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Polymer Physics

The field of polymer science has advanced and expanded considerably in recent years,
encompassing broader ranges of materials and applications. In this book, the author
unifies the subject matter, pulling together research to provide an updated and system-
atic presentation of polymer association and thermoreversible gelation, one of the most
rapidly developing areas in polymer science. Starting with a clear presentation of the fun-
damental laws of polymer physics, subsequent chapters discuss a new theoretical model
that combines thermodynamic and rheological theory. Recent developments in polymer
physics are explored, along with important case studies on topics such as self-assembly,
supramolecules, thermoreversible gels, and water-soluble polymers. Throughout the
book, a balance is maintained between theoretical descriptions and practical applica-
tions, helping the reader to understand complex physical phenomena and their relevance
in industry. This book has wide interdisciplinary appeal and is aimed at students and
researchers in physics, chemistry, and materials science.

Fumihiko Tanaka is Professor in the Department of Polymer Chemistry at the Graduate
School of Engineering, Kyoto University. Professor Tanaka has published extensively
and his current research interests are in theoretical aspects of phase transitions in
polymeric systems, polymer association, and thermoreversible gelation.
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Preface

Polymer science has expanded over the past few decades and shifted its centre of interest
to encompass a whole new range of materials and phenomena. Fundamental investiga-
tions on the molecular structure of polymeric liquids, gels, various phase transitions,
alloys and blends, molecular motion, flow properties, and many other interesting top-
ics, now constitute a significant proportion of the activity of physical and chemical
laboratories around the world.

But beneath the luxuriance of macromolecular materials and observable phenomena,
there can be found a common basis of concepts, hypotheses, models, and mathematical
deductions that are supposed to belong to only few theories.

One of the major problems in polymer physics which remain unsolved is that of
calculating the materials properties of self-assembled supramolecules, gels, molecu-
lar complexes, etc., in solutions of associating polymers from first principles, utilizing
only such fundamental properties as molecular dimensions, their functionality, and
intermolecular associative forces (hydrogen bonding, hydrophobic force, electrostatic
interaction, etc.).

Theoretical studies of polymer association had not been entirely neglected, but their
achievements were fragmentary, phenomenological, and lacked mathematical depth and
rigor. What I have tried to do, therefore, is to show how certain physically relevant
phenomena derive from the defining characteristics of various simple theoretical model
systems.

The goal of this book is thus to present polymer physics as generally as possible,
striving to maintain the appropriate balance between theoretical descriptions and their
practical applications.

During the decade that has just ended the application of the method of lattice theory
(by Flory and Huggins), the scaling theory (by de Gennes) of polymer solutions, and the
theory of gelation reaction (by Flory and Stockmayer) has resulted in the development
of what has become known as the “theory of associating polymer solutions.” This has
brought the aforementioned unsolved problem markedly nearer to the resolution.

In this book special reference is made to polymer associations of various types —
binding of small molecules by polymers, polymer hydration, block-copolymerization,
thermoreversible gelation, and their flow properties. These topics do not, by any means,
exhaust the possibilities of the method. They serve, however, to illustrate its power. The
author hopes that others will be stimulated by what has already been done to attempt
further applications of the theory of associating polymer solutions.



Xiv

Preface

Most of the subject matter treated in the present book has been hitherto available
only in the form of original papers in various scientific journals. These have been very
diverse and fragmented. Consequently, they may have appeared difficult to those who
start the research and practice on the subjects. The opportunity has therefore been taken to
develop the theoretical bases from the unified view and to give the practical applications
in somewhat greater detail.

The first four chapters, making up the fundamental part, contain reviews of the latest
knowledge on polymer chain statistics, their reactions, their solution properties, and the
elasticity of cross-linked networks. Each chapter starts from the elementary concepts and
properties with a description of the theoretical methods required to study them. Then,
they move to an organized description of the more advanced studies, such as coil-helix
transition, hydration, the lattice theory of semiflexible polymers, entropy catastrophe,
gelation with multiple reaction, cascade theory, the volume phase transition of gels, etc.
Most of them are difficult to find in the presently available textbooks on polymer physics.

Next, Chapter 5 presents the equilibrium theory of associating polymer solutions,
one of the major theoretical frameworks for the study of polymer association and
thermoreversible gelation.

This is followed by three chapters on the application of the theory to nongelling and
gelling solutions. Chapter 6 on nongelling associating solutions includes block polymer-
ization by hydrogen bonding, hydration of water-soluble polymers, hydrogen-bonding
liquid crystallization, and micellization by hydophobic aggregation. Chapter 7 treats
more interesting but difficult gelling solutions, with stress on phase separation and ther-
moreversible gelation with junctions of variable multiplicity. Chapter 8 presents two
major methods for the study of gels near the sol—gel transition point. One is the topolog-
ical method on the basis of graph theory, and the other is scaling theory on the basis of
the percolation picture.

Chapter 9 presents the transient network theory of associating polymer solutions,
which is the other one of the two major theories treated in this book. It studies the
dynamic and rheological flow properties of structured solutions from a molecular point
of view. Thus, linear complex modulus, nonlinear stationary viscosity, start-up flows,
and stress relaxation in reversible polymer networks are studied in detail.

Chapter 10 presents an application of the two theoretical frameworks to more complex,
but important systems, such as a mixture of polymers and surfactants, and network
formation accompanied by polymer conformational transitions.

This work is a result of the research the author has done over the past two decades with
many collaborators. I would like to thank Dr. A. Matsuyama and Dr. M. Ishida (Shoji) for
their outstanding contribution to the hydration and thermoreversible gelation of water-
soluble polymers while they were graduate students at Tokyo University of Agriculture
and Technology. I would also like to thank Dr. Y. Okada who, while studying for his Ph.D
under my supervision at Kyoto University, took the initiative of studying the cooperative
hydration of temperature-sensitive polymers, giving me no option but to get up to date on
this topic. The contribution by Dr. T. Koga to the rheological study of transient networks
must also be acknowledged.
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It is also a great pleasure to thank Professor Frangoise M. Winnik for her research
collaboration over the past decade: she has never stopped stimulating and encouraging
me with her enthusiasm in the research of water-soluble polymers.

Finally, it is my great pleasure and honor to thank Professor Ryogo Kubo and Sir Sam
Edwards, who in my early career introduced me to the fascinating world of statistical
mechanics.

Fumihiko Tanaka
Kyoto July 2010






1.1

Statistical properties of polymer
chains

This chapter reviews the elementary statistical properties of a single polymer chain in solvents
of different nature. Starting with the ideal random coil conformation and its tension—elongation
relation, the excluded-volume effect is introduced to study the swelling and collapse of a random
coil. We then focus on the conformational transition of a polymer chain by hydrogen bonding.
Coil-helix transition by the intramolecular hydrogen bonding between neighboring monomers,
hydration of a polymer chain in aqueous media, and competition in hydrogen bonding in the mixed
solvents are detailed.

Conformation of polymers

Internal coordinates of a polymer chain and its hindered rotation

The complete set of space coordinates which specifies the conformation of a polymer in
three-dimensional space is called its internal coordinates. To study the positions of the
carbon atoms along the linear chain of a polymer, let us consider three contiguous atoms
-C-C-C- along the chain (gray circles in Figure 1.1). Because they are connected by
covalent bonds, the length / of a bond is fixed at / =0.154 nm, and the angle 6 between
the successive bonds is fixed at & = 70.53° (tetrahedral angle with cos6 = 1/3). The
bond to the fourth carbon atom, however, can rotate around the axis of the second bond
although its length and angle are fixed. Such freedom of rotational motion is called the
internal rotation of the polymer chain [1-5].

The rotation angle ¢ is conventionally measured in a clockwise direction relative to
the reference position called the trans position. The trans position (t) is on the plane
formed by the first three carbon atoms. Due to the molecular interaction, the potential
energy of the fourth atom is a function of the rotation angle ¢. For a simple symmetric
polymer like polyethylene, the potential energy becomes minimum at the trans position,
and there are two local minima at the angle ¢ = 120°,240° (or equivalently +120°).
They are called the gauche position, and are indicated by the symbols g’, g” (or g™, g7).
Transition between these minima is hindered by the potential barriers separating them.
The conformations with different rotation angles which a polymer chain can take are
called the rotational isomeric states. When all carbon atoms on the chain take the trans
conformation, the chain is extended on a plane in zigzag form. This is called planar
zigzag conformation.
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AE
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(a) (b)

Internal rotation of the carbon atom 4 in a contiguous sequence on a polymer chain. (a) The bond
angle 6 is fixed at cos& = 1/3, while its rotational motion is described by the angle ¢ around the
bond axis 2-3. (b) The potential energy is shown as a function of the rotation angle. For
polyethylene, there are three minima at ¢ =0 (t) and ¢ = £120° (gi).

The energy difference Ae between the t position and the g’, g” positions decides the
average population of the carbon atoms in thermal equilibrium state. It is related to
the flexibility of the chain. For instance, the average length A of the continuous trans
sequence ttttt... is given by

A=lexp(Ae/kgT), (1.1)

where T is the absolute temperature, and kg is the Boltzmann constant. This average
length is called the persistence length of the polymer. It is, for example, approximately
A =5.1nm at room temperature if the energy difference is Ae =2.1kcal mol~!.

On the other hand, the frequencies of the transition between different isomeric states
are determined by the potential barrier AE between t and g/, g” positions (Figure 1.1).
The average time T for the transition from t to g’, g’ is given by

T=19exp(AE/kpT), (1.2)

where 7y is the microscopic time scale of the torsional vibration of a C-C bond (79 ~
10~ !1s). When the temperature is lowered, there is a point where T becomes sufficiently
longer than the duration of observation so that the internal motion looks frozen. Such
a transition from a random coil with thermal motion to a frozen rigid coil is called the
glass transition of a single chain.

Polymers with simple chemical structure take values of order Ae ~ 1kcal mol™!,
AE ~4-5kcal mol~!, but the barrier height AE can be higher if the side groups are
replaced with larger ones, and also if there is strong interaction, such as dipole interaction,
hydrogen bonds, etc., between them.
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Coarse-grained models of polymer chains

The rotational isomeric state model (RIS) is a model chain in which chain conformation
is represented by the set of three states, t, g*.

The RIS incorporates the potential of internal rotation, and is one of the most precise
descriptions of a chain that preserves its chemical structure. To describe the assemblies
of polymers such as polymer solutions, blends, melts, crystals, and glasses, however,
RIS is still too complex and difficult to treat. To simplify the treatment of the many chain
statistics, coarse-grained model chains are often used. Typical examples are described
in Figure 1.2.

Random flight model
A model chain consisting of rigid rods linearly connected by freely rotating joints is
called the random flight model (RF) (Figure 1.2(a)). Let a be the length of each rod
and n the total number of the rods. Since the joint does not necessarily correspond to a
single monomer but represents a group of monomers, a may be larger than the length of
the C-C chemical bond. Also n may be smaller than the degree of polymerization of the
chain. Let us call each unit (a set of joint and rod) a statistical repeat unit.

The probability p(x;;X;—1) to find the i-th joint at the position x; when the (i — 1)-th
joint is fixed at the position x;_1 is given by

p(XisXi—1) = 8(li —a), (1.3)

4ma?
where I; =x; —x;_ is the bond vector, /; = |I;] is its absolute value, and §(x) is Dirac
delta function. The probability p characterizes a linear sequence of the statistical repeat
units, and is often referred to as the connectivity function. The vector R which connects
both ends of a chain is the end-to-end vector. Figure 1.3 shows an RF chain with n =200
which is generated in three dimensions projected onto a plane.

Bead—spring model
A model chain with n 4 1 beads linearly connected by n springs is called the bead—
spring model (BS) (Figure 1.2(b)). Each spring is assumed to have a spring constant

000
(0]

[e]
00100

[@le)e)ele]

e)e]e)c]e)e)

Q00

0000

[ele[e)e

6]
Qoo

(a) (b) (c)

Typical coarse-grained models of a polymer chain: (a) random flight model, (b) bead—spring
model, (c) lattice model.
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Random coil formed with the random flight model with 200 bonds produced in three dimensions
and projected onto a plane.

k =3kpT /a* with 0 equilibrium length. Because the energy of a spring stretched to
length [ is kI?/2, its statistical weight is given by the Boltzmann factor

p(XiiXi_1)= exp(—317 /2a%). (1.4)

1
(ra2/3)32

This is a Gaussian distribution with a mean square separation (/ iz) =a? between adjacent
beads. The bead in a BS chain also indicates a group of monomers as in RF.

The Gaussian bond (1.4) can easily be stretched to high extension, and allows unphys-
ical mutual passing of bonds. To prevent this unrealistic mechanical property, the
model potential, called the finitely extensible nonlinear elastic potential (FENE), and

described by
k s li—a \?
p(Xi;Xi—1) =Cexp| 5 (Imax —a)"In {1 — ) (1.5)
2 Imax —a

is often used in the molecular simulation [6], where k is the spring constant and C is
the normalization constant. The bond is nonlinear; its elongation is strictly limited in
the finite region around the mean bond length a so that bonds can never cross each
other.
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Lattice model

A chain model described by the trajectory of a random walk on a lattice is called the
lattice model (Figure 1.2(c)). The lattice constant a plays the role of the bond length.
The simplest lattice model assumes that each step falls on the nearest neighboring lattice
cell with equal probability [1], so that the connectivity function is given by

1
p(xixi—1) == 8(1;—ae), (1.6)

where z is the lattice coordination number, and the sum should be taken over all lattice
vectors e. For instance, e takes +e,,+e,,+e, for the simple cubic lattice. In a more
sophisticated lattice model, one of the nearest neighboring cells is selected as trans
position and the rest are regarded as gauche position by introducing the energy difference
A€ described in Figure 1.1 [7, 8].

Because the statistical unit of a chain has finite volume, the condition implies that, in
the random walk, a lattice cell should never be passed again once it is passed. A random
walk with such a constraint is called a self-avoiding random walk.

The ideal chain

Single-chain partition function

A polymer chain changes its conformation by thermal motion. The probability of finding
a particular conformation of the chain in the heat reservoir of the absolute temperature
T is given by the canonical distribution function. If one end x of a chain is fixed at the
origin of the coordinates (Figure 1.4), and the other end x,, is fixed at the position vector
R, the end-to-end vector R is given by the sum of all bond vectors

R:Zli. (1.7)
i=1

The canonical partition function for the statistical distribution of the specified end-to-end
vector is defined by

Z(R,T):/.../dxldxz...dx,,_lexp[—,B(U—i—V)]l_[p(xj;xj_l), (1.8)

j=1

where = 1/kgT is the reciprocal temperature, and p is the connectivity function
described in Section 1.1.2.

The interaction energy between the repeat units is separated into two fundamentally
different types U and V. The part U is the potential energy of the internal rotation of
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The bond vectors 1;, the first bond vector 1y, and the end-to-end vector R. Tension is applied at
one end bead (i =n) with the other end bead (i =0) fixed.

each repeat unit, and described in the sum

U= g+ ua(di—1,¢)+ (1.9)

by using the rotational angle ¢ of the bonds. The first term depends only upon the angle
of the repeat unit under study (one-body term), the second term depends on the nearest
neighboring pairs (two-body term), etc. Because the potential energies of the internal
rotation involve only local neighbors along the chain, their interaction is called local,
or short-range interaction. When interactions other than the one-body interaction are
negligible, the rotation is called independent internal rotation. When all U is small
enough to be neglected, the rotation is called free rotation [1,2].

However, the potential energy V' describes the interaction between the repeat units
when they come close to each other in the space, even if the distance along the chain is
far apart. It is usually given by the sum

V=> u(rij (1.10)

i<j

over all pairwise interactions, where r;; =|X; — X | is the distance between the i-th and
Jj-th units. Such interaction between distant statistical units along the chain is called
long-range interaction. For instance, van der Waals force, Coulomb force, etc., belong
to this category [1].

A chain for which the interaction energy is negligibly small is called an ideal chain.
For an ideal chain, we may treat U = V =0, so that we have only to study the connectivity
function p.

The Helmholtz free energy of a chain can be found by the logarithm of the partition
function

F(R,T)=—kgTInZ(R,T). (1.11)
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From the Helmholtz free energy, we can find the entropy S and the average tension f of
the chain using the law of thermodynamics:

dF =—SdT +f-dR. (1.12)

To find the free energy of the ideal chain, we consider the integral
n
ZO(R,T)2/.../Hp(l,-)dlldlz...dln, (1.13)
i=1

for the partition function. We have changed the integration variables from the position

vectors of the joints (beads) to the bond vectors. The subscript 0 indicates that the chain

is ideal. Because of the constraint (1.7), we cannot complete the integration in this form.
To remove this constraint, we consider its Laplace transform

o, T) EfZ(R, T)ePTRyR, (1.14)

where § = 1/kgT. The integration of the bond vectors is independent of each other in
0. We find

0. T)=g)", (1.15)

after integration, where the new function g(¢) is defined by the Laplace transform of the
connectivity function

g = / dlpDeP. (1.16)

It is a function of the dimensionless tension 7 defined by the work fa to elongate the
chain by the fundamental length unit @ divided by the thermal energy kg7 ':

t=fa/kpT. (1.17)

Let us define the new function G (f, 7') by the log of the Laplace transformed partition
function Q(f,T):

G, T)=—kgTIn Q(f,T). (1.18)

Because the independent variable is changed from R to f, the small change of G is
given by

dG=—-S8dT —R-df. (1.19)

Hence we find that G is identical to the Gibbs free energy. For the ideal chain, it takes
the form

Go(f,T)=—nkpgTIng(t), (1.20)

from (1.15).
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The function p of the RF chain (1.3) leads to

. sinh ¢
§(t)= T (1.21)
and hence the Gibbs free energy is
Go(f,T)=—nkgT In[(sinh7)/1]. (1.22)
The BS chain (1.4) gives the form
g(1) =exp(t*/6), (1.23)
and hence
n 2
Go(f,T)z—ngTt . (1.24)

For small elongations of the chain, these two models give the same result.

Tension—elongation curve

Using the thermodynamic relation (1.19), we can find the average end vector R under a
given tension f by the differentiation

G
R=—<¥)T. (1.25)

Because the vector R lies in parallel to the tension, we can write the result for the RF
model in terms of its absolute value as

£:L<ﬁ>, (1.26)
na kgT

where the function L(z) is defined by

Liy=L |1 (Simh? thr— 1 (1.27)
=—|In =cotht——, .
dt t t

and called the Langevin function [4]. The tension—elongation relation is shown in Figure
1.5.

In the linear region where the elongation is small, the graph is a straight line with slope
3, but there is an upturn in the high-extension region due to the nonlinear stretching of
the chain. Such a nonlinear amplification in the tension in the high-elongation region is
referred to as the hardening effect.
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(a) Tension—elongation curve of the Langevin chain (solid line) and its Gaussian approximation
(broken line). (b) Simplified model (1.30) of a nonlinear chain for different nonlinear amplitude
A. The curve with A =1 (dotted line) is close to that of the Langevin chain.

