chem. 1996, 34, 991–995.  

temperature was lower due to greater heat loss in a narrower 
tube. With the more stable tBPO as the initiator in a 2.2-cm 
tube, conversion was significantly higher (92%) but the front 
velocity was lower, by as much as a factor of 2. Tredici et al.113 

found conversion around 90% for a copolymerization. 
By combining the two peroxides, the conversion could be 

obtained as high as for tBPO alone with a velocity close to that 
with BPO alone. The front velocity was determined by the less 
stable peroxide, BPO, with the more stable tBPO finishing the 
reaction. However, the velocity was lower than for BPO alone, 
and the authors proposed that the radicals from the BPO 
decomposition could induce decomposition of the tBPO. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 21 The conversion of methacrylic acid frontal polymerization as a 
function of benzoyl peroxide (BPO) and/or tert-butyl peroxide (t BPO). 
Adapted from Pojman, J. A.; Willis, J.; Fortenberry, D.; et al. J. Polym. Sci. 
Part A: Polym. Chem. 1995, 33, 643–652.84 

Figure 23 The relationship between the extent of conversion and the
 
ceiling temperature for methyl methacrylate. [M]initial = 9.36 M,
 
ΔH 0 = –56 kJ mol− 1, ΔS 0 = 117 J K− 1, Cp = 205.3 J mol− 1 K− 1, Ti = 25 °C.
 
Adapted from Pojman, J. A.; Ilyashenko, V. M.; Khan, A. M. J. Chem. Soc.
 


 Faraday Trans. 1996, 92, 2825–2837.55

  
1 

α ¼ 1− exp	 
M initial 

�
ΔH0− TΔS0 �

½9� ½ � RT

The relationship for the temperature and conversion for 
adiabatic self-heating is 

αΔH0 

T ¼ Ti þ ½10� 
Cp 

The solution of eqns [8] and [9] provides the conversion 
achieved in adiabatic polymerization. Figure 23 shows the 
results for methyl methacrylate with an initial temperature of 
25 °C, using thermodynamic data from Odian.115 The conver
sion is 0.93, which means that independent of initiator 
burnout, complete conversion can never be achieved because 
of the high front temperature. This value is very sensitive to the 
exact values of the thermodynamic parameters so the calcu
lated value may not correspond precisely to experiment. 
Nonetheless, thermodynamics must be considered when select-
ing candidates for FP. Similar monomers may exhibit very 
different conversions at the same temperature. For example, 
zero conversion will be obtained at 310 °C with styrene but 
α-methylstyrene will not react above 61 °C.115 

4.38.5.16 Interferences with Frontal Polymerization 

4.38.5.16.1 Buoyancy-driven convection 
Because of the large thermal and concentration gradients, poly
merization fronts are highly susceptible to buoyancy-induced 
convection. Garbey et al.116–118 performed the linear stability 
analysis for the liquid–liquid and liquid–solid cases. The bifur
cation parameter was a ‘frontal Rayleigh number’ 

g βqκ2 

R ¼	 ½11� 
νc3 

where g is the gravitational acceleration, β the thermal expansion 
coefficient, q the temperature increase at the front, κ the thermal 
diffusivity, ν the kinematic viscosity, and c the front velocity. 

Let us first consider the liquid–solid case. Neglecting heat 
loss, the descending front is always stable because it 

Figure 22         
benzoyl peroxide (BPO) and tert-butyl peroxide (t BPO). Adapted from 
Pojman, J. A.; Willis, J.; Fortenberry, D.; et al. J. Polym. Sci. Part A: Polym. 
Chem. 1995, 33, 643–652.84 

Conversion can also be limited by thermodynamics. 
Because the polymerization reactions are exothermic, the equi
librium conversion decreases with increasing temperature.114 A 
relationship between temperature and the equilibrium mono
mer concentration (assuming unit activity coefficients) can be 
derived,55 in which [M]0 is the standard monomer concentra
tion used to calculate the ΔS0 and ΔH0. 

ΔH
T ¼	 0 8

ΔS0 þ R lnð½M�eq =
½ �½M�0Þ

For an adiabatic polymerization, the maximum conversion 
is uniquely determined by the ΔH0 and ΔS0 of polymerization. 
As the temperature increases, the equilibrium conversion is 
reduced and can be related by 

The velocity for methacrylic acid frontal polymerization with
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Figure 24 Left: The front on the left is descending and the one on the 
right ascending with an axisymmetric mode of convection. Right: An 
antisymmetric mode of an ascending front. The system is the acrylamide/ 
bis-acrylamide polymerization in DMSO with persulfate initiator. Adapted 
from Bowden, G.; Garbey, M.; Ilyashenko, V. M.; et al. J. Phys. Chem. B 
1997, 101, 678 119 –686. 

corresponds to heating a fluid from above. The front is always 
flat. If the front is ascending, convection may occur depending 
on the parameters of the system. Bowden et al.119 experimen
tally confirmed that the first mode is an antisymmetric one, 
followed by an axisymmetric one. Figure 24 shows a flat des
cending front as well as axisymmetric and antisymmetric 
modes of ascending fronts. Figure 25 shows the stability dia
gram in the viscosity-front velocity plane. Most importantly, 
they confirmed that the stability of the fluid was a function not 
only of the viscosity but also of the front velocity. This means 
that the front dynamics affects the fluids dynamics. McCaughey 
et al.120 tested the analysis of Garbey et al. and found the same 
bifurcation sequence of antisymmetric to axisymmetric convec
tion in ascending fronts as seen with the liquid–solid case. 

If the reactor is not vertical, there is no longer a question of 
stability – there is always convection. Bazile et al.121 studied 
descending fronts of acrylamide/bis-acrylamide polymeriza
tion in DMSO as a function of tube orientation. The fronts 
remained nearly perpendicular to the vertical but the velocity 

Figure 25 The stability diagram for the system in Figure 24. Adapted 
from Bowden, G.; Garbey, M.; Ilyashenko, V. M.; et al. J. Phys. Chem. B 
1997, 101, 678–686.119 

0° 
15 mm 

30°	 45° 

60°	 75° 

Figure 26 The dependence of the front shape for descending fronts of 
acrylamide polymerization in DMSO with persulfate initiator. Adapted from 
Bazile, M., Jr.; Nichols, H. A.; Pojman, J. A.; Volpert, V. J. Polym. Sci. Part 
A: Polym. 121 Chem. 2002, 40, 3504–3508.

projected along the axis of the tube increased with 1/cos of the 
angle (Figure 26). 

Liquid–liquid systems are more complicated than the pre
vious case because a descending front can exhibit the Rayleigh– 
Taylor instability. The product is hotter than the reactant but is 
more dense (Figure 27), and because the product is a liquid, 
fingering can occur. Bidali et al.122 described the phenomenon 
as the ‘rainstorm effect’. Such front degeneration is shown in 
Figure 28. The Rayleigh–Taylor instability can be prevented 
using high pressure,52 adding a filler,95 using a dispersion in 
salt water,123 or performing the fronts in weightlessness.123 

Texier-Picard et al.124 analyzed a polymerization front in 
which the molten polymer was immiscible with the monomer 
and predicted that a front could exhibit the Marangoni instabil
ity even though the comparable unreactive fluids would not 
exhibit the instability. However, no liquid–liquid frontal sys
tem with an immiscible product has been identified. Even if 
such a system could be found, the experiment would have to be 
performed in weightlessness to prevent buoyancy-induced con
vection from interfering. 

We note a significant difference between the liquid–liquid 
and the liquid–solid cases. For the liquid–solid case, convec
tion in ascending fronts increases the front velocity but in the 
liquid–liquid case, convection slows the front. However, con
vection increases the velocity of pH fronts and Belousov
Zhabotinsky reaction waves.125,126 Why is the difference 
between liquid–liquid FP and other frontal systems? In 
liquid–liquid systems, the convection also mixes cold mono
mer into the reaction zone, which lowers the front temperature. 
The front velocity depends more strongly on the front tempera
ture than on the effective transport coefficient of the 
autocatalyst. Convection does not mix monomer into the reac
tion zone of a front with a solid product but rather increases 
thermal transport so the velocity is increased. 

4.38.5.16.2 Effect of surface tension-driven convection 
If there is a free interface between fluids, gradients in concentra
tion and/or temperature parallel to the interface cause gradients 
in the surface (interfacial) tension, which cause convection.127 

This convection, also known as Marangoni convection, is espe
cially noticeable in thin layers (or weightlessness) in which 
buoyancy-driven convection is greatly reduced. 
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Figure 27 Schematic diagram showing changes in properties across a propagating polymerization front that produces a thermoplastic. Courtesy of Paul 
Ronney. 

Polymer 
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Figure 28 Rayleigh–Taylor instability with a descending front of butyl 
acrylate polymerization. 

Asakura et al.128 recently explained that FP was not applied 
to thin layers because it was thought that FP could not occur in 
thin layers. In fact, interfacial tension-driven convection can 
cause so much heat loss that fronts are quenched. Figure 29 
shows a front propagating in a thin layer (about 1 mm) of a 
tetraacrylate in which fumed silica is dispersed. The large tem
perature gradient created by the reaction ‘pushes’ monomer 
ahead but not enough to quench the front. 

For a given surface, three variables affect whether a front 
will propagate, specifically, the viscosity (determined by the 
amount of fumed silica), the initiator concentration, and 
the thickness of the layer. For a fixed layer thickness, we 
determined that for trimethylolpropane triacrylate, with 
2 phr silica, no front would propagate with 1 phr Luperox 
231 but would propagate with 1.1 phr. (phr stands for 
‘parts per hundred resin’.) Figure 30 shows how compli
cated patterns can arise when the amount of silica was 
increased to 4 p hr.  

10 cm 

Uncured (25 °C) 

Cured (250 °C) 

Figure 29 A front of pentaerythritol tetraacrylate propagating in a thin 
layer on wood. 

4.38.5.16.3 Dispersion polymerization 
Pojman et al. overcame the Rayleigh–Taylor instability by dis
persing benzyl acrylate in a salt water solution whose density 
was greater than that of the polymer,123 an approach that had 
been considered theoretically.129 Fronts reached 200 °C, the 
same temperature as benzyl acrylate fronts with a diacrylate to 
prevent fingering. This indicated that the dispersion broke 
relatively quickly, leaving the monomer to polymerize in bulk 
and the salt water to settle to the lower section of the tube. The 
polymer was insoluble in tetrahydrofuran (THF) and in 
DMSO, and so they concluded that the acrylic acid formed 
then formed anhydride crosslinks. 

4.38.5.16.4 Thermal instabilities 
Fronts do not have to propagate as planar fronts. Analogously 
to oscillating reactions, a front can exhibit periodic behavior, 
either as pulsations or as ‘spin modes’ in which a hot spot 
propagates around the reactor as the front propagates, leaving 
a helical pattern. This mode was first observed in SHS.130 This 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 30 A front propagating in a thin layer of a triacrylate with 4 phr fumed silica and 2.1 phr Luperox 231, a peroxide initiator. 

general issue nonlinear behavior in FP has been considered in 
great detail.55,79,131,132 

The linear stability analysis of the longitudinally propagat
ing fronts in the cylindrical adiabatic reactors with one reaction 
predicted that the expected frontal mode for the given reactive 
medium and diameter of the reactor is governed by the 
Zeldovich number 

T
Z ¼ m− T0 Eeff 12  

Tm RTm 
½ �

For FP, lowering the initial temperature (T0), increasing the 
front temperature (Tm), and increasing the energy of activation 
(Eeff) all increase the Zeldovich number. The planar mode is 
stable if Z < Zcr = 8.4. By varying the Zeldovich number beyond 
the stability threshold, subsequent bifurcations leading to 
higher spin mode instabilities can be observed. Second, for a 
cylindrical geometry, the number of spin heads or hot spots is 
also a function of the tube diameter. We point out that poly
merization is not a one-step reaction, so that the above form of 
the Zeldovich number does not directly apply. However, esti
mates of the effective Zeldovich number can be obtained from 
the overall energy of activation with the steady-state assump
tion for free-radical polymerization. 

The most commonly observed case with FP in tube is the 
spin mode in which a ‘hot spot’ propagates around the front. A 
helical pattern is often observed in the sample. The first case 
was with the FP of ε-caprolactam,133,134 and the next case was 
discovered by Pojman et al.135 in the methacrylic acid system in 
which the initial temperature was lowered. 

Spin modes have also been observed in the FP of transition 
metal nitrate acrylamide complexes,107,109 which are solid, but 
were not observed in the frontal acrylamide polymerization 
system.99 

The single-head spin mode was studied in detail by 
Ilyashenko and Pojman.136 They were able to estimate the 
Zeldovich number by using data from the initiator and the 
methacrylic acid. The value at room temperature was about 7, 
less than the critical value for spin modes. In fact, fronts at 
room temperature were planar and spin modes only appeared 
by lowering the initial temperature. However, spin modes 
could be observed by increasing the heat loss from the reactor 
by immersing the tube in water or oil. 

4.38.5.16.5 Effect of complex kinetics 
Solovyov et al.137 performed two-dimensional numerical simu
lations using a standard three-step free-radical mechanism. 
They calculated the Zeldovich number from the overall activa
tion energy using the steady-state theory and determined the 

critical values for bifurcations to periodic modes and found 
that the complex kinetics stabilized the front. 

Shult and Volpert138 performed the linear stability analysis 
for the same model and confirmed this result. Spade and 
Volpert139 studied linear stability for nonadiabatic systems. 
Gross and Volpert140 performed a nonlinear stability for the 
one-dimensional case. Commissiong et al.141 extended the non
linear analysis to two dimensions. They confirmed that, unlike in 
SHS,142 uniform pulsations are difficult to observe in FP. In fact, 
no such one-dimensional pulsating modes have been observed. 

An interesting problem arises in the study of fronts with 
multifunctional acrylates. At room temperature, acrylate like 
1,6-hexanediol diacrylate (HDDA) and TGDMA exhibit spin 
modes. In fact, if an inert diluent, such as DMSO is added, the 
spin modes are more apparent even though the front tempera
ture is reduced. Masere and Pojman143 found spin modes in 
the FP of a diacrylate at ambient conditions. Thus, although the 
mechanical quality of the resultant polymer material can be 
improved by using multifunctional acrylates, spin modes may 
appear and a nonuniform product results. This observation 
implicates the role of polymer crosslinking in front dynamics. 
In that same work, Masere and Pojman showed that pH indi
cators could be added to act as dyes that were bleached by the 
free radicals, making the observation of the spin pattern readily 
apparent (Figure 31). 

1.5 cm 

Figure 31 A single-head spin mode propagating around a front of 
1,6-hexanediol diacrylate (40%) in diethyl phthalate with Luperox 231 as 
the initiator.144 Tube diameter was 1.5 cm. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Tryson and Schultz145 studied the energy of activation of 
photopolymerized multifunctional acrylates and found it 
increased with increasing conversion because of crosslinking. 
Gray found that the energy of activation of HDDA increased 
exponentially during the reaction.146 Applying the steady-state 
theory of polymerization to Gray’s results, Masere et al.144 cal
culated the effective energy of activation for thermally initiated 
polymerization (photoinitiation has no energy of activation) 
by including the energy of activation of a typical peroxide. They 
calculated that the energy of activation of HDDA polymeriza
tion increased from 80 kJ mol− 1 at 0% conversion, the same as 
methacrylic acid, to a 140 kJ mol− 1 at 80% conversion. This can 
explain how spin modes appear at room temperature with 
multifunctional acrylates but not monoacrylates. The 
Zeldovich number of methacrylic acid polymerization at 
room temperature is below the stability threshold. Using the 
activation energy at the highest conversion that can be obtained 
with HDDA, Masere et al. estimated a Zeldovich number of 12. 

Masere et al.144 studied fronts with a peroxide initiator at 
room temperature and used two bifurcation parameters. They 
added an inert diluent, diethyl phthalate, to change the front 
temperature and observed a variety of modes. More interest
ingly, they also varied the ratio of a monoacrylate, benzyl 
acrylate, to HDDA, keeping the front temperature constant. 
Changing the extent of crosslinking changed the effective 
energy of activation, which revealed a wide array of interesting 
spin modes. Using trimethylol propane triacrylate in DMSO, 
they observed complex modes (Figure 32). 

The three-dimensional nature of the helical pattern was 
studied by Manz et al.147 using Magnetic Resonance Imaging 
(MRI). Pojman et al. observed zigzag modes in square reac
tors148 and bistability in conical reactors.149 

Figure 32 Complex modes of propagation observed with an IR camera 
in a 1.5 cm tube with trimethylol propane triacrylate in DMSO with 
Luperox 231. 

4.38.5.16.6 Effect of bubbles 
Pojman et al.135 found an unusual mode of propagation when 
there are large amounts of very small bubbles that can occur 
when a linear polymer precipitates from its monomer. In study
ing fronts of methacrylic acid polymerization, they observed 
convection that periodically occurred under the front at the 
same time as the front deformed and undulated. The period 
of convection was about 20 s and remained constant during the 
entire front propagation. 

Volpert et al.150 analyzed the effect of the thermal expansion 
of the monomer on the thermal stability and concluded that 
the reaction front becomes less stable than without thermal 
expansion. The effective thermal expansion can be increased 
because of the bubbles, and it can considerably affect the 
stability conditions. 

4.38.5.16.7 Effect of buoyancy 
The first experimental confirmation that gravity plays a role in 
spin modes in a liquid–solid system came in the study of des
cending fronts in which the viscosity was significantly increased 
with silica gel. Masere et al.144 found that silica gel significantly 
altered the spin behavior, as predicted by Garbey et al.116 

Pojman et al.148 made a similar observation in square reactors. 
Pojman et al.79 studied the dependence of spin modes on visc
osity with the FP of HDDA with persulfate initiator. They found 
that the number of spins was independent of the viscosity until a 
critical viscosity was reached, when the spins vanished. 

The issues arises why the analysis of Ilyashenko and Pojman 
worked so well for the methacrylic acid system, even though 
they did not consider the effect of convection. They induced 
spin modes by reducing the initial temperature to 0 °C – below 
the melting point of methacrylic acid. Thus, the system was a 
solid–solid system and so hydrodynamics played only a small 
role. 

McFarland et al.151,152 observed that spin modes did not 
occur when the initiator was microencapsulated. Not only were 
spin modes not observed, the material was 10 times stronger, 
which the authors attributed to the absence of spin modes. 

4.38.5.16.8 Three-dimensional frontal polymerization 
FP allows the study of spherically propagating fronts. Binici 
et al.153 developed a system that was a gel created by the 
base-catalyzed reaction of a trithiol with a triacrylate. The gel 
was necessary to suppress convection. However, it turned out to 
be difficult to find a system that would exhibit spin modes in a 
gel. They succeeded and were able to create waves on the sur
face of the expanding polymerization front (Figure 33). 

Figure 33 A spin mode on the surface of a spherically expanding front of triacrylate polymerization. Adapted from Binici, B.; Fortenberry, D. I.; Leard, K. C.; 
         2006, , 1387 1395.153 et al. J. Polym. Sci. Part A: Polym. Chem. 44 –

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.38.5.17 The Effect of Fillers 

Fillers are added to frontal systems to prevent convection, to 
modify the rheology of the unreacted formulation and 
to affect the mechanical properties of the product. 
Nason et al.154 studied the effect of inorganic fillers on the 
photoinduced FP of a triacrylate. Not surprisingly, the front 
velocity decreased with increased loading of calcium 
carbonate or kaolin clay. 

Pojman et al.155 developed a system for studying Snell’s Law 
of refraction in FP. Using trimethylolpropane triacrylate with 
47% by mass kaolin clay (Polygloss 90), they created a formu
lation with the consistency of a putty, which could be molded 
into desired shapes. Viner et al.156 used fillers that were inert 
but melted, so-called ‘phase change materials’, in an attempt to 
lower the front temperature without significantly reducing the 
front velocity. 

Fumed silica was used by Bowden et al.119 and McCaughey 
et al.120 to precisely control the viscosity for convection 
studies. For acrylates, about 4 phr fumed silica will create a 
gel. For kaolin clay, about 40 phr is necessary to create 
moldable putty. 

4.38.5.18 Encapsulation of Initiators 

McFarland et al.151,152 studied the effect of encapsulating the 
initiator cumene hydroperoxide. They found that the front 
velocity was consistently slower than when the peroxide was 
dissolved. However, the particles do not need to be extremely 
small. The front velocity is 25% slower for 400-μm capsules 
than for fronts with a dissolved initiator but almost the same 
with 50-μm capsules. These systems hold the promise of creat
ing fronts that propagate rapidly at moderate temperatures by 
coupling the encapsulated initiator with a redox system 
(Figure 34). 
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Figure 34 The frontal polymerization velocity for TMPTA polymerization 
with encapsulated dicumyl peroxide. Image courtesy of Chris Bounds. 

4.38.5.19 Copolymerizations 

Tredici et al.113 studied the frontal copolymerization of acrylic 
acid–methacrylic acid, methyl methacrylate–methacrylic acid 
and styrene–methacrylic acid. They studied the velocity depen
dence on initiator concentration. They claimed that the elevated 
temperature of the front created a more random copolymer 
because the reactivity ratios were closer to one than under typical 
polymerization conditions. They performed numerical simula
tions for the velocity dependence and conversion on initiator 
concentration but strangely neither in experiments nor simula
tions did they study any dependence on monomer feed ratios. 

Perry et al.157 did study front velocity as a function of the 
monomer feed composition and the reactivity ratios. Frontal 
copolymerization experiments were performed with three differ
ent monomer systems. They are (1) methacrylic acid and acrylic 
acid (MAA-AA), (2) acryloyloxyethyltrimethylammonium chlor
ide and acrylamide (AETMA-acrylamide), and (3) acrylic acid 
and acrylamide (AA-acrylamide). They chose these pairs because 
of their different reactivity ratios. The most significant result they 
found was that adding a highly reactive monomer could signifi
cantly increase the front velocity for a system that would 
propagate slowly or not at all. For example, AETMA in water 
would not support FP but could frontally copolymerize with 
acrylamide. For methacrylic acid, the velocity increased (from 
2 cmm in− 1) with 40% MAA to 4 cm min− 1 at 10% MAA. 

Thiols can be used in two ways with free-radical polymeriza
tion.158 Thiols react with electron-rich enes (allyl ethers) via a 
step-growth mechanism to create a polymer only if both ene and 
thiol have functionalities of at least two. The allyl ethers cannot 
homopolymerize. If thiols are present, the acrylate can 
homopolymerize and copolymerize with the thiol.159 Pojman 
et al.160 studied frontal thiol-ene polymerization using pentaer
ythrytoltriallyl ether (PTE) and trimethylolpropanetris 
(3-mercaptopropionate) (95%) (TT1). Not surprisingly, the 
front velocity was a maximum at a 1:1 thiol:ene ratio 
(Figure 35).161 

4.38.5.20 Atom Transfer Radical Polymerization 

Bidali et al.162 performed frontal atom transfer radical polymer
ization (ATRP) with tri(ethylene glycol dimethacrylate). They 
used CBr4, tris(2-aminoethyl)amine, and CuBr. When the com
ponents were dissolved in the monomer, the solution was 
cooled to 0 °C to prevent bulk polymerization, which did not 
react for at least 3 h. Samples were heated to 25 °C before fronts 
were then initiated, which propagated with velocities of about 
0.5 cm min− 1. The major advantage of this system compared to a 
typical peroxide-based system was the lack of bubbles. However, 
because the system reacted relatively quickly at room tempera
ture, the system has limited applicability. 