The Langevin function 7 = L(¢), described by the dimensionless elongation 7 = R /na,
is measured relative to the total chain length na, and its inverse function can be expanded
in the power series
1 I 5 2 5 -
st——t"+——t"———t'+--, 1.28
35 st Tt T (1.282)

9.5 297 5 1539 4
r cee

=L 'F)=3F+ =+ =P — 1.28b
=345+ 5"+ 575 (1.28b)
Hence, in the linear region, the tension is proportional to the elongation as
3kgT
=22 R, (1.29)
na

so that it obeys Hooke’s law. A chain that obeys Hooke’s law is called a Gaussian chain.
The proportionality constant depends on the temperature. The BS model with a linear
spring obeys a similar law. Because the origin of the tension is not the intermolecular
force but the entropy of the chain conformation, the spring constant of the chain increases
in proportion to the temperature. This is the opposite tendency to the elastic constant of
solids made up of low molecular weight molecules such as metals.

Because the Langevin function and its inverse function are mathematically difficult to
treat, we introduce here a simple nonlinear model chain whose tension is described by

t=3r 1+2A a (1.30)

= Jr — . .
3 1—72

where A is a parameter to specify the degree of nonlinearity of the chain (Figure 1.5(b)),

and referred to as the nonlinear amplitude [9, 10]. When A =0, the chain is Gaussian. It

deviates from Gaussian with an increase in A, and the nonlinear effect caused by chain
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stretching becomes stronger. For A = 1, the chain is close to a Langevin chain with very
high accuracy (95%). This simplified model of the tension is used extensively for the
study of shear thickening and strain hardening in transient networks in Chapter 9.

We can describe the temperature coefficient of chain tension (0 f /07 )g in terms
of the coefficient of the thermal expansion o = (JR/3T) r/R at constant tension and
the extensivity k7 =(QR/9f)r/R as

af _ o
<8_T)R_KT' (1.31)

We thus recognize the similarity to the thermodynamic law

@p/dT)y =a/kr, (1.32)

for gases, and hence infer that the origin of the chain elasticity is the entropy as for the
temperature coefficient of gases.

Distribution of the end-to-end vector

From the thermodynamic law (1.12), the Helmholtz free energy at a constant temperature
is given by the work for f - dR done for stretching the end vector from 0 to R. By the
relation (1.11), the partition function is given by

R/na
Z(R,T):exp{—n/ L_l(y)dy}
0

3R2 R\? R\*
=expy =55 1+Ci|— ) +Co\ — ) +-- ¢, (1.33)
2na na na

where C| and C; are numerical constants. They are found to be C; =3/10,C, =33/125
from the expansion (1.28b) for a Langevin chain.

The partition function, when regarded as a function of the end vector, is proportional
to the probability of finding the end vector at a position R. It gives the canonical distri-
bution function of the end vector after normalization. If the chain is sufficiently long,
or the degree of elongation is small, terms higher than C; can be neglected, so that the
probability is found to be

30\? 3R?
(I)()(R): W exp _2na2 . (134)

Since this is a Gaussian distribution, a chain with this probability distribution function
is called a Gaussian chain. The mean square end-to-end distance of a Gaussian chain
is given by

(R*)o=na". (1.35)
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It is proportional to the number n of repeat units, and hence the molecular weight of
the polymer. The tension—elongation relation (1.29) of the Gaussian chain gives the free
energy

_ 3kgT ,
Fy(R) = Tna R (1.36)

by integration. It is proportional to the temperature and the square of the end-to-end
distance.

By expanding the Laplace transformed partition function (1.14) in powers of the
dimensionless tension, we find

Qt.T)  (R%)o ,
e ! +-e, (1.37)

=1
o0 T

and hence we can find the mean end-to-end distance of a free chain from the coefficient
of 12.

Because the energy of orientation measured from the reference direction parallel to
the end vectoris f1;-R/R = facosb;, the orientational distribution function of the bond
vector is proportional to exp[ facos0; /kgT]. Because the tension is related to the end-
to-end distance by (1.28b), the orientational distribution under a fixed R is given by the
probability

f£(©)=Cexp[L™"(R/na)cosb]. (1.38)
The orientational order parameter of the chain is then defined by
n=(P2(cos0)), (1.39)
by using the Legendre polynomial of the second-order P> (x) = (3x%2—1)/2, where (- - )
is the average over the orientational distribution function f (0). By taking the average
over (1.38), we find

n(F) =1-37/L~' (), (1.40)

for a RF model.

Fundamental properties of a Gaussian chain

We have seen that a chain has a Gaussian property irrespective of the details of the model
employed when the number n of the repeat units is large. This is a typical example of
the central limit theorem in probability theory.

A Gaussian chain has the following fundamental properties:
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ey

@

3

The probability distribution function of finding an arbitrary pair i and j of the repeat
units at the relative position vector r;; =X; —X; is given by

3 3/2 Srizj
o) = —ao S — 1.41
w0 =(smamiri) =0\ -ai A4y

and hence we have (I',-zj)o =a? [i—7j1.

Let s; =x; — X be the relative position vector of the i-th repeat unit as seen from
the center of mass of the chain

X EXn:Xi/n- (1.42)
i=0
The square average
(s3) = 1 Xn}s?) (1.43)
" i=0 l

of s; is the mean radius of gyration. The mean radius of gyration of a Gaussian
chain is

(s*)o=—na’. (1.44)

The probability of finding the relative position vector r;; connecting the two repeat
units to be found at r is

1
G(r):;Z((S(r—rij)). (1.45)
l’]
This function is called the pair correlation function. The Fourier transformation
- . 1 .
S(q) = / G(r)e 9Tdr=— Z(e—lq'ru‘) (1.46)
n s

of the pair correlation function is directly measurable by scattering experiments of
light, X-rays, neutrons, etc., and is called the scattering function of the chain. Since
the Gaussian average is

4 1
(ezq~r,~,->0:exp{_§qzaz|,~_j |}, (1.47)
we find (1.46), by replacing the sum over i, j in (1.46) by the integral, as

S(q)=nD((s*)0g?), (1.48)
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for a Gaussian chain, where the function D(x) is defined by

D(x)zé(e*—lﬂ), (1.49)

and called the Debye function [11].
The scattering function (1.48) can be expanded as

< 1 2 2
S(q)/n:l—g(s Yog“ 4+, (1.50)

by using the power expansion D(x)~ 1 —x2/3 + --- of the Debye function for
small x. By plotting the intensity of scattered light in the limit of long wavelength
q <<+/{s%)o as a function of the scattering angle, we can find the mean radius of
gyration from its slope.

Conversely, in the short wavelength limit of g > 1/ (s2), the scattering function
is approximately
1/2

2
2670 -1 (1.51)
q

- 2
S(@)/n=—-=x
X

This shows that the random coil locally looks like a rod-shaped molecule, because

the scattering function of a rod is proportional to the inverse power ¢ !

Effect of internal rotation and stiff chains

Characteristic ratio

In this section, we study the effects of local interaction on chain properties. A real chain
has a fixed bond length (/ =0.154nm) and a fixed bond angle (6 = 109.47°) between
subsequent carbon atoms. The internal rotation experiences a potential energy which
depends upon the rotational angle ¢;. It is generally described by (1.9).

Because the one-body potential u1(¢) has minima at the trans and two gauche angles
(Figure 1.1(b)), a simple model in which only the three states t, g~, g are allowed may
be proposed (the rotational isomeric state model, or RIS).

The internal hindered rotation affects the chain statistics in many ways, but the fun-
damental nature of a Gaussian chain, such that its mean square end-to-end distance
and radius of gyration are proportional to the molecular weight of the chain, remains
unaltered, although the rotional potential energy modifies the proportionality constants.
Therefore, to study the proportionality constant, we introduce the characteristic ratio

C, = (R?)/na?, (1.52)

as a function of the potential of rotation. A polymer chain with a large characteristic ratio
is difficult to bend. It takes an extended conformation along its axis.
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Table 1.1 Characteristic ratios of common polymers

Polymer Temperature [°C] Coo
polyethylene 138 6.7
polystyrene 34 10.2
polypropylene 74 7.0
polyisobutylene 24 6.6
poly(vinyl acetate) 29 9.2

Let us first consider the free rotation model. The free rotation model has a mean square
end-to-end distance

n n

(R)=Y " (L-1;) =Y () +2) (-1

ij=1 i=1 i<j
=a’[n+2(n—1)(cos) +2(n —2)(cosH)* +---+2(cosH)" ]

5 |:1+cose 2cos6 1—(cos9)"]
=na - bl

1.53
1—cos6 n  (1—cos6)? (1.53)

due to the independent nature of the rotational motion, where 6 is the bond angle.
For a large n, the second term can be neglected. The characteristic ratio is then given
by the Eyring formula [12]:

. 1+cosf

Coo=——.
7 1—cosh

(1.54)

When the potential is not uniform, the characteristic ratio takes the more general form

_ 1+4cosf 14 (cos¢)
" 1—cosf 1—(cos¢)’

Coo (1.55)

where (cos ¢) is the thermal average over the rotational angle using the Boltzmann factor

exp(—ui(@)/kT). (1.56)

This is called the Oka formula [13]. For the RIS model, the average is (cos¢) =
(1—-0)/(1420), where 0 =exp(—BAe€) (Ac is the energy difference between trans
state and gauche state (Figure 1.1)(b)), the Oka formula takes the form

1+cosb 2+o

= 1.57
1—cosf 3o ( )

oo
The textbook by Flory [2] includes the major results on the potentials of rotation and the
characteristic ratios calculated on the basis of the chemical structure of polymers.

The experimental values C, of some typical polymers are shown in Table 1.1.
Polyethyrene has Ae =0.5 kcal mol~!, cos® = 1/3, and hence 0 =0.54 at T =413 K.
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The RIS model (1.57) gives Co, = 3.1, but the experimental value is Co, = 6.7, almost
twice as large. This discrepancy is attributed to the effect of two-body and higher body
interactions.

Persistence length and the stiff chain

The length of the end vector R projected onto the first bond vector 1;
l,=(R:11)/a, (1.58)

is called persistence length. The memory of the initial bond direction is lost in the
contour distance /,, along the chain. For the free rotation model, we find

R1) 1/$ ‘ 1 1—(coso)"
—— L1 )= o) '=a——M ", 1.59
a a <§ o aig]:(cos ) “ 1 —cosf ( )

Hence, in the limit of the long chain n — o0, the persistence length reduces to

R-1
lpslim< n__ @ (1.60)

n—o0o  a 1—cos6’

When there is a potential of internal rotation, the formula is refined to

1+4cos6B{cos¢)

lp:a(l_cose)(l—(cosqb))' (1.61)

If we take the special limit of n — co,a — 0,6 — 0 under a fixed value of the total
length L =na in the free rotation model, we find from (1.60)

(cos®)'=(—a/l,)" —exp(—=L/l,), (1.62)
and hence we have
(R*)=21,%(e " —1+L/l,)=L*D(x) (1.63)

for the mean square end-to-end distance (1.53), where x = L/I,,. The function D(x) is
Debye function defined by (1.49). The ratio x = L /I, (the number of the persistence
length in the chain) is called the Kuhn step number. A chain defined this way in the
limit of small bond angles in the free rotation model is called a Kratky—Porod chain
(KP chain) or wormlike chain [14].

A KP chain has a nature similar to the Gaussian chain when the total length is longer
than the persistence length (L >>1,,); its mean end-to-end distance becomes (R*)~21 pL,
which is proportional to L. In the opposite case where the total length is shorter than the
persistence length (L <[p), it has a similar nature to the rigid rod because (R?)~L>.
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(a) Potential energy u(r) of Lenard—Jones type as a function of the distance between a pair of
repeat units on a chain shown in (c). (b) Mayer function constructed from the potential energy (a).

Excluded-volume effect

This section studies the effect of long-range interaction. Molecular interaction through
van der Waals forces, hydrogen bonding, electrostatic forces, and hydrophobic forces,
all fall into this category.

We first consider the van der Waals force. The total interaction energy is given by the
sum of the pairwise potential

VZZM(}‘,’J), (1'64)

i<j

where u(r) is the effective interaction potential between the monomer i and j in the
solvent. It is assumed to have a hard core repulsive part and a long-range attractive part
(Figure 1.6(a)).

The partition function (1.8) for a given end-to-end vector R is

Z(R,T)=/.../dx1dxz...dxnlexp[—ﬂzu(n,])}]—[p(xj;xj1). (1.65)
j=1

i<j

Following Mayer’s perturbation theory in the classical statistical mechanics of interacting
particles, let us try to expand it in powers of the strength of the interaction [15].

The interaction potential u(r) goes to infinity when the two monomers come into
contact, and hence a simple expansion in powers of it leads to the divergence of each
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term in the series. To avoid this problem, we introduce the Mayer function, defined by
x(r)y=e P —q, (1.66)

and expand the interaction part in the partition function in powers of this function as

[T HxCD]=14D " x i+ D xCipx i)+ (1.67)

i<j i<j i<j k<l

We then carry out the integration term by term. This is the method referred to as cluster
expansion, which was developed in the theory of condensation of interacting gases [15].
For a polymer chain, the condition of linear connectivity is added.

To calculate term by term in the power expansion, let us introduce a further approx-
imation. The Mayer function takes the form shown in Figure 1.6(b). It can be roughly
replaced by

x (r) =v(T)8(r) (1.68)

in order to study the chain properties in scales larger than the size of monomers, where
the excluded volume of a monomer v(7) is defined by the integral

U(T)E—/X(r)dr. (1.69)

Carrying out this integration separately from the repulsive force inside the diameter o
of the hard core and from the repulsive force outside of it, we find

4r 3 > 2
v(T)= ?O’ —I—ﬂ/ u(r)dmredr, (1.70)
o

where the attractive part is expanded in powers of u(r) because it is finite. The first
term vo=4mo> /3 gives the volume of the space region to which the monomers cannot
enter due to the existence of other monomers. This is the origin of the term “excluded
volume.” The second term takes a negative value due to the attractive nature of u(r).
When summed, they are combined as

v(T)=vo(1=0/T). (1.71)

The parameter 6 is defined by

3 o0
95——/ u(ryridr, (1.72)
k]_),()'3 o

which is a positive number with the dimension as temperature. This gives the reference
temperature for the study of the polymer chain, and called the theta temperature.' In

! The theta temperature of polymer solutions is conventionally defined by the temperature at which the
second virial coefficient of the osmotic pressure vanishes. In this book, we write ® for this theta
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Table 1.2 Coefficients in the expansion factors

Expansion factor Mean end-to-end distance Radius of gyration

C 4/3=1333 134/105=1.276
C» 2.075 2.082
Cs 6.297 -

the following, we measure the temperature in terms of the dimensionless temperature
deviation

T=1-0/T, (1.73)

from the reference theta temperature.

In the high-temperature region t > 0, the repulsive force is dominant. The monomers
mutually repel each other, and as a result the chain swells from the ideal state. The
solvent serves as a good solvent. On the contrary, in the low-temperature region t < 0,
the chain contracts due to the attractive interaction among the monomers. The solvent
serving such an environment is a poor solvent. At the theta temperature lying in between
them, these two effects exactly cancel each other, so that the chain remains ideal.

If the integrals are carried out term by term in the power series of the cluster expansion
for the BS model chain (1.4), the series turns out to be in powers of the parameter

3 \32
ZE<2jm2> v(T)/n=t4/n. (1.74)

This parameter is called the excluded-volume parameter.

On the basis of this perturbational method, we can calculate the statistical averages of
various physical quantities [17, 16]. For instance, the mean square end-to-end distance
is expressed in the asymptotic series

agp=(R*)/(R*)g=14Ciz—Crz> +C32° —--- (1.75)

which has alternating coefficients. The series does not converge, but the absolute value
gradually approaches the exact value as higher terms are included. The ratio g2 defined
by the left of this equation is called the expansion factor of the mean end-to-end distance.
The expansion factor as of the radius of gyration is similarly defined. The results obtained
so far are summarized in Table 1.2. We can see clearly that the chain expands or shrinks,
depending on the temperature.

The perturbational analysis is theoretically clear in principle, but has weak points such
as (1) calculation of the higher-order terms is seriously difficult, (2) it is not a convergent

temperature of the solutions to distinguish from the single-chain 6 at which the attractive and repulsive
interactions balance and the total excluded volume vanishes. The relation between the two is studied in the
following chapters.
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series, and (3) the series has physical meaning only in the vicinity of the theta temperature
because the excluded-volume parameter is proportional to +/n. Therefore, we need a
more efficient method to understand the statistical properties of the polymer chain over
a range temperature wide.

In fact, experiments report that the average end-to-end distance obeys the power law

(RA'?2~an®, v=3/5. (1.76)

The exponent of n changes from 1/2 to this Flory’s 3/5 law at high temperatures [ 18]. The
exponent 3/5 of the polymer dimensions is called the Flory exponent. We cannot reach
this result by continuing the calculation of higher-order terms in the cluster expansion.

Scaling laws and the temperature blob model

The critical exponent v of the polymer dimension is found to be v =0.60 in the high-
temperature region by light scattering measurements, v =0.55—0.57 by measurements
of the diffusion coefficient, and v =0.55—0.57 by viscometry. In this section, we propose
a physical picture by which we can view the statistical properties of the polymer chain
over the entire temperature region.

First, we know that polymer chains show the properties of a Gaussian chain in the
narrow region near the theta temperature where the excluded volume parameter z is
sufficiently small. We have

Ro~an", vg=1/2. (1.77)

In this section, we focus on the dependence on the temperature and DP, so that we
may neglect the unimportant numerical prefactor of order unity. Therefore, Ry on the
right-hand side can also be interpreted as the mean radius of gyration, Rg.

In the high-temperature region, the chain expands not uniformly but forms temper-
ature blobs, groups of correlated monomers consisting of an average number g of
monomers [16] (see Figure 1.7). Each of the blobs has the nature of a Gaussian chain
with the scaling law, but they repel each other due to the excluded-volume effect. The
average radius of gyration of a blob is given by

E=ag". (1.78)

The polymer takes a conformation which looks like a pearl-necklace made up of blobs.
The number g of monomers inside the blob can be found using the condition such that
in the length scale larger than & the excluded-volume effect is significant. The boundary

is given by

v(T)é ~1, (1.79)
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t=1-9o/T g, monomers

1 /n1/2 --------------------------------------

—1/[71/2 ______________________________________

Thermal blob model describing the conformational change of a polymer chain with the
temperature. The vertical axis is the dimensionless reduced temperature T with the theta
temperature as the reference temperature.

where v is the excluded volume (1.71). Substituting &£ and v into this equation, we find
ge~1/7%. (1.80)

This number depends on the temperature, and hence we write it as g;.
Now, the total number of blobs is /g . As they obey Flory’s law (1.76), the radius of
gyration of the chain becomes

8t

n\"F
RF:(agT”‘))-<—> =713, (1.81)

where vr =3/5 is the Flory exponent. This is Flory’s 3/5 law shown with the temperature
factor.

The crossover temperature where the theta region changes into the high-temperature
swollen region is decided by the condition £ ~ Ry. This gives T 2~ 1/n'/? for the boundary
between them.

At low temperatures, the chain forms blobs as in the high-temperature region, but the
blobs attract each other and are packed into a compact form by the negative excluded-
volume interaction (see Figure 1.7). If we assume close packing of the blobs, the radius
of gyration of the chain becomes

Ve
RG:(agT”9)~(£) =at3pl3, (1.82)

T
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where v, =1/3 is the critical exponent for close packing.” The close packed blobs form
what is called a polymer globule.

The change from Gaussian chain to globule by cooling is generally a gradual crossover,
but discontinuous change (collapse transition) is also reported in the literature [19-22]
Under what conditions the collapse transition takes place remains an open question.
Such a discontinuous collapse is considered to be thermally reversible, and is called
coil-globule transition (referred to as CG transition).

Coil-globule transition of a polymer chain in a poor solvent

Monomers on a polymer chain in a solvent interact with each other through the effective
long-range force. The temperature blob model predicts a crossover from a random coil
to a compact globule. On the basis of the mean-field free energy, this section studies the
possibility of a sharp CG transition [16,20].

Let « = R/ Ry be the expansion factor of the average radius R of the chain measured
relative to the reference value Ry =a+/n in the Gaussian state. The volume V =4z R3/3
occupied by the chain has an average of n/V monomer density. The free energy can be
described by

BF(R)=A(@)+ B Fin(R), (1.83)

where A () is the elastic free energy due to the change in the polymer conformational
entropy. It is

A(oe):%(az—l)—3lna, (1.84)

from (1.36) when the reference value at @ = 1 is subtracted.’
The second term Fjy is the energy due to the monomer interaction. Following the
standard procedure for the study of interacting gases, it can be expanded as

nA2 nA\3
BFn(@) =n|v(T) (1) +w() + (1.85)
\%4 \%
in the density virial series, where v(7T') is the two-body interaction parameter (1.71), w
is the three-body cluster integral, etc. Taking up to the third-order term, and minimizing
the total free energy (1.83) with respect to «, we find the equation

f@=a—a® -2 —cryn=0, (1.86)
o

for «. We have employed the form v(T) = vyt for the excluded volume, and introduced
two constants y =w/2w? and C =vy/w (w=4mwa’/3 is the volume of a monomer).
They both have numerical values of order unity.

2 If we pack n rigid spheres of radius a as closely as possible into a spherical form, the radius of the body
formed is proportional to n 173,
3 The final term —3Ina is necessary when the volume change is associated with the deformation.
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Solving (1.86) with respect to «, we find the following results:

(1) Under the assumption that y is independent of the temperature, « is a function of
the combined variable z = t./n.

(2) In the high-temperature region, where t7/n > 1, a >~ (rﬁ)l/ 5 and hence R ~
71/543/5 The chain is swollen compared to the ideal state. Thus, Flory’s 3/5 law is
confirmed.

(3) In the low-temperature region, where —7./n > 1, a ~ |t/n |_1/ 3 and hence R ~
(—=7)~Y311/3. The 1/3 law indicates that the chain takes a close-packed globular
conformation.

(4) In the transition region, where |t4/n| < 1, the expansion factor is close to unity
a =~ 1. The nature of the transition depends on the value of y. If y takes a value larger
than the critical value y. =0.0228, the transition from swollen coil to globule is a
gradual crossover. If it is smaller than the critical value, the equation (1.86) has three
solutions, so that the transition becomes discontinuous similarly to the first-order
phase transition (Figure 1.8(a)). The transition temperature 7. lies 1/./n below the
temperature 0. It approaches the temperature 0 in the limit of infinite molecular

weight.
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(a) Function f(«) (divided by o to show Maxwell’s rule of equal areas) plotted against «.
There is a discontinuous coil-globule transition for y < 0.0228. (b) Radius of gyration Rg and
hydrodynamic radius Ry of a polystyrene (PS) chain in cyclohexane measured by static and
dynamic light scattering plotted against the temperature. The molecular weight of PS is

My =2.6x 107. (Reprinted with permission from Ref. [22].)
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In the region occupied by the polymer chain, solvent molecules are mixed. Let Ay be
the chemical potential of the solvent molecule measured from the value in the pure sol-
vent. From the thermodynamic condition Apg=(0AF /dNy), =—(¢/n)(0AF /d¢)=0
that the chemical potential of a solvent molecule inside the region occupied by the poly-
mer should be equal to that in the outside region, we can derive Maxwell’s rule of equal
area for the osmotic pressure in the form

X2

d
,BAFE,B(FQ—Fl)zf 3f(a)a—il=0, (1.87)

X1

for the free energy, where o is the swollen state and «; is the collapsed state (Figure
1.8(a)).

The nature of the CG transition has been investigated by many researchers. A typical
example is polystyrene (PS) in the solvent cyclohexane (6 =34.5°C). Neutron scattering,
light scattering, osmotic pressure measurements, and viscosity measurements have all
confirmed the points (1)—(3) above, but no consensus has yet been reached about the
nature of the transition (4). Light scattering experiments on PS of ultrahigh molecular
weight (My, =2.6 x 107) indicate that the transition is very close to the discontinuous
one with y >y, (Figure 1.8(b)) [21].

Coil-helix transition

Some polymers, such as isotactic polypropyrene (iPP), polyisobutadiene (PIB), and
poly(ethylene oxide) (PEO), form helices in the crystalline state. A helical structure is
represented by p,, with p number of monomers and m the number of turns in one period
of the helix. The length d of one period is called pitch of the helix. The length along the
helical axis per monomer is then given by

b=d/p. (1.88)

For example, iPP forms a 3; helix with d =0.65 nm, and hence » =0.22 nm; PIB forms
an 85 helix with d =1.863 nm, »=0.233 nm; and PEO forms a 7; helix withd =1.93 nm,
b=0.28 nm (see Figure 1.9). Short-range interactions (local interactions), in particular
hydrogen bonds, are important for stabilization of a helical conformation.

Several synthetic polypeptides, such as the poly(L-amino acid)s, the poly(y-L-
glutamate) (PBLG), poly(B-benzyl-L-asparate) (PBBA), and poly(L-glutamic acid)

— d=1.93nm

T
.

Helix structure 7, of poly(ethylene oxide). The period is d =1.93 nm. One period includes seven
ethylene oxide monomers and forms two turns.
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Hydrogen Bonds

Alpha helix of polypeptide. Type 185 has a period of 2.7 nm. Hence, 3.6 residues (0.54 nm) form
a turn. The pitch per monomer is »=0.15nm.

(PLGA), also form «-helices in the solid state (see Figure 1.10). When they are dis-
persed in strongly interacting solvents, polymer chains are not merely separated from
each other but also change their conformation from helical to random coil. For instance,
PBLG forms an a-helix with »=0.15 nm in chloroform (CF), but melts into a statistical
random coil in dichloroacetic acid (DCA). Hence, the chain changes its conformation
in mixed solvents of CF and DCA depending on the solvent composition. Such a con-
formation change is an example of coil-helix transition (referred to as CH transition).
In the transition state, a chain generally takes a conformation with rod-like rigid helices
of polydisperse length that are sequentially connected by random coil segments. CH
transition may also be induced by changing other environmental parameters, such as
temperature or pH.

Theoretical studies of CH transitions focus attention on the behavior of the poly(amino
acid) in the transition region. The most basic information is the change in the fraction
of the residues in helical states as functions of the molecular weight of the chain and of
the environmental parameters (solvent composition x, temperature 7', and pH).

From the late 1950s, many papers in the literature studied this problem [23]. Most of
them employed either the matrix method or the generating function method to calculate
the chain partition function. However, in order to apply the theoretical method directly to
many chain problems in solutions and gels, we here reformulate the single chain problem
using the combinatorial counting method.

Consider a polymer chain carrying a total number n of statistical units (Figure 1.11).
Let the symbol 0 indicate a monomer (an amino acid) in the random coil part, and let
1 indicate the same in the helical part. Let u be the statistical weight of the adjacent
pair (0,0) of monomers, v be that of a pair (1,1), and w be that of the pairs (0,1) and
(1,0). These can be derived by integrating over the rotational angle of a monomer under
the potential of internal rotation (1.9). Because a hydrogen bond is formed between
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Statistical weight of the conformation of a chain with mixed helical parts (1) and random coil
parts (0). After integration over the internal rotation angle, we find the statistical weights u,v,
and w for the adjacent pair (0,0), (1,1) and (0,1), (1,0). The number of repeat units (an amino
acid) in the helix is designated ¢.

neighboring pairs in the helical part, the statistical weight v is different from u for the
pair in a coil part.
The partition function of the chain is then given by the form

Zm(T)=Z(u)w(vv)w(uuuu)w(vvvvvv)~~ s (1.89)

where the summation should be taken over all possible distributions of the helical parts
along the chain under the given number m of the helical monomers.

Let us study this partition function from a different viewpoint. In order for the helices
to be generated on this chain, helical sequences must be selected from the finite length
n. Let j; be the number of helices with length ¢ =1,2,3,...,n (counted in the number
of statistical repeat units).

We first consider that helices are temporarily contracted into single units. The total
length is therefore reduced to n’ =n— )¢ j.. (In order to distinguish the neigboring
helices, we assume that there should be at least one nonhelical monomer between them.)

The number of ways to choose ) j; units from n’ is given by n'!/ (3" j.D(n' =3 jo)!,
but since we cannot distinguish the states that are obtained by exchanging helices of the
same length, we instead have to multiply by the factor (3_ j-)!/([jcD.

We thus find that the number of different ways to select j={ i, j», j3,...} sequences
is given by

e 3197
1jeHn=>"¢jc =2 o)t

o) (1.90)

We next divide the partition function by its value u” in the reference state of the perfect
random coil, and introduce the relative statistical units s(7') =v/u. The ratio w/u is then
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expressed as os(T), where o = w/v is associated with each boundary between the
neighboring coil part and the helical part.
In general, for a run of ¢ helical monomers, the statistical weight

ne=0s(T)* (1.91)

is assigned [24]. The parameter o associated with the helix boundary is called the helix
initiation (nucleation) parameter, or the cooperativity parameter. If it is small, the
probability to create the first hydrogen bond to generate the helix (nucleation of the helix)
is low due to the large penalty for adjusting the local conformation to form the hydrogen
bond. But once one bond is formed, adjacent bonds are formed more easily, so that there
is a strong tendency to form continuous chains of bonds.

The partition function of a chain measured relative to the random-coil conformation
is then given by

Zn(M) =Y oG [ [m)*. (1.92)
J ¢

Because the total number m =) ¢ j, of helical monomers is not a fixed number but
thermally controlled, we introduce the activity A of the helical monomers, and move to
the grand canonical partition function

ET)= Z Zm (THX™. (1.93)

m>0

This function is the helical counterpart of the binding polynomial in the literature [25]
on biomacromolecules, which is frequently used to study the adsorption of ions, legands,
protons, etc. onto proteins.

In order to find the most probable distribution (m.p.d.) of helices, we maximize the
partition function (1.93) with A =1, or minimize the free energy G(T') of a chain, by
changing j. The condition is

3
T nw@§)+Y _ jelnn | =0. (1.94)
¢
¢

By using the Stirling formula for In w(j), we find that the m.p.d. is given by
Je/n=(1=0-v)zt, (1.95)

where

QEZU;/;@ (1.96)
¢=1
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is the average helical content (number of statistical units in the helical parts divided by
the total number of units), and

v="je/n (1.97)
=1

is the average number of helices on the chain. The parameter z in (1.95) is defined by
z=(1-06—-v)/(1-0). (1.98)
Substituting the distribution (1.95) into these definitions, we find 6 and v as
0=zVi()/[1+zVi(2)], (1.99)
and
v=zVo(2)/[1+zV1(2)], (1.100)

where the functions V (x) are defined by

V@)=Y nezts  Vi=) inezt (1.101)
=1 =1

Similarly, substituting (1.95) back into the original partition function (1.92), we find

(1]

(N=z", (1.102)
where E(T)=E(1,T), or equivalently,
G(T)=kpTInz. (1.103)
By definition (1.98), the parameter z must satisfy the equation

X V) =1. (1.104)
1—z

If n is allowed to go to infinity in Vj(z), this is the same equation as that found by Zimm
and Bragg [24] (referred to as ZB):

Z 0SZ

=1. 1.105
1—z1-—s52 ( )

The solution z corresponds to the reciprocal 4., !of the larger eigenvalue A of the original
7B secular equation. However, because the upper limit of the sum in Vj is limited to
the total number n of repeat units, the effect of the molecular weight on the transition is
easy to study in the present theoretical framework.



28

Fig. 1.12

Statistical properties of polymer chains

1.0

0.8 -
n=100

6=0.01
0.6 -

z,0,v,(

0.2 -

0.0 -

TEMPERATURE In s

Helix content 6 (solid line), number of helices v (broken dotted line), mean helix length Z
(broken line), and probability z (thin broken line) for a randomly chosen monomer to belong to
the random coil part shown as functions of the temperature. The temperature is measured in
terms of Ins = const+ |eyy|/kg T by using the probability s of hydrogen-bond formation.

Substituting the form (1.91), we find
Vo(z) =oszwo(sz), Vi(z) =oszwi(sz), (1.106)

where the functions wg and w are defined by

wo()=Y 7 wi)=) exfh (1.107)
=1 =1

Lifson and Roig [26] used a slightly different weight for n,:
ne =v (for ¢ =1), v?wb 2 (for ¢ >2). (1.108)

The result does not differ significantly, so that, in the following study, we employ the
simpler ZB weight.

Figure 1.12 plots z, 6, v, and the mean helix length E =0/v as functions of the
temperature. Temperature is measured in terms of Ins (7). The CH transition takes place
at around Ins = 0. The transition becomes sharper for a smaller nucleation parameter
o (stronger cooperativity). The transition also becomes sharper with molecular weight,
and becomes a real phase transition with discontinuous 6 in the limit of infinite chain
length.

Consider next the CH transition of a polymer chain under tension applied at the chain
end (Figure 1.13) [27]. For simplicity, let us also assume that the helices are rigid rods
and have a pitch d with p monomers in one period. The length along the rod axis per
monomer is then given by b (1.88). The length of a helix with monomer sequence ¢ is
given by b¢.
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Polymer chain forming helices under an applied tension f. Coil parts and helical parts appear
alternately along the chain.

Let e; be the unit vector specifying the direction of the i-th helix along the chain, and
let ry be the end-to-end vector of the k-th random coil part along the chain. We then have
the relation

R=> "r+b) s (1.109)
k i

for the end-to-end vector of a chain.
Let m be the total number of repeat units in the helical parts. The canonical partition
function of a chain with specified m and R is written as

2o R =3 0@ [Too’ [ [T]etoan[Toctoan. 110
k i

{j} ¢

under the condition (1.109), where p; (1) is the connectivity function (1.3) for the helix
of length ¢.

We next move to the ensemble where the external tension f is the independent variable,
and integrate over end-to-end vectors R and orientation e; of helical rods. We then find

O (T F)= / dRZ, (T, R)P R =gty 3w (i) [ [0 [ Tawr), (11n)

where the function g () is the Laplace transform (1.16) of the connectivity function p(1),
t= fa/kgT is the dimensionless tension, and

k=b/a (1.112)

is the helical pitch per monomer in the unit of the fundamental step length of a repeat
unit.
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We next introduce the activity A for a helical monomer, and move to the grand partition
function

E(T. 0= 2" Qu(T.1)

m=0

=20" Y o®] [ned: 0I5, (1.113)
j :

where the new function ¢; is defined by

bc (1) =g(kt8)/8(1)°. (1.114)

Atthis stage, we can see clearly the effect of tension on the CH transition. The statistical
weight 1, of a helix with length ¢ is changed to

Ne —> N Pe (1), (1.115)

where the factor ¢; includes the effect of the orientation g(«7¢) of a rod-like helix,
and the entropic force g(7) ¢ from the corresponding random coil segments. In fact, by
taking the logarithm of the total statistical weight of a helix, we find that the free energy
of a helical sequence of length ¢ is given by

A fr(t)/kgT =—Inn; —In[sinh(«1¢)/k T ]+ ¢ In[sinht /7] - InA. (1.116)

By minimizing this free energy with respect to ¢ for a given statistical weight 1, we
can see in a simple way that the average helix length is increased by stretching to the
limit where they are finally destroyed. The physical reason why helices are enhanced by
tension is that the linear growth of rod-like helices gains a larger end-to-end distance
than that of the random coils, and hence it is advantageous for a chain under tension.

The m.p.d. of helices is found by maximizing the grand partition function (1.113) by
changing j.. As before, we find

Je/n=(1=0—=v)n:dc (1)(h2)°¢ (1.117)

by variational calculation. The parameter z is defined by
z=(1-60—-v)/(1-0). (1.118)
To see the physical meaning of this parameter, we substitute the equilibrium distribu-
tion (1.117) into the grand partition function, and fix at A = 1. We find that it is given

by

8(T.n=[g®)/zI". (1.119)
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Since the probability p(m = 0) for finding a completely random coil is given by
g/ a(T,t), we find

pm=0)=2z", (1.120)

and hence the physical interpretation of the parameter z is the probability such that an
arbitrarily chosen monomer belongs to the random coil part.
Repeating the same procedure given above under no tension, we find

0=zVi(t,2)/[1+zVi(t,2)], (1.121)
and
v=zVo(r,2)/[1+zV1(1,2)], (1.122)
where the functions V (¢,z) are defined by
n n
Vo)=Y e (05, Vi)=Y cnede(n2E. (1.123)
¢=1 ;=1

The condition to find z is

= V) =1. (1.124)
1—z2

This is basically the ZB equation, but here it is properly extended to include the effect
of tension. The solution of this equation gives the probability z(¢) as a function of the
temperature and the external force.

Let us next find the tension—elongation curve. The average end-to-end distance R can
be found by the fundamental relation

3
R=—[kgTInE(T;A,1)], 1.125
8f[B ng( )] (1.125)

so that we have

R/na=L(t)—(0z/01)/z
=1 —=0)[L@)+rzWi(t,A2)], (1.126)

where L(¢) is the Langevin function (1.27), and Wy is defined by

Wk([,x)EZZkT];(l)g (1)L(k1&)x®, (1.127)
¢=1

fork=0,1,2,....
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To find the average square end-to-end distance (R2)q in the absence of the external
force we expand the partition function E(7,¢) in powers of the dimensionless force ¢.
Formal expansion gives

E(T,t)/E(T,0)=14((R*)0/6a>)t*+---, (1.128)
so that we can find (R2)( from the expansion
r=z0+21t> 4 (1.129)
of the parameter z and the expansion of the relation (1.119) in the form
(R*)o/na*=1-6z1/z0. (1.130)

Here, z is the solution of (1.124) under no force t =0.
Explicit calculation of z; leads to

(R*)o/na* =[1—0(0)]+x>5y6(0), (1.131)
where 0(0) is the helix contents at =0, which was studied in the preceding section, and
tw = V2(0,20)/V1(0,20) (1.132)

is the weight-average helix length of the chain under no tension (see Figure 1.14).

The end-to-end distance as a function of the tension is calculated in a similar way as
before. We find

R®)=ROM[1-00)]+xR™V1)6(), (1.133)

<R?>/na?
Helix Content 6

0.5

Temperature In s

Mean square end-to-end distance (solid lines) and helix content (dotted lines) plotted against the
temperature. A minimum appears in (R2) at the coil-helix transition temperature.
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where R and R™ are the end-to-end functions defined for the coil part and helical
part in a similar way as above [28,29].