4.38.5.21 Ring-Opening Metathesis Polymerization 

Mariani et al.163 first demonstrated that FP could be achieved 
with the ring-opening metathesis polymerization (ROMP) of 
dicyclopentadiene. In a typical run, a glass test tube already 
containing suitable amounts of solid Grubbs catalyst (GC) and 
PPh3 was filled with liquid dicyclopentadiene at 35 °C. After 
the reagents dissolved, the reaction mixture was cooled to 
27 °C in order to permit solidification of the solution. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 35 The front velocity as a function of the mole ratio between 
pentaerythrytoltriallyl ether (PTE) and trimethylolpropanetris(3-mercap
topropionate). Adapted from Pojman, J. A.; Varisli, B.; Perryman, A.; et al. 
Macromolecules 2004, 37, 691–693.160 

A problem with this system is that it has a relatively short pot 
life. The authors found that by using PPh3 the pot life was 
extended to 20 min. To overcome this drawback, they dissolved 
all components at 35 °C and quickly cooled them to 27 °C. This 
means that frontal ring opening metathesis polymerization runs 
were performed on solid mixtures, which melted immediately 
before being reached by the front. If stored at 7–8 °C, t he s amples  
could support a front after 3 weeks. 

4.38.5.22 Polyurethanes 

Fiori et al.164,165 were the first to perform frontal urethane poly
merization. They used 1,6-hexamethylene diisocyanate, ethylene 
glycol, and the catalyst dibutyltin dilaurate in DMSO with fumed 
silica. Pyrocatechol was added to extend the pot life up to 25 min 
(Figure 36). The front velocities were less than 1 cm min− 1. 

Texter and Ziemer166 created polyurethanes via FP in micro-
emulsions. Chen et al.167 created epoxy-polyurethane hybrid 
networks frontally. Pot lives were on the order of hours. Hu 
et al.168 frontally prepared urethane–acrylate copolymers in 
DMSO using persulfate as the initiator. Chen et al.92 studied 
FP of poly(propylene oxide) glycol, 2,4-toluene diisocyanate, 
and 1,4-butanediol with the catalyst stannous caprylate in 
dimethylbenzene. At room temperature, bulk polymerization 
did not occur quickly, and the pot life could be extended to 6 h 
if the solution was cooled to 10 °C. Mariani et al.169 prepared 
diurethane diacrylates. 

4.38.5.23 Epoxy Curing 

In 1975, Arutiunian demonstrated frontal epoxy curing with 
amines using resins based on bisphenol A.170 Chekanov 
et al.171 studied the frontal curing of diglycidyl ether of bisphe
nol F (DGEBF), which was cured by the aliphatic amine curing 
agent Epicure 3371 in a stoichiometric ratio both frontally and 
in a batch-cure schedule. The pot life for the system was about 

Figure 36 Front velocity vs [pyrocatechol]/[DBTDL] ratio. Experimental 
conditions: [DBTDL]/[HDI] = 9.4 � 10− 4 mol mol− 1, DMSO = 18 wt.%, 
Cabosil = 3 wt.%. Adapted from Fiori, S.; Mariani, A.; Ricco, L.; Russo, S. 
Macromolecules 2003, 36, 2674 164 –2679.

60 min. Glass transition temperatures (Tg) were determined 
using differential scanning calorimetry (DSC) and dynamic 
mechanical analysis (DMA). The properties of the frontally 
cured epoxy resin were found to be very close to that of 
batch-cured epoxy resin. They achieved 90% of the mechanical 
strength in 10% of the time for a sample 2.2 cm in diameter by 
25 cm in length. The front temperatures were about 250 °C 
with front velocities of 4 cm min− 1. The maximum percentage 
of filler in the epoxy resin allowing propagation was 30%. 
Frulloni et al.172 and Mariani et al.173 studied a similar system 
and developed a phenomenological model of the front 
propagation. 

Because the reaction between the amine curing agent and 
the epoxy is stoichiometric, the front velocity cannot be varied 
by changing the amount of curing agent without significantly 
affecting the conversion and mechanical properties of the pro
duct. Another significant difference between these systems and 
free-radical cured fronts is the relatively short pot life. 

Mariani et al. combined FP and radical-induced cationic poly
merization to cure thick samples of an epoxy monomer bleached 
by UV light. They used 3,4-Epoxycyclohexylmethyl-3′,4′
epoxycyclohexanecarboxylate (CE), benzoyl peroxide (BPO), 
and {4-[(2-hydroxytetradecyl)oxy]phenyl}phenyliodonium hex
afluoroantimoniate (HOPH). The effect of the relative amounts 
of cationic photoinitiator and radical initiator was investigated 
and was related to the front’s velocity and its maximum 
temperature. 

Scognamillo et al.174 studied the cationic curing of a trie
poxy using latent BF –3 amine catalysts. 

4.38.5.24 Binary Systems 

If two noninteracting polymerization systems are mixed 
together, a binary FP can be created. Pojman et al.175,176 studied 
the binary system composed of triethyleneglycol dimethacry
late with Luperox 231 as the free-radical initiator and diglycidyl 
ether of bisphenol A (DGEBA II), using the dual curing system 
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Figure 37 The front velocity as a function of the ethyleneglycol 
dimethacrylate mole fraction in the binary frontal polymerization with 
diglycidyl ether of bisphenol F. Adapted from Pojman, J. A.; Griffith, J.; 
Nichols, H. A.  2004,  13, 1–7.176e-Polymers

of an alkyl amine (Epicure 3271) and a boron trichloride/ 
amine (BC13-NR3). Figure 37 shows how the front velocity 
exhibits a minimum as a function of the mole fraction of the 
two reactants. 

4.38.5.25 Patents 

In 1980, Dixon177 received the first patent on FP, entitled In 
Depth Curing of Resins Induced by UV Radiation. He produced 
curing to depths of 500 mils (500/1000 in.) using a combina
tion of a photoinitiator, thermal initiator, and multifunctional 
acrylate resin. The UV light caused a photopolymerization on 
the surface, which then triggered a propagating front. To 
increase the reactivity, he also added an accelerator such as a 
tertiary amine. 

Scranton et al.178 patented Thick, Composite Parts Made from 
Photopolymerizable Compositions and Methods for Making Such 
Parts, in which photopolymerization was combined with ther
mal FP. 

In 2000 and 2001, Pojman and McCardle179,180 received 
two patents on Functionally Gradient Polymeric Materials. 
Functionally gradient materials possess spatially varying prop
erties. By creating an ascending front into which reagents were 
flowed at a rate sufficient to maintain a layer thin enough to 
significantly reduce buoyancy-driven convection, spatial varia
tions of properties could be created. Chekanov and Pojman181 

discussed the process in detail. 
Pfeil et al.182 received a patent in 2003 on Mortar 

Composition, Curable by Frontal Polymerization, and a Method for 
Fastening Tie Bars. Chemical anchors are adhesives, usually 
based on epoxy chemistry that are used to secure rods in 
holes drilled in concrete. Their approach is to use multifunc
tional acrylates with silica and quartz fillers and thermal 
initiators as the frontally cured chemical anchor. 

Bürgel and Böck183 patented a further development in che
mical anchors. They used a two-part formulation with one 
consisting of a monomer with an organic substituted 

ammonium salt and the other consisting of the monomer 
with ammonium persulfate. When the two components are 
mixed, the organic substituted ammonium salt exchanges 
with the ammonium persulfate to form an organic soluble 
persulfate, which does not produce gas during decomposition. 

Gregory184 patented Ultraviolet Curable Resin Compositions 
Having Enhanced Shadow Curing Properties in 2001. This patent 
has the same idea as Dixon’s patent, that is, use photopolymer
ization at the surface of a filled resin to trigger a thermal front. 
Gregory went beyond using peroxide-cured vinyl resins. He 
used dialkyl iodonium salts, sensitized by α-hydroxy ketones, 
that produced Lewis acids upon UV irradiation. The Lewis acid 
triggered cationic polymerization of epoxy resins and vinyl 
ethers. The heat from the photoinitiated process decomposes 
peroxides into radicals that react with the iodonium salts to 
produce Lewis acids. 

Crivello185 patented Command-Cure Adhesive that is acti
vated by UV light and then propagates thermally. 

Pojman et al.186 have a patent pending on FP microencap
sulated monomers. 

4.38.5.26 Applications of Thermal Frontal Polymerization 

These patents demonstrate some possible applications of ther
mal FP but none have been commercialized. So we now 
consider if FP is more than a laboratory curiosity or an inter
esting way to study nonlinear phenomena in polymeric 
systems. 

4.38.5.26.1 Solventless processing 
The ability to prepare thermoplastics rapidly without solvent is 
a potential advantage.54,95,187–190 Two problems were present 
in all these works, namely, lack of complete conversion and the 
necessity to add a component to suppress convection. 

4.38.5.26.2 Energy savings 
Numerous early publications included the claim that FP 
required less energy than conventional processing meth
ods.53,56 This was based on the observation that once the 
reaction was begun, no additional energy input was required. 
However, no detailed energy balance has been performed to 
verify this claim. Moreover, unless the conversion of a mono
functional monomer is 100%, some purification is required, 
which would reduce the energy advantage. 

4.38.5.26.3 Rapid synthesis of materials 
For all of the chemistries studied, a clear advantage over bulk 
polymerization is the speed at which materials can be prepared. 
The high temperature increases the rate of reaction but because 
that reaction is localized, the process can be carried out safely. 
For monoacrylates, the high temperature leads to relatively low 
molecular weights but this may be acceptable for some 
applications. 

4.38.5.26.4 Preparation of hydrogels 
Frontal preparation of hydrogels is a promising area. The first 
example was performed by Washington and Steinbock in 2001 
with N-isopropylacrylamide.191 They were able make a poly
mer with the expected temperature-dependent properties but in 
much less time than with a batch polymerization. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 38 A comparison of porous polyacrylamide prepared by bulk 
polymerization and by frontal polymerization. Adapted from Lu, G. D.; 
Yan, Q. Z.; Ge, C. C. Polym. Int. 2007, 56, 1016 192 –1020.

Lu et al.192 shows that porous polyacrylamide could be 
prepared frontally using NaHCO3 as a foaming agent. The 
frontal samples (Figure 38) exhibited higher swelling rate and 
swelling ratio than the bulk polymerized samples. Pujari 
et al.193 studied a series of glycidyl methacrylate-ethylene 
dimethacrylate copolymers synthesized by FP and by disper
sion polymerization. They found that the frontal samples had 
higher internal pore volume and surface area than those pre
pared by dispersion polymerization but they had inferior 
surface morphologies. 

Tu et al.194 prepared amphiphilic gels in N-methyl
2-pyrrolidone as the solvent. They found the gels had good 
swelling capacity in water and organic solvents but could be 
prepared more rapidly than via bulk polymerization. Fang 
et al.195 frontally prepared N-vinyl pyrrolidinone-based 
thermosensitive hydrogels in glycerol. Feng et al.196 prepared 
macroporous polyacrylamide and poly 
(N-isopropylacrylamide) monoliths using FP. 

Yan et al.197–199 studied the FP of starch-grafted hydrogels. 
They used partially neutralized acrylic acid in water containing 
starch and bisacrylamide with persulfate as the initiator and 
determined that they hydrogels produced were spatially 
homogeneous. 

All the investigators Mariani and his co-workers prepared 
poly(N,N-dimethylacrylamide) hydrogels91 and super water 
absorbent hydrogels frontally.200 Gavini et al.89 evaluated FP 
to prepare drug controlled release systems based on polyacry
lamide. They tested the sodium salt of diclofenac as the drug to 

be released and found that it survived the FP process. They also 
found that the samples showed comparable drug release char
acteristics to those of the batch polymerized samples. 

4.38.5.26.5 Consolidation of stone 
Proietti et al., 201 Mariani et al.,202 and Vicini et al.203 have 
studied FP to consolidate stone. The idea is to allow an acry
late–initiator solution to infuse into a stone structure and then 
start a front to cure the monomer. The advantage over two-part 
formulations is that the resin would have a long time to infuse 
before curing. The advantage over autoclave curing is the mate
rial can be prepared in place and not moved to a lab. 

4.38.5.26.6 Autoclaveless curing of large composites 
White explored the idea of using the frontal curing of large 
composite parts as a means to avoid the charring that can occur 
when heat released from the curing causing a thermal run
away.204,205 This approach is worth further exploration. 

4.38.5.26.7 Cure-on-demand repair and adhesives 
A promising application of FP is cure-on-demand repair and 
adhesives. The concept is to use a system with a very long pot 
life that can be used as a putty to fill a hole (Figure 39) in a  
floor, wall, or wood, which can be locally heated to start a front 
that rapidly cures the resin. The approach can also be applied to 
creating a wood adhesive. It would be especially exciting it if 
could be applied to the rapid repair of composites. 

4.38.6 Conclusions 

The three modes of FP have proven to offer advantages for 
different applications. Photofrontal polymerization is driven 
by a continuous flux of energy and has been applied to the 
preparation of microfluidic chips. It can be applied to any 
photopolymerization. IFP relies on the gel effect to create a 
slowly moving localized polymerization through monomers 
like methyl methacrylate. This method can be used to prepare 
gradient refractive index materials. 

Thermal frontal polymerization can be applied to the 
widest range of materials. Any polymerization that follows 

Figure 39 Cure-on-demand repair of a stone floor using an acrylate-based putty filled with kaolin. The coin is a US quarter. 
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Arrhenius kinetics and is highly exothermic can support loca
lized polymerizations that propagate. Frontal polymerization 
has been studied with many different polymerization mechan
isms but free-radical polymerization is the most studied. Most 
of the work has focused on the dynamics of the process, but 
recently applications have been studied. Hydrogels have been 
prepared frontally, which have superior properties to those 
prepared by conventional methods. 

The major advantage of thermal frontal polymerization is 
the high rate of conversion. Cure-on-demand applications 
appear to be the most promising use for this approach. 
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Microwave irradiation is a rapid means of heating materials for 
domestic, industrial, and medical purposes. Microwaves offer a 
number of advantages over conventional heating such as non-
contact heating (reduction of overheating of material surfaces), 
energy transfer instead of heat transfer (penetrative radiation), 
material-selective and volumetric heating, fast start-up and 
stopping, and, last but not least, reverse thermal effect. 
Moreover, the reduced time of processing under microwave 
conditions found for a great number of chemical reactions 
was the main reason that microwave techniques became so 
attractive for chemists, who, in the last two decades, have 
begun to apply this technique as a routine in their everyday 
practice.1 

The fundamentals of electromagnetic heating and proces
sing of polymers, resins, and related composites are 
summarized in a book chapter.2 An overview of the application 
of microwaves in polymer synthesis can be found in review 
articles3,4 and in comprehensive reviews with over 600 refer
ences cited in recently published books and chapters.5,6 

Therefore, the purpose of this chapter is to provide some repre
sentative examples concerning the application of microwave 
irradiation to polymer chemistry. 

4.39.1 Interaction of Microwaves with Materials 

Microwaves are part of the electromagnetic spectrum with fre
quencies of 300 GHz to 300 MHz, which corresponds to 
wavelengths of 1 mm to 1 m, respectively (Figure 1).7 

Depending on whether they are used for transmission of infor
mation (telecommunication) or transmission of energy, their 
major applications fall into two categories. In fact, the applica
tion of microwaves in telecommunication (mobile phones, 
radar, and radar-line transmissions) has caused only specially 
assigned frequencies to be allocated for energy transmission, 
that is, for industrial, scientific, or medical applications. For 

example, the most common microwave applicators (i.e., 
domestic microwave ovens) utilize the frequency of 
2.45 GHz, which corresponds to the wavelength of 12.2 cm. 
For this reason, commercially available microwave reactors 
devoted for chemical use operate at the same frequency; how
ever, some other frequencies are also available for heating.8 

To apply microwaves to carry out chemical processes, it is 
most important to find at least one reagent component that is 
polarizable and whose dipoles can reorient (couple) rapidly in 
response to changing electric field of microwave radiation. In 
fact, the electric field component of microwave radiation is 
responsible for dielectric heating mechanisms since it can 
cause molecular motion either by migration of ionic species 
(conduction mechanism) (Figure 2(a)) or by rotation of dipo
lar species (dipolar polarization mechanism) (Figure 2(b)). At 
2.45 GHz, the field oscillates 4.9 � 109 times per second, and 
the strong agitation, provided by cyclic reorientation of mole
cules, can result in an intense internal heating, which can lead 
to heating rates in excess of 10 °C per second when microwave 
radiation of a kilowatt-capacity source is used.9 

Fortunately, a number of organic compounds and solvents 
fulfill these requirements and are the best candidates for micro
wave applications. These materials are characterized by 
dielectric properties, among which dielectric constant (εr), 
sometimes called electric permeability, is of the greatest impor
tance. Dielectric constant (εr) is defined as the ratio of the 
electric permeability of the material to the electric permeability 
of free space (i.e., vacuum). Dielectric constants for some com
mon materials are given in Table 1. 

Nonpolar organic solvents (i.e., benzene, carbon tetrachloride, 
n-hexane) have low value of εr and, in fact, show negligible 
heating effects under microwave irradiation. Polar organic sol
vents (i.e., water, acetonitrile, ethyl alcohol) are characterized by 
relatively high values of εr, and, in turn, can be heated by dielectric 
heating mechanism under microwave irradiation. Most plastics 
range in the low values of εr (i.e., between 2 and 3); therefore, 
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Figure 1 Spectrum of electromagnetic radiation: νr, lowest resonance 
frequency in the rotational spectrum of water; νp, plasma frequency of the 
ionosphere. Reproduced with permission from Kaatze, U. Radiat. Phys. 
Chem. 1995, 45, 539.7 

Figure 2 Interaction of charge particles and dipolar molecules with 
electromagnetic radiation: (a) space charge polarization and (b) orienta
tion polarization. 

some of these materials besides glass and quartz glass are used to 
manufacture reaction vessels for microwave application due to 
their good chemical as well as temperature resistance (e.g., poly
tetrafluoroethylene (Teflon), polyether ether ketone (PEEK)). 

Heating a material in microwave ovens is based upon the 
ability of some liquids as well as solids to absorb and transform 
electromagnetic energy into heat. However, in the case of 
highly oscillating electric fields (ca. 109 Hz), dielectric constant 
(εr) is turned into complex permeability: ε* = ε′ − jε′′. The real 
permeability (ε′) component characterizes the ability of the 
material to be polarized by the electric field and thus the ability 
of microwaves to propagate into the material. The imaginary 
part of the complex electric permeability (ε′′) is usually called 
the loss factor and indicates the ability of the material to dis
sipate the energy, that is, the efficiency of conversion of 
electromagnetic radiation into heat (Box 1). 

The ratio of ε′′ and ε′, which is commonly called loss tangent 
(tan δ = ε′′/ε′), is another parameter used for characterization of 
material absorption and heating under microwave irradiation 

Box 1 Thermal runaway and temperature nonuniformity. 

The loss tangent and loss angle as well as real permeability (ε′) and the loss 
factor (ε′′) are always dependent on working frequency and temperature. The 
effect of frequency and temperature on complex permeability is shown in 
Figure 3. According to the frequency of the electromagnetic field, three 
general changes can be observed in the dielectric properties as the tempera
ture changes: (1) real permeability (ε′) and the loss factor (ε′′) decrease with 
temperature; (2) real permeability (ε′) and/or the loss factor (ε′′) pass through 
a maximum; and (3) real permeability (ε′) and the loss factor (ε′′) increase 
with temperature. As in case (1), some materials (i.e., water) become poorer 
microwave absorbers with rising temperature, but other ‘lossy’ materials can 
become better microwave absorbers with rising temperature as in case (2). 
The rate at which the temperature of such lossy materials rises is proportional 
to the increase of the loss factor (ε′′), that is, ‘the hotter they get, the quicker 
they get hotter’. The rapid rise in the loss factor (ε′′) with temperature is 
therefore a major factor in thermal runaway and temperature nonuniformity.10 

Table 1 Dielectric constants (εr) of some common materials at 20 °C 

Dielectric constant Dielectric constant 
Material (εr) Material (εr) 

Vacuum 1 Titanium dioxide 100 
Air (1 atm) 1.000 59 Water 80 
Air (100 atm) 1.0548 Acetonitrile 38 
Glass 5–10 Liquid ammonia (− 78 °C) 5 
Quartz glass 5 Ethyl alcohol 25 
Porcelain 5–6 Benzene 2 
Mica 3–6 Carbon tetrachloride 2 
Rubber 2–4 Hexane 2 
Nylon 3–22 Plexiglas 3 
Paper 1–3 Poly(vinyl chloride) 3 
Paraffin 2–3 Polyethylene 2 
Soil (dry) 2.5–3 Teflon 2 
Wood (dry) 1–3 Polystyrene (foam) 1.05 

Reproduced with permission from Bogdal, D. Microwave-Assisted Organic Synthesis, One Hundred Reaction 
Procedures; Elsevier: Amsterdam, The Netherlands, 2005. 
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Figure 3 Change of complex dielectric permeability (i.e., ε′ and ε″) with 
frequency and temperature. Reproduced with permission from 
Stuerga, D.; Delmotte, M. In Microwaves in Organic Synthesis; Loupy, A., 
Ed).; Wiley-VCH: Weinheim, Germany, 2003.10 

and it even better describes the ability of a material to absorb 
microwave energy. 

Loss tangent (tan δ) of some common solvents and materials 
is presented in Table 2, while tan δ of water together with ε′ and 
ε′′ as a function of frequency is shown in Figure 4. It i s a pparent  
that appreciable values of tan δ exist over a wide frequency range. 
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Figure 4 The loss tangent of water (tan δ) as a function of frequency 
together with ε′ and ε″. Reproduced with permission from Gabriel, C.; 
Gabriel, S.; Grant, E. H.; et al. Chem. Soc. Rev. 1998, , 213.9 27

For instance, for water, the most effective heating as measured by 
tan δ reaches its maximum at about 80 GHz, while most micro
wave ovens operate at a much lower frequency, that is, 
2.45 GHz. A practical reason for the application of lower fre
quency is to heat the material throughout its interior – at a lower 
frequency, the radiation is not totally absorbed by the first layer 
of the material that it encounters and may penetrate further into 
the material, heating it more evenly. In other words, if the 
frequency is optimal for maximum heating rate, the microwaves 
are absorbed in the outer region of the material and penetrate 
only a short distance (‘skin effect’).9 

The penetration depth is defined as the distance from the 
sample surface where the absorbed power is 1/e of the 
absorbed power at the surface. Beyond this depth, volumetric 
heating due to absorption of microwave energy is negligible. 
The penetration depth (Dp) is proportional to the wavelength 
of the radiation and depends on the dielectric properties of the 
material. For lossy dielectrics (ε′′/ε′ << 1), the penetration depth 
(Dp) can be calculated from the equation11 

D ′ 1=2 ″ 
p ¼ λ0=2π � ðε Þ =ε

where λ0 is the length of electromagnetic wave. 