Hydration of polymer chains

Water-soluble polymers often collapse upon heating. Such inverted CG transitions can-
not be explained by a simple excluded-volume interaction of the type (1.71), because
v(T) increases with temperature and hence monomers on the chain repel each other,
resulting in the chain swelling at high temperature. For a chain to collapse at high tem-
perature, we should consider additional molecular interaction such as hydrogen bonding
and hydrophobic association.

Hydration of a neutral polymer can roughly be classified into two categories: direct
hydrogen bonds (referred to as H-bonds) between a polymer chain and water molecules
(p-w), and the hydrophobic hydration of water molecules surrounding a hydrophobic
group on a chain in a cage structure by water—water (w-w) H-bonds. In this section,
we extend the combinatorial method for the partition function presented in the previous
section to suit for the problem of solvent adsorption, and study polymer conformation
change in aqueous solutions due to the direct p-w H-bonds.

Statistical models of hydrated polymer chains

At low temperature, a polymer chain is hydrated and dissolves in water. On heating,
bound water molecules dissociate (dehydrate). The hydrophobic segments aggregate
into globules to repel water. To study such a high-temperature collapse, we assume
that a polymer chain takes a pearl-necklace conformation (Figure 1.15) [27-30]. are
the compact spherical globules formed by close-packed hydrophobic aggregates of the
dehydrated chain segments. They are connected in series by the hydrated swollen random
coils. Such a polymer chain with an alternating secondary structure can be studied using
a general theoretical framework similar to the one employed for CH transition.

Let i; be the number of pearls that consist of a number ¢ of contiguous repeat units,
and let j; be the number of swollen hydrated coils of the length ¢ connecting them. Chain
conformation is specified by the indices i = {i1,i»,...} and j={Ji, jo,...} as shown in
Figure 1.15. The partition function (1.8) of a chain with no specification of its end-to-end
vector takes the form

E(T)= expl-BAGLj)]. (1.134)

ij
where the statistical weight is given by

exp[—BAGLDI= @i [ ) (o). (1.135)
¢
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Sequential hydration along the polymer chain, with the end-to-end vector R under tension f, due
to the cooperative interaction between the nearest-neghboring bound water molecules. The
vector ré connects the incoming and outgoing point of a globule, while the vector r¢ is the
end-to-end vector of a hydrated coil. (Reprinted with permission from Ref. [30].)

The combinatorial factor @ is the number of different ways to place the sequences
specified by (i,j), and is given by

w(i,j)=w. (1.136)

[Tic! TTJe!
This method is generally applicable to any chain along which two different structures
are alternately formed [30].

The statistical weight A, for a globule of size ¢ can be modeled by considering its
condensation free energy A f;. The cohesive energy of the globule due to hydrophobic
aggregation is given by —e¢, where € (> 0) is the binding energy per repeat unit. The
globule has a surface tension y at the surface in contact with water, so that the total free
energy is given by A fr =—el +y¢ 2/3 Thus the statistical weight takes the form

Ae(My=e7¢"

MT)E, (1.137)
where A(T) =exp(Be) is the association constant. (Dimensionless Sy of the surface free
energy is simply written as y.)

For the statistical weight 7, a swollen random coil, we can incorporate the
cooperativity of H-bonds by assuming the Zimm-Bragg form (1.91)

ng=0s(T)*, (1.138)

where s (T) is the association constant for the H-bonding of a water molecule onto a repeat
unit of the polymer chain. It can be written as s(7) =exp[B(eg + A€)] in terms of the
H-bonding energy €. The parameter o =exp(—pf Ae€) is a measure of the cooperativity



1.9 Hydration of polymer chains 35

of hydration due to the interaction free energy —Ae between the nearest-neghboring
bound water molecules. Smaller o gives stronger cooperativity as in CH transition.
For instance, a sequence

---GGGGGCCCCCGGGGGGGE- - (1.139)

of five contiguous hydrated repeat units on the coil part has a statistical weight of s(7')°
with an additional factor (/o) from the two boundaries in contact with the globular
parts.

Instead of summing over all possible distributions (i,j), we find the m.p.d. that
minimizes the free energy A(i,j) under the condition

n n
ie=Y"ji (1.140)
¢=1 =1

because a pearl and string appear alternately, and also under the condition that the total
number of repeat units is fixed at

> ¢lic+jo)=n. (1.141)
=1

Let us introduce two Lagrange indeterminate coefficients o and u for these constraints,
and minimize

BAG))=—Inw@.j)— Y (irInk;+ jc Inn;)
¢

—a Y (g —jo)—w| Y tlic+j)—n|, (1.142)
¢ ¢

by changing i and j. From the conditions d A(i,j)/di; =0A(,j)/0 j; =0, we find

ic)Y g ="t o/ Y je=e At (1.143)

where the new parameter z is introduced by the definition z =e/.
By taking the sum over ¢ =1,...,n, we find that the Langrange constants must satisfy
the coupled equations

e"Up(z)=1, e *"Vp(z)=1, (1.144)

where

n

U@ =Y ¢zt V=) tfnezt (k=0,1.2,..) (1.145)
¢=1 =1
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are the k-th moments of the distributions i, and j;, respectively. By eliminating o, the
Lagrange constant z can be found by the equation

Uo(2)Vo(2)=1. (1.146)

This is equivalent to the Zimm-Bragg equation (1.104) if A, is replaced by 1 and the
weight (1.138) for n; is employed. In what follows, therefore, we will call this the ZB
equation.

Substituting the m.p.d. into the condition (1.141), we find that the average number v
of pearls (also of coils) is given by

v=>"ig/n=Y jio/n=[U1()/Uo(z)+ Vi(2)/ Vo))", (1.147)
¢ ¢

By the ZB equation, it can be written as
v=[U1(2)Vo(2)+ Vo) Vi(2)] ™. (1.148)
The fraction of the hydrated part, or the number of bound water molecules, is given by

0= Z;j;/n =Uo(2)V1(2)/[U1(2) Vo (2) + Uo(2) V1(2)]. (1.149)
e

The fraction of the globules is given by 1 — 6. This equation can be written in a more
compact form as

0=h()Vi()/[1+h(2)Vi(2)], (1.150)
where the function %(z) is defined by
h(z) =Uo(2)* /U1 (). (1.151)

In the original ZB (1.146) for CH transition with A, = 1, the factor A (z) is reduced to z.
(The upper limit of the sum is allowed to go to infinity.)
The number-average size of the globules is given by

68 =Y "¢/ Y e =U1(2)/Us(2) = U1 () Vo (). (1.152)
¢ ¢

Similarly, the number-average sequence length of the hydrated random coils is given by

0= "¢he) Y je =V1()/ Vo) =Up() V1 (2). (1.153)
¢ ¢

The superscript (c¢) indicates the random coils swollen by bound water.
Finally, by substituting the m.p.d. into the original partition function (1.134), we find
Z(T)=1/7",asin (1.102).



1.9 Hydration of polymer chains 37

In order to find the average end-to-end distance as a function of the tension f applied
at the chain end, we change the independent variable from R to f by carrying out the
Laplace transformation as in (1.14). Introducing the Laplace transformation

&= [ e ar, b= [ piwear, (1154)
we can easily see that the partition function Q(f, T') takes a form similar to Z as

Q. T)=> @i [ [[1e& OV ncbe (01, (1.155)

ij ¢

where t = fa/kgT, as defined in (1.17), is the dimensionless tension in the unit of the
thermal energy. The statistical weight is now renormalized by the effect of tension as

Ae = A () =he8e(t),  ne— i (1) =nbe (1), (1.156)

By differentiating the free energy with respect to the tension, we find

R(t)=R®NO[1—01)]1+RC1)6(), (1.157)
where
R® (1) Enaw, RO (1) Enaw. (1.158)
Ui(t,2) Vi(t,2)
The solution z(#) of the ZB equation,
Uo(t,2)Vo(t,z) =1, (1.159)

must be used for z. Thus the total length is decomposed into a globular part and a swollen
coil part.
The mean square end-to-end distance is written in compact form as

(R%)o = (R)E (1—-60) + (R2) 60, (1.160)
where 0y =6 (0) is the degree of hydration at t =0, and

, UM (z0)
U1(0,z0)’

2 V(z)

(Rz)(c) =6na
0 V1(0,z0)

(R =6na (1.161)

are the average square end-to-end distance of each component, where U M (z0), vy (z0)
are the coefficients of the O (%) terms in Up, Vj.
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Models of the globules and hydrated coils

Let us introduce a simple model of the globules. A globule of size ¢ is assumed to take
a spherical shape into which repeat units are close packed. The radius R is given by the
condition 47 R3 /3~ a3.

We then have the diameter 2R ~ka¢ /3, where k =2(3/4m)'/3 is a numerical constant.
We also assume that the incoming random coil goes out from a point exactly opposite to
the sphere, so that the connecting vector r€ has the absolute value 2R of the diameter.
Hence we have

2Rf /kgT =« "%t, vg=1/3. (1.162)
The Laplace transform of the end-vector distribution for a globule then takes the form
8¢ (1) =sinh(k"01) /k "t =gk {"01), (1.163)

where g(t) is the Laplace transform (1.21) for the orientational distribution of one bond
vector of the chain segment.

We next introduce a simple model for the swollen hydrated coils. The mean end-to-end
distance of the chain segment with length ¢ is given by

R=kwal,  vp=3/5, (1.164)

according to Flory’s law (1.76) for a swollen chain with the excluded-volume effect,
where vp =3/5 is Flory’s exponent and ky, is a numerical constant of order unity. The
Laplace transform of the end-vector distribution for a hydrated coil then takes the form

be (1) =g (kw'F1). (1.165)

We first solve the ZB equation (1.149), and obtain 6y by (1.149). The end-to-end
distance can be calculated from the explicit formula

(R%)o/na® =k2¢26=1(1—60) +kw’Ca™ o, (1.166)
where
n n
(2o T= "0z /Y Chezg, (1.167a)
=1 =1
2T Zcz“Fn;zo/Zgn;zo (1.167b)

For the numerical calculation, we assume the form s(7)/A(T) = Agexp[y (1 —1)] for
the association constant of the H-bond, where t =1—® /T is the reduced temperature
deviation (1.73) from the theta temperature of the polymer solution without H-bonds,
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and y = (eg + Ae —€) /kp®. (The fraction 6 and the expansion factor «g depend only
upon the ratio s(7") /A(T).)

Figure 1.16(a) shows the test calculation to see how the coil-globule transition
becomes sharper with cooperativity. The DP is fixed at n = 100 and the cooperativity
parameter is varied from curve to curve. We can see clearly that the transition becomes
sharper with o. The broken lines show the fraction of the hydrated parts.

Figure 1.16(b) shows the tension—elongation curves at three different temperatures.
At T =—0.5 in the transition region, there appears a wide plateau in R, and we notice
the existence of the critical tension 7. >~ 3.0 for t = —0.5 at which chain segments start
to be reeled out from the globules. For the balance between a globule of the size ¢ and
a hydrated coil of the same size, we find a scaling law

12~ Ar. (1.168)
The critical tension becomes smaller as the transition temperature is approached. Hence,
we can expect that chain segments are easily reeled out from the globules by a small
tension near the transition temperature. If the chain is stretched by tension above a critical
value (the critical tension ¢.), segments are reeled out from the globules, and exposed to
water. Hydration proceeds while the random coils grow, so that the collapse temperature
is shifted to a higher value. The tension stays constant during the reel-out process, and
hence a plateau appears in the tension—elongation curve [30].

Competitive hydrogen bonds in mixed solvents

Some water-soluble polymers, such as PEO and PNIPAM, exhibit a peculiar conforma-
tional change in water upon mixing of a second water-miscible good solvent such as

e
o

e
>

Olp/0lg(T=-1.5), 6

o
[N}

-~

1 1
15 -1.3 -1.1 -0.9 -0.7 -05 0 2 4 6 8 10

o
o

TEMPERATURE 1 TENSION t
(a) (b)

(a) Theoretical calculation of the expansion factor ag (solid lines) and the degree of hydration 0
(broken lines) plotted against temperature for three different cooperativity parameters
0=10"3,10"%, and 107> (n =100,xw/k =0.31). (b) Tension—elongation curves at three
different temperatures. (Reprinted with permission from Ref. [30].)
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bound CH3;0H
-

collapsed
globule

free H,0

free CH3;0H

Competitive H-bonding between PNIPAM-water (p-w) and PNIPAM-methanol (p-m). When
there is strong cooperativity, continuous sequences of each species are formed along the chain.
As aresult, the chain takes a pearl-necklace conformation. (Reprinted with permission from Ref.

[10].)

methanol, tetrahydrofuran, or dioxane. For PNIPAM, although the second solvent is a
good solvent for the polymer, the chain sharply collapses at the molar fraction xy, >~0.2
of methanol, stays collapsed up to xy, ~ 0.4, and finally recovers the swollen state at
Xm 22 0.6 in a majority of methanol [31]. Such a transition from coil to globule, followed
by an expansion from globule to coil, is called reentrant coil-globule—coil transition.

Considering that methanol molecules are also H-bonded onto the chain, we expect
that there is a competition in forming the p-w and p-m H-bonds. The statistical weight
of a sequence for each is given by

e = 0454 (T)°, o=w,m. (1.169)

To take into consideration the difference in molecular volume of the solvents, let p be
the volume of methanol molecule relative to that of water. It has a numerical value of
between 2 and 3. We assume that the chain segments covered by bound water and bound
methanol are swollen because both solvents are good, and the remaining free segments
are collapsed by hydrophobic aggregation (see Figure 1.17).

Now, the number of different ways to choose such sequences from the finite total
number 7 is given by

OO AL UO SRS

w(i,j)
[Tl i

(1.170)
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The canonical partition function of a chain for given numbers n™),n™ of bound water
and bound methanol under tension f is given by

i

0™ 1™, 1 =3 wj) [ [ OF " OV m™ o, .1
J ¢

where ﬁéa) () is the statistical weight of length ¢ for a solvent « under tension, and
n@W=3%" e>18Jc @) s the total number of adsorbed molecules of the solvent .

Since the mixed solvent is a particle reservoir of both components, we introduce the
activity a, of each type of solvent as independent variables (functions of the solvent
composition), and move to the grand partition function:

n

E(arn= Y a"an"" 0™, n™ 1), (1.172)

nW) p(m) =

The m.p.d. of sequences that maximizes this grand partition function under the conditions

Y= G +i™), (1.173)
¢ ¢
and
. (W) L(m)y _ 1.174
Y tlc+i +pi™=n, (1.174)
¢
are given by
Je™ n=1=0)nMz(awz), (1.175a)
Je™ = 1=0)n; ™ z(amz?)t, (1.175b)

as in the preceeding section. Here,
0 =0 + po™ (1.176)

is the total coverage with @ =Y e>18J¢ @ /5 being the mean coverage by each solvent.
Similarly,

p=p™ 4™ (1.177)

is the total number of sequences with v(® = » e>1J¢ @ /n being the number of sequences
of each solvent. The parameter z is defined by_z =1—v/(1 —0), and is the probability
that an arbitrarily chosen monomer belongs to the free part. The grand partition function
is given by E({a},t) =z()™".
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Following the same procedure as before, we find the equation
Uo(t,2) | Vs (awa) + V™ (amz) | =1, (1.178)

for z for the mixed solvents. This is basically the same as the ZB equation in the preceding
section, but here it is properly extended to describe competiton in p-w and p-m H-
bonding. The functions Vj are defined by

n*
V0= ki ot (1.179)
=1

The upper limit of the sum is n* =n for water, and n* =[n/ p] for methanol, where [k]
means the maximum integer smaller than, or equal to k.

By using the solution z of the ZB equation, we find that the total coverage 6 is given
by

ht. [V awd) + V™ (tanz)

6= , (1.180)
1+h(t,z) [Vl(w) (t,aw2) +pV™ (t,amzp)]

where
h(t,z)=Up(t,2)* /U1 (t,2). (1.181)

The end-to-end distance as a function of the tension is given in a similar way as before
by

R(1))=kR®DO[1=0™ 1) —0™ )]+ kw R ()0™ (1) + kmR™ ()0 ™ (1),
(1.182)

where R® (r) and R® (¢) are defined by a similar equation as in a pure water.
The mean square average end-to-end distance of a free chain can be calculated by the
equation [10, 29, 30]

2111:—1

(R2)o/na® =k2¢26=T(1 =05 —0™) 41022 'O +iem 2L 0™, (1.183)

If we employ the ZB form for the statistical weight ., the arguments of the V functions
become the combined variable ay, syt for water, and ay,sy,? for methanol. We assume
that the solvent—solvent interaction is weak, compared to the solvent—polymer interac-
tion, and neglect it. The mixed solvent is regarded as an ideal mixture.” Then the activity is
proportional to the mole fraction of each component. We can write aw Sw =ag, (1) (1 —xp)
and amsm =ap, (T)xm, where a°s are functions of the temperature only.

4 The activity of w/m mixture can be treated more rigorously by using the theory of associated solutions.
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Normalized end-to-end distance (solid lines), the total of the bound water and of bound methanol
(dotted lines), plotted against the mole fraction of methanol. The DP of the polymer chain is
fixed at n =100 for a test calculation. For a test calculation, perfect symmetry is assumed. The
volume ratio of the solvents is fixed at p = 1. The cooperativity parameter oy = op, is varied
from curve to curve. The association constants are fixed at ay, = ap, = 1.8. The monomer
expansion factors are fixed at kw/k = km/k =2.0 (Reprinted with permission from Ref. [10].)

Figure 1.18 shows the expansion factor for the end-to-end distance a% =

(R%)0(xm)/(R%)0(0) (solid lines) and the total coverage 6 (broken lines) plotted against
the molar fraction xp, of methanol. Here, (R2)(0) is the value in pure water.

The calculation was done as a test case by assuming that all parameters are symmetric
and with p = 1. The cooperativity parameter o varies from curve to curve. We can clearly
see that the coverage takes a minimum value at x;;, =0.5 (stoichiometric concentration)
as a result of the competition, so that the end-to-end distance also takes a minimum
value at x;, = 0.5. As cooperativity becomes stronger, the depression of the end-to-
end distance becomes narrower and deeper. In a real mixture, the association constant
and cooperativity parameter are different for water and methanol, so that we expect
asymmetric behavior with respect to the molar fraction.

Figure 1.19 shows a comparison between the experimental mean radii of gyration
(circles) obtained from laser light scattering measurements [31] and the mean end-to-
end distances obtained from theoretical calculations (solid line). Both are normalized
by the reference value in pure water. The total coverage 6 =60™) + po™  including
bound water and bound methanol, is also plotted (broken line). The molecular weight of
the polymer used in the experiment is as high as My, =2.63 x 10’ gmol~!, and hence
we fixed n = 10°. The volume ratio is set to be p =2 from the molecular structure of
methanol.