Table 2 Loss tangents (tan δ) of different materials at 25 °C (2.45 GHz) 

Solvent 
Loss tangent 
(tan δ) Material 

Loss tangent 
(tan δ) 

Water 
Ice 
Ethanol 
Butanol 
Acetic acid 
DMF 
Acetonitrile 
Acetone 
THF 
Methylene chloride 
Hexane 
Vaseline 

0.12 
0.0009 
0.94 
0.57 
0.17 
0.16 
0.062 
0.054 
0.047 
0.042 
0.021 
�0.0007 

Fused quartz 
Porcelain 
Borosilicate glass 
Phosphate glass 
Teflon 
Polyethylene 
Polystyrene 
Polycarbonate 

 PlexiglasR

Polyamide 
Poly(vinyl chloride) 
ABS (plastics) 

0.000 06 
0.001 
0.001 
0.0046 
0.000 15 
0.0003 
0.0003 
0.0006 
0.005 
0.005 
0.005 
0.006–0.019 

Reproduced with 
Hundred Reaction 

permission 
Procedures; 

from Bogdal, D. Microwave-Assisted 
 Elsevier: Amsterdam, 2005.12
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Table 3 Microwave (2.45 GHz) penetration depth (Dp) in some 
common materials 

Temperature Penetration depth (Dp) 
Material ( °C) (cm) 

Water 25 1.4 
Water 95 5.7 
Ice − 12 1100 
Paper, cardboard 25 20–60 
Wood 25 8–350 
Rubber 25 15–350 
Glass 25 35 
Porcelain 25 56 
Poly(vinyl chloride) 20 210 
Epoxy resin (Araldite) 25 4100 
Teflon 25 9200 
Quartz glass 25 16 000 

Reproduced with permission from Kubel, E. Ind. Heating 2005, 43.174 

Materials with relatively high values of the loss factor (ε′′) 
are characterized by low values of the penetration depth (Dp), 
and, therefore, microwaves can be totally absorbed within the 
outer layers of these materials. For example, the penetration 
depth of water is 1.4 and 5.7 cm at 25 and 95 °C, respectively 
(Table 3). This means that during the experiments in a water 
solution on larger scales, only some parts (outer layers) of the 
reaction mixture interact with microwaves to generate heat, 
which is then transported into the rest of the mixture conven
tionally (i.e., by heat convection and/or conduction 
mechanism). On the other hand, microwaves can penetrate 
and pass through samples of materials with low values of the 
loss factor (ε′′).12 

Under microwave irradiation, the heating rate (i.e., tem
perature increase) of the material depends also on the shape 
and size of the sample. For instance, the study of the thermal 
behavior of alumina indicates that the temperature of the 
sample during microwave irradiation depends on the amount 
of the sample (Figure 5). In a multimode cavity, the maximum 
temperature was obtained for about 200 g of alumina since it 
had a larger surface and in turn could absorb more of the 
microwave energy per weight unit than, for example, 100 g of 
alumina. In contrast, a 500 g sample of alumina was heated 
with a lower heating rate than the 200 g sample, but in this case 
the most probable explanation is that 500 g of alumina con
sumed the entire microwave energy provided by the reactor, 
which in fact could be less per weight unit than for 200 g of 
alumina. Most likely, the amount of sample that would be 
heated most efficiently by microwaves under such experimen
tal conditions was somewhere between 200 and 500 g of 
alumina. In turn, 4 g of alumina appeared as about the mini
mum amount for an appreciable thermal effect to be observed, 
while 1 g sample of alumina was unable to reach 100 °C even 
after a relatively long irradiation time (ca. 20 min).13 

It is worth stressing that microwaves in comparison with 
conventional heating methods are the means of volumetric 
heating of the material, which gives rise to a very rapid energy 
transfer into the material being heated. In conventional heat
ing, heat flow is initiated on the material surface and the rate of 

Figure 5 Thermal behavior of neutral alumina as a function of irradiation 
time and quantity. Reproduced with permission from Bram, G.; Loupy, A.; 
Majdoub, M.; Gutierrez, E.; Ruiz-Hitzky, E. Tetrahedron 1990, 46, 5167.13 

heat flow into the center is dependent on the material’s thermal 
properties and temperature differentials. A conventional oven 
is required to be heated to temperatures much higher than is 
required by the material itself (Box 2). 

Recently, microwave technology applied to polymer proces
sing and particularly to polymerization process has become a 
subject of a great deal of academic and industrial research 
with a number of scientific and patent literature being gener
ated.1–3,15 Microwave technology has become a widely 
accepted and popular unconventional technology in polymer 
chemistry as an alternative to, and often improvement on, 
conventional heating. 

The relationship between the loss factor (ε′′) and the ability 
of some common materials to absorb microwave energy is 
shown in Figure 6.16 

Materials with a high conductance and a low capacitance 
(such as metals) have a high loss factor (ε′′) and the penetra
tion depth approaches zero. Thus, these materials are 
considered as reflectors of microwave irradiation. In contrast, 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Box 2 Temperature control. 

Temperature control during microwave irradiation is a major problem that 
one faces during microwave-assisted chemical reactions. In general, tem
perature in a microwave field can be measured by means of 

• fiber-optic thermometer 
• shielded thermocouple 
• pyrometer (IR sensor) 

Maintaining good thermal contact with the material being heated is crucial 
when heating using microwave irradiation. Optical pyrometers and thermo
couples are often used, but pyrometers measure only surface temperatures, 
which in fact can be much lower than the interior temperature in reaction 
mixtures. Application of thermocouples, which in the case of microwaves are 
metallic probes, screened against microwaves, can result in arcing between 
the thermocouple shield and the cavity walls leading to failures in a thermo
couple performance.12 

There is a general agreement that the application of fiber-optic thermo
meters is a reliable way to determine temperature under microwave 
conditions. However, according to some studies in which the reaction 
mixture was also monitored with a thermovision camera, it was shown that 
for the reactions in heterogeneous systems under microwave irradiation, the 
temperature measurement with a fiber-optic thermometer can lead to serious 
errors like pyrometry; in particular, this is observed in those experiments that 
are planned without any attention being paid to temperature homogeneity of 
the reaction mixture.14 

Therefore, before considering the increase of reaction rates by special 
microwave effects (thermal or nonthermal), first we need to consider all the 
factors that might influence chemical reactions under microwave conditions 
like a reaction mechanism, diffusion of reagents, temperature profiles (gra
dients), and, in particular, proper design of our experiments. 

Box 3 Specific microwave effects? 

A sudden growth of interest in the application of microwave irradiation in 
almost all fields of chemistry was seen at the end of the 1980s. From the very 
beginning, it was realized that a number of chemical processes can be carried 
out with a substantial reduction in the reaction time in comparison to 
conventional processes. Reactions that usually take many hours or days 
can be run in a considerably shorter time of several minutes under the 
influence of microwave irradiation. These phenomena are not fully under
stood yet; however, there are two groups of theories that are proposed to 
explain the reduction of the reaction time under microwave conditions. 

According to the first group, in spite of the fact that the course of the 
reactions is considerably shorter under microwave conditions than under 
conventional conditions, the kinetics and mechanism of the reactions are still 
the same. The time reduction is the result of sudden and, sometimes, 
uncontrollable temperature gradients under microwave irradiation, which in 
turn lead to an increase of reaction rates following common kinetics laws.14 

The second group supposes that during microwave irradiation a specific 
effect of microwave activation appears that leads to an increase of reaction 
rates for which the bulk temperature of the reaction mixture is inadequate to 
explain. Such effects are the so-called the nonthermal microwave effect or 
specific microwave effect. 

Recent critical reviews concerned with both groups of theories can be 
found in the literature.12,17–19 

Figure 6      ε′′      
some common materials to absorb microwave energy. Reproduced with 
permission from Thostenson, E. T.; Chou, T. W. Compos.: Part A 1999, 
30, 1055.16 

materials with low values of the loss factor (ε′′) have a large 
penetration depth. As a result, very little energy is absorbed in 
the material, and it is transparent to microwave irradiation 
like quartz glass. Because of such behavior, microwaves trans
fer energy most effectively to materials that possess loss factor 
(ε′′) in the middle of conductivity range (Figure 6). In con
trast, conventional heating transfers heat most efficiently to 
materials with high conductivity.16 It is worth stressing that 

Relationship between the loss factor ( ) and the ability of

most of the polymers, that is, thermoplastics, thermosets as 
well as liquid resins, are in the microwave receptive region for 
a given frequency (Figure 6); however, a strict distinction 
between nonpolar and polar polymers, that is, polymers 
with nonpolar pendant groups and polar pendant groups, 
respectively, has to be kept in mind (Box 3). 

4.39.2 Chain-Growth Polymerization Reactions 

As a rapid method of heating and melting of neat and 
mineral-filled plastics, microwave irradiation has been employed 
for the synthesis and processing of polymeric materials since the 
late 1960s, which included polymerization of vinyl monomers, 
fast curing of thermosetting resins and composites, rapid drying 
of aqueous solutions or dispersion of polymers and resins, and 
heat drawing of polymer rods and tubings.20 Emulsion polymer
ization of various vinyl monomers, that is, styrene, acrylic and 
methacrylic esters, and acrylic and methacrylic acids, was also 
described for the radio- and microwave frequency range.21 In 
turn, microwave irradiation was applied to cure epoxy resins22 

and the use of microwave irradiation for bulk polymerization of 
dental materials was also reported.23 

4.39.2.1 Free-Radical Polymerization 

Microwave irradiation has been applied to free-radical poly
merization and copolymerization reactions of various 
unsaturated monomers. In the 1980s, the bulk polymerization 
of 2-hydroxyethyl methacrylate (HEMA), which is a polar spe
cies that bears ester as well as alcohol functions capable of 
interacting and absorbing microwaves, was investigated.24 

Thus, the reactions were carried out without any radical initia
tor, and the liquid monomer polymerized to form a solid 
material that was insoluble in all the common solvents; 

(c) 2013 Elsevier Inc. All Rights Reserved.
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however, the material showed swelling behavior in water. In a 
similar case, it was shown that in the case of bulk copolymer
ization of HEMA with methyl methacrylate (MMA), 
microwave-assisted polymerizations gave copolymers with 
twice higher molecular weight and narrower molecular weight 
distribution than copolymers obtained under conventional 
thermal conditions.25 

Using a variable power of microwave irradiation, the bulk 
polymerization of MMA was also investigated. It led to a reac
tion rate enhancement of about 130–150% when compared to 
the conventional methods.26 However, thermal polymeriza
tion of MMA in the temperature range of 69–88 °C displayed 
a limiting conversion of about 90%, while limiting conversion 
of microwave polymerization declined in the following order: 
200 W, 88% > 300 W, 84% > 500 W, 78%. Finally, the NMR 
analysis proved that the tacticities of the polymers for thermal 
and microwave polymerization are similar, suggesting that the 
polymerization process followed the same mechanism under 
microwave conditions.26 In the next paper, a significant corre
lation between the reaction rate enhancements and the level of 
microwave power was found.27 Even though the comparable 
temperature at variable power was the same, 52 °C, the reac
tion rate enhancement increased with the increase in 
microwave power. Compared to thermal method, the reaction 
rate enhancement of microwave polymerization was as fol
lows: 500 W, 275%; 300 W, 220%; and 200 W, 138%. 

Recently, free-radical homopolymerizations and copoly
merizations of styrene were performed in toluene and 
N,N-dimethylformamide (DMF) as solvents in the presence 
of different initiators (i.e., tert-butyl perbenzoate (tBPB), diben
zoyl peroxide (DBPO), di-tert-peroxide (DtBP), dicumyl 
peroxide (DCP), and lauryl peroxide (LP) (Figure 7)).28 

Under microwave irradiation, only the homopolymeriza
tion of styrene in DMF with DBPO showed an enhanced 
styrene conversion of about 46%; however, it was lower than 
the conversion under conventional conditions (i.e., an oil 
bath), which reached about 50%. Other initiators resulted in 
a slight increase in styrene conversions under microwave irra
diation, that is, in the range of 2–20%. In any case, DMF was 
required to achieve an increase in styrene conversion under 

microwave irradiation, which is quite obviously caused by the 
higher energy absorption by DMF as compared to toluene in a 
given amount of time. It is interesting that significantly higher 
monomer conversions were observed under otherwise compar
able conditions in the copolymerization of styrene and MMA. 
In this case, a monomer conversion of about 92% was observed 
under microwave irradiation in comparison to about 37% 
without microwave irradiation when tBPB was used as an 
initiator in DMF. However, for the copolymerization with 
DBPO as an initiator, conversions of 75% and 71% were 
obtained for the reactions under microwave and conventional 
conditions, respectively. Again, the use of toluene did not result 
in any enhancement by microwave irradiation. It was found 
that number-average molecular weights of polystyrene samples 
and the copolymers were dependent on the initiator and 
dropped in the range of 7600–199 000 and 13 000– 
369 000 g mol−1 for the homopolymerization and compoly
merization experiments, respectively.28 

By applying solvent-free conditions, a number of methacry
lamides were synthesized from methacrylic acid and aliphatic 
and aromatic amines under microwave irradiation.29 Then it 
was found that an addition of polymerization initiator (i.e., 
2,2′-azobisisobutyronitrile (AIBN)) to the reaction mixture led 
directly to polymethacrylamides in a single reaction step 
(Figure 8). 

Later, it was demonstrated that under microwave conditions 
it was possible to obtain chiral (R)-N-(1-phenyl-ethyl) 
methacrylamide directly from methacrylic acid and 
(R)-1-phenylethylamine. An addition of AIBN led again in a 
single-step reaction to the formation of an optically active 
polymer that contained both methacrylamide and imide moi
eties (Figure 9).30,31 It was found that microwave irradiation 
accelerates considerably the process of condensation between 
the acid and the amine, which is also more selective in compar
ison to thermal heating. The one-pot polymerization under 
microwave conditions at 120 °C afforded polymers with rela
tively high yields (80%), which depended on applied power. 
The yield under classical heating conditions (an oil bath) was 
only 40%. 

Figure 7 Chemical structures of initiators (i.e., tBPB, DBPO, DtBP, DCP, and LP) used for radical polymerization. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 8 Formation of polymethacrylamides from the reaction of methacrylic acid and various amines. 
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Figure 9 Synthesis of chiral polymers from (R)-N-(1-phenyl-ethyl)methacrylamide and methacrylic acid and (R)-1-phenylethylamine. 

Recently, the bulk polymerization of N-phenylmaleimide, 
which was prepared from maleic anhydride and aniline prior to 
the reaction, under microwave irradiation was presented.32 The 
final yield of the polymer was 57%, while the bulk homopo
lymerization under conventional conditions (an oil bath 
preheated to 95 °C) afforded the polymer with a relatively 
low yield of about 19%. 

Free-radical polymerization of carbazole-containing mono
mers, that is, N-vinylcarbazole (NVC) and 2-(9-carbazolyl) 
ethyl methacrylate, under microwave irradiation was also 
carried out (Figure 10).33 The reactions were run in 
pressure-resistant tubes in a solution by applying different 
solvents such as toluene, hexane, nitromethane, and diethylene 
glycol (DEG). After the precipitation, the polymers character
ized by weight-average molecular weights of 20 000– 
50 000 g mol−1 were afforded in high yields of 80–99%. 
Interestingly, in the experiments under conventional condi
tions (a preheated oil bath), the polymers were obtained in 
very low yields of about 1%. 

The bulk polymerization of NVC in the presence of 
fullerene C60 as a charge-transfer initiator as well as initiator 

AIBN 
N Toluene N 

MW ∗ 
∗ n 

∗ 
n ∗ 

O O AIBN O O 

Toluene 
MW 

N N 

Figure 10 Polymerization of carbazole-containing monomers, that is, 
N-vinylcarbazole and 2-(9-carbazolyl)ethyl methacrylate. 

was studied.34 In comparison with polymerization under 
conventional conditions (water bath, 70 °C), microwave poly
merization was found to be advantageous due to the decrease 
in the reaction time and considerable improvement in the yield 
of poly(N-vinylcarbazole) (PVK) – 70% as opposed to 8% after 
10 min of conventional heating.34 In fact, during microwave 
experiments, temperature was not measured or even evaluated, 
so it is hard to make any yield comparison between these two 
techniques. For example, in spite of different heating methods, 
the molecular weights and polydispersity index (PDI) of the 
resultant polymers were similar. 

More recently, the polymerization of isoprene in the pre
sence of organolanthanide catalysts under microwave 
irradiation was presented.35 The main power values of micro
wave reactor necessary to reach and maintain temperature were 
15, 32, 55, and 95 W for 60, 80, 100, and 120 °C, respectively. 
The study showed an enhancement in reactivity under micro
wave condition in comparison with conventional conditions, 
while the selectivity was only slightly modified. The highest 
yields (85–94%) of polyisoprene were obtained within 2 h of 
reaction time at 80 °C to afford the polymer with 
number-average molecular weight in the range of 17 000– 
27 000 g mol−1 and PDI in the range of 1.6–2.5. Interestingly, 
the reaction at 120 °C afforded polyisoprene with higher yield 
under conventional conditions, which was explained by a 
depolymerization reaction under microwave irradiation at 
high temperatures. 

4.39.2.2 Controlled Radical Polymerization 

For obtaining polymers with predetermined molecular 
weights, low PDI, specific functionalities, and diverse architec
ture than in conventional free-radical polymerization, 
controlled radical polymerization (CRP) methods were devel
oped.36 There are a number of reports that enhanced rates and 
low polydispersity indices were observed for atom transfer 
radical polymerization (ATRP) under microwave conditions; 
similarly, significant rate enhancements were reported for 
reversible addition–fragmentation chain transfer (RAFT) and 
nitroxide-mediated polymerization (NMP). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 4 Conversion of MMA for ATRP under microwave irradiation at various ratios of [MMA]0/[AIBN]0 

Time Conversion Mn,GPC Mn,th 

[MMA]0/[AIBN]0/[CuCl]0/[BPY]0 (min) (%) (g mol−1) M w/Mn (g mol−1) 

200/0.1/1/3 3 14.1 30 400 1.48 14 100 
5 19.1 30 800 1.50 19 100 
10 31.1 36 500 1.49 31 100 
15 38.0 43 900 1.61 38 000 
25 47.4 44 100 1.89 47 500 
35 49.3 44 800 1.82 49 300 

200/0.03/1/3 5 16.5 30 600 1.42 33 000 
8 22.2 36 700 1.46 44 500 
10 24.3 40 600 1.61 48 600 
15 30.0 44 600 1.76 60 100 
30 33.9 42 600 1.57 67 800 

200/0.05/1/3 5 9.9 42 300 1.35 33 100 
8 19.4 42 400 1.47 64 900 
10 21.3 53 500 1.51 71 200 
15 21.5 59 900 1.69 71 600 

Condition: T = 69 °C; [MMA]0= 9.46M; microwave power 450W; Mn,th = [MMA]0/[AIBN]0 � (1/2) � MwMMA.
 
GPC, gel permeation chromatography.
 
Reproduced with permission from Chen, G.; Zhu, X.; Cheng, Z.; et al. Radiat. Phys. Chem. 2004, 69, 129.38
 

Thus, ATRP of MMA under microwave irradiation was 
described in a number of reports.37–39 The reactions were run 
with different activator–initiator systems including benzyl 
chloride and bromide/CuCl/2,2′-bipirydine,37 AIBN/CuBr2/ 
2,2′-bipirydine (Table 4),38 and α,α′-dichloroxylene/CuCl/N,N, 
N′,N″,N″-pentamethyldiethylenetriamine.40 In all the cases, 
microwave irradiation enhanced the rate of polymerization 
and gave polymers with narrower molecular weight distribu
tions. Moreover, linear first-order rate plots, linear increase of 
the number-average molecular weight with conversion, and low 
polydispersities were observed, which indicated that ATRP of 
MMA was controlled under microwave conditions (Figure 11). 

In a similar paper, ATRP of MMA under microwave irradiation 
was also studied in a solution in the presence of a small amount 
of CuCl, N,N,N′,N″,N″- pentamethyldiethylenetriamine, and 
ethyl 2-bromobutyrate (i.e., activator–initiator system).41,42 

Linear first-order rate plots, linear increase of the number-average 

molecular weight with conversion, and low polydispersities were 
observed. It was found that microwave irradiation enhanced the 
rate of polymerization; for example, after 150 min of microwave 
irradiation, the monomer conversion reached 27%, and the 
polymers were afforded with a number-average molecular 
weight of 57 300 g mol−1 and a PDI of–1.19, while under 
conventional conditions a similar conversion was achieved after 
16 h, and the polymers were characterized by a number-average 
molecular weight of 64  000  g  mol−1 and a PDI of –1.19 
(Figure 12). Similar results were obtained for ATRP of n-octyl 
acrylate in an acetonitrile solution in the presence of 
2-bromobutyrate, CuBr, and 2,2′-pyridine under microwave 
conditions.43 

In contrast, it was also reported that under microwave 
conditions the ATRP of MMA in a p-xylene solution did not 
give any rate enhancement in comparison with conventional 
conditions.44 The polymerization reaction exhibited a good 

Figure 11 Kinetics of ATRP of MMA at different initiator concentrations and dependency of Mn and Mw/Mn on conversion for ATRPT of MMA. 
Reproduced with permission from Lu, X.; Zhu, X.; Cheng, Z.; et al. J. Appl. Polym. Sci. 2004, 92, 2189.40 
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Figure 12 Kinetics of MMA polymerization in DMF under microwave (a) and conventional conditions (b) at different initiator concentrations. CH, 
conventional heating; MW, microwave irradiation. Reproduced with permission from Cheng, Z.; Zhu, X.; Zhang, L.; et al. Polym.  2003,  Bull. , 363.4149
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Figure 13 Comparison of the kinetics plot of the ATRP of MMA in DMF under conventional and microwave conditions. Reproduced with permission 
from Zhang, H.; Schubert, U. S. Macromol. Rapid Commun. 2004, 25, 1225.44 

control in terms of linear first-order rate plots, linear increase of 
the number-average molecular weight with conversion, and 
low polydispersities; however, the reactions provided almost 
the same results as those performed under conventional con
ditions (Figure 13). 

By applying microwave conditions, it was possible to 
obtain bromo-double-terminated polystyrene (Br-PS-Br) and 
poly(methyl methacrylate) (Br-PMMA-Br) with predesigned 
molecular weight and narrow polydispersity prepared by ATRP. 
The polymers were reacted with excess amounts of fullerene C60 

in the presence of CuBr/bipyridine (CuBr/bipy) catalyst system 
under microwave irradiation. As a result, telechelic C60 

end-capped polymers were obtained (Figure 14).45 

The reaction mixture was irradiated under nitrogen atmo
sphere in a microwave oven for 20 min with a constant power 
of 300 W. Under conventional conditions, the same amount of 
substrates and solvents was heated in an oil bath for 8 h at 110 
and 90 °C for styrene and MMA, respectively (Table 5). 

The results showed that microwave irradiation could 
significantly increase the rate of fullerenation reactions of 

CuBr/bipy CuBr/bipy, C60 
ATRP Br ATRP ∗ or ∗ n Br CMW 60 ∗

HO O MW ∗ n C60 

Figure 14 Synthesis of telechelic C60 end-capped polymers. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 5 Results of the telechelic C60 end-capped products 

Product 
Reaction 
time 

Mn 

(� 104 g mol−1) M w/Mn 

C60 content 
(wt.%) 

Tg 

( °C) 

C60–PSt–C60(MI) 

C60–PMMA–C60(MI) 
C60–PSt–C60(CH) 

C60–PMMA–C60(CH) 

20 min 

15 min 
8 h 

8 h 

1.129 

2.511 
1.195 

2.457 

1.150 

1.532 
1.311 

1.502 

10.03a 10.25b 

(12.75) 
6.35a 5.51b (5.73) 
11.55a 12.41b 

(12.05) 
4.88a 5.41b (5.86) 

97.7 

124.4 
98.0 

123.9 

aCalculated on the basis of UV absorbance at 330 nm.
 
bMeasured by TGA on the parent polymers and the C60 end-capped polymers; the data in parentheses are theoretical values based on
 
Mn and telechelic C60-monoadduct structure.
 
Reproduced with permission from Wu, H.; Li, F.; Lin, Y.; et al. J. Appl. Polym. Sci. 2006, 99, 828.45
 

bromo-end-capped polymers, while the physical properties and 
structure of the C60 end-capped polymers were not modified. 

(2,2,6,6-Tetramethyl-piperidin-1-yl)oxyl (TEMPO)-mediated 
bulk radical polymerizations of styrene were successfully per
formed under microwave irradiation.46 The polymerizations 
were well controlled in terms of linear kinetics plots, linear 
increase of molecular weight with increasing conversion, and 
narrow PDI (1.16–1.38) (Table 6). 