For larger p, it turns out that the recovery of the expansion factor at high methanol
composition is not sufficient. In order to have a sharp collapse at around xy, >~ 0.17 the
cooperativity must be as high as o, = 10™*. Similarly, to produce a sharp recovery at
around x, ~ 0.4, we used o, = 1073,
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1.0C

0.8

0.6

0.4

EXPANSION FACTOR ag, COVERAGE 6

0.2
\ I,
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0.0 0.2 0.4 0.6 0.8 1.0

MOLAR FRACTION OF METHANOL x;,,

Fig. 1.19 Comparison between the theoretical calculation (solid line) of the expansion factor for the mean
square end-to-end distance for n = 10° and p =2 and the experimental data of the radius of
gyration (circles). The degree of hydration (p-w H-bonding) 6™ and of p-m H-bonding o)
are also plotted (broken line). The fitting parameters are ag, =1.13,
ag =2.20,kw /K =1.15,km /k = 1.06. (Reprinted with permission from Ref. [10].)
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2.1

Polymer solutions

Gibbs’ principle of multiple phase equilibria is applied to model polymer solutions to explore the
possible types of heterophase coexistence and phase transitions. The fundamental properties of
dilute polymer solutions and liquid-liquid phase separation driven by van der Waals-type interac-
tion is reviewed within the framework of Flory—Huggins theory. No specific molecular interactions
are assumed. Refinement of the polymer—solvent contact energy beyond Flory—Huggins’ descrip-
tion is attempted to study the glass transition of polymer solutions at low temperatures. The scaling
description of semiconcentrated polymer solutions is summarized.

Thermodynamics of phase equilibria

Gibbs’ phase rule and phase diagrams

In this section, we present the necessary and sufficient conditions for a multicomponent
mixture consisting of A; (i =1,2,...c) molecules of ¢ species to separate into n different
phases in thermal equilibrium under the temperature 7 and pressure p (Figure 2.1).

We use superscript « = 1,2,...,n to distinguish phases. In each phase «, there are
¢ — 1 independent variables of intensive nature to specify its composition. The chemical
potential ;Ll@(p, T,{x*}) of any species i is a function of c+2—1=c+1 intensive
variables, where {x}={x1,x, ...,x.—1} are the mole fraction of the species.

For such n phases to remain stable in equilibrium, the temperature and pressure must be
uniform. In addition, the chemical potential of each species must be uniform throughout
the system, so that we have the Gibbs conditions

1 2
i =pP ==,

M£I1)=M£2)=..'=M£n). (21)

If such balance breaks, the free energy can be reduced by the appropriate transfer of
materials between the phases.

The total number of these conditionsis c¢(n — 1). The total number of intensive variables
necessary to describe the system is n(c — 1) 42 (the number n(c — 1) added by 2 for
T and p). Hence the total number f of the independent variables is given by

f=nc—1D4+2—cn—1)=c—n+2. 2.2)
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Phase equilibrium of a multicomponent mixture under the given pressure p and temperature 7 .
The mixture is separated into &« =1,2,...,n phases.

This result is called Gibbs’ phase rule. The variance, or thermodynamic degree of
freedom, f, is the number of intensive variables that can be independently changed
without breaching the thermal equilibrium of the system.

A system with f =0 is invariant; all intensive variables are fixed, and hence the state
can be represented by a point in the phase space.

A system with f =1 is monovariant, with f =2 it is bivariant, with f =3 it is
trivariant, etc. In the phase space, the boundary between two distinct phases is des-
cribed by a line for a monovariant system, a plane for bivariant system, and a cube for
a trivariant system.

When some reactions take place in the phases, the variance is reduced. Consider the
reversible reaction

VIAT+ 1A+ =V A] VAL 4 (2.3)
Equation (2.3) is in equilibrium in phase «. The condition for the chemical equilibrium is

Z v,',uvl(“) = Z vl(u;(a), 2.4)

which is added to the original Gibbs conditions (2.1), and hence one degree of freedom is
reduced. If there are r reactions in the entire system, the number of independent variables
is reduced from ¢ to ¢ —r, and hence the variance is given by

f=—r)—n+2 (2.5)

in a generalized form.
For a one component system with c =1, we have f =3 —n. Hence, for a uniform state
with n =1, the variance is f = 2. For a two-phase equilibrium with n =2, itis f =1.
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Examples of phase diagrams: (a) one-component system (water), (b) two-component system
(naphtalene/benzene).

For the three-phase equilibrium n =3, itis f =0, etc. Because the maximum variance is
2, we can describe any state by using two intensive variables. The temperature and the
pressure are usually chosen, and the phase diagram can be represented on the T — p
plane. On this phase plane, f =2 indicates an area, f =1 indicates a line, and f =0
indicates a point. Therefore, three-phase equilibrium, for instance, is possible only at a
point on the plane.

Figure 2.2(a) shows the phase diagram of water. Liquid—gas (1/g), solid-liquid (s/1),
solid—gas (s/g) equilibrium are all in two-phase equilibrium and shown by the corre-
sponding three lines (each f =1). The crossing point of the three lines ( f =0) indicates
the triple point (TP) of water. The liquid-gas line ends at the critical point (CP), but the
solid-liquid line has no end.

A two-component system has a uniform phase (n =1, f =3), a two-phase equilibrium
(n=2, f =2), a three-phase equilibrium (n =3, f = 1), and a four-phase equilibrium
(n=4, f =0). Because the maximum variance is 3, we can specify the phases in the
three-dimensional space of T, p,x, where x is the mol fraction of one component. The
projection of this phase space onto the T — p, T — x, and p — x planes is often used for
the phase diagram.

Figure 2.2(b) shows an example of the projection onto the 7" — x plane of the phase
diagram of a two-component mixture of naphthalene and benzene. The line CQE(sa/1)
is the boundary between the liquid mixture and the solid SA phase, while the line DE
is the boundary between the liquid mixture and the solid SB phase. At temperature near
60°C, for instance, a crystalline solid SA of pure naphthalene (point P) is in equilibrium
with the liquid mixture of the composition at point Q. The special point E at temperature
Ty where sa/1 and /s cross is called the eutectic point. Below T, the solid is separated
into two pure crystals SA and SB.

Stability of a phase

This section describes the necessary conditions for an arbitrary system to remain stable
in a specified uniform phase under the given environmental conditions. In order for a
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Minimum work required to change the state of a part P in the closed system.

state to be stable, the system does not change spontaneously, i.e., it can change only if a
positive work is applied to it from the environment [1-5].

Consider a part P of the system surrounded by an adiabatic wall where a small change
is caused by work applied from the environment (Figure 2.3). The minimum work Wiy,
to cause this change is that of a quasi-static process. It is given by

SWinin =8U +8U©, (2.6)

where 8U is the change of the internal energy of P, and §U © is the change of the internal
energy of the remaining part P of the system outside of P (regarded as an environment
to P). If we take a part of the system containing a fixed amount of the special component
(usually the solvent i =c), we have § N, =0 during this change. The infinitesimal change
of the environment P is

c—1
SU© =T©58@ — p@sy© 13 FsN©. 2.7)
i=1

Because the entire system is isolated, we also have the conditions

sVO=_5V, SN©=—5N;. (2.8)

Because the entropy of an isolated system must increase (or stay constant) due to the
second law of thermodynamics, the inequality

8S+85© >0 (2.9)
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holds. For a quasi-static process, the equality holds, and hence the minimum work is

c—1
§Wnin =08U —T @85+ p©@sv =3 " ui?sN;. (2.10)
i=1

Let us expand §U in powers of the small deviation. Up to second-order terms, we
have

SWinin = (T =T©)85— (p—p'®) 5V+Z —u7)8N;
i=1
+1{<32_U)( 574 (32U>(5 )2+2< Y )(53)(5v)
2 [\as? 9SaV
+Z (aNlaN >(‘SN")(5N1)+"'}~ @2.11)

This work must be positive, § Wi, > 0, to ensure the stability of the system, and hence
the right-hand side of (2.11) must be positive-definite.

First, the coefficients of the linear terms must vanish because the sign of the terms can
change if they are nonzero. Hence the conditions

=79, p=p®, p=n (2.12)

must hold. The temperature, pressure, and chemical potentials must be the same as the
remaining part.

The second-order terms are a quadratic form of the independent variables 65, 8V,
SN; (i=1,2,...,c
positive-definite matrix. We can express this matrix by using the thermodynamic relations
oU/0S=T and U /dV = —p in the form

— 1), and hence the matrix made up of these coefficients must be a

This is called the Gibbs matrix.

|
|
|
I k
|

(21) _ <a_p> |

ad S d S }

,,,,,,,,,,,,,,,,,,,, :L,,,,,,,,,,,,,,,, . (2.13)
|
L phe—1
} aN| aN|
|

* 1 : :
|
I 01 Ofhe—1
L I AN AN

Since Cy =T (0S/0T)y, the (1,1) element of this Gibbs matrix is inversely pro-
portional to the specific heat Cy at constant volume. The (2,2) element is inversely
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proportional to the adiabatic compressibility ks = —(dV /dp)s/V. The off-diagonal
elements indicated by the symbol * are not necessary for finding the stability condition.

It is well known in linear algebra that the necessary and sufficient condition for a
matrix to be positive-definite is that all principal minors of the determinant are positive.
We then immediately find that Cy and x5 must be positive:

Cy>0, ks>0. (2.14)
By the thermodynamic relations
o2
C,—Cy=—TYV, (2.15)
KT

the specific heat C), at constant pressure must also be positive. The general relation
KSs = —KT (2. 16)

indicates that the isothermal compressibility «7 must also be positive.

Let us specifically consider a change under the constant temperature and pressure
(dT =dp=0). The partial matrix (9u; /ON;) p,7 = (azG/BNi 0N;)p,r must be positive-
definite, but this condition is equivalent to the condition for the matrix

26 ax? 0x10xc—1
[ } = : 2.17)
8x,~8x.,~ T BZG BZG
0xc—10x] axf_l

to be positive-definite, where G is the molar Gibbs free energy of the system. The state
where the determinant D of this matrix vanishes is the state where the system changes
from stable to unstable. For a such stability limit, an extra condition is added to the
Gibbs conditions, and hence the variance is reduced to f =c—n+1.

For instance, for a two-component system (¢ = 2) the stability limit of the uniform
state (n = 1), called spinodal, is a surface with f =2.

The point where two coexisting phases (n =2) merge into one uniform phase (n = 1)
is called the critical point, and the merged phase is called the critical phase. At the
critical point, two conditions,

D=0, D' =0, (2.18)

are added, where determinant D’ is the new determinant obtained by replacing the last
row of D by

oD 9D oD
axy  0xy” T Oxe—q

(2.19)

The variance of the critical phases is given by f =c—n.
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Because two phases merge into one, we have n =1, and hence f =0 (critical point)
for c=1, f =1 (critical line) for c =2, and f =2 (critical surface) for ¢ =3.

Let us specifically consider a two-component system. Because the Gibbs determinant
is simply D = (32(_;/3)612)17,]‘, the critical condition is

3G 3G
= _ 0. 2.20
E)xlz 3x13 ( )
By using the Gibbs—Diihem relation
xiduy +x2dur =0, (2.21)
the differential of _
G
TT=H1— 2 (2.22)
3)61

is transformed into

G 9 9 B 1 9
G _m_dua_ 1+X_1)_’“: dy, (2.23)
axl 0x1 0x1 X2 ) 0x1 1—x1 \ 9x;

One more differentiation leads to

3G 1 d 1[92
- (ﬂ)+ =a) (2.24)
8x1 (I—x1) dx1 1—x1 8x1
By using these relations, we can express the spinodal condition as
0
<ﬂ> =0, (2.25)
a.xl T.p

and the critical condition as

B 92
( _‘“> — (L) o, (2.26)
8.x1 T,[? Bxl T.p

in terms of the chemical potential of one components of the two.

Liquid-liquid separation by a semipermeable membrane

A membrane through which solvent molecules can pass freely but solute molecules
cannot is called a semipermeable membrane. For a solution L and a pure solvent S
separated by a semipermeable membrane M, the pressure of L is higher than the pressure
of S (Figure 2.4), and hence the surface of L is higher by % than that of S. The pressure
difference m = pgh is called the osmotic pressure. The osmotic pressure is caused by
the thermal motion of the solute molecules.
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p+r

Schematic representation of the osmotic pressure. The liquid part is separated into the solution
and the pure solvent by a semipermeable membrane M. The gas phase is in equilibrium with the
two liquid phases. The solute is assumed to be involatile.

Since the solvent molecules can pass freely through M, the chemical potential of the
solvent (i = 0) must be the same,

o’ (T, p) = po(T, p+m,{x}), (2.27)

in the equilibrium state of L and S, where p is the external pressure. Developing the
right-hand side of this equation in powers of 7, and taking the first-order term only, we
find

nT=————", (228)

where V; is the molar volume of the solvent. We have used the relation (d/10/9 p) 7 = Vj.
It stays approximately the same as that of the pure solvent. The difference Apg=
wmo(T, p,{x}) — ug(T, p) is the chemical potential of the solvent measured relative to
the pure solvent.

Let po be the pressure of the vapor G (assumed to be an ideal gas) in equilibrium
with the solution. The osmotic pressure is connected to the activity ag = e®#0/RT and
the ratio of the vapor pressure po/ pg of the solvent through the relation

RT
T=——"ln <@> . (2.29)
Vo Py

If we assume the semipermeable membrane is mobile in Figure 2.4, and give it an
imaginary displacement of an infinitesimal distance §/ toward one side of the solution,
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the total work necessary is
8F =1 881 — 1o No + ugd No, (2.30)

where S is the area of the membrane. In a state of equilibrium, this work must be zero,
i.e., §F =0. Because S4! is the volume change, the ratio Séx/§Nog = 1_/6’ is the molar
volume of the pure solvent. Hence, we confirm the relation (2.28).

For an ideal solution, the chemical potential of the solvent is given by

Apo=RTIxo=RTIn|1-) x |, (2.31)
i#0

where the solvent is excluded in the sum over the component. The vapor pressure is
po/pg=1-)_xi. (2:32)
i#0

so that it is reduced in proportion to the solute concentration (Raoult’s law).
Expanding the logarithm, and taking the linear term only for dilute solutions, the
solvent chemical potential is approximately

Apo~—RT Y xi, (2.33)
i#0
so that the osmotic pressure is given by
=25 (2.34)
Vo i#0

Because weight concentration is more often used than the mole fraction, let us convert
the unit of concentration. For a dilute solution, we have

Zx'_ Zi;éo”i NZi;«éOnf
=

~ , (2.35)
no+ 2 ;oM no

i#£0

but since the volume of the solution is approximately given by V =noVo+ > n; V; ~
no Vo, the osmotic pressure can be written as

RT RTc
T = 7 ni = — N (236)
i#0 My
where
c=Y "Min;/V (2.37)

i#£0



214

2.1 Thermodynamics of phase equilibria 55

is the weight concentration [kg dm—3] of the solution (M; is the molecular weight of the

component ;). The average
i1, = iz Mini (2.38)
X #0"i
is the number average molecular weight of the solute molecules, i.e., the molec-
ular weight averaged by the number distribution function. Equation (2.36) is van’t
Hoff’s law.

Because the osmotic pressure of a polydisperse polymer solution in which polymers
of the same chemical species but different molecular weight are dissolved is related to
the average molecular weight of the polymers, we can infer the molecular weight of the
polymers by measuring the osmotic pressure of their solutions.

For nonideal dilute solutions we can study the osmotic pressure using virial expan-
sion. For simplicity, let us specifically assume that the solute is one component. The
virial expansion of the osmotic pressure,

7(c.T)=RT [%+A2(T)C2+A3(T)C3+---], (2.39)

in powers of the concentration is just the same as the virial expansion of interacting gases
in powers of the density. The first term shows van’t Hoff’s law because ¢/M =n/V is
the mole concentration. The rest are corrections to this ideal law. The coefficient A,, (T")
of the m-th power term is the m-th virial coefficient.

In dilute solutions, the second virial coefficient, which appears as a result of the
intermolecular interaction, is important. Plotting the ratio 7 /c as a function of the con-
centration, we can find R7 /M from the intercept by extrapolating the data into the
infinite dilution ¢ — 0, and hence we can estimate the molecular weight M of the solute
polymers. The initial slope of this curve in dilute region is A,. We will see this in Section
2.2 in more detail.

Spontaneous liquid-liquid phase separation

Equilibria of two phases in two-component systems have a variance f =c—n—+2=2
(bivariant), and hence they are represented by two-dimensional surfaces in the phase
space.

Let us specifically consider an equilibrium between two different liquid phases «
and 8. We take the mole fraction of the second component (solute) as the independent
variable, and assume that they are given by xg in & phase and xB'3 in 8 phase. The Gibbs
conditions are

wa(p, T{x*) =palp, T,{xP}), (2.40a)
we(p, T {(x*) =up(p,T,{xP. (2.40b)

The slope of the tangent line drawn at a given value of xg on the molar Gibbs free
energy,

G =xAMA+XBUB, (2.41)
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is given by g — pa. If a common tangent of G can be drawn, the two phases with the
compositions corresponding to the two contact points are in equilibrium. The condition
for the common tangent is

GP —G*
KB —MUAZMQ —Mi =5 . (2.42)
X —X
B B

From the condition (2.22), it is evident that this condition is equivalent to the condition
for the phase equilibrium (2.40).
The stability limit of a phase is found by the condition

9
<ﬂ> —0, (2.43)
8)613 p.T

9%G
— =0. (2.44)
dxg

p.T

The inner region inside the boundary determined by this condition is an unstable region
with 3G /dx} <O.
For the critical point, the additional condition

or, equivalently,

32
) =o, (2.45)
8xB Tp
or
393G
(—q> =0, (2.46)
oxp o7

is necessary. All of these results are summarized in Figure 2.5.

In an unstable region, the total free energy of the separated phases is lower than in a
uniform state. The free energy difference between the unstable uniform phase and the
separated two phases at a given composition xp is

AG =G (xa,x8) — (1% xa + 1 x). (2.47)

Substituting (2.41), we find the free energy difference, given by

AG = (un— 1) xa+ (us — g )xp, (2.48)

on quenching the temperature from a stable uniform state with the composition xp to the
temperature inside the unstable region as shown in Figure 2.5. The solution eventually
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The composition (x”‘,xﬁ) in a two-phase equilibrium (white circles) and the spinodal point of
the stability limit (black circles). The free energy difference between the uniform state at the
composition x and the phase separated state is indicated by the line GoG.

decomposes into two phases which are indicated by the endpoints of the lines 1,1, .. in
Figure 2.5, and approaches the final state with & and 8. Such decomposition of a solution
into two phases by temperature quenching is called spinodal decomposition.

If similar quenching is carried out at the composition xg = x’ lying inside the
metastable region between the binodal and spinodal lines, the free energy of the solu-
tion once goes up to the line 1 (A—B), and then after passing the change B—C, the
solution decomposes into & and B phases. Because the free energy will not increase spon-
taneously, thermal excitation or external work is necessary to realize such an activation
process.

Characteristic properties of polymer solutions

Polymers in solution phases have a high degree of freedom for translational and inter-
nal motion. They change their conformations randomly by Brownian movements. The
purpose of this section is to see how these molecular characteristics of polymers lead to
the macroscopic properties of the polymer solutions.

Measurements to find the characteristics of each polymer chain are carried out by
separating them from each other in solution. Knowing the fundamental properties of
polymer solutions, in particular dilute solutions, is very important for the molecular
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characterization of polymers. Studies on dilute polymer solutions have historically played
an important role in polymer science [6]. In addition, concentrated polymer solutions
have practical applications to polymer processing. This section provides an overview of
the nature of polymer solutions with a comparison to solutions of low-molecular weight
solutes.