The polymerization rates at appropriate power of microwave 
irradiation were faster than that under conventional heating con
ditions at the same reaction temperature with or without benzoyl 
peroxide. Furthermore, it was proved by successful chain exten
sion polymerization and NMR spectrum analysis that the 
nitroxide moiety did exist at the end of polymeric chain.46 

Solid-supported TEMPO-mediated controlled polymeri
zation was also described for the preparation of novel 
high-loading functionalized styrenyl resins.47 The resin was 
prepared in a neat reaction of TEMPO-methyl resin with 
styrene derivatives. The resin with a 7.25-fold increase in the 
mass was obtained. It was stressed that the microwave proce
dure was 150-fold faster in comparison to those described in 
literature under conventional conditions. 

NMPs of methyl and tert-butyl acrylate in the presence 
of 2-methyl-2-[N-tert-butyl-N-(1′-diethylphosphono-2′,2′-dime 
thylpropyl)aminoxyl]propanoic acid (MAMA) and the radical 

N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitr
oxide (SG1) as initiators were performed under microwave 
irradiation (Figure 15).48 

For the polymerization of tert-butyl acrylate, the monomer 
consumption followed the first-order kinetics, while that of 
MMA could be described with a kinetics model that includes 
the persistent radical effect. The control over the reaction could 
be preserved for monomer conversions of up to 90%, and 
poly(methyl methacrylate)s (PMMAs) with narrow molecular 
weight distributions (PDI below 1.3) were obtained. 
Conventional experiments with an oil bath showed a limited 
reproducibility and furthermore failed to yield polymers with 
similar narrow molecular weight distributions (for high con
versions). This observation was refereed to the superiority of 
the uniform, noncontact, and internal heating mode of micro
wave irradiation. 

Microwave irradiation was employed for the synthesis of 
well-defined homopolymers and block copolymers of acryla
mido and acrylate monomers via RAFT polymerization. 
Homopolymerizations of N,N-dimethylacrylamide (DMA) 
and N-isopropylacrylamide (NIPAM) were conducted in the 
presence of 2-dodecylsulfanylthiocarbonylsulfanyl-2
methylpropionic acid as a chain-transfer agent (CTA) and 
AIBN as an initiator at ratios [DMA]/[CTA]/[AIBN] = 100/1/ 
0.05 and 200/1/0.05 under microwave conditions 

Table 6 Experimental results of thermal-initiated polymerization of styrene under 
microwave and conventional heating at 125 °C 

Heating Power Time Conversion Mn 

method (W) (h) (%) (g mol−1) Mw/Mn 

Thermal – 3 0 – – 
Thermala – 3 16 4400 1.25 
Thermal – 6 9 4650 1.18 
MW – 9 18 8100 1.23 
MWa 100 3 3 2570 1.14 
MW 100 3 41 9700 1.26 
MWa 200 2 8 4600 1.15 
MW 200 2 66 13 600 1.38 

200 3 37 11 100 1.38 

aConditions: [styrene]0 = 8.7 M; [BPO]0 = 0.0305 M; [OH-TEMPO]0 = 0.0366 M. Others without BPO.
 
MW, microwave.
 
Reproduced with permission from Li, J.; Zhu, X.; Zhu, J.; Cheng, Z. Radiat. Phys. Chem. 2006, 75, 253.46
 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 15 Nitroxide-mediated polymerizations of methyl and tert-butyl acrylate. 

Figure 16 Microwave-assisted reversible addition–fragmentation chain-transfer homopolymerization of DMA or NIPAM and subsequent block copo
lymerization with NIPAM, DMA, butyl acrylate, or methyl acrylate. 

(Figure 16). The rates of polymerization of DMA and NIPAM 
were significantly higher than those observed under conven-
tional heating condition.49 For instance, the polymerization 
with [DMA]/[CTA]/[AIBN] = 100/1/0.05 showed no monomer 
conversion after 30 min with conventional heating, but a con-
version of 73% was obtained in 2 min with microwave 
irradiation. 

In all the reactions, the pseudo-first-order rate plots 
remained relatively linear, with only a slight amount of 

deviation being observed at high conversion, which allowed 
app)calculation of apparent rate constants of propagation (kp 

with a variety of stoichiometric ratios and heating conditions. 
For example, for [DMA]/[CTA]/[AIBN] = 100/1/0.05, the rela

apptive values of kp for polymerizations with conventional 
heating and microwave irradiation were 0.4 � 103 and 1.2– 
6.6 � 103 s−1, respectively, which means that the rates of poly-
merization under microwave conditions might be up to 15 
times faster (Table 7).49 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 7 Apparent rate constants of propagation (kpapp) as a function of heating method 

kp 
app 

(� 103 s −1) 
Temp.b 

Monomer [M]/[CTA]/[I]a ( °C) EMW MW CH 

DMA [100]/[1]/[0.05] 70 6.6 � 0.01 1.2 � 0.1 0.4 � 0.01 
DMA [200]/[1]/[0.05] 70 4.0 � 0.04 0.7 � 0.01 0.3 � 0.47 
DMA [400]/[1]/[0.05] 70 1.2 � 0.03 0.2 � 0.01 
DMA [100]/[1]/[0.005] 70 1.1 � 0.02 0.1 � 0.01 
NIPAM [100]/[1]/[0.05] 60 1.4 � 0.16 0.3 � 0.02 0.1 � 0.01 
NIPAM [200]/[1]/[0.05] 60 0.6 � 0.05 0.2 � 0.02 

aMolar ratio of [monomer (M)]/[chain-transfer agent (CTA)]/[initiator (I)].
 
bProgrammed temperature of the microwave instrument.
 
CH, conventional heating; EMW, enhanced microwave heating; MW, standard microwave heating.
 
Reproduced with permission from Roy, D.; Ullah, A.; Sumerlin, B. S. Macromolecules 2009, 42, 7701.49
 

In turn, the homopolymers prepared under microwave con
ditions were employed as macro-chain-transfer agents 
(macroCTAs) for subsequent block copolymerization. The 
polymerization of the second monomer was also achieved via 
microwave irradiation, which allowed significantly accelerated 
access to block copolymers with with low PDI and unimodal 
molecular weight distributions. For instance, when poly(N, 
N-dimethylacrylamide) (PDMA, Mn = 6300 g mol−1, 
PDI = 1.16) prepared in just 1 min (56% conversion) under 
microwave conditions was employed as a macroCTA for the 
polymerization of NIPAM ([NIPAM]/[PDMA macroCTA]/ 
[AIBN] = [100]/[1]/[0.05]), 71% conversion was obtained in 
30 min, resulting in a polymer with M −1 

n = 12 500 g mol
(PDI = 1.17) (Figure 17(a)). Similarly, PNIPAM macroCTAs 
prepared by the microwave approach were also successfully 
utilized to copolymerize DMA. For instance, a PNIPAM homo
polymer (Mn = 7000 g mol−1, PDI = 1.18) prepared in just 
12 min (68% conversion) under microwave conditions was 

(a) 

Mn =
        

PDI        

PDMA-b-PNIPAM PDMA macroCTA
12500 g mol–1 Mn = 6300 g mol–1

=
 1.17 PDI = 1.16

(b) 

Mn = 
PDI = 

PNIPAM-b-PDMA PNIPAM macroCTA 
12000 g mol–1 Mn = 7000 g mol–1 

1.20 PDI = 1.18 

14 15 16 17 18 19 20 13 14 15 16 17 18 
Elution volume (ml) Elution volume (ml) 

employed as a macroCTA for the polymerization of DMA 
([DMA]/[PNIPAM macroCTA]/[AIBN] = [62]/[1]/[0.01]). In 
just 15 min (55% conversion), PNIPAM-b-PDMA block 
copolymer with Mn = 12 000 g mol−1 was synthesized 
(Figure 17 (b)). 

Other examples of RAFT polymerization reactions under 
microwave irradiation can be found in the literature.50,51 

4.39.2.3 Ring-Opening polymerization 

Ring-opening polymerization (ROP) reactions were investi
gated for a number of monomers like ε-caprolactone (ε-CL), 
D,L-lactide, and oxazoline derivatives. For example, ROP of ε-CL 
under microwave irradiation was carried out at different tem
peratures ranging from 80 to 210 °C in the presence of Sn(Oct) 

2 and zinc powder as catalysts (Figure 18).52 

Poly(ε-caprolactone) (PCL) with a weight-average molecu
lar weight of 124 000 g mol−1 and a yield of 90% was obtained 

Figure 17 Size-exclusion chromatography traces of macroCTAs and block copolymers prepared by the enhanced microwave (EMW) approach. (a) 
PDMA macroCTA and PDMA-b-PNIPAM block copolymer; (b) PNIPAM macroCTA and PNIPAM-b-PDMA block copolymer. Reproduced with permission 
from Roy, D.; Ullah, A.; Sumerlin, B. S. Macromolecules 2009, 42, 7701.49 

O Sn(Oct)2 H OH 
O n 

O MW O 

Figure 18 ROP of ε-CL in the presence of Sn(Oct)2 and zinc powder as catalysts. 

(c) 2013 Elsevier Inc. All Rights Reserved.



Microwave-Assisted Polymerization 993 

after 30 min of irradiation using 0.1% (mol/mol) of Sn(Oct)2, 
whereas the polymerization catalyzed by zinc powder afforded 
PCL with a weight-average molecular weight of 92 300 g mol−1 

after 30 min of irradiation using 1% (mol/mol) of zinc powder. 
Without microwave irradiation, the polymerization rate was 
considerably slower: at 120 °C, PCL was afforded with a 
weight-average molecular weight of 60 000 g mol−1 with Sn 
(Oct)2 after 24 h and 27 000 g mol−1 with zinc powder after 
48 h. A similar protocol was applied for the metal-free synthesis 
of PCL in the presence of benzoic acid.53 The molar ratios of 
ε-CL to benzoic acid were in the range of 5–25, and the reaction 
mixture was heated up to 240 °C in a microwave reactor. The 
advantage of microwave protocol was an enhancement of pro
pagation rate; however, above 240 °C, degradation of PCL 
became significant. With the metal-free method, the 
weight-average molecular weight was about 40 000 g mol−1. 

Recently, ROP of ε-CL in the presence of lanthanide 
halides as catalysts under microwave irradiation was also 
presented.54 The highest number-average molecular weight 
of polymers was obtained when the mixture of the monomer 
and catalyst was intensively heated in a microwave reactor so 
that the boiling point of ε-CL was reached in about 1 min 
(i.e., 200–230 °C). The number-average molecular weight of 
the polymers was between 2900 and 14 100 g mol−1 

(Table 8). Compared to conventional thermal processes, 
under microwave conditions the polymers gained higher 
molecular weight and lower PDI. 

ROP of D,L-lactide in the presence of Sn(Oct)2 under 
microwave irradiation was carried out in a similar manner.55 

It was found that the polymerization of D,L-lactide proceeded 
quickly; however, no comparison to a conventional procedure 
was made. Poly(D,L-lactide) (weight-average molecular weight 
400 000 g mol−1) was obtained with 90% yield after 10 min 
under optimal conditions. In a similar paper, poly(D,L-lactide) 
was obtained with an average molecular weight over 
200 000 g mol−1 and a yield over 85% provided that appro
priate reaction conditions such as carborundum (SiC) as 
heating medium, 0.15% catalyst, lactide with purity above 
99.9%, 450 W microwave power, and 30 min irradiation 
time were applied.56 

Oxazoline derivatives became the next group of cyclic mono
mers that were studied for ROP under microwave irradiation. For 
instance, 2-phenyl-2-oxazoline mixed with methyl tosylate in an 
acetonitrile solution was irradiated in a microwave reactor for 

O N 
MeOTs O N 

MW N 
∗ n ∗ 

Figure 19 ROP of oxazoline derivatives. 

30–150min at 125°C (Figure 19).  A comparison with thermal  
heating experiments showed a great enhancement in the reaction 
rates while the living character of the polymerization was con
served. Under microwave irradiation after 90 min, the monomer 
conversion was nearly quantitative, that is, 98%. In contrast, the 
polymerization under conventional conditions showed only 
71% conversion after 90 min. Interestingly, the reaction rate coef
ficient under conventional conditions was the same for the 
reaction in open and closed vessels, that is, 1.1 � 10−2 min−1, 
while for the microwave experiments the reaction rate coefficient 
was different for the reaction in open and closed reaction vessels, 
that is, 3.6 � 10−2 and 4.2 � 10−2 min−1, respectively.57 

Then ROP reactions of a number of 2-substituted 
2-oxazolines (i.e., 2-methyl, 2-ethyl, 2-nonyl, and 2-phenyl) 
in the presence of methyl tosylate as a catalyst were studied in 
the temperature range from 80 to 200 °C (Figure 18).3,58,59 

While the reaction rate was enhanced by a factor of 400 going 
from 80 to 200 °C (Figure 20), activation energies for the 
polymerization (EA: 73–84 kJ mol−1) were within the range of 
values obtained with conventional heating (Table 9). The 
first-order kinetics of the monomer conversion and livingness 
of the polymerization were maintained. A maximum number 
of 300 monomers can be incorporated into the polymer chains 
under such conditions. Moreover, the polymerization can be 
carried out in concentrated solutions or even bulk conditions 
to afford well-defined monomers (PDI < 1.20). Recently, it was 
observed that ROP of 2-oxazolines with fluorinated aromatic 
substituents was strongly accelerated (ca. 10 times) by o-fluoro 
substituents. This observed acceleration is due to an interaction 
of the cationic reaction center on nitrogen atom with the ortho-
fluorine substituent which overcompensates the negative 
electron-withdrawing effect and due to the increased nucleo
philic character of the monomer due to the nonplanarity of the 
oxazoline and the phenyl substituent.60 

Table 8 Results of ε-caprolactone polymerization 

Heating Catalyst Temp. Time Mn 

method (mg) ( °C) (min) (g mol−1) Mw/Mn 

Thermal SmBr3, 6H2O 200 30 3600 1.94 
(15) 

Thermal SmCl3, 6H2O (11) 200 15 2300 2.00 
MW SmCl3, 3THF (10) 200 45 14 100 2.20 
MW SmCl3, 3THF (10) 230 3 13 500 2.91 
MW YbCl3, 3THF (15) 230 3 11 300 2.57 
MW YbCl3, 3THF (10) 200 15 11 800 1.82 

MW, microwave.
 
Reproduced with permission from Barbbier-Baudry, D.; Brachais, L.; Cretu, A.; et al. Environ. Chem. Lett.
 
2003, 1, 19.54
 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 20 Monomer conversion against time plot for the polymerization of 2-nonyl-2-oxazoline at different temperatures. Reproduced with permission 
from Hoogenboom, R.; Wiesbrock, F.; Leenen, M. A. M.; et al. J. Comb. Chem. 2005, 7, 10.58 

Table 9 Activation energy EA and frequency factor A for the 
polymerization of 2-methyl-, 2-ethyl-, 2-phenyl-, and 2-nonyl-2-oxazoline 

Frequency factor (A) Activation energy (EA) 
Monomer (� 108 l mol−1 s −1) (kJ mol−1) 

2-Methyl-2- 5.00 � 1.20 75.4 � 0.5 
oxazoline 

2-Ethyl-2-oxazoline 1.99 � 0.85 73.4 � 0.5 
2-Phenyl-2- 14.9 � 2.8 84.4 � 0.5 
oxazoline 

2-Nonyl-2-oxazoline 7.58 � 1.15 76.3 � 0.5 

Reproduced with permission from Wiesbrock, F.; Hoogenboom, R.; Leenen, M. A. M.; 
et al. Macromolecules 2005, 38, 5025.59 

A library of diblock copoly(2-oxazoline)s was prepared by 
applying the same technique of ROP under microwave irradia
tion. A total number of 100 (50 + 50) monomer units were 
incorporated into the polymer chains.61 The reactions were 
initiated by methyl tosylate and carried out in an acetonitrile 
solution at 140 °C. After polymerization of the first monomer, 
the second monomer was added, and the reaction mixture was 
again irradiated in a microwave reactor. As a result, 16 poly
mers were obtained with narrow PDI < 1.30 (Table 10). 

Recently, a similar method was used for the preparation of 
a library of 30 triblock copolymers from 2-methyl-, 2-ethyl-, 
2-nonyl-, and 2-phenyl-2-oxazoline in a microwave reactor. 
The polymers exhibited narrow molecular weight distribu
tions (PDI < 1.33) and showed only minor deviations from 
the targeted monomer ratio of 33:33:33 (Table 11). The glass 
transition temperature of the triblock copolymers spanned the 
range from 50 to 100 °C depending on the incorporated 
monomers.62 More recently, the successful synthesis of 
2-(3-ethylheptyl)-2-oxazoline and polymerization under 
microwave conditions were reported. The corresponding 
homopolymer was the first poly(2-oxazoline) that is amor
phous and exhibits a low glass transition temperature at 
−6 °C. The significant differences in properties compared 
with its linear analogue 2-(3-nonyl)-2-oxazoline polymer are 
caused by the branching of the side chain resulting in a lower 
packing density, which is consistent with an easier molecular 
motion of the polymer. Thermal investigations of random 
copolymers revealed a linear dependency of the Tg with the 
weight percent of 2-(3-ethylheptyl)-2-oxazoline monomer, 
allowing simple fine-tuning of the Tg from −6 to  59  °C for  
specific applications.63 

There is also an example of the combination of cationic 
ring ROP and ATRP, which resulted in the synthesis of block 

Table 10 (Theoretical) number-average molecular weight Mn
th (� 103 g mol−1) and PDI for the 

four chain-extended and the 16 diblock copoly(2-oxazoline)sa 

Second monomer 

2-Methyl- 2- 2-Ethyl-2- 2-Nonyl-2- 2-Phenyl-2

First monomer oxazoline oxazoline oxazoline oxazoline 

th th th th2-Methyl-2-oxazoline	 Mn = 8.5 Mn = 9.2 Mn = 14.2 Mn = 11.6 
PDI = −/1.16 PDI = −/1.17 PDI = −/− PDI = −/1.25 

th th th th2-Ethyl-2-oxazoline	 Mn = 9.2 Mn = 9.9 Mn = 14.8 Mn = 12.3 
PDI = −/1.18 PDI = 1.12/1.16 PDI = 1.15/- PDI = 1.27/1.19 

th th th th2-Nonyl-2-oxazoline	 Mn = 14.2 Mn = 14.8 Mn = 19.7 Mn = 17.2 
PDI = −/− PDI = 1.64/- PDI = 1.14/- PDI = 1.24/

th th th th2-Phenyl-2-oxazoline	 Mn = 11.6 Mn = 12.3 Mn = 17.2 Mn = 14.7 
PDI = −/1.18 PDI = 1.35/1.19 PDI = 1.28/- PDI = 1.27/1.16 

aIn each cell, the first (second) entry for the PDI results from measurements in chloroform (N,N-dimethylformamide). 
Reproduced with permission from Wiesbrock, F.; Hoogenboom, R.; Van Nispen, S. F. G. M.; et al. Macromolecules 
2005, 38, 7957.61 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 11 Number of incorporated monomer units into the 30 triblock copoly(2-oxazoline)s resulting from combined 1H NMR analyses (top) of the 
model (A and AB (block-co)polymers) and final polymers as well as the measured number-average molecular weights (Mn,GPC/PDI; bottom)a 

Third block (ratio) 

First–second MeOX Mn (� 103 g mol−1)/ EtOX Mn (� 103 g mol−1)/ PhOX Mn (� 103 g mol−1)/ NoOX Mn (� 103 g mol−1)/ 
block Mw/Mn Mw/Mn Mw/Mn Mw/Mn 

MeOX –EtOX 33:28:33 33:33:32 33:31:33 
10.2/1.21 11.7/1.24 5.5/1.44 

MeOX –PhOX 33:31:33 33:33:36 33:30:32 
14.1/1.22 13.9/1.15 10.2/1.21 

MeOX –NoOX 33:28:33 33:30:37 33:29:29 
9.9/1.20 10.0/1.21 10.6/1.27 

EtOX –MeOX 33:33:33 33:29:27 33:34:31 
10.9/1.32 12.4/1.23 9.5/1.28 

EtOX –PhOX 33:31:30 33:30:33 33:30:36 
16.2/1.20 15.3/1.24 11.4/1.22 

EtOX –NoOX 33:33:37 33:33:33 33:33:31 
10.1/1.27 9.9/1.22 11.3/1.25 

PhOX –MeOX 33:35:35 33:27:33 33:31:31 
15.3/1.21 15.2/1.19 9.1/1.23 

PhOX –EtOX 33:35:34 33:42:33 33:38:38 
17.2/1.32 19.1/1.28 14.1/1.21 

PhOX –NoOX 33:38:34 33:45:37 33:36:33 
9.7/1.21 8.8/1.21 11.6/1.22 

NoOX –PhOX 33:23:27 33:26:24 33:32:33 
7.2/1.40 7.8/1.33 10.3/1.38b 

a1H NMR spectra were recorded in CDCl3 or CD2Cl2 (PhOX-containing polymers), and GPC analyses were performed using DMF (with 5 mM NH4PF6) as eluent. Mn,GPC was
 
calculated utilizing PMMA standards.
 
bGPC measurement with CHCl3:Net3:2-PrOH (94:4:2) as eluent (PS calibration).
 
Reproduced with permission from Hoogenboom, R.; Wiesbrock, F.; Huang, H.; et al. Macromolecules 2006, 39, 4719.62
 

copolymers of 2-ethyl-2-oxazoline (EtOx) and styrene. 
Initially, poly(2-ethyl-2-oxazoline) homopolymers with con
trolle d molecular weights and narrow polydispersity were 
synthesized in the presence of α-bromoisobutyrylbromide at 
different polymerization temperatures ranging from 100 
to 180 °C under microwave irradiation. Polymers with rela
tively high molar masses and low polydispersity indices 
(Mn = 48 500 g mol−1, PDI = 1.29) could also be obtained. 
Following the synthesis of macroinitiator (i.e., homopoly
mers with Mn = 3700 g mol−1, PDI = 1.09), the ATRP 
of styrene was performed with CuBr and tris[2-(dimethyla
mino)ethyl]amine (Me6Tren) as catalytic system 
(Figure 21).64 

4.39.2.4 Metathesis Polymerization 

Metathesis polymerization under microwave irradiation of 
phenylacetylenes was carried out in the presence in situ-
generated (arene)M(CO)3 complexes (Figure 22).65 The reac
tion were run in a microwave oven in a specially designed 
long-necked round-bottom flask that could withstand elevated 
pressure. The catalyst/monomer ratio was kept at a 1:50 level in 
a 1,2-dichloroethylene solution and irradiated for 5 min at 
time intervals of 10 min. The reaction time was reduced to 1 h 
in contrast to refluxing conditions of 24 h. W(CO)6 was found 
to be the best catalyst precursor among the group VIB metal 
carbonyls, while phenol showed the highest activity among 

Figure 21 Schematic representation of the cationic ROP followed by ATRP of styrene initiated by a macroinitiator. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 22 Metathesis polymerization of phenylacetylenes in the pre
sence of in situ-generated (arene)M(CO)3 complexes. 

arenes. Under such conditions, poly(phenylacetylene) was 
obtained in 67–75% yield. 

A new synthetic method to prepare soluble phenyleneviny
lene polymers by the ring-opening metathesis polymerization 
(ROMP) of 4,7,12,15-tetraoctyloxy-[2.2]paracyclophane
1,9-diene was also presented under microwave irradiation 
(Figure 23).66 The polymerization showed a living character 
and gave polymers of controlled molecular weight, with a 
narrow polydispersity, fewer chain defects, and an alternating 
cis,trans-microstructure. 