The following conventional units of concentration will be used:

e Mole fraction x;=n;/Y ;n;
The number of i-component molecules/total number of molecules in the mixture
(dimensionless).
e Volume fraction ¢; =V;/V
The volume occupied by i-component molecules/total volume of the mixture
(dimensionless).
o Weight % wj; =niMi/Zi ni M;
The weight of the i-component/total weight of the mixture (dimensionless [wt %]).
e Molarity m; =n;/noMy
The number of i-component molecules in a unit weight of the solvent ([mol kg_l]).
e Mole concentration v; =n;/V
The number of moles of the i-component in a unit volume of the mixture ([mol dm™3)).
o Weight concentration c¢;=n;M;/V
The mass of the i-component in a unit volume of the mixture ([kg dm™3)).

For simplicity, let us assume that the volume a* of a statistical repeat unit of a polymer
is the same as that of a solute molecule. If there are Ny solvent molecules and N polymer
chains of the length z in terms of the number of repeat units in a volume V = (Ng+nNy)a>
of the solution, the concentration is

Ny mnNj Ny nNy
= — CcC=

v N X = ) ¢: )
1% Vv No+ Ny No+nN;

bl

in terms of the unit given above, where m is the mass of a repeat unit.
The characteristic feature of polymer solutions is that they largely deviate from the
ideal solution. We will look at this step-by-step in the following subsections.

Vapor pressure and osmotic pressure

The vapor pressure of a polymer solution deviates downwards largely from the Raoult’s
law. Figure 2.6 plots the pressure of the solvent vapor in equilibrium with a solution
of uncrosslinked rubber in benzene. The depression becomes larger with the molecular
weight of the polymer. Thus, polymers of high molecular weights significantly suppress
the solvent activity.

As for the osmotic pressure of a polymer solution, the first term ¢/M in the virial
expansion (2.39) is small due to the factor M ~! when compared with the same concen-
tration ¢ of a low-molecular weight counterpart. The second virial coefficient A», which
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Fig. 2.6 Vapor pressure depression of polymer solutions. The solvent activity (vapor pressure normalized

by the reference value of the pure solvent) is plotted against the molar fraction of the polymers.
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Fig. 2.7 Osmotic pressure of polystyrene/cyclohexane solutions. The molecular weight of polystyrene is

203 000. The figures beside the curves show their temperatures (Reprinted with permission from
Krigbaum, W.R., J. Am. Chem. Soc. 76, 3758 (1954).)

originates in the interchain interaction, is very important. Figure 2.7 plots /c of the
solutions of polystyrene in cyclohexane against the weight concentration c. In the limit
of dilution ¢ — 0, we can find RT /M, and hence we can find the molecular weight M
of the polymer. The initial slopes of these lines give A,. Its sign changes between the
temperatures 30°C and 40°C from negative to positive. The temperature at which the

condition

Ar(T)=0 (2.49)
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Table 2.1 Theta temperature of common polymer solutions

Polymer Solvent Theta temperature [°C]
polyethylene diphenylether 161.4
polystyrene decalin 31
cyclohexane 345
polypropylene cyclohexanone 92
isoamyl acetate 34
poly(vinyl chloride) benzyl alcohol 155.4
Poly(methyl methacrylate) 2-heptanone 11
acetonytril 30
2-octanone 52
poly(dimethyl siloxane) methylethylketon 20
chlorobenzene 68

is fulfilled is called the theta temperatureI of a solution, and denoted 7' = ®. The
theta temperature is fixed by the combination of polymer and solvent. It takes a dif-
ferent value for the same polymer if the solvent is different. The theta temperature of
polystyrene/cyclohexane is ® =34.5°C. Table 2.1 summarizes the theta temperatures of
common polymer solutions.

We can roughly estimate the second virial coefficient of the osmotic pressure by
regarding a polymer as a rigid sphere with the same radius R as the radius of gyration of
the random coil (thermodynamic equivalent sphere). As shown in Figure 2.8, A, of
the hard sphere system is the volume of the region where the sphere cannot enter due to
the presence of other spheres. It is equal to the volume of the spherical region with the
radius 2R, the diameter of the rigid sphere, and hence we have

A= opy3 ! (2.50)
2773 M2 '

where M? in the denominator is required to change the number of the sphere to the mass
density c used in the definition. Because the radius of gyration of a random coil in a good
solvent is R~ M", we have

Ay~ M2, (2.51)

and hence the power law A, ~ M ~%2 holds for the swollen chain with the Flory exponent
v =3/5. Experiments report that the exponent lies in the range 0.1-0.5, with a typical
value of 0.2. Detailed calculation of the second virial coefficient on the basis of the
perturbation expansion is presented in the classic textbook by Yamakawa [7].

! In this book, we discriminate it from the molecular theta temperature 6 defined in Chapter | based on the
intramolecular interaction. ® depends on both intra- and intermolecular interaction. If the interaction
between the statistical repeat units can be described by a single excluded volume parameter v in (1.71),
these two are identical. In the perturbational calculation of the third virial coefficient, simple substitution
of (1.71) cannot explain the observation of positive A3 > 0 at the ® temperature. In such a case, the third
cluster integral must be introduced in addition to the binary cluster integral v.
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Excluded volume (broken line) between the equivalent spheres representing polymer chains. The
second virial coefficient of the osmotic pressure is proportional to the excluded volume.

Viscosity

The viscosity of a liquid is defined as follows. Keep a liquid between the two parallel
plates, and apply a force o, per unit area to the upper plate in the x-direction perpendic-
ular to the y-axis. The force oyy is called the shear stress. The first index indicates the
force direction, and the second indicates the direction of the normal vector perpendicular
to the surface. The liquid flows in the x-direction, and the stationary velocity field v, ()
with a constant velocity gradient (shear rate)

y=—", (2.52)

is established after a sufficiently long time (Figure 2.9).

The stationary viscosity 7 is defined by the ratio of the shear stress to the velocity
gradient

. Oxy
ny)=—. (2.53)
14

The viscosity 1 of the polymer solution depends in general on the shear rate y. The term
“viscosity” usually indicates n(y) in the limit of the small shear rate y — 0,

no = lim n(y). (2.54)
y—0

Whenever its dependence on the shear rate is studied, n(y) is referred to as the nonlinear
stationary viscosity. The CGS unit of the viscosity [gcm s™'] is called poise. Its MKS
unit is [kgm s~!11=[Pas].

The viscosity is related to the energy dissipation in the liquid. Let d be the separation
between the two plates, and let us consider the lower part with area S. The upper area
moves by a distance yd in the x-direction per unit time, and hence the stress does the
work (yd)(oyyS) on the liquid. This work is dissipated as heat generated by the friction
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(a) Shear flow and viscosity of the solution. Polymers flow toward downstream while they rotate.
(b) The work done by the shear stress in a unit time for the solution to flow.

between the molecules in the liquid. By definition, the stress is oy, =7y, and the work
done by the stress is (yd)(oxyS) = (ny?)(Sd), so that the heat quantity generated in a
unit time in a unit volume is proportional to the viscosity as 1y2.

The small shear rate region where the nonlinear viscosity is independent of the shear
rate is called Newtonian region. With an increase in the shear rate, the viscosity of
ordinary polymer solutions decreases. This phenomenon is known as shear thinning.
In polymer solutions in which polymers associate with each other by strongly attractive
forces, such as hydrogen bonding, hydrophobic association, etc., the viscosity increases
with the shear rate, reaches a maximum, and then decreases. The increase of the viscosity
by shear is called shear thickening. Typical examples of thickening solutions are
solutions of associating polymers. Shear thickening caused by nonlinear stretching of
the polymer chains will be studied in Chapter 9.

The viscosity 7 of a solution is a function of the concentration. Its increment due to
the solvent relative to the reference value 1 of the pure solvent is the specific viscosity

np=—12. (2.55)
1Mo

The specific viscosity is proportional to the concentration in the dilute region; the reduced
viscosity defined by 1req = nsp/c is often used. It can be developed in a power series of

the concentration:

% — [n]+kac+ k3 +--- . (2.56)

The first term [7] is the intrinsic viscosity (or limiting viscosity number). It has the
dimension of the reciprocal of concentration, and has a value of order unity when
measured by the unit of gdm™3. More precisely,

[nlc* ~1, (2.57)
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Relative intrinsic viscosity as a function of the shear rate: poly(«-methylstyrene) in toluene with
molecular weight is (1) 690k, (2) 1240k, (3) 1460k (4) 1820k, (5) 7500k, polystyrene with a
molecular of weight 13 000 k in toluene, (6) and in decalin (7) The viscosity exhibits shear
thinning phenomena. The Newtonian plateau region depends on the molecular weight. (Reprinted
with permission from Noda, I.; Yamada, Y.; Nagasawa, M., J. Phys. Chem. 72, 2890 (1968).)

where c* is the overlap concentration, the concentration at which polymer random coils
start to overlap with each other. The overlap concentration will be described in detail in
Section 2.4.1.

Figure 2.10 shows an example of the viscosity of a polymer solution measured as a
function of the shear rate. The relative intrinsic viscosity [17](y)/[n](y =0) is plotted
against the reduced shear rate 7y, where 7 is the characteristic relaxation time. Crossover
from the Newtonian region to the thinning region can be seen.

The coefficient of the second term kj gives the effect of hydrodynamic interaction
between two polymer chains. The interaction is mediated by the flow of the solvent
around them. The strength of the hydrodynamic interaction is usually described by the
dimensionless number called the Huggins coefficient:

kn = ko /[n]*. (2.58)

In commonly occurring polymer solutions, the Huggins coefficient takes the value in the
range 0.3-0.7 (see Figure 2.11).

The intrinsic viscosity contains the information on the conformation and molecular
motion of each individual polymer chain. It depends on the molecular weight in the
power law (the Mark—-Houwink-Sakurada relation)

[n]=KM", (2.59)
where the Sakurada constant K is a constant depending on the combination of the

polymer and solvent. The power index a takes a value in the range 0.5-0.8. Table 2.2
lists several examples.
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Specific viscosity of polystyrene in benzene plotted against the polymer concentration [g dm3].
The molecular weight of the polymer is My =360000.

Table 2.2 Intrinsic viscosity and the molecular weight

Temp. [°C] K 103

Polymer Solvent [dm?3 gfl] a
polystyrene cyclohexane 34.5 84.6 0.50

butanone 25 39 0.58
(cis-)polybutadiene benzene 30 33.7 0.72
poly(ethyl acrylate) acetone 25 51 0.59
poly(methyl methacrylate) acetone 20 55 0.73
poly(vinyl acetate) benzene 30 22 0.65
poly(tetrahydrofuran) toluene 28 25.1 0.78

Let us derive the relation (2.59) by comparing the random coil of a polymer with a
hard sphere. It is known for a suspension of rigid hard spheres of mass m and volume v
that the specific viscosity is given by

5
Nsp = 5¢+xz¢2+--- , (2.60)

where ¢ = Nv/V is the volume fraction of the spheres in the suspension. The coefficient
5/2 was found by Einstein in 1906. The exact value of the second coefficient k> is difficult
to find, but is estimated to be 7.6 from the approximate solution of the hydrodynamic
equation. Because ¢ =vc/m, we find that [n] =5v/2m by comparing this equation with
(2.56). The intrinsic viscosity depends on the mass density m /v of the sphere and is
independent of the total mass (molecular weight). Hence we have a =0.

Let us assume the random coil in the solution as a hard sphere of the radius Ry as in the
thermodynamic sphere (Figure 2.8). This hypothetical sphere is not the representative
of the segment distribution, but shows the region inside the coil where the solvent flow
cannot pervade. It is called the hydrodynamically equivalent sphere (Figure 2.12). Its
volume is vy =4m R13-[ /3. The radius Ry is not the same as the radius of gyration, but is
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Hydrodynamically equivalent sphere defined by the region into which the solvent flow does not
pervade.

expected to be proportional to it. Therefore, let us introduce the proportionality constant
by the relation Ry = A (s?)!/2. The constant A shows the degree of solvent pervasion. A
uniform rigid sphere has A = (5/2)!/? = 1.58, while a random Gaussian coil has a value
of the order of A >~ 0.69. From the Einstein coefficient for the rigid sphere, we find

<S2>3/2
M

UH
(M=25—=9% (2.61)
m
Because the relations m =M /Na, vy =4m Rl3_I/3 hold, we find ® =2.5 x 4713 Na. This
constant is known to take the value ® = (2.14:0.2) x 10?> g~ mol~! by measurement,
and is regarded as a universal constant independent of the materials studied.
Because (2.61) can be transformed to

2
[n1= [é(—(i‘}o)ﬂ M (2.62)
the Sakurada constant is given by
K=o ((s*)o/M)*?, (2.63)

and the index a is a =3v — 1. (The subscript 0 indicates a Gaussian coil. The radius of
gyration (s2)o of a Gaussian chain is proportional to the molecular weight M.) K is a
constant independent of M. At the theta temperature, polymer chains can be regarded as
Gaussian with v=0.5, and hence a =0.5. At high temperatures where chains are swollen
by the excluded volume effect with the Flory index, v =3/5, and hence a =0.8. The
experimental results summarized in Table 2.2 can thus be explained.

Diffusion of a polymer chain

If the concentration is not uniform in the solution, but depends on the position, the solute
molecules diffuse from regions of high concentration to regions of low concentration.
This is due to random Brownian motion of the solute molecules.
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Molecular diffusion. (a) Counting the number of molecules moving across a hypothetical unit
area in the solution. (b) Counting the number of molecules entering and exiting the region
between parallel planes separated by an infinitesimal distance dx.

The mass of the solute molecules moving across an infinitesimal area d S in the solution
in a unit time is given by J-nd S, where n is the unit normal vector perpendicular to this
area, and J is the flux vector. For instance, the mass flux of solute molecules moving
across the unit area perpendicular to the x-axis is Jy.

The flux is proportional to the gradient of the concentration,

J=-DVe, (2.64)

because of the diffusion. This is Fick’s law. The negative sign shows that the diffusion
takes place from a region of high concentration to a region of low concentration. The
proportionality constant D is the diffusion constant. It is a material constant of the
solute molecules in a given solvent.

To derive Fick’s law, consider a fictitious plane perpendicular to the x-axis at the
position x, and count the number of molecules that cross the small area d S on this plane
(Figure 2.13(a)). To describe the random Brownian motion of the solute molecules due
to thermal agitation, let us assume for simplicity that each molecule moves by one step
of width a in a fixed short time 7 in random directions with equal probability. Because
there are three axes in the space, and each axis has =+ direction, on average 1/6 of the
total molecules move to the + direction of the x-axis. The number of molecules that pass
the area during the time interval t is therefore 1/6 of the molecules in the cylindorical
volume ad S in the left-hand side of the plane. If the number density in the volume is
represented by n(x —a/2,t) at the central position P(x —a/2) of the volume, then a total
of

1
an(x —a/2,t)adS
molecules cross the area to the positive direction. A similar formula holds for the

molecules moving in the negative direction. Taking the difference and dividing by the
area, we find

, 1{ } 1 <a2>8n
jr=={(mx—a/2,t)—n(x+a/2,t))jax —~—| — | — (2.65)
6 T 6t ) ox
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for the number flux to the positive direction. The multiplication of the mass of a molecule
to this equation leads to Fick’s law for the mass flux J, =mj,. Hence the diffusion
constant is given by

a2

D= o (2.66)
(The squared step length a? divided by the fundamental time scale T necessary for one
step of movement.) The number 6 comes from the space dimensions d multiplied by 2
for the £ directions. The diffusion of a marked particle obtained in such a way is the
self-diffusion constant or marker diffusion constant.

Let us next count the number of molecules that are entering and exiting the region
between the parallel planes at the position x and x + dx separated by an infinitesimal
distance dx in the system (Figure 2.13(b)). Because mass J, (x,?) enters from the left-
hand plane per unit area per unit time, and mass J, (x +dx, ) exits from the right-hand
plane, the mass inside the region changes by

Jx

0 |
—(cdx)=J(x,t) — Jy(x +dx,t) >~ — dx.
Jat 0x

Substituting Fick’s law (2.64) into this equation, we find that the concentration obeys

the diffusion equation
ac D 8%c 267
P rel zon
If we observe the displacement of a Brownian particle over a long time interval ¢, it
looks like the conformation of a random flight polymer chain with a fundamental step
length @ and number of repeat units n =1/t (Figure 1.4). The displacement R of the

particle corresponds to the end-to-end distance, and its square average should be equal to

2
t
(R =na®> =" —6Dr. (2.68)
T

(For the x-component, the relation is (x?) =2Dt.)
The diffusion constant is related to the friction of the particle with the media. Let ¢
be the friction constant of the diffusing particle. Einstein found that the relation

kT
p="BL

2.69
c (2.69)

holds, where kg is the Boltzmann constant (Einstein relation).
When a rigid sphere of radius @ moves in a solvent of viscosity 7o, the friction
coefficient is given by Stokes’ law

¢ =6many. (2.70)

In the case of polymers diffusing in a solvent, we can replace the random coil by the
hydrodynamically equivalent sphere of radius Ry. We find

¢ =6mnoRy, (2.71)
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Table 2.3 Some examples of diffusion constants

Solute Molecular weight Solvent D [10_7cm2 s_l]
sodium chloride 58 water 80.0
polystyrene 10600 benzene 11.7
polystyrene 67000 benzene 4.1
polystyrene 606000 benzene 1.5

and hence the friction coefficient should obey the power law ¢ o« M. The molecular
weight of the polymer can therefore be estimated by measuring the diffusion constant.
The absolute values of the diffusion constant for different materials are in the range
1077-10"%cm? s~ !. Table 2.3 shows some examples.

The diffusion constant obtained by tracing the selected particle among many is the
marker diffusion constant. The marker diffusion constant is indicated by the labeling
symbol *, as D*. In contrast, the diffusion constant in Fick’s law is defined for the many
particles involved in the local concentration, and is called the concentration diffusion
coefficient. In dilute solutions where particles move independently of each other, these
two diffusion constants are the same. In concentrated solutions, the assumption of inde-
pendent motion of the particles breaks down by molecular interaction, so that the two
diffusion coefficients are not identical.

To study the concentration diffusion coefficient, let us focus on a solute particle in
solution. Its average velocity u is decided by the balance condition between the thermal
driving force —V u and the viscous resistance force ¢u,

Ci=—Vp, (2.72)

where 14(r, 1) is the chemical potential of the particle at the position r, and ¢ is the friction
constant. The mass flux J = cu then takes the form

J=—(c/OVu=—(c/5)(@n/dc)r Ve, (2.73)

and hence the concentration diffusion coefficient is given by

_(<) (2~
-(3)(2),

Although the marker diffusion coefficient is always positive, the concentration diffu-
sion coefficient may become negative when the thermodynamic instability condition
(0u/9c)r <0 is fulfilled (Section 2.3). Particles spontaneously move from the regions
of low concentration to the regions of high concentration. When a solution is quenched
from a high-temperature uniform state to a low-temperature unstable state in the spinodal
region, it separates into two phases through such negative diffusion. The method used
to observe the time development of the phase separation process by such a temperature
quenching is called the spinodal decomposition method.
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The chemical potential of the solute particles in a solution can be written as
w(e,T)=po(T)+kgT In(yc), (2.75)

(where o (T) is the reference value) by using the activity coefficient . The concentration

diffusion coefficient is
kgT ol
D(c):B—{l—i—( ny) } (2.76)
T

Z(c) dlnc

where the friction coefficient may also depend on the concentration as
t@)=¢+krc+---). (2.77)

When there is no interaction, the activity is given by y = 1 and ¢ = ¢, so that the diffusion
coefficient reduces to the marker diffusion coefficient

D=kgT /¢ = D*. (2.78)

The factor in the parenthesis of (2.76) appears due to the molecular interaction, and is
called the thermodynamic factor of the diffusion coefficient. The diffusion coefficient
can be expanded in powers of the concentration in the dilute region as

D(¢c)=D*(1+kpc+---), (2.79)

where kp is the mutual diffusion concentration coefficient. It is related to the second
virial coefficient A, and the friction coefficient k¢ as

kp=2A>M —ks. (2.80)

due to the relation (2.76).