As it was shown, 4,12-di-20-ethylhexyloxy-7,15-dimethoxy
[2.2]paracyclophane-1,9-diene (1) was polymerized by the 
third-generation Grubbs catalyst when heated by microwave 
irradiation in anhydrous 1,2-dichloroethane. The optimum 
reaction conditions were found to be heating at 80 °C for 1 h. 
This compares with reaction times of up to 36 h required for 
complete monomer consumption using conventional heating 
in a THF solution. Under microwave irradiation, the polymers 
with a range of molecular weights were prepared by varying the 
initial monomer to catalyst ratio and the polydispersities were 
all low and in the range of 1.18–1.28 (Figure 24). Then the 
polymers were isomerized from the cis- to trans -vinylene form 
by prolonged irradiation at 365 nm in a THF solution (20 mg 
in 10 ml).66 

Recently, ROMP was applied for the synthesis of 
maleimide-containing polymers from norbornene and malei
mide in the presence of Grubbs catalyst.67 Via Diels–Alder 
reaction with cyclopentadiene, the resulting maleimide side 
chain polymers were converted efficiently to the norbornene 
units of the polymer, which in turn were grafted by ROMP 
again (ROMP from ROMP) (Figure 25) under microwave 
irradiation. 

4.39.3 Step-Growth Polymerization Reactions 

4.39.3.1 Thermoplastic Polymers 

A number of polymers obtained in step-growth polymerization 
reactions (i.e., polyethers, polyesters, polyamides) are 
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Figure 24 Molecular weight distributions of MEH-PPV prepared by 
microwave-assisted ROMP (3) and that prepared by the Gilch route (5) 
using calculated Mark–Houwink parameters. Reproduced with permission 
from Spring, A. M.; Yu, C.-Y.; Horie, M.; Turner, M. L. Chem. Commun. 
2009, 2676.66 

accounted to functionally terminated thermoplastics, which 
combine the toughness of thermoplastics and the resistance 
of thermosets. The challenge during the synthesis and proces
sing of these polymers is that temperature is often very close to 
their thermal degradation temperature, making temperature 
control crucial under both conventional and microwave con
ditions. Therefore, reduction of the timescale of processing 
under microwave irradiation in comparison with conventional 
conditions can be beneficial during synthesis and processing of 
these polymers. 

For instance, a number of linear polyethers from either iso
sorbide or isoidide (important by-products of corn starch 
industry) and disubstituted alkyl bromides or methanesulfates 
were synthesized by using microwave irradiation under solid– 
liquid phase-transfer catalysis (PTC) conditions (Figure 26).68,69 

In the case of isosorbide, the microwave-assisted synthesis 
proceeded more rapidly, compared with conventional heating, 
and was reduced to 30 min with the yield of approximately 
69–78%. Under conventional conditions, the polyethers were 
afforded with 28–30% yield within 30 min. Similar yields of 
the polyethers were obtained while the reaction time was 
extended to 24 h. These yields remained practically unchanged 
even though the synthesis was carried out for another 7 days 
(Table 12). 

Later, the same protocol was applied to the polycondensa
tion of aliphatic diols of isosorbide with 1,8-dimesyloctane 
and other dibromo- and disulfonated alkylating agents 

Figure 23 Synthesis of poly[[[(2-ethylhexyl)oxy]methoxy-1,4-phenylene]-1,2-ethenediyl] (MEH-PPV) by microwave-assisted ROMP. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 25 Synthetic route to graft copolymers (the n values refer to the degree of polymerization determined for the polymers by 1H NMR analysis). 

(Figure 27).70 In all the cases, it was found that 
microwave-assisted polycondensations proceeded more effi-
ciently compared with conventional heating; the reaction
time was reduced from 24 h to 30 min. The polycondensation 
under microwave irradiation afforded polyethers with rela-
tively high weight-average molecular weights up to 
7000 g mol−1 with 63% yields. 

It was demonstrated that the application of previously 
synthesized ethers of isosorbide was beneficial and allowed 
preparing polyethers in better yields than the polyethers 
obtained in direct reactions of isosorbide and dibromo- or 
dimesylalkenes. Recently, a novel group of polyamides were 
synthesized by the microwave-assisted polycondensation of an 
optically active isosorbide-derived diamine with different 

Table 12 Influence of reaction time on the yields of high-molecular-weight fraction (FP MeOH) 
and low-molecular-weight fraction (FP Hex) of polyethers 

FP MeOH FP Hex Total yield 
Time Mode of activation (%) (%) (%) 

30 min MW 67 18 85 
60 min MW 71 19 90 
30 min Thermal 12 81 93 
1 day Thermal 64 25 89 
1 week Thermal 83 5 88 
1 month Thermal 91 0 91 

FP MeOH and FP Hex, fractions precipitated from methanol and then from n-hexane, respectively; MW, microwave 
irradiation. 
Reproduced with permission from Chatti, S.; Bortolussi, M.; Loupy, A.; et al J. Appl. Polym. Sci. 2003, 90,  1255.69

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 27 Polycondensation of aliphatic diols of isosorbide with 1,8-dimesyloctane and other dibromo- and disulfonated alkylating agents. 

Figure 28 Reaction of isosorbide with p-fluoronitrobenzene and further reduction into isosorbide-derived diamine. 

diacyl chlorides in the presence of a small amount of 
N-methylpyrrolidone (Figure 28).71 

Polycondensation led to the formation of the polyamide 
with inherent viscosities in the range of 0.22–0.72 dl g−1, which 

corresponded to rather higher molecular weights up to 
140 000 g mol−1 (Figure 29). By applying interfacial polymer-
ization under conventional heating conditions, lower 
molecular weight polyamides were obtained with inherent 

O 
O O O
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Figure 29 Polycondensation of acid dichlorides and the diamino derivative of isosorbide. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 30 Synthesis of polyesters in the polyaddition reactions of alkylene oxides (i.e., epichlorohydrin) and acid anhydrides. 

viscosities in the range of 0.04 0.36 dl g−1– , which was related to 
the maximum molecular weight of about 29 000 g mol−1.71 

The preparation methods for the synthesis of unsaturated 
and saturated polyester resins were also elaborated for micro
wave conditions. In the polyaddition reactions of alkylene 
oxides (i.e., epichlorohydrin) and acid anhydrides (i.e., maleic 
and phthalic anhydrides), unsaturated polyesters were pre
pared in the presence of lithium chloride as a catalyst 
(Figure 30).72,73 In comparison with polycondensation reac
tions of acid anhydrides with diols, these reactions proceed 
without the release of by-products. 

The polymerization reactions were run in the temperature 
range of 120–140 °C and continued until acid number value of 
polyesters dropped below 50 mg KOH g−1. At the same time, 
the polyaddition reactions were performed under conventional 
thermal conditions, applying a similar set of reaction condi
tions. In comparison with these experiments, twofold 
reduction of reaction times was observed under microwave 
conditions while other parameters like number-average mole
cular weight and PDI were comparable. 

The polycondensation of acid anhydrides (i.e., maleic and 
phthalic anhydrides) with diols (i.e., ethylene glycol) under 
microwave irradiation was also applied for the synthesis of 
unsaturated polyesters.72 In addition to the previous protocol, 
the reaction temperature was increased to 200 °C, and a 
Dean–Stark trap was applied to remove water from the reac
tion mixture. It was found that the reaction times for 

O O 
200  °C O

OH OH O n * +HO HO MW HO 

O O 

microwave and conventional protocols were comparable 
and depended on the rate of removing water from the reaction 
system. 

In turn, the synthesis of saturated polyesters by the 
step-growth polymerization reaction under microwave irradia
tion was presented for polycondensation of 1,4-butanediol and 
succinic acid in the presence of 1,3-dichloro-1,1,3,3
tetrabutyldistannoxane as a catalyst. The reaction mixtures 
were heated up to 200 °C in a microwave reactor, and, for 
comparison, polymerization under conventional conditions 
was carried out for 5 h in an oil bath preheated to 200 °C 
(Figure 31).74 

Under microwave irradiation, poly(butylene succinate) 
(PBS) was obtained within 20 min with weight-average mole
cular weight Mw of 10 300 g mol−1, while under conventional 
conditions, a similar value of weight-average molecular weight 
Mw of 10 200 g mol−1 was obtained after 5 h. 

The synthesis of aliphatic polyamides under microwave 
irradiation has already been reported in a number of 
papers.75–79 Polyamides were prepared from both ω-amino 
acids and diamines together with dicarboxylic acids (i.e., the 
nylon salt-type monomers) in the presence of a small amount 
of a polar organic medium (Figure 32). 

The microwave-assisted polycondensation proceeded 
rapidly and was completed within 5 min for the polyamides 
with inherent viscosity around 0.24 0.63 dl g−1– .77 For example, 
the solvent effect on the inherent viscosity of the polyamide 

Figure 31 Polycondensation of 1,4-butanediol and succinic acid in the presence of 1,3-dichloro-1,1,3,3-tetrabutyldistannoxane as a catalyst. 

Figure 32 Synthesis of aliphatic polyamides from ω-amino acids as well as diamines and dicarboxylic acids. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 13 Solvent effect on microwave-assisted polycondensation of 12-aminododecanoic acida 

Boiling point Ft b Reaction time Ft c Polymer ηinh 
d 

Solvent type Solvent εr (°C) (°C) (min) (°C) (dl g−1) 

Water 78 100 97 5 220 0.35 
Dimethyl sulfoxide 47 189 172 4 259 0.24 
Dimethylacetamide 38 166 163 5 281 0.23 
N-Methylpyrrolidone 32 202 179 4 267 0.39 
Nitrobenzene 35 211 198 5 264 0.42 
Ethanediol 38 197 193 5 317 0.59 
1,4-Butanediol 31 229 189 5 242 0.24 
Diphenyl ether 4 258 66 5 109 – 

aThe polymerization was carried out with 2 g of monomer and 2 ml of the solvent under microwave irradiation.
 
bFinal temperature of the solvent alone after 2 min of microwave irradiation.
 
cFinal temperature of the reaction mixture.
 
dMeasured at a concentration of 0.5 d dl−1 in m-cresol at 30 °C.
 
Reproduced with permission from Imai, Y.; Nemoto, H.; Watanabe, S.; Kakimoto, M. Polym. J. 1996, 28, 256.77
 

formed by the polycondensation of 12-aminododecanoic acid 
under microwave irradiation is summarized in Table 13. 

In a similar way, the synthesis of aromatic polyamides from 
aromatic diamines (m-phenylenediamine (mPDA), 
p-phenylenediamine, bis(4-aminophenyl)methane, and bis 
(4-aminophenyl)ether) and dicarboxylic acids such as 
isophthalic and terephthalic was performed.80 The polycon
densation was carried out in an NMP solution in the presence 
of triphenyl phosphite (TPP), pyridine, and lithium chloride as 
condensing agents. Polyamides with moderate inherent viscos
ities of 0.21–0.92 dl g−1 within 30–50 s were obtained; 
however, no marked differences in molecular weight distribu
tion and inherent viscosities between the polyamides produced 
by conventional (60 s, 220 °C) and microwave methods were 
found.80 

Recently, the synthesis of polyamides from linear 
nonaromatic dicarboxylic acids (i.e., adipic, suberic, 
sebacic, and fumaric acid) and aromatic diamines such as 
p-phenylenediamine or 2,5-bis(4-aminophenyl)-3,4
diphenylthiophene under microwave conditions was 
performed (Figure 33).81 

The polyamides with inherent viscosity in the range of 
0.1–0.8 dl g−1 were obtained in medium to high yield 
(60–100%); however, temperature was not detected during 
the microwave experiments. 

Later, microwave irradiation was applied to the synthesis of 
copolymers, that is, poly(ε-caprolactam-co-ε-caprolactone) 
(PAE) directly from two cyclic monomers, ε-caprolactam and 
ε-CL, by anionic-catalyzed ROP.82 ε-Caprolactam and ε-CL in 
the molar ratio of 2:1 were mixed together with solid LiAl[OC 
(CH3)3]3H (1–3 mol% of total reactants), and the mixture was 
irradiated up to 140–180 °C for 1 h. The same ratio of reactants 
and catalyst were used for the conventional synthesis in an oil 
bath. Compared with the corresponding thermal products, the 
microwave-synthesized copolymers gave higher yield, higher 
amide composition, higher glass transition temperature, and 
equivalent molecular weights (Table 14).82 

4.39.3.2 Thermosetting Resins 

Microwave-assisted curing of thermosetting polymers repre
sents the most widely studied area and is one of the first 
applications in polymer chemistry and technology. As thermo
setting resins are cured, their dielectric loss factor decreases 
significantly because of the formation of crosslinked structures, 
increase of viscosity, and, finally, decreased motion of polymer 
molecules. Thus, thermosetting resins absorb less and less 
microwaves when they are being cured and the reactions can 
be self-quenched.83 Some examples of thermosetting resins are 
presented in this chapter. 

Figure 33 Synthesis of polyamides from linear nonaromatic dicarboxylic acids (i.e., adipic, suberic, sebacic, and fumaric acid) and aromatic diamines. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 14 Comparison of microwave and thermal activation in copolymerization reactions 

Variable 

Δ – PAE, 
160 °C– 
30 min 

 1%,a Δ – PAE, 
160 °C– 
30 min 

2%, Δ – PAE, 
160 °C– 
30 min 

3%, MW – PAE, 
1%, 160 °C– 
30 min 

MW – PAE, 
2%, 160 °C– 
30 min 

MW – PAE, 
3%, 160 °C– 
30 min 

Starting materials 
Ester/amide 1:2 1:2 1:2 1:2 1:2 1:2 
Yield (%) 51.2 52.7 57.0 61.9 70.1 78.2 
Tg ( °C), tan δ, Dynamic − 25.0 − 18.5 − 14.5 − 14.0 − 7.5 6.0 
Mechanical Thermal Analysis 
(DMTA) (1 Hz) 

Tg ( °C), from Fox equation 29 12 9 15 8 4 
 Mw (� 103 g mol−1), GPC 25.4 19.8 17.1 22.0 21.3 16.2 

Mw/Mn 1.4 1.5 1.6 2.1 2.0 1.5 

aCatalyst level.
 
Reproduced with permission from Fang, X.; Hutcheon, R.; Scola, D. A. J. Polym. Sci. Part A: Polym. Chem. 2000, 38, 82
 1379.

4.39.3.2.1 Epoxy resins 
During the early investigation of epoxy systems, it was found 
that a pulse in comparison with continuous microwave irradia
tion could lead to an improvement in the mechanical 
properties of epoxy resins84 and the fastest heating of the 
resins85 at the same microwave energy level. These systems 
consisted of diglycidyl ether of bisphenol A (DGEBA) together 
with 4,4′-methylenedianiline (DDM) or 4,4′-diaminodiphenyl 
sulfone (DDS) (Figure 34). For example, the gel point for 
DGEBA–DDM system was 19 min using the pulse with a length 
of 0.25 ms and an average power of 40 W, while the gel point 
for continuous microwave irradiation at 40 W was reached in 
21 min.85 

Furthermore, it was shown that a computer-controlled 
pulsed microwave processing of epoxy systems could success
fully eliminate the exothermic temperature peak and maintain 
the cure temperature to the end of the reaction.86 Thus, it was 
possible to cure the epoxy systems under pulsed microwave 
irradiation at higher temperatures and faster without thermal 
degradation when compared to a continuous microwave or 
conventional processing. It was possible to measure the loss 
factor (ε″) of the samples during the controlled pulse micro
wave irradiation, and it was shown that the loss factor (ε″) 
decreased as the reaction progressed (Figure 35). 

The study of the dielectric properties during the curing 
process has both fundamental and practical applications 
because dielectric properties provide information about the 
stage of curing reactions; thus, nondestructive testing methods 

H2N SO NH2 2 H2N 

NH2 
H 

NH2 

H 
NH2 

DDS DDM mPDA 

OO 
O 

O 
DGEBA 

to monitor the curing processes were developed. For the fre
quency range of 103 

–1010 Hz, the dielectric properties of the 
epoxy system consisting of DGEBA (EPON 828 EL) and ethy
lenediamine (EDA) were measured.87,88 The results confirmed 
the possibility of utilizing dielectric quantities to obtain infor
mation on relevant parameters such as conversion, viscosity 
change, sol–gel transition, and glass transition temperatures. 
Moreover, the basic parameters such as static dielectric constant 
(εr) and dielectric permeability (ε* = ε′ – jε″), which are impor
tant for microwave processing, can be found in these works. 
The loss factor (ε″) and permeability (ε′) increase with the 
reaction temperature and decrease with the extent of cure, 
which can be attributed to the higher and lower mobility of 
molecular dipoles during heating and crosslinking, respectively 
(Figure 36).89,90 

Dielectric properties of other curing epoxy resin systems, 
that is, DGEBA (DER 332) and DDS, Jeffamine D-230, or 
mPDA, at a frequency of 2.45 GHz in the temperature range 
of 20–100 °C can also be found in the literature together with 
the theoretical model for calculation of permeability (ε′) and 
the loss factor (ε″) during curing epoxy systems under micro
wave irradiation.91 

Curing of epoxy systems in thin films was also studied while 
thermal mechanical analysis (TMA) was used to determine the 
glass transition temperatures directly from the cured thin-film 
samples.92 The epoxy systems consisted of DGEBA with differ
ent curing agents (i.e., DDS and mPDA), and the samples were 
prepared by casting stoichiometric mixtures of DGEBA/DDS 



Figure 34 Diglycidyl ether of bisphenol A (DGEBA), 4,4′-methylenedianiline (DDM), 4,4′-diaminodiphenyl sulfone (DDS), and m-phenylenediamine 
(mPDA). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 35 Temperature, loss factor, and input power density measurements during controlled pulsed microwave curing of DGEBA/DDS resins. 
Reproduced with permission from Jow, J.; DeLong, J. D.; Hawley, M. C. SAMPE Quart. 1989, 20, 46.86 

cure of epoxy systems depended on curing agents. Microwaves 
had a stronger effect on epoxy/DDS than epoxy/mPDA systems, 
and, consequently, the magnitude of increases in glass transi
tion temperatures was much larger for DGEBA/DDS than for 
DGEBA/mPDA. Moreover, significantly higher ultimate extents 
of cure and faster reaction rate were observed in the microwave 
cure when compared to thermal cure.92 

The effect of microwave curing of the epoxy system con
sisting of DGEBA and cycloaliphatic diamine (i.e., 
4,4′-diamino-3,3′-dimethyldicyclohexyl methane (3DCM))
was also investigated for thicker samples and compared with 
conventional thermal cure samples.93 The epoxy systems (ca. 

into molds (96 mm � 16 mm � 8 mm), 13 g) were poured 
which were irradiated in a microwave applicator. The sample 
temperature was measured continuously to give the surface and 
bulk temperature. It was found that microwaves did not have 
direct influence on the mechanical processing of the polymer 
network, and the only parameter that influenced the mechan
ical properties was the extent of the reaction. Under microwave 
processing conditions, it was not possible to obtain fully cured 
DGEBA/3DCM network. The fully cured samples were 
obtained by either thermal (140 °C, 1 h + 190 °C, 14 h) or 
combined processing (microwave 200 W, 15 min + thermal 
190°C, 14h) (Table 15).93 

Table 15 Comparison of epoxy compositions cured under 
both microwave and microwave/conventional conditions 

Curing cycle	 MW MW + thermal 

Power (W) 200 200 
Temperature (°C) 190 
Time 15 min 15 min + 14 h 
Compression modulus (GPa) 3.15 2.9 
Poisson’s ratio 0.36 0.36 
Glass transition temperature (°C) 131 186 
Extent of reaction (%) 89 100 

MW, microwave irradiation.
 
Reproduced with permission from Jordan, C.; Galy, J.; Pascault, J. P.; et al.
 
Polym. Eng. Sci. 1995, 35, 233.93
 

Figure 36 Three-dimensional plot of ε′ and ε″ vs. conversion C and log10 

of frequency for the DGEBA/EDA 1:1 system cured at 25 °C. The black 
spheres are from experimental data; contour lines of the shaded areas are 
from fit equations. Reproduced with permission from Casalini, R.; 
Corezzi, S.; Livi, A.;  .     1997, , 17.88 et al J. Appl. Polym. Sci. 65

and DGEBA/mPDA onto 13 mm diameter and 1 mm thick 
potassium bromide disks to form approximately 10 μm thick 
films. The thin-film samples were cured under microwave irra
diation, while the temperature was measured directly from the 
thin epoxy films. The effects of microwave irradiation on the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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On the other hand, the reaction rate enhancement under 
microwave conditions was reported when microwave irradia
tion and thermal curing were performed on the epoxy systems, 
too.94 Three types of curing agents were used, that is, DDS, 
DDM, and mPDA together with DGEBA (Araldite GY6010). 
After the radiation, the samples were removed and the speci
men temperature (Tspec) was measured by the thermocouple; 
then the samples were stored in a freezer. Finally, the percen
tage cure of the resin mixtures at selected time intervals was 
calculated from the heat of reaction of the exotherm curve 
obtained during the differential scanning calorimetry (DSC) 
run of the samples. 

For the DDM and mPDA systems, full curing was achieved at 
all power levels, but the cure of the DDS system could not reach 
100% at lower power levels. For instance, under microwave 
conditions, at a low power level (i.e., 200 W), the DDM and 
mPDA systems appeared to give shorter curing times of 10 and 
8 min, respectively, in comparison with the DDS system, which 
cured after 15 min. However, at higher power levels (i.e., 400 
and 600 W), the curing time was almost the same: 2 min 30 s for 
mPDA and 3 min for both DDS and DDM systems (Table 16).94 

Table 16 Maximum of specimen temperature (Tspec) 
of microwave-treated epoxy/amine systems 

Microwave curing temperature Tspec Cure time 
(°C) (°C) (min) 

DGEBA/DDS 
200 141 15 
300 165 10 
400 184 5 
500 225 5 
600 235 3 
DGEBA/DDM 111 10 
200 137 5 
400 174 3 
600 135 8 
DGEBA/mPDA 150 4 
200 212 2.5 
400 
600 

Reproduced with permission from Boey, F. Y. C.; Yap, B. H.; Chia. L. 
Polym. Test. 1999, 18, 93.94 

According to the next report, the observed rate enhancement of 
curing of epoxy systems was the result of the decrease in the lag 
time prior to incitation of crosslinking and, in consequence, the 
decrease in the overall effective cure time.95 Since a shortening of 
cure time is not different from a shortening achieved by a higher 
curing temperature, by comparison of the curing processes under 
both microwave and thermal conditions, it was possible to obtain 
temperature equivalent values for the microwave cure, which are 
only virtual ones and are prepared for the purpose of analysis of 
the cure kinetics.  The regression  plot  of  the effective cure time for  
thermal curing to obtain the equivalent temperatures for micro
wave curing is presented in Figure 37 and Table 17. 

It is worth indicating that the equivalent temperatures 
obtained in all the cases were consistent and significantly 
higher than the maximum temperature measured in the sam
ples, providing further support that the microwave curing is not 
merely thermal based.95 

In turn, the synthesis of high-molecular-weight (solid) 
epoxy resins under PTC conditions was described.96,97 The 
method was based on the polyaddition of bisphenol A (PBA) 
to a low-molecular-weight epoxy resin or DGEBA in the pre
sence of ammonium or phosphonium salts as well as 
imidazole derivatives as a catalyst (Figure 38). 

The main advantage of the microwave process is twofold 
reduction of reaction time in comparison to conventional con
ditions. It was found that the molecular weight distribution 
and degree of branching of the solid epoxy resins synthesized 
under microwave irradiation were comparable with those 
obtained under conventional heating and were not influenced 
by the reduction in reaction time (Table 18).97 

During the synthesis, the surface temperatures of the solid 
epoxy resin samples were monitored by means of a thermovi
sion camera in order to observe the temperature distribution 
under microwave and conventional conditions for both stirred 
and nonstirred reaction mixtures (Figure 39). 

The experiments were carried out at 160 °C, and, as was 
expected for an exothermic reaction, the highest temperatures 
were observed in the center of the reaction vessel for all the 
processes (Figures 38(a)–38(d)). Furthermore, for both 
microwave and conventional processes, the stirring of the 
reaction mixture resulted in more uniform temperate profiles 
(Figures 38(a) and  38(c)), while for the nonstirred reaction 
mixture, the maximum surface temperature under microwave 
irradiation was much higher (approximately 200 °C) than 
the bulk temperature of the reaction mixture. Moreover, for 

Figure 37 Regression plot of the effective cure time for thermal curing to obtain the equivalent temperatures for microwave curing. Reproduced with 
permission from Boey, F. Y. C.; Rath, S. K. Adv. Polym. Technol. 2000, 19, 194.95 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 17 Equivalent cure temperature for microwave processing of epoxy/amine systems 

Microwave power Total cure time 
(W) Maximum temperature ( °C) Lag time (s) Effective cure time (s) (s) 

DGEBA/DDM system 
200 120 144 163 154 
400 130 170 179 173 
600 162 181 196 190 
DGEBA/mPDA system 
200 135 150 153 152 
400 151 171 172 170 
600 178 193 190 191 

Reproduced with permission from Boey, F. Y. C.; Rath, S. K. Adv. Polym. Technol. 2000, 19, 194.95 

Figure 38 Synthesis of high-molecular-weight (solid) epoxy resins.
 

Table 18 The results and analysis of the molecular-weight distribution of (solid) epoxy resins by GPC.
 

GPC 
Reaction 

Epoxy temp. Catalystcontent Reaction time Epoxy value Mn Mw 

resinsample Condition [°C] [mol� 103] [min.] [mol/100 g] (g mol−1) (g mol−1) �M w = �M n 

1 0.5 150 0.114 1810 3260 1.80 
2 MW 140 1.0 90 0.112 1470 2580 1.75 
3 5.0 25 0.110 1950 3780 1.94 
4 0.5 65 0.110 2140 3780 1.77 
5 MW 160 1.0 40 0.113 1850 3390 1.83 
6 5.0 20 0.104 2470 3390 1.83 
7 0.5 65 0.109 2380 4340 1.85 
8 MW 180 1.0 30 0.109 2180 3990 1.83 
9 5.0 16 0.105 2420 4580 1.89 
10 0.5 280 0.114 1380 2860 2.08 
11 Δ 140 1.0 150 0.114 2020 3760 1.86 
12 5.0 55 0.113 2170 3640 1.68 
13 0.5 120 0.106 1790 3130 1.75 
14 Δ 160 1.0 80 0.111 2180 4000 1.84 
15 5.0 35 0.100 2380 5010 2.10 
16 0.5 80 0.101 2180 4000 1.84 
17 Δ 180 1.0 50 0.105 2250 4250 1.89 
18 5.0 35 0.100 2320 4420 1.91 

MW, microwave irradiation; Δ, conventional heating (i.e., electric heating mantle).
 
Reproduced with permission from Bogdal, D.; Gorczyk, J. J. Appl. Polym. Sci. 2004, 94, 1969.97
 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 39 Surface temperature of the solid epoxy resin samples monitored by means of a a thermovision camera: a) microwave conditions with stirring 
b) microwave conditions no stirring c) conventional conditions with stirring d) conventional. Reproduced with permission from Bogdal, D.; Gorczyk, J.  J. 
Appl. Polym. Sci. 2004, 94, 1969.97 

the nonstirred samples prepared under microwave irradiation, 
high-temperature heterogeneity was observed (Figure 38(b)), 
which, in turn, led to crosslinking of resins. It was opposite 
to the reaction under conventional conditions, in which the 
temperature for the nonstirred reaction mixture was, however, 
more inhomogeneous than for the stirred mixture, but 
the maximum surface temperature reached only 170 °C 
(Figure 38(d)).96 

Lately, the same approach for the synthesis of solid epoxy 
resins with reduced flammability was presented.98 For this 
purpose, PBA was either substituted or partially substituted 
with 1,1-dichloro-2,2-bis(4-hydroxyphenyl)ethylene, and the 
synthesis of solid epoxy resins was realized in the same manner 
as described previously. 

Other epoxides such as 3,4-epoxycyclohexylmethyl, 
3,4-epoxycyclohexylcarboxylate were cured in the presence of 
diaryliodonium or triarylsulfonium salts (Figure 40) as a cata
lyst under microwave conditions.99 The extent of the 
polymerization was determined by means of DSC and Fourier 

transform infrared (FTIR) spectroscopy and compared with 
samples cured under conventional conditions. 

The study performed revealed some polymerization phe
nomena such as polymerization selectivity, polymerization 

Figure 40 Polymerization 3,4-epoxycyclohexylmethyl, 
3,4-epoxycyclohexylcarboxylate initiated by diaryliodonium or triarylsul
fonium salts. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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temperature shift, and polymerization temperature shift by 
microwave power setting under microwave irradiation in com
parison with conventional conditions. To explain the 
phenomena, it was proposed that a new dipole partition func
tion exists in the microwave field, so the values of 
thermodynamic properties such as internal energy and Gibbs 
free energy of the material with permanent dipole moments 
changed under microwave conditions, which in turn led to 
shifts in the reaction equilibrium and kinetics compared to 
conventional conditions at the same temperature.44 

In turn, the application of microwave irradiation to cure iso
cyanate/epoxy resins in the presence of N-(2-hydroxyalkyl) 
trialkylammonium halides was also claimed to impart accelera
tions to both curing and postcuring kinetics with respect to 
conventional hot-air heating.100 As a consequence, a new class of 
catalysts that endow aromatic isocyanate/epoxy and aliphatic or 
cycloaliphatic epoxy/anhydride systems with a particular efficiency 
for microwave processability was developed.101 The catalysts 
belong to the family of N-(cyanoalkoxyalkyl)trialkylammonium 
halides (Figure 41), and their evaluation of the microwave 
enhancements was performed via isothermal comparative curing 
experiments under hot-air and  microwave heating.102 

As a result, the strong reaction enhancements of the specific 
catalysts were imparted under microwave heating to all of the 
reactive systems examined. The gelation and vitrification times 
were reduced by a factor of 8–10 of those under hot-air heating 
with the same catalyst and under the same concentration 
(Table 19), which was attributed to an ion-hopping 

Figure 41 N-(Cyanoalkoxyalkyl)trialkylammonium halides. 

conduction mechanism as the dominant source of the micro
wave absorption capacities of these catalysts.102 

4.39.3.2.2 Polyurethanes 
Owing to high versatility of the polyurethane raw materials, a 
variety of products with diverse structures and polymer matrix 
from flexible to rigid, especially cellular materials, are manu
factured. In the middle of the 1980s, crosslinking of 
polyurethane resins was performed by means of pulsed micro
wave irradiation.103 The thermal behavior of an ethyl acetate 
solution of two prepolymers, triisocyanate (Desmodur L75) 
and polyester–polyalcohol (Desmophen 800), was investi
gated together with the formation of polyurethane coatings 
from the same mixture and film hardness as a function of 
different pulse regimes. The average power of microwave irra
diation was 30 W and the pulse period varied from 2 to 200 ms 
so that the pulse time was varying from 50 μs to 30 ms. 

The variations of the maximum temperature (Tmax) with  
peak power were reported where each curve was related to a 
pulse period. All curves were issued from the same point, corre
sponding to the reference continuous wave, that is, power 30 W 
with Tmax 70 °C. Starting from this point, Tmax always increases 
with pulse power (Figure 42). Thus, it was concluded that the 
energy transfer by pulse microwaves is more efficient than by 
continuous irradiation, and microwave-cured polyurethane 
films were very much harder than oven-cured materials. 

The crosslinking of polyurethane resin composed of diiso
cyanate derived from 4,4′-diisocyanate diphenylmethane and a 
low-viscosity polyethertriol was also investigated under micro
wave conditions.104 The reactions were carried out without a 
catalyst and led to final networks with mechanical properties 
least equivalent to those prepared under conventional condi
tions. For example, the average elasticity modulus determined 
from uniaxial compression with samples (25 mm of height and 
12.5 mm of diameter) was equal to 3120 MPa for curing under 

Table 19 Isothermal curing times of aromatic isocyanate/epoxy and aliphatic epoxy/anhydride resin 
systems under conventional and microwave heating 

Curing time 
Resin system Curing type Catalyst concentration 
(temperature) (mmol 100−1 g) Gelation Vitrification 

System A: l-MDI/DGEBA 70:30 w/w I-1a 

Conventional (66 °C) 1.90 40 min >80 min 
Microwave (66 °C) 1.90 – 15–20 min 
System B: ERL-4299/(SA/Me-HHPA) 1:1 w/w I-2b 3 h 40 min 14 h 30 min 
Conventional (90 °C) 1.08 50 min 1 h 50 min 
Microwave (90 °C) 1.08 
System C: ERL-4234/DDSA I-3c 

Conventional (70 °C) 1.09 25 h 30 min 63 h 
Microwave (70 C) 1.09 3 h 6 h 
System C: ERL-4234/DDSA I-4d 

Conventional (85 °C) 1.14 4 h 30 min 7 h 30 min 
Microwave (85 °C) 1.14 30 min 60 min 

TBAIe – 
Microwave (85 °C) 1.52 3 h 30 min 

aN-[3-[2-Cyanoethoxy]propyl]-N,N-dimethyldecylammonium iodide.
 
b4-[3-[2-Cyanoethoxy]ethyl]-4-butylmorpholinium iodide.
 
cN-[2-[2-Cyanoethoxy]propyl]-N,N-dimethyldecylammonium iodide.
 
d4-[3-[2-Cyanoethoxy]ethyl]-4-butylmorpholinium iodide.
 
etetra-Butylammonium iodide.
 
Reproduced with permission from Parodi, F. In Polymers and Liquid Crystals; Wlochowicz, A., Ed., Proceedings of SPIE – The
 
International Society for Optical Engineering, 1999.102
 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 42 Peak pulse power dependence of the maximum temperature 
Tmax (second parameter: pulse period). Reproduced with permission from 
Jullien, H.; Valot, H. Polymer 1985, 26, 506.103 

microwave conditions (1 h at 20 W) and 2810 MPa for conven
tional curing in an oven (60 °C for 8 h). 

The application of microwave irradiation is expected to help 
in the preparation of environmentally benign renewable com
ponents for polyurethane foams.105,106 The vegetable oil-based 
polyols are examples of such components that can be used to 
obtain rigid polyurethane foams that possess satisfied proper
ties for use as thermal insulating materials. 

For this purpose, for the preparation of rapeseed and lin
seed oil-based polyols a two-step process was applied.107 In the 
first step, the double bonds of the unsaturated triglycerides 
were transformed into oxirane rings with acetate peroxyacid 
to form epoxidized oil. In the second step, the ring opening 
reactions of the epoxy groups with monoethylene glycol 
(MEG) or DEG afforded the oil-based polyols. For rapeseed 
and linseed oils, it was reported that microwave irradiation can 
be applied for both steps of the process. In comparison to the 
processes under conventional conditions, reduction of the reac
tion time of epoxidation reaction (ca. 60%) and, then, the 
hydroxylation step (ca. 75%) was observed. 

In turn, blowing and curing processes of rigid polyurethane 
foams under microwave irradiation were also investigated.108 

The polyurethane foams were blown inside a microwave reac
tor with continuous microwave power regulation. The foams 
were prepared in one step, that is, isocyanate was added to 

polyol premix with additives, and the mixtures were stirred 
for 10 s. The foaming processes were carried out as a free rise 
in the open mold and the mixtures were expanded freely in the 
vertical direction on a square area of 20 cm � 20 cm in poly
propylene molds at ambient temperature (ca. 20 °C). In the 
second case, the polypropylene molds were placed inside a 
microwave reactor. The results reflected the dependence of 
foam properties on such parameters of microwave irradiation 
as power and time, and the application of lower power for 
longer time periods resulted in rigid foams with more benefi
cial properties (Figure 43) 

In general, better mechanical properties were observed with 
the increase of apparent density of rigid polyurethane foams. 
However, in this case, it must be stressed that an increase of 
apparent density of about 20% increases compressive strength 
by more than 100% (Figure 44). 

Eventually, the application of microwave irradiation for 
blowing of polyurethane foams led to reduction in the amount 
of amine catalysts required by half. The possibilities of the 
application of partially decomposed cellular polyurethane 
waste under microwave irradiation to formulate modern eco
logical systems for manufacturing heat-insulating foams were 
also presented.109 

4.39.3.2.3 Polyimides 
The preparation of polyimides is one of the most often 
attempted applications of microwave irradiation in polymer 
chemistry. The presented works can be divided into four main 
areas: 

–	 polycondensation of salt monomers composed of diamines 
and pyromellitic acid; 

– dehydration of poly(amic acid)s as polyimide precursors; 
–	 polymerization of nadic end-capped or phenyl ethynyl-

terminated imide oligomers; and 

–	 polycondensation of imide diacid chlorides with aliphatic 
and aromatic amines (poly(amide imide)). 

During polycondensation of salt monomers, polyimides were 
obtained from salts of aliphatic diamines and pyromellitic acid 
or its diethyl ester in the presence of a small amount of a polar 
organic medium (Figure 45).75 

Under microwave irradiation, the polycondensation pro
ceeded rapidly within 2 min for the polyimides with inherent 
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Figure 44 Apparent density and compressive strength of polyurethane foams measured in parallel and perpendicular rise directions. Reproduced from 
Bogdal, D.; Prociak, A.; Pielichowski, J. In Application of Microwave Irradiation for Chemical Recycling of Polyurethanes, Proceedings of Global 
Symposium on Recycling, Waste Treatment and Clean Technology, REWAS, Madrid, 2004.109 

viscosity above 0.5 dl g−1.76 The rate of polymerization of salt 
monomers under various conditions was found to decrease in 
the following order: microwave-induced polycondensation > 
solid-state thermal polymerization > high-pressure thermal 
polycondensation.86 

In the case of dehydration reactions of poly(amic acid)s, the 
kinetics study of imidization under microwave irradiation of 

poly(amic acid) prepared from 3,3′,4,4′-benzophenon
tetracarboxylic acid dianhydride (BTDA) and DDS was 
performed in a 20 wt.% solution of NMP and cyclohexylpyrro
lidone (CHP) used as an azeotroping agent to remove water 
and prevent scission during imidization (Figure 46).110 

It was observed that depending on the reaction temperature, 
microwave irradiation led to 20–34 times higher rates of 

Figure 45 Preparation of polyimides from salt monomers composed of aliphatic diamines and pyromellitic acid or its diethyl ester. 

Figure 46 Imidization of poly(amic acid) prepared from 3,3′,4,4′-benzophenontetracarboxylic acid dianhydride (BTDA) and 3,3′-diaminodiphenyl 
sulfone (DDS). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 20 Rate constant for solution imidization 

Temperature kthermal kmicrowave 

( °C) (min−1) (min−1) 

130 0.030 
140 0.0014 0.076 
149 0.0022 0.103 
150 0.0055 0.169 
160 0.011 
161 
170 
175 

Reproduced with permission from Lewis, D. A.; Summers, J. D.; 
Ward, T. C.; McGrath, J. E. J. Polym. Sci. Part A: Polym. Chem. 
1992, 30, 1647.110 

imidization in comparison with conventional treatment. From 
an Arrhenius analysis, it was found that the apparent activation 
energy determined was reduced from 105 to 55 kJ mol−1 when 
microwave activation was utilized rather than conventional 
heating (Table 20). 

Poly(amic acid) imidization was studied in a solid state 
under microwave irradiation as well.111 Polyether-ester poly 
(amic acid) was prepared by the polycondensation of poly 
(tetramethylene oxide)glycol di-p-aminobenzoate (Polymine
650) with acid dianhydride (PMDA) in a DMF solution at 
room temperature. Then the prepolymer solution was cast on 
polytetrafluoroethylene (PTFE) plates to form 200 μm thin 
films, which were imidized in a microwave oven at 60 °C. 
The results showed that microwave irradiation reduced both 
the reaction temperature and time.111 

Recently, side chain polymers of poly(amic acid) were 
obtained by polycondensation of benzoguanamine and pyro
mellitic dianhydride under microwave irradiation.112–114 The 
synthesis was performed in a microwave oven in which a DMF 
solution of benzoguanamine and an equimolar amount of 

pyromellitic dianhydride were irradiated for 1 h at 60 °C 
(Figure 47). The resulted poly(amic acid) was precipitated from 
the solution and then modified in order to obtain side chain 
polymers with fluorescent as well as third-order non-linear opti
cal (NLO) properties. 

Subsequently, the crosslinking reaction of nadic end-capped 
imide, that is, N,N′-(oxydi-3,4′-phenylene)bis(5-norbornene
2,3-dicarboximide) under both conventional and microwave 
conditions was investigated (Figure 48).115 The starting resin 
(RP-46) consisted of polyimide precursors, 3,3′,4,4′
benzophenontetracarboxylic acid methyl ester (BTDE), 
3,4′-oxydianiline (3,4′-ODA), and the end-capping reagent 
5-norbornene-2,3-dicarboxylic acid monomethyl ester (NE). 
The process proceeded in two stages: imidization (1) and a 
thermal-induced (reverse Diels–Alder) decomposition– 
recombination crosslinking step (2) (Figure 48). 

The kinetics studies of a model compound under conven
tional and microwave conditions were carried out in order to 
simulate the crosslinking reaction of polyimide RP-46. The 
microwave cure was performed in the temperature range of 
230–325 °C, and the results at 230–280 °C were used to deter
mine the kinetics parameters. The microwave cure was rapid 
and led to the conversion to the crosslinked structure about 10 
times faster than during a conventional heating (Table 21). The 
apparent activation energy for the thermal cure was estimated 
to be 94 kJmol−1, whereas for the microwave cure the value of 
activation energy fell in the range of 74–84 kJ mol−1, which 
suggests that the microwave process is a more efficient energy 
process (Figure 49).115 

The kinetics of the microwave cure of phenylethynyl
terminated imide oligomer (PETI-5, Mn = 5000 g mol−1) and a 
model compound, 3,4′-bis[(4-phenylethynyl)phthalimido] 
diphenyl ether (PEPA-3,4′-ODA) (Figure 50), were also 
studied.116 

The microwave cure of PEPA-3,4′-ODA and PETI-5 oligo
mer was performed in the temperature range of 300–330 and 
350–380 °C, respectively. 

Figure 47 Side chain polymers of poly(amic acid) obtained by polycondensation of benzoguanamine and pyromellitic dianhydride. 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 48 Crosslinking reaction of nadic end-capped imides. 

Table 21 Rate constants for the thermal and microwave cure 
processes 

Temperature Thermal process k Microwave process K 
( °C) (min−1) (min−1) 

230 0.003 0.028 
280 0.011 0.140 
300 0.030 84 
325 0.128 
Activation energy 94 
(kJ mol−1) 

Reproduced with permission from Liu, Y.; Sun, X. D.; Xie, X. Q.; Scola, D. A. J. Polym. 
Sci. Part A: Polym. Chem. 1998,  36, 2653.115

0 

–0.5 

 

 

Thermal C
 

In
 

–1 

Microwave 

–1.5 
0 10 20 30 40 50 60 

Time (min) 

In comparison with conventional thermal cure of PEPA
3,4′-ODA and PETI-5, microwave cure gave higher rate con
stants for both. For PEPA-3,4′-ODA, the reaction followed 
first-order kinetics, yielding an activation energy of 
27.6 kcal mol−1, which was 68% that of the thermal cure. For 
PETI-5, the reaction followed 1.5 order, yielding an activation 
energy of 17.1 kcal mol−1, which was 51% that of the thermal 
cure for PETI-5. 

Finally, the kinetics studies showed that in the same tem
perature range microwave irradiation provided a faster cure 
compared to conventional heating, or the same cure rate can 
be achieved at adequately lower temperature under microwave 
irradiation (Table 22).117 

Poly(amide imide)s were also obtained by the poly
condensation of a number of diacid chlorides such 

Figure 49          
cure of the bisnadimide model compounds at 280 °C. Reproduced with 
permission from Liu, Y.; Sun, X. D.; Xie, X.Q.; Scola, D. A. J. Polym. Sci. 
Part A: 115 Polym. Chem. 1998, 36, 2653.

as [N,N′-(4,4′-carbonyldiphthaloyl)] bisalanine diacid 
chloride118–120 and 4,4′-(hexafluoroisopropylidene)-N,N′-bis 
(phthaloyl-L-leucine) diacid chloride121,122 with certain aro
matic amines (Figure 51). 

Prior to the reaction, diacid chloride was ground with an 
equimolar amount of an aromatic amine or diphenol and a 
small amount of a polar high-boiling solvent (e.g., o-cresol) 
that acted as a primary microwave absorber. Under microwave 
irradiation, the polycondensation reactions proceeded rapidly 
(6–12 min) compared with conventional conditions (reflux for 

Comparison of the reaction rate for microwave and thermal

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 50 Chemical structures of PEPA-3,4′-ODA and PETI-5. 

Table 22 Comparison of activation energies of microwave and 
thermal cure reactions. 

Sample MW Thermal 

PEPA-3,4′-ODA 27.6 � 2.3 (kcal mol−1) 40.7 � 2.7 (kcal mol−1) 
1.20 � 0.10 (eV) 1.77 � 0.12 (eV) 

PETI-5 17.1 � 0.7 (kcal mol−1) 33.8 � 2.0 (kcal mol−1) 
0.74 � 0.03 (eV) 1.47 � 0.09 (eV) 

MW, microwave.
 
Reproduced with permission from Fang, X.; Hutcheon, R.; Scola, D. A. J. Polym. Sci.
 
Part A: Polym. Chem. 2000, 38, 1379.82
 

12 h in chloroform, then for another 12 h in dimethylaceta
mide solutions) to give polymers with higher inherent 
viscosities of 0.36 −1 122 

–1.93 dl g (Table 23).
For the polycondensation of 4,4′-(hexafluoroisopropyli

dene)-N,N′-bis(phthaloyl-L-leucine) diacid chloride with 
aromatic amines, higher glass transition temperatures 
(ca. 19–82 °C) were reported.122 A similar series of poly(amide 
imide)s were obtained by the polycondensation of diacid chlor
ides such as [N,N′-(4,4′-carbonyldiphthaloyl)] bis-isoleucine 
diacid chloride,123 N,N′- (4,4′-carbonyldiphthaloyl)-bis-l
phenylalanine) diacid chloride,124 and N,N′- (4, ′
-sulfonediphthaloyl)-bis-l-phenylalanine) diacid chloride125 

with certain aromatic amines and diacid chlorides derived 
from Epiclon B-4400 and phenylalanine126 or l-leucine127 with 
aromatic amines as well (Figure 52). 

Poly(amide imide)s were also obtained by polycondensation 
of hydantoins and thiohydantoin derivatives of pyromellitic 
acid chlorides with [N,N′- (4,4′-carbonyldiphthaloyl)] 
bisalanine diacid chloride,128 N,N′-(pyromellitoyl)-bis-l
phenylalanine diacid chloride,129 and N,N′-(4,4′-diphenylether) 
bistrimellitide diacid chloride130 (Figure 53). The 

4

polymerization reactions were run in a microwave oven for 
10 min without temperature control, while a diacid chloride 
was mixed together with an equimolar amount of hydantoin 
derivatives in the presence of o-cresol. The resulting poly(amide 
imide)s were obtained in good yields with inherent viscosities of 
about 0.28–0.66 dl g−1. 

Likely, poly(amide imide) poly(ester imide)s were obtained 
by the polycondensation of a number of diacid chlorides such 
as [N,N′-(4,4′-carbonyldiphthaloyl)] bisalanine diacid 
chloride,118 4,4′-(hexafluoroisopropylidene)-N,N′-bis(phtha
loyl- 121

L-leucine) diacid chloride  as well as [N,N′
(pyromellitoyl)-bis-l-leucine diacid chloride122 with certain 
bisphenols (Figure 54). 