Lattice theory of polymer solutions

We modify the conventional regular solution model [5] of low-molecular weight
molecules to apply it to solutions of long chain molecules in which the molecular weight
of the solute molecules is much larger than that of the solvent molecules. The entropy
of mixing decreases with the molecular weight of polymers due to the reduction of the
freedom in the translational motion of the molecules.

The free energy of mixing

To find the entropy of mixing [6,8—11],we first introduce a hypothetical lattice cells for
the solution of the total volume V. We choose the unit volume to be that of the unit
cell and make the customary simplifying assumption that the solvent molecules and the
statistical repeat units of the polymer chains occupy the same volume a>. We count the
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Hypothetical lattice introduced to find the mixing entropy of polymers and solvent.

number W (Ny, N1) of different ways to place N chains and Ng solvent molecules on this
hypothetical lattice, whose total number of cells is N = V /a> (Figure 2.14). We assume
that the solution is incompressible, and hence N = Ng+nNj holds. The configurational
entropy is given by the Boltzmann’s principle

S(No,N1) =kgIn W(Ng,N1). (2.81)

The entropy of mixing, as measured from the standard reference state in which polymers
and solvent are separated in the hypothetical crystalline states, is then given by the
difference

AnixS = S(No,N1) — S(0,N1) — S(Np,0). (2.82)

To find W(Ny, N1), we tentatively assign the number 1,2,3,..., N to the polymers. Let
v;+1 be the number of possible ways to place the (j + 1)-th chain on the lattice without
double occupancy, one repeat unit by one starting from one end unit, under the condition
that all polymers to the j-th are already placed on the lattice.

The number W is then given by

Ni—1

W(No,N1) = ! i 2.83
(No, 1)—mgv1+l’ (2.83)

where the prefactor 1/ N1 !is the correction for the overcounting by assigning the sequence
number to the identical polymers. The factor o is the symmetry number, which takes the
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value 2 for a symmetric polymer, and 1 for an asymmetric polymer. (For a symmetric
polymer, there is no difference in placing the polymer at one end unit or the other.)

The first repeat unit of the j + 1-th chain can be placed on any vacant cell, and the
number of its placement is N — jn. The second unit can be placed on one of the vacant
cells in the nearest neighboring z cells of the first unit. There are zR; 1 ways to do this,
where R;  is the probability for one of the nearest neighboring cells to be vacant when
J chains and the first k units of the j 4 1-th chain are already placed.

Similarly, the third unit has (z — 1)R; > different ways to place. We assume that all
repeat units after the third one (k >4) have similar (z — 1) R; x ways of placing, although
some of them may hit a cell that is already occupied by the former repeat units by forming
loops.

We then have

n—1
Vj 41 =0max- (N = jm) [T Ry, (2.84)
k=1

where 8max = z(z — 1)" 2 is the maximum flexibility of a chain, i.e., the maximum
possible number of internal conformations the chain can take.

The probability R; ; of the nearest neighboring cell of the (j,k)-th repeat unit being
unoccupied may be given by the condition that the position of the repeat unit under
investigation is the surface of the vacant cell. Because the total number of surface cells,
including those of polymer chains already arranged on the lattice and those of the vacant
sites, is Z(N — jn—k) + [(z —2)(n —2) +2(z — 1)]j 4 (z — 2)k + 2, the probability is
given by the ratio

zZ(N—jn—k)
Rjx= . . . (2.85)
' Z(N—=jn—k)+[(z—=2)n+2]j+(z—2)k+2
For completely random mixing, it is approximately equal to the volume fraction
Rjx>~1—jn/N (2.86)

of the vacancy, when j and k are assumed to be small compared to N and n. The
approximation of replacing the nonoccupancy probability by this volume fraction is
called the molecular field approximation. In this section, we look at the solution within
such molecular-field treatment.

We thus find
S in\"
Vb1 ( r;‘“) N (1 - %) : (2.87)

Detailed study using a more rigorous formula (2.85) will be presented in Section 2.3.4.
Substituting (2.87) into (2.83), and using Starling’s formula, In N!>~NIn N — N for
a large number N, we find

enfl

18 max
S(No,Nl)/kB:—Nlln¢1—Nolnq’)o—i—Nlln( > (2.88)
o
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for the conformational entropy, where ¢g = No/N , ¢1 =nN1/N are the volume fraction
of the polymer and solvent. Unlike the solutions of low-mass solutes, the volume fractions
have appeared in place of the molar fractions.

The conformational entropy of pure polymers can be found by fixing Ny =0 as

5
S(0.N;) = NykgIn (”ﬂ> . (2.89)
o

en—1

Each chain thus gains the entropy of disorientation

Sais(m) =kgn (ﬁ‘“]) , (2.90)
oe
when it is transformed from the hypothetical straight rods to amorphous states of random
conformation.
For the pure solvent, there is only the unique arrangement, so that S(Np,0) =0 holds.
The entropy of mixing is then

AmixS(No, N1) =—kg(Nolngo+ N11In¢y). (2.91)

Figure 2.15 summarizes the method to find the entropy of mixing.
If all bonds of the chains were cut and the repeat units were separated from each other,
the entropy of mixing would be

AnixS'=—kp(Nolngo+nNiIngy). (2.92)

Il
l

hypothetical |
crystalline state |
entropy of disorientation
N, S4is(n)

reference state

“entropy of
mixing /Amixs

/| solution

Method to find the entropy of disorientation and the entropy of mixing in polymer solutions.
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Hence, the mixing entropy has reduced by kg (n — 1)|In ¢ | per chain through chemical
bonds. Every time a repeat unit is connected to the chain, the center of mass degree of
freedom is reduced by 1. The entropy of mixing in polymer solutions is thus smaller than
that of the solutions of low-molecular weight molecules.

Let us next find the enthalpy (internal energy) of the solution with the assumption
of random mixing. Let €p o be the interaction energy between a neighboring pair of the
solvent molecules, €11 be that between repeat units, and €p,; = €10 be that between a
solvent molecule and a repeat unit. We then have

U =¢po0Noo+e€1,1N1,1+€0,1No.1. (2.93)

If the average probability for one of the z — 2 available nearest neighboring sites of
a repeat unit (except the chain ends) to be occupied by a solvent is ¢p, the number
of solvent-monomer pairs is No,; = N1 =nN1(z —2)¢o. Similarly, Noo = Noz¢o/2,
Ni,1 =nNi(z—2)¢1/2. If we replace z —2 with z for simplicity in these relations, we
find

1 1
U= (EZN°> Poco0+ <§Z”Nl> pre11+ @nND oo, (2.94)

The first two terms are the internal energy of each component. By subtraction, the mixing
energy is given by

1 1
ApixU = [ZnN1¢060,1 + EZN0¢060,0 + EZHN1¢1€1,1i|

1 1
- |:§an1€1,1 +§ZN060,0} =zN¢op1 Ae, (2.95)

where Ae is the energy difference caused by molecular contact

1
Ae=¢€p) — 5(60,0+61,1). (2.96)
The dimensionless interaction energy
x(T)=zAe/kpT (2.97)

is conventionally called Flory’s x-parameter in polymer solution theory. The mixing
enthalpy takes the van Laar form,

AmixU =NkgT x (T)oo1, (2.98)

by using this x -parameter. The mole fraction is replaced by the volume fraction.

If x > 0, the solution tends to separate into two phases with different concentrations
because the energy increases when molecules of different species are brought into con-
tact. If x <0, on the other hand, molecules of different species tend to mix. If y =0,
there is no mixing heat, and the solution is called an athermal solution.
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Putting the entropy and enhthalpy together, the free energy of mixing is found to be
Amix F/kT = Nolngo + NiIng1 + N x (T)pod1. (2.99)
Alternatively, it is written in dimensionless form as

F(,T)=Amix F/ Nk T
& (2.100)
= ;ln¢+(1 =) In(1—¢)+ x(T)p(1—¢)

per a lattice cell using the unit of thermal energy. The mean field approximation on the
basis of random mixing is called the Flory—Huggins theory [8—11].

The approximation becomes poor for the systems in which concentration fluctuations
are large. For instance, in dilute polymer solutions, monomers distribute unevenly inside
and outside the region occupied by the polymer chains. The spatial variation of the
concentration is so high that the mean field assumption cannot be expected to hold.
Also, in the region near the critical point of phase separation, where the concentration
fluctuation is large, the mean field picture breaks down.

Properties of polymer solutions predicted by Flory—Huggins lattice theory

In the following sections, we take the volume fraction of the polymer as an independent
variable and write it as ¢ = ¢.

Osmotic pressure
The mole chemical potential of the solvent is

1
AuozRT|:ln(l—¢)+<1——>¢+x¢2] (2.101)
n
by the definition A o= (0 Amix /9 No) n,,7- The osmotic pressure 7 = —Apo/a’ takes
the form
RT [1 1 s 1 3
m=—3|-p+(5—x )+ 107+ (2.102)
a’ | n 2 3

by expanding (2.101) in powers of the polymer volume fraction. Comparing with (2.39),
and after changing the volume fraction to the weight concentration, the second virial
coefficient is found to be

a1
Az(T)zp |:§—X(T):|, (2.103)

where m is the molecular weight of a repeat unit.

The coefficient A, depends on the temperature through the y-parameter, but is inde-
pendent of the polymer molecular weight. It vanishes at the temperature where y =1/2
is fulfilled, and hence the theta temperature is found by the condition

x(©)=1/2. (2.104)
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We can expand x (T') in terms of the dimensionless temperature difference t=1-0 /T
in the form

1 C)
x(T)=§—1/f<1—7>, (2.105)

where 1 is a constant of order unity. It is a material constant fixed by the combination
of the polymer and solvent.
This equation has the form

x(T)=A+B/T, (2.106)

and is different from the form obtained by the mixing energy (2.97). However, if we add
the entropy As to the energy Ae of molecular contact, and replace it with the free energy
A f = Ae — T As of interaction, these two are identified. In fact, when molecules of
different species come into contact, not only the interaction energy but also the entropy
of orientation, rotation, etc., may change. From the experimental data, separating y into
an energy part and an entropy part, we can often see that the entropy change is larger
than the energy change. The form (2.105) is called the Shultz—Flory formula.

Solubility parameter

The interaction energy Ae between neighboring molecules is related to the cohesive
energy of each species. The cohesive energy of a pure A component in a crystalline
state is Eaa = (2N /2)€eaa. Per unit volume, itis Eaa/Va = (z/2a3)eAA. Since € 18
negative, let us introduce the solubility parameter §aa by

Ean/Va=—8an" (2.107)

For species B, épp is similarly defined.
If we assume the relation esg = —(eAAGBB)l/ 2 for the interaction energy between
the different species, the energy part of the x-parameter can be written in terms of the

solubility parameters as
3

&
xu(T) = ——(5aa — S8B)". (2.108)
kgT

The constant B in (2.106) turns out to be B = a3(8AA — (SBB)Z/kB, and takes a positive
value.

The solubility parameter is known to obey an additivity rule; itis given by the sum of all
the solubility parameters of the fundamental chemical groups contained in the molecule.
We can therefore estimate the solubility parameter of a polymer chain by using the
standard values of the fundamental groups listed in the table. The group contribution
method to find the mixing enthalpy of polymers proposes the following formula for the
solubility parameter § of a polymer:

5:%20,-, (2.109)
l

where p is the density of the monomer, m is its molecular weight and G; is the molar
attraction constant, which is a numerical value assigned to the each fundamental group.
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Group G
—CH, 214 G=133 G=28
—CH,— single-bonded 133
-
—CH< 28 N
>C< -93
CH,= 190
—CH= double-bonded 111
>C= 19
—CH=C= 285
—(|2=(|2— 222
Phenyl 735
Phenylene (o,m,p) 658
Naphthyl 1146
(a) (b)

(a) Molar attraction constants G at 25°C assigned to the fundamental groups. (b) Example of
calculation of the solubility parameter. Each monomer of polystyrene is decomposed into three
fundamental groups. The solubility parameter of polystyrene is estimated from the sum of their
molar attraction constants.

For instance, polystyrene has p = 1.05 gcm™, m = 104 g mol~!. The molar attraction

constant can be found from the table in Figure 2.16(a). The solubility parameter is
estimated to be (Figure 2.16(b))

§=1.05x (133+28+735)/104=9.05 (calem>)'/2. (2.110)

The tables of solubility parameters edited by Hansen [12] accommodate all the presently
available values in the form of a database.
The solubility parameter of many materials can be decomposed into three parts as

82 =85+ 83+ 8%, (2.111)
where dp is the part contributed by the dispersion force, dp by the polar force (permanent
dipole—dipole interaction), and 6y by hydrogen bonds.

Osmotic compressibility
Osmotic compressibility is defined by

1 [a¢

analogously to the compressibility of gases, and serves as the measure of the relative
change of the concentration due to small change of the osmotic pressure.” Taking the

2 The compressibility of the solution need not be considered because the solution is assumed to be
incompressible.
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derivative by the volume fraction, we find

__@/ksT (2.113)
" 97 @.T) '
for the osmotic compressibility, where
s 1 1
FP)=—4+——2x(T) (2.114)

ng 1-¢

is the second derivative of the free energy (2.100). As shown in Section 2.1, K7 must
be positive for stable systems. If it is negative, the osmotic pressure becomes lower in
the region where the concentration is higher, and hence polymers spontaneously move
to the region of high concentration. Such a negative diffusion indicates that the system
is unstable against phase separation.

The boundary between the stable and unstable states can be found by the spinodal
condition

F" () =0, (2.115)

where K is divergent.

Phase equilibria
The chemical potential of the polymer is similarly found to be

Api=RT{ln¢p—(n—1)(1—¢)+ xn(1—¢)?}. (2.116)

The Gibbs condition for the phase equilibria can be written in the form of the coupled
equations

Apo(¢®, T) = Apo(@P,T), (2.117a)
Apr (9%, T)= A1 (9P, T), (2.117b)

whose solutions give the coexistence curve, or binodal curve, for liquid-liquid phase
separation into a dilute phase with a volume fraction ¢* and a concentrated phase with
¢P. This Gibbs condition is equivalent to drawing a common tangent to the total free
energy (2.100) of mixing.

Comparison between the theoretical calculation of the coexistence curve and the exper-
imental cloud-point curve is made in Figure 2.17(a). The experimental data (dotted
lines) are wider than the theoretical binodals, but the shape of the curves, including the
molecular weight dependence, is well reproduced.

The critical point is the point where both binodal and spinodal conditions

A 9ZA
Mo _Z2H0 ) (2.118)
¢ dg?
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1/n

(a) (b)

(a) Comparison of the experimental cloud-point curves (symbols) and theoretical coexistence
curves (dotted lines) of the solutions of polystyrene in cyclohexane. Data for the different
molecular weight polymers: A (43 600), B (89 000), C (250000), D (1270 000). (Reprinted with
permission from Ref. [13].) (b) Coexistence surface in three-dimensional phase space with an
extra axis for the reciprocal molecular weight.

are fulfilled. Solving these coupled equations with respect to ¢ and 7', we find

1

bo = e (2.119)
2

c= _(1+2;/E) . (2.120)

For the high-molecular weight polymers with a large number of repeat units, the critical
concentration is approximately given by ¢. ~1/./n < 1. It is extremely small for high-
molecular weight polymers. The critical temperature is approximately x (7.) ~1/2+
1/+/n,hence T, is lower by 1/.,/n than the theta temperature. (The temperature coefficient
of x is assumed to be positive B > 0.) The theta temperature is the critical temperature
of the solutions of infinitely large molecular weight polymers.

Figure 2.18 shows the molecular weight dependence of the critical temperature. From
(2.105) and (2.120), T, is given by

1—1+1 1+1 (2.121)
. © yO\Jn 2n) ’

The extrapolation point to the vertical axis in the limit of n — oo gives the theta temper-
ature, while the slope of the curve gives the Shultz—Flory constant ¥r. Such an analysis
is called a Shultz—Flory plot.
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2 4 6 8

)><102

Relation between the critical temperature of polymer solutions and the molecular weight of the
polymer. A (polystyrene/cyclohexane), B (polystyrene/diisobuthylketon). (Reprinted with
permission from Ref. [13].)

Extension to many-component polymer solutions and blends

Similar consideration of the configurational entropy to arrange two species of polymers
with n1 and n, repeat units leads to the free energy of mixing per lattice site,

?1

F(p)=—In¢ +@1n¢2+X(T)¢1¢2, (2.122)
ni np

where ¢; is the volume fraction of each species. The relation ¢; + ¢» =1 holds. By
differentiation, the chemical potentials are found to be

PR _ L (1 g — v+ x (T3, (2.123a)
ni ni
Fo2 _ 1 (1t ingy) vt x (D)6, (2.123b)
np ny
where
V=1 /n1+¢2/n (2.124)

is the total degree of freedom for translational motion (the number of mass centers in the
system). If ¢ = ¢ is taken as an independent variable for the concentration, the critical
point of the binary blend is given by

be=/N1/ (VA1 +12),  xe= (V11 +/12)? /2010 (2.125)

In particular, for a symmetric blends for which n| =n, is satisfied, they are reduced to
¢C: 1/27 XL:2/n
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We can extend the theory still further to the many-component polymer blends whose
components are indicated by i (=1,2,...,c), each carrying n; repeat units. The free
energy per lattice site is

9({¢})=Z%1n¢i+2xi,j¢,-¢j. (2.126)

i i<j

By using the relation Au; =(d0AF/IN;) N;,T, We can find the chemical potential Apu;
of the i-th component as

BAW;
ni

1
:;(1+1n¢i)—v+ZXi,k¢k—Zx,,kqs,qsk, (2.127)
! k

Jj<k

where the number N; of chains of the i-th component is related to the total number
N =), n;N; of lattice cells. As in the two-component blends and solutions, the total
number of mass centers in the system is given by

c
UEZ@/;@. (2.128)
i=1
In particular, for the three-component blends P1/P2/P3, the Gibbs determinant is

_'8AM1/3¢1, A1/ (2.129)

" |0Au2/0¢1, 0A2/¢n

because the chemical potentials fulfill the Gibbs—Diihem relation, and hence two of the
three components are independent.