The synthesis of poly(ether imide)s in the condensation of 
disodium salt of PBA and bis(chlorophthalimide)s was also 
described under microwave irradiation (Figure 55).131 The 
polymerization reactions were performed under PTC condi
tions in an o-dichlorobenzene solution. The polymerization 
reactions, in comparison with conventional heating polycon
densation, proceeded rapidly (25 min vs. 4 h at 200 °C), and 
polymers with inherent viscosities in the range of 
0.55–0.90 dl g−1 were obtained. 

4.39.4 Polymer Composites and Nanocomposites 

4.39.4.1 Polymer Composites 

Composite materials are applied owing to their enhanced 
mechanical properties, which were found especially for such 
polymers as epoxies, polyesters, polyurethanes, and their deri
vatives. Usually during the preparation processes, heat is 
applied to materials to liquefy thermoplastic polymers and 
cure monomers or prepolymers. Radiation processing, which 
includes microwave irradiation, can be considered as an eco
nomical and applicable method of modification of composite 
materials (Table 25). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 51 Polycondensation of diacid chlorides with certain aromatic amines. 

Table 23 Inherent viscosity (ηinh) of the polymers (differences 
between the solutiona and microwave methods) 

Solution – ηinh Microwave – ηinh 

Reagent (dl g−1) (dl g−1) 

Benzidine 0.22 1.22 
4,4′-Diaminodiphenylmethane 0.29 1.32 
1,5-Diaminoanthraquinone 0.09 1.73 
4,4′-Sulfonyldianiline 0.09 0.50 
3,3′-Diaminobenzophenone 0.22 1.26 
p-Phenylenediamine 0.15 1.04 
2,6-Diaminopyridine 0.12 1.44 

aOne equimolar of diacid chloride and diamines was refluxed for 12 h in CHCl3 and then
 
heated for 12 h at 120 °C in dimethylacetamide.
 
Reproduced with permission from Mallakpour, S. E.; Hajipour, A. R.; Khoee, S. J. Polym.
 
Sci. Part A: Polym. Chem. 2000, 38, 1154.123
 

Microwave irradiation was tested as an alternative to con
ventional processing techniques for a glass/epoxy laminate.132 

A numerical simulation was developed to predict the 
one-dimensional transient temperature profile of the compo
site during both microwave and conventional heating for a 
glass/epoxy laminate with a thickness of 25 mm. As raw 
materials for the experimental investigation a bisphenol 
F/epichlorohydrin epoxy resin (Shell Epon 862) and an aro
matic diamine (Shell Epi-Cure W) as a curing agent were used. 
The microwave power was varied continuously from 0 to 6 kW 

to show that it was possible to cure thick glass/epoxy compo
sites uniformly and eliminate temperature excursions because 
of exothermic reactions during cure. Owing to continuous feed
back power control and through more efficient energy transfer 
of the microwave irradiation, it was possible to monitor the 
cure of the composites and increase the quality of thick-section 
composites.132 

In the next paper, a calorimetric analysis (DSC) of the cure 
kinetics of the same glass/epoxy composite was conducted for 
thermally and microwave curing samples.133 Both numerical 
and experimental results showed that microwaves promoted an 
inside-out cure of the thick laminates due to volumetric heat
ing, which dramatically reduced the overall processing time. 
Under conventional thermal conditions, to reduce thermal 
gradients, thick laminates were processed at lower cure tem
perature and heated with slow heating rates, resulting in 
excessive cure times. Outside-in curing of the 
autoclave-processed composite resulted in visible matrix 
cracks, while cracks could not be seen in the 
microwave-processed composite. The formation of cure gradi
ents within the two composites cured under both microwave 
and conventional conditions was observed (Figure 56).134 

Although cure gradients existed in both composites treated 
under microwave and thermal conditions, differences in the 
solidification behavior were notified. In the conventionally pro
cessed composite, the outside-in cure gradients were most 
significant during the early stages of the cure cycle, and the 
maximum cure rate for this epoxy resin system occurred at the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 52 Polycondensation of diacid chlorides with some aromatic amines. 

Figure 53 Polycondensation of hydantoin and thiohydantoins derivatives of pyromellitic acid chlorides. 

Figure 54 Polycondensation of diacid chlorides with certain biphenols. 

beginning of cure. Therefore, it is critically important to initiate 
an inside-out cure at the beginning of the cure cycle. Reduced 
thermal gradients during the early stages of microwave curing 
allowed for better control over solidification behavior of the 
resin. In conventional processing, very slow heating rates were 
required to reduce the thermal lag and heat the composite up to 
a temperature where additional heat was generated by the che
mical reaction. Once additional heat is generated, it will help to 
promote the desired inside-out cure. To obtain an inside-out 
cure in conventional processing, the required cycle time was 
almost 3 times longer than in the case of microwave processing. 
Thus, the processing time can be drastically reduced to achieve 
the desired inside-out cure through the use of microwaves.134 

In another example, the fiberglass/epoxy (Dow-Derakane 
411-350) composite panels with 15 layers of glass fiber mats 

were cured under microwave irradiation. The final panels 
(approximately 1.5 cm thick) were placed perpendicularly 
between a microwave source and receiver used to monitor the 
microwave energy absorption by the composite during the cure 
cycle. It was demonstrated that the application of 
microwave-assisted cure techniques reduced material degrada
tion and residual stress in the composite.135 

Preliminary studies on the microwave curing of a polyester 
resin and composite material used in marine yacht industry 
showed that the microwave curing was an alternative method 
for the faster processing of laminated materials for structural 
applications. Laminates (10 cm � 10 cm) made by three layers 
of fiberglass and polyester resin were prepared by manual layup 
and cured under a microwave irradiation power output of 
1800 W. When the samples were heated less than 11–12 s, the 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 55 Polycondensation of disodium salt of bisphenol A and bis(chlorophthalimide)s. 

Figure 56 Formation of cure gradients with two laminates during (a) conventional and (b) microwave cures. Reproduced with permission from 
Thostenson, E. T.; Chou, T.-W. Polym. Composites 2001, 22, 197.134 

mechanical properties of resins were not influenced by the 
microwave treatment, because the absorbed energy was suffi
cient enough to only activate the curing process but the resins 
were not full cured. At longer time periods, the resins quickly 
solidified and their maximum stress values were close to that of 
the resin cured at room temperature for 10 days. Curing time 
longer than 15 s caused a rapid cure process, which resulted in 
the appearance of ripples and bubbles in the sample. Finally, 
long radiation time of the resin showed negative effects with a 
rapid decrease of the mechanical properties reaching that of the 
not fully cured material. Moreover, it was found that the use of 
high power of microwave irradiation during a short time 

induces fast crosslinking and generates residual stress in the 
cured resin, which can cause matrix cracking.136 

Glass fiber (70 wt.%) composites with diallyl phthalate 
polyester as matrix material were used in the investigation of 
composites. The prepreg was in the form of a 1.6 cm wide and 
0.3 cm thick tape and it was prepared from vinyltoluene 
(30 wt.%) used as a crosslinking monomer and benzoyl per
oxide serving as an initiator. Also, the kinetics study of a thin 
film showed that microwaves could initiate the reaction at a 
lower bulk temperature and shorter time than thermal heating 
to avoid large temperature gradients. Samples prepared on 
KBr disks were isothermally microwave cured at 85, 100, and 
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115 °C, while the extent of cure was monitored by means of 
FTIR spectroscopy. As a result, higher reaction rates were 
observed in microwave curing as compared to thermal curing. 
At lower polymerization temperatures, such as 85 °C, the 
ultimate extent of cure was higher under microwave than 
under conventional thermal conditions.137 

Microwave irradiation was also used to enhance pultrusion 
process in the manufacture of glass fiber-reinforced compo
sites. The main benefits of MAP (microwave-assisted 
pultrusion) over conventional process include faster line 
speeds, reduced pulling forces, greater uniformity of cure, and 
reduced floor area in the case of simple profiles. Microwave 
heating may be used to preheat a pultrusion precursor 
upstream of the main pultrusion die or it may be used in 
conjunction with a microwave transparent die as a direct repla
cement. This process is used to manufacture solid cylindrical 
profiles based on glass fiber and a number of resins, including 
unsaturated polyester, urethane, acrylate, vinyl ester, and epoxy 
and phenolic resins.138 

Microwave irradiation was applied to process nadic 
end-capped polyimide precursor (RP-46 resin) and glass–gra
phite–RP-46 composites. Processing of thick sections by 
conventional thermal process requires slow ramp rates and a 
long processing time. Therefore, the composite material contain
ing conducting fibers could be heated by the microwave process 
to achieve inside to outside heating patterns and quick heat 
ramp rate. Additionally, the microwave process may enhance 
the bonding strength between resin and fiber matrix.139 

Both neat resin and composite with glass and graphite cloth 
were obtained and the effects of various parameters such as 
microwave power level, mold material, and pressure were stu
died. Depending on the conditions, cure of glass and glass– 
graphite hybrid composites was accomplished in 36–130 min 
under microwave irradiation, and the imidization of neat resin 
and composites was complete. Resin specimens containing 
only 0.057 wt.% chopped graphite fibers resulted in complete 
imidization in 6 min. However, glass and glass–graphite com
posites were fabricated by microwave irradiation with flexural 
strength and moduli equivalent to 50–80% of the properties of 
composites fabricated by conventional thermal processes. 

It was shown that the sample size and geometry were 
important factors in microwave processes. For example, chan
ging the sample size from 5 to 15 g caused a temperature 
increase of 32 °C in 10 min at the same power level. 
Essentially, no coupling occurred between a sample of 5 g 
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Figure 57 The effect of sample size on the microwave absorption of 
undried RP-46 resin. Reproduced with permission from Liu, Y.; Xiao, Y.; 
Sun, X.; Scola, D. A. J. Appl. Polym. Sci. 1999, 73, 2391.139 

polyimide resin and microwave energy, proving that a critical 
mass was required to absorb the microwave energy with a high 
efficiency (Figure 57).139 

The application of microwave irradiation to the processing 
of carbon fiber-reinforced phenylethynyl-terminated polyi
mide composites (PETI-5/IM7) was evaluated. A microwave 
process was demonstrated that fabricated unidirectional poly
imide–(carbon fiber) composites with superior thermal and 
mechanical properties relative to the thermal process in half 
the time required for the thermal process.140 

The glass transition temperature and modulus of function
ally graded materials (FGMs) were investigated for ‘epoxy– 
polyurethane elastomer’ (EP/PUR) system that were cured 
with DDM under conventional and microwave conditions. 
For this purpose, a solution containing 65 wt.% of EP/PUR/ 
DDM mixture in dichloromethylene was poured into the PTFE 
mold and was then irradiated at 200 W of microwave power for 
20 min. Then the film was submitted for the next casting. After 
each layer was poured in, the whole sample was successively 
irradiated at 400 W for 30 min. By applying this procedure, the 
materials varying gradually in the glass transition temperature 
from − 54 up to 162 °C and modulus from 0.069 to 3.20 GPa 
were obtained (Table 24). Although the curing time of the 
specimen cured under microwave irradiation at 400 W was 
shorter, the material possessed better mechanical properties 
in comparison with the sample cured conventionally. The 

Table 24 Properties along the thickness direction in the FGMs composed of EP/PUR elastomer 

Thickness direction in the FGM 

Layer 1 2 3 4 5 6 7  8  9  10  11
PUR/EP (w/w) 10/0 10/2 10/4 10/6 10/8 10/10 8/10 6/10 4/10 2/10 0/10 
Tensile strength (MPa) 4.65 5.84 11.6 27.4 32.5 45.8 
Tg (°C) –54 –9.3 25.4 15.2 20.8 25.8 109.2 113.2 139.6 75.9 64.8 
E (GPa) 0.069 0.078 0.245 99 

45.7 83.2 60 39.4 1.585 2.62 145 162 
0.86 44.8 1.01 1.438 2.72 3.20 

0.99 

Microwave curing cycle: 200 W/20 min + 400 W/30 min.
 
Reproduced with permission from Liu, X. Q.; Wang, Y. S.; Zhu, J. H. J. Appl. Polym. Sci. 2004, 94, 994.141
 

 

(c) 2013 Elsevier Inc. All Rights Reserved.



1016 Microwave-Assisted Polymerization 

properties of the sample were only related to the microwave 
power setting, and prolonging the irradiation time did not 
influence the tensile strength, modulus, and elongation.141 

4.39.4.2 Nanocomposites 

Polymer nanocomposites are defined as polymers in which 
small amounts of nanofillers (in the size range from 1 to 
100 nm) are homogeneously distributed by only several weight 
percentages. Nowadays, different kinds of nanofillers are clas
sified depending on size and shape. They are grouped into four 
categories: zero-dimensional (e.g., embedded clusters), 
one-dimensional (1D; e.g., nanotubes), two-dimensional 
(2D; nanoscale coatings, layered materials such as clays, metal 
oxides, metal phosphates), and three-dimensional (3D; frame
work systems such as zeolites). 

Nanocomposites based on polymer–clay systems are of 
considerable interest for the development of new structural 
and functional materials. Recently, there has been much 
research into polymer/clay nanocomposites such as epoxy,142 

acrylic,143 polystyrene,144 and polyamide-6,145 owing to their 
unique and improved properties. For instance, compared to 
polyamide-6, polyamide-6/clay nanocomposites at 5 wt.% 
clay loading level had the heat distortion temperature 87 °C 
higher. Also the tensile strength and tensile modulus were 49% 
and 68% higher, while the impact strength was almost 
unchanged.146 

During conventional processing to fabricate polycarbonate/ 
montmorillonite (PC/MMT) nanocomposites, the processing 
temperatures are often far too high for organophilic groups in 
the gallery of MMT to endure. Thus, microwave irradiation was 
applied for solid-state polymerization of PC prepolymer for the 
preparation of PC/MMT nanocomposites.147 PC prepolymers 
were prepared by melt polymerization of BPA with diphenyl 
carbonate (DPC), and they were intercalated with modified 
montmorillonite (m-MMT) by melt mixing and solution mix
ing methods. The prepolymers were further polymerized in a 
microwave oven with various irradiation times (6–12 s) at 
220 °C to obtain MMT/PC nanocomposites in the solid state. 
PC/MMT nanocomposites prepared by microwave irradiation 
contain a more advanced dispersion of MMT silicate in the 
polymer matrix, in comparison with the nanocomposites poly
merized by oil-bath heating, as shown by X-ray diffraction 
(XRD) patterning. Subsequently, wide-angle X-ray diffraction 
(WAXD) revealed that microwave solid-state polymerization 
converted the preintercalated nanocomposite into the exfo
liated nanocomposite. Thus, microwave-assisted solid-state 
polymerization was more effective in achieving uniform dis
persion of clay in the polymer matrix than the conventional 
methods.147 

Poly(ethylene oxide) (PEO)-based nanocomposites with 
MMT, hectorite, and laponite were prepared by a melting inter
calation procedure induced by microwave irradiation. The 
microwave method takes advantage of smectic clays to absorb 
microwave energy, which activates water molecules in the 
hydration shell of the clay interlayer cations. This phenomenon 
makes possible the entry of PEO chains to coordinate the 
interlayer cations (Figure 58). 

Variables such as the time of irradiation, microwave power, 
total amount of the mixture, and relative ratio of the compo
nents were examined. It was found that intercalations were not 

MW 

PEO 

Na+ or Li+ H2O 

PEO + silicate
 PEO–silicate 
starting mixture
 nanocomposite 

Figure 58 Scheme of the microwave (MW)-assisted melt-intercalation 
reaction. Reproduced with permission from Aranda, P.; Mosqueda, Y.; 
Perez-Cappe, E.; Ruiz-Hitzky, E. J. Polym. Sci. Par B: Polym. Phys. 2003, 
41, 3249.148 

produced for irradiation times shorter than 5 min. In the case of 
longer irradiation times, the XRD patterns confirmed the PEO 
intercalation, showing interlayer spacing of around 1.8 nm and 
a different degree of disorder in the stacking of the clay particles 
depending on the time of irradiation. Longer periods of irradia
tion gave materials with a better stacking order.148 

Microwave irradiation proved to be an efficient method for 
the preparation of PCL/clay nanocomposites and the research 
indicated that PCL/clay nanocomposites had demon
strated many improved properties compared with pure 
PCL.149–151 PCL/MMT nanocomposites were synthesized by 
microwave-assisted in situ ring-opening polymerization 
(MROP) of ε-CL in the presence of either unmodified or mod
ified MMT within only 60 min.152 In the presence of unmodified 
MMT (Cloisite®Na+), PCL with a number-average molar 
weight (Mn) above 60 000 g mol−1 was obtained, showing an 
intercalated structure. Using a hydroxyl group-containing alky
lammonium cation-modified MMT (Cloisite®30B), PCL/MMT 
nanocomposites with a predominantly exfoliated structure were 
obtained for 0.5–5 wt.% MMT loading levels with Mn of PCL 
ranging from 16 300 to 66 100 g mol−1 (Table 25). 

In another paper, tin(II) 2-ethylhexanoate (Sn(Oct)2)- and 
zinc powder-catalyzed ROP of ε-CL was investigated in a micro
wave oven. PCL with a high weight-average molar weight (Mw) 
of 124 000 and 92 300 g mol−1 was produced via the Sn(Oct)2
and zinc powder-catalyzed ROP at 680 W for only 30 min, 
respectively.153 The morphologies of the nanocomposites 
showed a predominantly exfoliated structure. A study on the 
heating characteristics of the MROP of ε-CL has indicated that 
the thermal effect of microwave energy had a significant influ
ence on the polymerization yield and weight-average molar 
weight (M 153,154

w) as shown in Figure 59. 
Under microwave irradiation, in situ polymerization consti

tutes an alternative method for preparing poly(ethylene 
terephthalate) (PET)/layered double hydroxide (LDH) nano
composites. LDHs are also known as anionic clays or 
hydrotalcite-like compounds. To overcome the lack of compat
ibility between PET and LDHs that contain purely inorganic 
anions, LDHs were modified with dodecyl sulfate prior to 
sample preparation. The preparation time was considerably 
reduced, and the inorganic filler was well dispersed and exfo
liated in the polymer matrix. The nanocomposites thus 
obtained were thermally more stable than original PET, 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Table 25 Ring-opening polymerization of ε-caprolactone 

Filler Concentration Temperature Conversion Mn 

Heating type (wt.%) ( °C) (%) (g mol−1) PDI 

MW	 30B 0.5 120 98 66 100 1.5 
30B 3 120 97 34 800 1.7 
30B 3 100 93 43 900 1.5 
30B 5 120 95 16 300 1.8 

 Na+ 3 120 98 60 400 1.5 
- 0 120 85 44 300 1.7 

Thermal (oil  Na+ 3 120 1 1000 1.1 
bath) 30B 3 120 1 1300 1.2 

– 0 120 17 6500 1.1 

MW, microwave irradiation.
 
Reproduced with permission from Liao, L.; Zhang, C.; Gong, S. Macromol. Rapid Commun. 2007, 28, 1148.152
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Figure 59 Effect of irradiation power on polymerization: (a) 0.1% Sn(Oct)2, 30 min; (b) 1% zinc powder, 270 min. Reproduced with permission from 
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especially for the low-loaded nanocomposites (Figure 60). 
Exfoliation and dispersion seem to be complete for LDH load
ings up to 5 wt.%. Larger loadings lead to LDH aggregates in the 
composite. Curing under vacuum of the composite can be 
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skipped, as neither the structure or properties of the nanocom
posites are modified nor the thermal stability is enhanced.155 

Because of the engineering performance of epoxies, epoxy 
nanocomposites, which are prepared by incorporation of the 
layered inorganic components to the epoxies, were stu
died.156,157 When the nanoparticles are dispersed in the 
polymer matrix, competition for curing reaction between the 
intragallery and extragallery epoxies resulted in two types of 
nanocomposite structures. If the former cures faster than the 
latter, the intragallery epoxy can cure fully before extragallery 
epoxy reaches its gel point. During microwave irradiation, a 
rapid curing reaction and curing speed of intragallery relative to 
that of the extragallery epoxy occurred, which was an important 
factor in influencing the exfoliation of clay.156,157 

Favorable features of microwave curing were also utilized to 
demonstrate the effect of various surface-active clay modifier 
agents and the silicone acrylate (PDMS V-Si21) on the physical 
and mechanical properties of epoxy–MMT nanocomposites. 
These epoxy nanocomposites were synthesized by microwave 
curing using sodium montmorillonite modified by 
dodecylamine, hexadecylamine, octadecylamine, and hexcade
cyltrimethyl ammonium bromide (HTAB). The microwave 
curing was very effective because of the fast reaction technique 
for supporting intragallery epoxy curing. Activation of the clay 
surface before reaction with the organic modifier influenced 

Figure 60 TG curve for PET and PET–LDH nanocomposites. 
Reproduced with permission from Martínez-Gallegos, S.; Herrero, M.; 
Rives, V. J. Appl. Polym. Sci. 2008, 109, 1388.155 

(c) 2013 Elsevier Inc. All Rights Reserved.



e– 

e– Charge e– 

Negative slab of layered host 

Li+ Li+ desertion Interlayer 

Li height (Δd) 

e – 
Charge e – 

Discharge 

Li+ 

Li 
Li+ 

insertion 

e – Discharge e – 

e – mm 

1018 Microwave-Assisted Polymerization 

100 

80 

W
ei

gh
t l

os
s 

(%
)

60 

40 

20 

0 

PMMA 

1 mass% C10A 

3 mass% C10A 

5 mass% C10A 

7 mass% C10A 

9 mass% C10A 

100 200 300 400 500 
Temperature (°C) 

Figure 61 TGA curves of PMMA/C10A nanocomposites. Reproduced 
with permission from Kim, S. W.; Lee, J. J.; Yoon, S. Y.; Lim, K. T. Int. J. 
Thermophys. 159Online First ™, 23 June 2009.  

the exfoliation of clay in the polymer nanocomposite and also 
prevented agglomeration in the matrix providing a uniform 
structure.158 

Microwave irradiation was applied for in situ polymeriza
tion of PMMA/clay (C10A) layered nanocomposites. The 
polymerizations were carried out using a microwave reactor at 
70 °C with 200 W of irradiation power. An intercalated/exfo
liated structure was observed by both XRD and transmission 
electron microscopy (TEM) analyses. Thermogravimetry analy
sis (TGA) of pure PMMA and PMMA/clay nanocomposites 

showed the same decomposition onset temperature, which is 
170 °C for all the samples (Figure 61). 

The transition temperature of the synthesized PMMA/C10A 
nanocomposites increased continuously with the C10A con
tent, until a content of 5 mass% was reached and decreased 
after that. Then PMMA chains were fixed inside the sheets of the 
clay, and the layers of the clay effectively suppressed fast heat 
transfer and segmental motions of the polymer chains.159 

Novel polyaniline (PANI) nanocomposites were synthe
sized through the polymerization initiated by chemical 
oxidants. First, aniline was introduced into the interlayers of 
HNb3O8, HTiNbO5, and HSr2Nb3O10 and then the PANI 
nanocomposites were prepared by polymerization under 
microwave irradiation in the presence of oxidants. 
Orientation of the aromatic rings and the extent of oxidation 
and protonation of the interlayered PANI were closely related 
to the properties of different layers. The nanocomposites were 
used as porous electrolytes and analyzed by equivalent circuit, 
cyclic voltammetry, and charge-discharge measurements. 
Compared with the nanocomposites in which the aromatic 
rings are parallel with the inorganic slabs, the nanocomposites 
in which the aromatic rings are perpendicular to the slabs 
demonstrate higher conductivity, electroactivity, and discharge 
capacity. Thus, the nanocomposite with an enough interlayer 
space can provide a good Li+ transition and act as a good 
reservoir to store ions (Figure 62).160 

Metal nanostructures have been extensively studied because 
of their use in applications such as catalysis, optics, electronics, 
and optoelectronics. Different methods were applied to obtain 
the composites with nanocrystals. Previously prepared nano
crystals may be dispersed in polymers, and the other is the 
generation of nanocrystals in polymers in situ. 

For instance, microwave irradiation was used in the synth
esis of semiconductor–polymer nanocomposites of PVK with 

Figure 62 A charge/discharge mechanism for the electrochemical reaction in the Li/nanocomposite cell. Reproduced with permission from Yang, G.; 
Hou, W.; Feng, X.; et al. Adv. Funct. Mater. 2007, 17, 401.160 

(c) 2013 Elsevier Inc. All Rights Reserved.
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nanocrystalline CdS. Pyridine was applied as a solvent due to 
its dipole moment to promote NVC polymerization and for
mation of CdS nanoparticles. The polymerization reactions 
were carried out in the presence of AIBN, thiourea, and cad-
mium acetate under nitrogen atmosphere. Finally, a convenient 
one-step method for fabrication of nanocomposites was devel
oped, in which crystalline inorganic nanoparticles are 
homogeneously dispersed in the polymer matrix.161 

A facile protocol to achieve a crosslinking reaction of poly 
(vinyl acetate) (PVAC) with metallic and bimetallic systems 
using microwave irradiation was elaborated. Nanocomposites 
of PVAC-crosslinked metallic systems such as Pt, Cu, and In and 
bimetallic systems such as Pt–In, Ag–Pt, Pt–Fe, Cu–Pd, Pt–Pd, 
and Pd–Fe were prepared with various shapes such as nano
spheres, nanodendrites, and nanocubes. In a typical procedure, 
Pt-crosslinked PVAC nanocomposites were prepared by reacting 
PVAC with an aqueous solution of inorganic salts such as 
Na2PtCl6∙6H2O at 100 °C for 1 h under microwave irradiation. 
It is known that PVAC chains can be crosslinked at an elevated 
temperature (250 °C); however, in this process, crosslinking of 
PVAC with Pt, In, and Cu metal ions occurred at a relatively low 
temperature (ca. 100 °C). The homogeneous microwave irradia
tion provided uniform nucleation and growth conditions, 
leading to homogeneous nanomaterials with small sizes.162–164 

In a novel method, methacrylate monomers containing 
well-dispersed silver nanoparticles were in situ synthesized 
under microwave irradiation. The particles were spherical in 
shape with a narrow size distribution ranging from 1.0 to 
5.5 nm and with a mean diameter of 2.8 nm. In contrast to 
conventional heating, the synthesis of Ag nanoparticles pro
ceeded uniformly throughout the reaction vessel only under 
microwave irradiation, reaching completion of the reaction 
simultaneously in the whole reaction solution. Successive poly
merization of the monomer containing the resulting 
nanoparticles successfully produced Ag nanoparticles dispersed 
in the polymer matrix.165 

A novel combined procedure of sol–gel and 
microwave-assisted emulsion polymerization was developed 
to prepare TiO2/polystyrene core–shell nanospheres with 
nanoscale TiO2 core and smooth and well-defined polystyrene 
shell.166 Typically, two solutions of tetra-n-butyl titanate (Ti 
(OC4H9)4) in ethanol and deionized water with a pH of 9 
adjusted by adding a solution of NaOH were stirred in the 
ratio 1:13. The reaction was carried out at 40 °C for 40 min in 
the microwave reactor (800 W), resulting in light white and 
transparent TiO2 colloids which were then heated up to 
70 °C. Immediately, sodium dodecyl sulfonate, ammonium 
persulfate, and varying amounts of freshly distilled styrene 
monomer were added into the flask to initiate emulsion poly
merization on the surface of TiO2 colloids. The 
microwave-assisted polymerization reaction was continued 
for 1.5 h, followed by centrifugation, washing, and vacuum 
drying, resulting in core (TiO2)–shell (polystyrene) nano
spheres. The diameter and the diameter distribution of the 
core–shell nanoparticles prepared under different concentra
tions of styrene monomer were measured with a submicron 
particle size analyzer (Figure 63). It is clearly shown that the 
average diameter of the particles increases with the concentra
tion of styrene monomer in the emulsion solution, which is 
123, 161, and 175 nm when a monomer concentration of 2.0, 
3.5, and 5.0 vol.% was employed, respectively. 
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Figure 63 Diameter and the diameter distribution of TiO2/polystyrene 
nanospheres synthesized under varying concentrations (by volume) of 
styrene monomer (a) 2.0%, (b) 3.5%, (c) 5%. Reproduced with permis
sion from Luo, H. L.; Sheng, J.; Wan, Y. Z. Mater. Lett. 2008, 62, 37.166 

Microwave irradiation was successfully used to prepare 
nanocomposites of polystyrene/silica (PS/SNs) with different 
contents of inorganic nanofillers by in situ bulk radical copoly
merization of styrene with methacryloxypropyl silica 
nanoparticles (MPSNs).167 Under optimized condition, 33% 
of grafting could be achieved with 98% conversion of styrene. 
In a typical experiment, MPSNs were mixed with styrene and a 
certain amount of AIBN with ultrasonic vibrations for 30 min. 
Then the mixture was irradiated in a microwave oven (700 W) 
for 10 min with a different power.167 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Recently, atom transfer radical emulsion polymerization 
(ATRP) of styrene using chloro-terminated poly(ethylene 
glycol) (PEG-Cl) as macroinitiator under microwave irradia
tion was successfully conducted and monodispersed 
nanoparticles were prepared. In the typical procedure used for 
ATRP in the presence of CuCl and 2,2′-bipyridine (bipy), styr
ene, PEG-Cl, and Tween-20 (5 wt.%) were dispersed in 
deionized water, and the mixture was polymerized under 
microwave irradiation at 75 °C, while a stable dispersion was 
obtained after 1 h. It was found that the diameters of PEG-b-PS 
nanoparticles prepared under microwave irradiation were 
smaller (< 50 nm) and more monodispersed than those pre
pared with conventional heating. 

Moreover, with the increase in the ratio of St/PEG-Cl, the 
hydrodynamic diameters (Dh) of t he  nanoparticles i ncreased
and the poly index decreased; both Dh and poly dispersity 
index of the nanoparticles prepared under microwave irradiation 
were smaller than those prepared with conventional heating; as 
the concentration of catalyst increased, the Dh of the 

 

nanoparticles decreased and the poly index of the nanoparticles 
increased. The effect of the ratio of St/PEG-Cl and the effect of 
the ratio of (CuCl/bipy)/PEG-Cl were studied (Figure 64). 

Magnetic nanoparticles were also dispersed in a polymer 
matrix with the use of microwave irradiation,168 and monodis
perse magnetic Fe3O4/poly(styrene-co-acrylamide) (Fe3O4/poly 
(St–AAm)) nanoparticles were prepared by an emulsion polymer
ization. The polymerization of styrene and acrylamide monomers 
was carried out in a water solution in the presence of 
well-dispersed magnetic fluid solution. The reaction mixture 
was irradiated in a microwave reactor at 75 °C for 3 h. TEM results 
showed that magnetic Fe3O4/poly(St–AAm) microspheres pre
pared by microwave irradiation were smaller and more uniform 
than those obtained with conventional heating. The size of the 
magnetic Fe3O4/poly(St–AAm) nanoparticles prepared by emul
sion polymerization with microwave irradiation increased as the 
initial St and AAm concentrations increased, while the size 
decreased with increasing ferrofluid content, which can be attrib
uted to surfactant effects (Figure 65).168 
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Figure 64 Effects of the ratio of (CuCl/bipy)/PEG-Cl on the size of nanoparticles. Reproduced with permission from Xu, Z.; Hu, X.; Li, X.; Yi, Ch. J. Polym. 
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Table 27 The specific capacitances of MWNT and PANI/MWNT composite electrodes at 
different currents evaluated from charge–discharge tests 

Current density 
(mA cm−2) 1 2 3 4 5 

Specific capacitance (F g−1) MWNTs 
PANI/MWNTs 

25.4 
322 

24.2 
310 

23.6 
300 

22.8 
292 

22.2 
280 

Table 26 PTFE loading and BET surface area of PTFE/C 
nanocomposites synthesized under microwave irradiation 

PTFE/C 
composite 

Carbon 
powder 

PTFE/ 
C-15 s 

PTFE/ 
C-20 s 

PTFE/ 
C-25 s 

PTFE/ 
C-30 s 

PTFE loading 
(%) 

BET surface 

0 

232.6 

36.8 

50.8 

27.9 

101.2 

16.7 

142.2 

14.8 

161.2 
area 
(m2 g−1) 

BET surface is related to the specific surface area according to Brunauer-Emmett-Teller 
theory 
Reproduced with permission from Tian, Z. Q.; Wang, X. L.; Zhang, H. M.; et al. 
Electrochem. Commun. 2006, 8, 1158.169 

Carbon black-supported PTFE (PTFE/C) nanocomposite was 
synthesized by an intermittent microwave irradiation (IMI) 
method for polymer electrolyte fuel cells (PEFCs), using PTFE 
emulsion as the precursor.169 The synthesized PTFE/C compo
site is characterized by uniformly distributed and nano-sized 
PTFE/C particles without additional high-temperature treatment 
and mechanical milling under liquid nitrogen frozen conditions, 
and the particle size of the PTFE/C composite is in the 10–50 nm 
range (Table 26). The PTFE/C nanocomposite was then mixed 
with Pt/C/Nafion to form a Pt/C/Nafion–PTFE/C composite 
catalyst. The incorporation of PTFE/C nanocomposite in the 
Pt/C/Nafion catalysts leads to a significant improvement in the 
mass transportation without any adverse effect on the electro
chemical activity of the Pt electrocatalysts. The power output of 
the cell with a Pt/C/Nafion–PTFE/C composite cathode is 
0.66 W cm−2, which is 32% higher than that obtained for the 
cell with a Pt/C/Nafion cathode.169 

PANI/multiwalled carbon nanotube (PANI/MWNT) com
posite was synthesized by microwave-assisted polymerization 
as well. For this purpose, purified MWNTs and aniline were 
dispersed in a H2SO4 solution together with ammonium per-
sulfate and irradiated using a microwave oven for 3 min. The 
resulting powders were filtered and rinsed with deionized water 
and ethanol, and then dried at 50 °C overnight under vacuum. 
The highest specific capacitance for the nanocomposite 
(322 F g−1) was almost 12 times higher than that of MWNTs 
(25.4 F g−1) at 1mA cm−2. Compared with the specific capaci
tance (360 F g−1) of the composite obtained by the oxidative 
polymerization method, the result of the experiment is little 
lower. However, the microwave-assisted method is simpler and 
more efficient, and the two values are still comparable 
(Table 27).170,171 

Nanocomposites of poly(vinyl alcohol) (PVAL) crosslinked 
with single-walled carbon nanotubes (SWNTs), MWNTs, and 
buckminsterfullerene (C-60) were prepared by reacting an aqu
eous solution of PVAL (3 wt.%) with dispersed SWNTs in a 
microwave reactor at 100 °C for 1 h; the same procedure was 
maintained with MWNT and C-60. In order to understand the 
surface morphology of the crosslinked SWNT, MWNT, and 
C-60, scanning electron microscopy (SEM) and TEM measure
ments were conducted. For example, when 25 mg of SWNTs 
was used for 8 ml of 3 wt.% aqueous solution of PVAL, sphe
rical sphere-shaped structures were formed where all carbon 
nanotubes (CNTs) were crosslinked with the PVAL matrix. 
Increasing the composition of SWNT to 50 mg resulted in the 
formation of porous structures. A further increase in the com
position to 75 mg resulted in the generation of membrane-like 
structures where the CNTs were knitted together to form a 
porous structure (Figure 66).172 

Microwave protocol was also described to accomplish align
ment and decoration of noble metals on CNTs wrapped with 
carboxymethyl cellulose (CMC). CNTs such as SWNTs and 
MWNTs and buckminsterfullerene (C-60) were well dispersed 
using the sodium salt of CMC, and the addition of respective 
noble metal salts then generated noble metal-decorated CNT 
composites in a microwave reactor at 100 °C under irradiation 
for 5 min. The average size of the Ag particles was estimated at 
50 nm. Moreover, the influence of the reaction time on the size 
of Ag clusters on SWNTs, MWNTs, and C-60 was observed, that 
is, longer reaction times caused the formation of larger parti
cles. These results indicate that the particle nucleation on 
nanotubes was fast and ceased in the initial 30 s, after which 
particle growth, rather than further nucleation, dominated.173 

Figure 66 TEM images of (a) pure SWNTs obtained from Bucky Inc., 
USA, and (b) 25, (c) 50, (d) 75 mg SWNT crosslinked with PVAL nano
composites. Reproduced with permission from Nadagouda, M. N.; 
Varma, R. S. Macromol. Rapid  2007,  Commun. , 465.16428

Reproduced with permission from Tian, Z. Q.; Mi, H.; Zhang, X.; et al. Electrochem. Commun. 2007, 9, 2859.169 

(c) 2013 Elsevier Inc. All Rights Reserved.
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4.39.5 Scaling-Up Reactions under Microwave 
Irradiation 

As shown above, synthesis of polymers as well as their proces
sing under microwave conditions has been already developed 
for many successful laboratory-scale applications and can greatly 
benefit from the unique nature of microwave irradiation. These 
can include such issues as shorter processing time, increased 
process yield, and temperature uniformity during polymeriza
tion and crosslinking, thereby enhancing the properties of 
prepared polymeric materials. To fully understand all the advan
tages and limitation of microwave processing, a 
cross-disciplinary approach has to be taken since not all materi
als are good microwave absorbers and, therefore, suitable for 
microwave applications. Proper understanding and use of 
microwave power can bring even greater benefits than it can be 
expected; however, a unique treatment of every process that has 
to be matched for microwave application is necessary. 

In fact, microwaves do not provide a universal solution to 
every process but in particular should be considered for those 
processes in which treated materials must be of high quality, so 
that the cost of microwave processing can be justified. Magnetron 
efficiencies are between 50 and 72% for 2.45 GHz compared to 80 
and 87% for high power (922 or 915 MHz). Thus, the study of 
efficiency should also include a detailed analysis of a conventional 
process, of which the user often has a very vague idea (Box 4).8 

Regarding the industrial applications of microwave irradia
tion, characteristics that have been suggested to be potentially 
attractive for microwave processing are177 

Box 4 Microwave reactors. 

A number of most commonly used microwave reactors belong to two main 
types: 

• multimode reactor 
• single-mode reactor 

A multimode reactor is in the shape of a rectangular metal box that can 
accommodate the target material. While microwaves are applied to such a 
box via a waveguide, the microwaves undergo multiple reflections from the 
walls. The reflected waves interfere and, in so doing, their superposition 
establishes a distribution of electrical field strengths within the internal space 
(including the material), which within the band of frequencies covered by a 
magnetron corresponds to many different possible modes of oscillations. For 
this reason such a metal box (cavity) is called a multimode microwave 
applicator (cavity) (Figure 67). 

By far a very efficient applicator, particularly for syntheses on a small 
scale (≤ 50 ml), is a single-mode reactor, in which only one mode of 
microwave propagation is permitted and hence the field pattern is well 
defined and the material can be positioned accordingly (Figure 68). 

Every efficient microwave reactor to perform chemical syntheses requires 
reliable temperature measurement as well as continuous power feedback 
control. Most of the reactors are equipped with temperature monitoring 
systems, which enable heating of reaction mixtures to a desired temperature 
without thermal runaways. Moreover, power feedback control systems that 
are operated in most of the microwave reactors enable a synthesis to be 
carried out without knowing the dielectric properties and/or conductive 
properties of all the components of the reaction mixture in detail. An overview 
of microwave equipment manufacturers6,174 and detailed descriptions of 
microwave reactors175,176 can be found in recent review papers and chapters. 

• the size or thickness of the material should be large, 
• the cost of the material should be high, 
•	 improvements in properties obtainable from microwave 

processing are significant, 
• plant space is limited, 
• electricity is cheap, and 

• minimizing handling is advantageous. 

Other characteristics may include 

•	 heat from the combustion of coal, oil, or natural gas is not 

practical (i.e., electricity is the only power source), and 

•	 maintaining a very clean, controlled processing environment 

is important. 

In summary, the economic benefits of microwave processing 
are difficult to define in a general way. Important factors 
include the location of the processing facility; the product 
requirements; possible property improvements; alternative 
sources of energy; availability of capital; and the balance 
between energy costs, labor costs, capital costs, and the value 
added to the product.177 

Application of microwave irradiation for the continuous vul
canization of extruder rubbers was a remarkable achievement of 
the late 1960s.178–180 Since 1970s, the microwave-assisted vul
canization of rubber compounds was used industrially, and it is 
still the most important application of microwave heating to 
polymeric materials in a number of plants, which at the begin
ning of the 1990s reached over 600 for microwave vulcanization 
of extruded rubber weather stripping for the automotive and 
construction industries.181 Microwave processing offered signifi
cant advantages over conventional rubber processing, including 
improved product uniformity, reduced extrusion-line length, 
reduced scrap, and improved cleanliness and environmental 
sustainability compared with steam autoclaves, hot air, or fluid 
bed heating processes (Box 5).177 

Box 5 Scale of microwave processing. 

For nearly 40 years following the invention of the microwave oven in 1945 
during the RADAR project, industrialists and microwave equipment manu
factures predicted a rosy future for microwave processing while very few 
expected that microwave ovens would become popular home appliances and 
reality was quite different. In fact, industrial microwave food processing has 
never achieved the success of domestic microwave ovens in which speed 
and convenience of reheating not cooking appliances were powerful driving 
forces for consumers. 

For example, microwave heating was rapidly adopted by the food 
industry in the early 1950s. The first means of conveying materials through 
a microwave cavity was patented in 1952.181 In 1984, the food industry 
applied 19 MW of microwave heating units installed worldwide.182 

Compared with the 5.1 MW of microwave heating units in use in 1978,183 

the annual growth in the years 1978–84 was on the order of 2.5 MW per year 
or an average increase of 20%. In addition, the number of industrial 
installations built by users for their own processes were not included in 
this statistic. In absolute terms, the 19 MW of industrial microwave power 
was equivalent to 32 thousands of 600 W domestic microwave ovens, which 
is derisory by comparison to the about 7 million units in domestic services 
in 1984 in the United States, where they used to show the highest growth rate 
in the electric domestic appliances sector between 1976 and 1986.8 

(c) 2013 Elsevier Inc. All Rights Reserved.
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Figure 67 Multimode microwave reactor: 1, magnetron; 2, rotating reflector; 3, multimode cavity; 4, reaction vessel; A, nonregular shape of 
electromagnetic waves as a superposition of a number of waves. 
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Figure 68 Single-mode microwave reactor: 1, magnetron; 2, wave
guide; 3, single-mode microwave cavity; 4, reaction vessel. 

At the moment, the microwave equipment manufacturers 
offer microwave equipment that are designed for automobile 
type profile and big industrial type profile. Present implemen
tations are characterized by the 3–10 kW applied power, 
shifting velocity in the range of 0.75–45 m min−1. Treated pro
file of about 50 � 50 mm passes the 3 m long microwave 
chamber followed by hot-air 15 kW, 7 m long space followed 
by a cooling section of approximately 4 m. The resultant pro
cessing capacity is about 500 kg h−1, enabling processing of 
profiles with metal frames, skeletons, and reinforcements. 
However, profile section, properties of a given type of rubber, 
and required production capacity affect the speed of profile 

advance; control of the process, and especially the extent of 
installed microwave output heat, is typically 1 kW per approxi
mately 30 kg of the product per hour (Figure 69).184 

The temperature in the extruder rises to 80–90 °C and 
microwave preheating, placed before the input of the vulcani
zation tunnel, is set approximately to 130 °C. After entering the 
tunnel, the material is quickly heated to the vulcanization 
temperature (e.g., 180 °C) depending on the mix composition. 
After passing through the microwave tunnel, the material is 
maintained for 60–90 s at the required temperature by hot-air 
system and cooled. Microwave vulcanization under atmo
spheric pressure allows universal design and processing of 
various profiles without fundamental modification of lines, 
the construction of which is mostly similar.184 

For processing of polymeric materials and composites, a 
number of industrial microwave equipment manufacturers 
offer equipment for the production of continuous cast-resin 
components, in which the microwave unit (3.6 or 7.2 kW) 
processes high-viscosity resin systems with flow rates up to 
5.0 kg min−1. The control system provides easy integration 
into other and/or existing systems. Several furnaces can be 
switched in cascades to achieve an increase in temperature 
difference between feeding flow and drain flow and/or an 
increase in the flow quantity of the medium to be treated. 
The microwave flow heater is available, which can also be 
applied in other fields, for example, food, plastic, and chemical 

Figure 69 Diagram of microwave line for vulcanization of rubber. Reproduced with permission from Romill. http://www.romill.cz, 4 July 2010.184 

(c) 2013 Elsevier Inc. All Rights Reserved.
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industry. There is a microwave continuous heating chamber fo
glass fiber cables, glass fiber-reinforced plastics, and reinforce
optical fibers (0.8, 1.6, and 2.4 kW).185 

There are also available continuous microwave belt fur
naces, in which the microwave generators are arranged in 
spiral around the longitudinal axis of the cylindrical chambe
to achieve a more uniform energy distribution. The conveyo
belt passes over floor plates which are fitted with secondar
radiators to provide a higher microwave concentration. Th
furnaces can be operated with a microwave power output o
up to 200 kW. The power control system allows each magne
tron to be switched on and off if necessary, which offers th
advantage that power consumption is reduced compared t
continuous power control. The size of channel opening i
adapted to a process (Figure 70).185 

Recently, an industrial microwave syste
HEPHAISTOS-CA2 (high electromagnetic power heating auto
claveless injected structures oven system) for curing of carbo
fiber-reinforced plastics is being developed. The system is espe
cially optimized for processes like injection molding or curin
of that matrix and a modular system technology in connectio
with ‘autoclaves’ fabrication processes.186 

The second segment in the microwave chemistry market i
for instruments for laboratory use in chemical synthesis an
analysis that target customers at academic working groups an
laboratories in the chemical, pharmaceutical, and biochemica
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industries. Detailed descriptions of such instruments can be 
found in recent review papers and chapters.12,175,176 

The synthesis of high-molecular-weight (solid) epoxy resins 
from PBA and a low-molecular-weight epoxy resin in a contin
uous microwave system that consists of four microwave cavities 
with a rotating quartz tube (2.0 m � 0.12 m) was tested and 
developed (Figure 71). 

All the microwave cavities are equipped with a continuous 
power regulation and temperature control, while each magne
tron can be separately switched on and off if necessary, which 
offers the advantage of reduced power consumption com
pared to continuous power control. The speed of the quartz 
tube rotation is also continuously adjustable. It was shown 
that by applying the continuous microwave reactor it was 
possible to obtain high-molecular-weight epoxy resins with 
an epoxy value of 0.11 mol of epoxy group per 100 g of resin 
by maintaining the flow of the substrates through the reactor 
at 8 kg h−1. 

In one set of experiments, the product (epoxy resin) was not 
removed from the reactor during the run; that is, the reaction 
mixture was ‘frozen’ in the tube. Then, the resin samples were 
taken from different parts of the tube and analyzed for the 
conversion, that is, epoxy values. It was found that the planned 
epoxy (i.e., 0.11 mol per 100 g) value was reached in the mid
dle distance from the tube beginning, which means that the 
reactor can even work at flow rates higher than 8 kg h−1.187 

Figure 70 Continuous microwave belt furnace. Reproduced with permission from Linn High Therm. http://www.linn.de, 19 December 2010.185 

Figure 71 Continuous microwave reactor with rotating quartz tube for the synthesis of high-molecular-weight epoxy resin (Ertec, Poland). 

(c) 2013 Elsevier Inc. All Rights Reserved.
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An extensive discussion on scaling-up reactions and differ
ent microwave systems can be found in recently published 
reviews.188,189 
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