The condition D =0 should be calculated to find the stability limit. We find that the
spinodal condition is given by

D nigi =2 xijninjdid; — Xninanzgi o =0, (2.130)

i=123 i<j

where ¥ = Xlz,z + X22,3 + X32,1 —2X12X2,3 —2X2,3X3,1 —2X3,1 X1.2-

If we assume the interaction parameter takes the form (2.106), the temperature coef-
ficient B is positive; the polymers are more easily dissolved into the solvents at higher
temperature. Hence the solutions phase separate at low temperatures with an upper crit-
ical solution temperature (UCST). Many polymers dissolved in organic solvents show
a phase separation of the UCST type. Aqueous solutions of polymers, however, often
exhibit the opposite tendency. They dissolve more easily at low temperatures. Hence the
solutions separate into two phases with a lower critical solution temperature (LCST)
on heating.

Some water-soluble polymers, such as poly(ethylene oxide), have the phase separation
region of loop shape on the temperature—concentration plane. The cohesive energy due
to van der Waals interaction is not sufficient to explain their phase behavior. Hydrogen
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bonds and hydrophobic interaction, combined with van der Waals-type interaction, must
be considered to have a negative temperature coefficient (B < 0).
Phenomenological analyses are often attempted by using the free energy in the form

o1 (03]

«?(¢)=Zln¢1+ Ings+g(¢.T)h192 (2.131)

na

with the interaction parameter g(¢, T), which is allowed to vary with the concentration.
In particular, the form

8(@.T)=h/T +g1(¢2) (2.132)

is often used, where % is a constant, or depends only upon the pressure [11]. Such analyses
were first applied to the mixtures of interacting gases by Van Laar, and later developed for
liquid mixtures by Heitler [14], Hildebrand [5], and Scatchard [15]. Because the molec-
ular foundation of the phenomenological description was done by Bragg and Williams
for metallic alloys, the theoretical framework is called VLBW theory in [11], after their
initials.

Refinement beyond the simple mean field approximation

Many refinements of the Flory—Huggins theory (FH theory) of polymer solutions have
been attempted ever since it was proposed in the 1940s. The first one is the detailed study
of the mixing entropy and its improvement. The second is to take the semiflexibility of the
polymer chains into the theoretical framework. The third is to consolidate its interaction
term to accommodate specific interactions such as hydrogen bonds, dipole interaction,
hydrophobic force, etc.

Refinement of the mixing entropy

The mixing entropy (2.91) of FH theory is known to be widely applicable under the
condition that the free volume of each component in the mixture is proportional to its
molecular volume, as was pointed out by Huggins [9] and Hildebrand [5, 16]. We try to
derive its refined form by employing the detailed probability (2.85) of the monomer—
solvent contact in the counting problem of the number of possible arrangements of
polymers on the lattice.

Let us start from the number of possible arrangements W (No, N1) (2.83), and use the
detailed form (2.85) of the monomer-solvent contact probability (surface contact) for
Vjt+1-

Because the product of R; ; can be transformed to

, (2.133)

HR. _(E>"_1 (N—jn—=DzN/2—n—1D(+ D]
T2 [N=n(j+ D] [zN/2—@m—-1j]!
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we find

N [ Smax \ M 27\ @—DN
W (No, N1) = (‘“) (5) ‘

Ni!Ng!' \ o 2
-2 21N No}/2]!
[{[(z—2)n+2]N; +2zNo}/2] (2.134)
(zN/2)!
By applying Starling’s formula,
(@N)!'~ (@N/e)*N ~ (N)*a®", (2.135)
this is approximately equal to
Smax \' N! [ (No+gNpD!|¥?
W (No, Ny) ~ | = (No g N ™ (2.136)
o N1!No! | (Ng+nNp)!
where parameter ¢ is the numerical constant defined by the relation
Z
5(n—q)=n—1. (2.137)
For the entropy, we have
A S(No.N1) Jks = Noln — 0 4 Ny1n—"NV
—Ami , =Npln n
e 0. /TR 0 No+nN; ! No+nN;
e Norgmym NN L (2.138)
= n—m — — — n—. .
2Z 0oTqg No+qN 2Z€] 1 p

The last two terms are corrections to the FH mixing entropy.
Guggenheim generalized this result to the mixtures of two components with arbitrary
molecular volumes, and found that the mixing entropy is given by [17]

— AmixS(Na,Ng)/ks

N N
:NAln nA A +NB n nB B
naNa+ngNp naNa+ngNp
1 naNa +ngN; 1 naNa +ngN;
+—ZC]ANAIHCIA( ANA+np B)+—Z6]BNB1HQB( ANA+np B)’ (2.139)
2 na(gaNA+gsNp) 2 np(gaNA +¢BNp)
where ga,¢gp are the numerical constants defined by the relations
S(i—g)=m—1  (=AB). (2.140)

These results are an improvement of the simple molecular-field approximation, and are
referred to as the quasi-chemical approximation. It is known to be equivalent to the
Bethe approximation in the theory of ferromagnets.
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Lattice theory of semiflexible polymers

So far, polymer chains have been assumed to be perfectly flexible; there is no energy
difference in trans and gauche. Each subsequent statistical unit can be placed in any one
of the nearest neighboring (n.n) cells at equal probability. For semiflexible chains, the
energy for bending the chain should be considered.

Consider the second bond from one end of a polymer chain and all the rest of the
bonds. Each of these bonds can be connected to one of the z — 1 n.n. cells, among which
the one in the straight direction produces a trans position, and the other z —2 produces
gauche positions. Let the trans conformation be the reference position for which the
energy is € =0 (trans), and let ¢; = € (gauche) be the energy for a gauche position.

Let f be the probability for an arbitrarily chosen bond to be in the gauche position. In
lattice theory, the hypothetical crystalline state in which polymers are all trans position
and regularly arranged is chosen as the reference state (see Figure 2.15). For semifiexible
chains, the disorientation is not complete. The chain entropy remains at

nz(z—2)=2/ }

O’e”_l

AcontS(n, f)/kp=1In |:

—n=2[fInf+{1-fHInd—- f)], (2.141)

in the state defined above. The factor (z — 2)(”_2)«70 appears because there are (n —2) f
gauche bonds.” The second term is the entropy to choose the trans bonds among the total
n —2 bonds.

The enthalpy change accompanying such conformation change is

Acont H= fe(n—2). (2.142)

The entropy of mixing solvent to the polymers in such disoriented chains is the same as
that of FH theory, so that the total free energy is

BAF(No,N1i; f)=Nolngo+NiIng1 + N x (T)pop1 + N1 BAcont F(n, ), (2.143)

where

ogen—1

eont F1 f>z_m[w}

(2.144)
+(=2)[fInf+1—=f)In(1-f)+pef]

is the conformational free energy per chain.
Let us minimize the total free energy by changing f, and find the most probable
(equilibrium) value f*. By differentiation, we find

== P /1 +(z—2)e P (2.145)

3 In the original paper [8], the second bond is not included in the trans-gauche category because of its strict
definition presented in Figure 1.1 in Section 1.1. Hence the number of gauche bonds is (n —3) f.



84

Polymer solutions

On substitution back into the total entropy, we find it is given by

AS(No,N1; f*)/ks
=—Nolngp— NiIn¢,

(z—2)e P¢
1+ (z—2)e Pe

(2.146)

_ n—1
+(n—2)N1{|: :|,36+1n[1+(z—2)e ey — }

n—2
For instance, f*=(z—2)/(z— 1) for completely flexible chains for which € =0, and

hence
ERNCE)
M] . (2.147)

AcontS(n, f*)/kp =In |: P
oe
The entropy reduces to the FH form §pax = z(z — 1)”_2.
For a perfectly rigid rod, the bending energy takes the limiting value € — oo, so that
we have f*— 0, and

Acont S(1,0) /kp =1n[ s ] (2.148)

ogen—1
This is the entropy of rigid rods in the disordered phase.

Entropy catastrophe and the glass transition

To study the volume change (compressibility) of the melts of semiflexible polymers,
we consider a special case where the solvent component is the vacancy. Because the
volume occupied by the vacancy (the free volume) is Noa> = (N —nNj)a>, the mixing
free energy is given by Apix F (N —n N1, N1) in (2.143). The pressure is therefore derived

by the differentiation
0Amix F
3 mix
= ===, 2.149
pa < oN ) ( )

from fundamental law of thermodynamics. The pressure turns out to be the chemical
potential of the vacancy pa’® = —Apuo.
For flexible polymers, this relation leads to the equation of state

In(1—p)+(1=1/n)p+xp>+ p=0, (2.150)

where p = ¢ is the density of the polymer, p = pa’/kgT is the dimensionless pressure,
and y is the polymer—vacancy surface interaction parameter.

For semiflexible polymers, however, one realizes that there is a temperature 7> at
which the total entropy (2.146) satisfies the condition

AS(No,Ny; f*) =0, (2.151)
under a given volume fraction ¢ = 1 — p of the free volume. At temperatures below 7>,

polymer chain rigidity is so high that chain packing at a given free volume ¢ becomes
impossible (AS =0). The system is frozen in the state at temperature 7. Gibbs and
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Dimarzio [18] identified this state of vanishing entropy as the entropy catastrophe
introduced by Kauzmann [19], and regarded 7> as the glass transition temperature 7,
of the polymer. Because the temperature derivative of the entropy is discontinuous if
the entropy is kept constant at AS =0 below 75, the glass transition on the basis of this
picture is classified into a second-order transition by Ehrenfest’s definition.

As an example, for polystyrene of n = 200, the trans-gauche energy difference is
€ =1.44kcalmol ™!, or €/kp T, =1.27. For the observed free volume ¢ = 0.025 at the
glass transition temperature, the flexibility is estimated to be f*=0.359. Therefore, 36%
of the bonds are in the gauche position.

Let us next consider the total free energy (2.143) for a polymer melt with no vacancy
(po=0,N1=N).If AF(0,N; f) <0, the disordered amorphous state is thermally more
stable than the crystalline state chosen as the reference state. In order for this condition
to be fulfilled, the flexibility must satisfy [20]

1/(n—2)
f>1- [%} : (2.152)

In the limit n — oo of high-molecular weight polymers, this condition reduces to
fe=1—1/¢=0.63 (2.153)

The flexibility must be larger than 0.63 for the existence of a stable disordered phase.
Compared with the maximum flexibility f*=0.80 for z =6,e =0, this critical value is
very high. If this condition breaks down, or if there exists a temperature Ty, at which the
condition

AFO,N; f)=0 (2.154)

is fulfilled, crystallization of the liquid state takes place. Crystallization is a first-order
phase transition and associated with the latent heat (1 —1/ e)[—Tz(a(e /T)/0T)p]

Counting problem of the Hamiltonian paths

Let us consider the conformation of a single chain in the special case of a disordered state
with no vacancy. Fixing No=0, N1 =1 in the theory developed above, the number Wy (1)
of paths that visit all lattice points (cells) without overlap, referred to as Hamiltonian
path, is found [21]. Within the theoretical framework (2.146) described in the preceding
sections, the entropy of Hamiltonian paths is estimated by

(z—2)e Pe

as=o-2{ [

}ﬂe+1n[1+(z—z)e—ﬂ€]—1}. (2.155)

The single-chain glass transition temperature is found by the condition

(z—2)e Pe
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By fixing € =0 in AS, in the limit of long chain the number takes the form
1
lim —In Wyg(n) =Inowy, (2.157)
n—oon

where wp is the number of Hamiltonian paths per monomer.
For example, the entropy of polymers within FH theory described above gives

wg=(z—1)/e. (2.158)
Quasi-chemical approximation gives

wp=(—1)/ [i

(z—2)/2
2] (2.159)
7—

The following are known regarding the number of Hamiltonian paths:

(1) The exact solution on the honeycomb lattice (z =3) in two dimensions [21] is given
by
Wi (n) = (v/6n —3)2v"/0 (2.160)

where /1/6 is the number of layers counted from the central cell. The entropy per
monomer vanishes in the long chain limit, so that the residual entropy (2.157) is 0,
and wyg = 1. Hence the degeneracy does not reach O((const)")

(2) For atwo-dimensional square lattice (z =4), FH theory gives wy = 1.104. The upper
bound can be estimated by using ice model [22] to be wy = (4/3)/% = 1.5396.
Numerical simulation evaluates wy = 1.38. The estimate of the lower bound is
possible by using the model of the Manhattan walk [23]. The Manhattan walk
is a Hamilton walk on the directed lattice. Walks have to follow the arrows on
the edges, which are alternately up/down and left/right, as the traffic regulation in
Manhattan downtown.

Exact solution of Manhattan walks on the square lattice is known. The number of
walks is given by

Wi (n) =e“™/™ =(1.338515152...)" = %297, (2.161)

where the constant C' (Catalan’s constant) is defined by the series

1\ [/1\?
c51—<§> +<§) —..=0.9159655% - - . (2.162)

(3) Miscellaneous [21]—for a three-dimensional diamond lattice (z =4), the lower bound
is known to be wyg = 1.398. For the simple cubic lattice, the lower bound is wyg =
1.810, while FH theory gives wy = 1.84.
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Scaling laws of polymer solutions

In Section 1.6, we referred to the scaling laws for the conformation of a single chain
in dilute solutions. Starting with them, we develop in this section scaling laws for the
structural and thermodynamic properties of polymer solutions in concentrations that
range from dilute to concentrated, and also cover a wide temperature range [24].

Overlap concentration

Random coils of polymers are separated from each other in a dilute solution. With
an increase in the concentration of the solution, the mean distance between them is
reduced, and they start to overlap. With a further increase in concentration, the polymers
interpenetrate each other so deeply that the properties of each individual chain become
difficult to observe (Figure 2.19). The concentration at which polymers start to overlap
is called the overlap concentration. The overlap concentration can be found by the
condition such that the volume fraction na3/ R? of monomers within the region occupied
by the random coil of each polymer becomes the same order as that of the concentration
¢ of the solution

na’/R?~¢, (2.163)

where R is the mean radius of gyration of the random coil. (We shall neglect the numerical
factor of order unity in all equations in this section as in Section 1.6.)

Let us first find the overlap concentration for various temperature regions. In the high-
temperature region where Flory’s law R = Rp =at !/ 1/ holds, we find from (2.163)
that

p* =135, (2.164)

The overlap is indicated by the symbol *. The superscript indicates that the property is
in the high-temperature region. For high-molecular weight polymers, the number n of
the repeat units is so large that the overlap concentration is small. For example, it is
approximately ¢* =0.1% for n = 10*.

Ve

© 0 @pp O
A
%g'%@@ =Se

dilute region overlap concentration semiconcentrated region

Change in the structure of a polymer solution with varied concentration.
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Alternatively, the overlap concentration can be defined as the concentration at which
the number of chains contained in the volume occupied by one random coil chain
is just one. If R is considered to be the hydrodynamic radius Ry, this number is
4r REI/:‘})(C/M) =~ c[n]. Therefore we have

Hnl~1 (2.165)

at the overlap concentration.
Similarly, in the theta region where R = Ry = an'/? holds, we find

px=n"12 (2.166)

It is independent of the temperature. The symbol * at the side of a letter indicates that
the property is in the theta region.
Finally, in the low-temperature region where R = Rg =at~'/3n!/3 holds, we find

pe=|T]. (2.167)

The subscript * indicates that the property is in the low-temperature region. The results
are summarized by the boundary lines (thick lines) on the temperature—concentration
phase plane in Figure 2.20. The liquid-liquid phase separation line (coexistence curve)
in the low-temperature region is shown by the solid line in the figure.

reduced
temperature
¢* = ¢-35n45
semiconcentrated P* =1
region
dilute .
region concentrated region
(N7
O region 0
-1/Vn

Scaling laws of polymer solutions shown on the temperature—concentration phase plane.
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Correlation length

At concentrations higher than the overlap concentration, polymers interpenetrate each
other and form a structure like entangled network. The average size & of the mesh
in such a network, the region where there is no polymer segment, is the correlation
length (Figure 2.21). It is more precisely defined by the mean distance where the effect
of fluctuation in the concentration at one space point is propagated (the correlation
length of the concentration fluctuations). Above the overlap concentration, the correlation
length is smaller than the mean radius of gyration.

To find & as a function of the concentration and temperature, let us assume that it

obeys the power law
m
g:R(q%) (2.168)
of the ratio ¢/¢*, the polymer concentration divided by the reference value of the
overlap concentration. Such an assumption that a physical quantity does not depend on
the temperature and concentration independently, but depends on the combined variable
¢/p*, is called the scaling assumption.

For concentrations well above the overlap concentration, the radius of gyration of a
random coil is larger than the correlation length (R >> &), so that the molecular weight
will not affect the correlation length. In the high-temperature region, by using Flory’s
exponent for R = R, and assuming that (2.168) is independent of n in the region ¢ > > ¢*,
we find the power exponent m to be m = —3/4. Hence, the correlation length depends
on the concentration and the temperature as

E=a(pr'/}) 34, (2.169)
A similar argument for the theta region leads to & = a¢~!; the correlation length is
independent of the temperature.

For the low-temperature region, it is impossible to find the solution for which &
is independent of n. This indicates that it is impossible for the compact globules to

Correlation length in a semiconcentrated polymer solution.
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interpenetrate each other no matter how high the concentration becomes. Hence, the
concept of correlation length does not work in this region.

Radius of gyration

When polymer chains overlap, they take conformations that are different from those of
isolated individual chains because monomers interact in a different way. Figure 2.22
schematically shows the conformation of a polymer chain in a concentration well above
the overlap concentration. It has a structure like a pearl-necklace; a train of blobs (called
a concentration blob) made up of groups of monomers connected in sequence. The size
of each concentration blob is called the correlation length &£. The monomers in the blob
are directly in contact with the solvent so that they swell by the excluded-volume effect,
in the same way as an isolated random coil does.

Let g4 be the number of monomers in a concentration blob. Since the number density
gs/& 3 inside the blob must be equal to the concentration ¢ /a> of the solution, we find

gs/E> =¢/a’. (2.170)
Substituting (2.169) into this, we find
8o =(pT>7) /1, 2.171)

This is much larger than the number of monomers g; = 1/72 in the temperature blob
studied in Section 1.6.
Similarly, in the theta region, we fix £ =a/¢ and find

=02 (2.172)

A
5)

gT monomers

Concentration blob describing the conformation of a polymer in a semiconcentrated solution.
Blobs of the diameter & are sequentially connected.
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When the chain is seen as a whole with blobs as the structural repeat unit, the excluded-
volume effect by monomer interaction is screened by the presence of the blobs of other
chains, and hence considered to behave as an ideal chain. If we assume such a screening
effect, the radius of gyration is given by

R2= <i> £2, (2.173)
8

since there are n/gy blobs per chain. In the high-temperature region, this relation gives

o\ /4
R? = (na®) (5) ) (2.174)

This result is called the Daoud radius of gyration, since it was found by Daoud [24].

This equation suggests that, if the concentration is increased still further at a fixed
temperature t, the radius of gyration becomes the same order as the Gaussian chain
R? =na? at the concentration satisfying the condition

b~dp=1. (2.175)

In other words, the screening is so perfect that a blob reaches the size of a monomer.
Although many chains are entangled and interpenetrated with each other in complex ways
in the concentrated solution, each chain takes a very simple Gaussian conformation as a
result of the cancelation of the excluded-volume interaction. Because Flory first noticed
this fact [10], itis sometimes referred to as the Flory theorem. The assertion that the chain
conformation becomes simple in the limit of high concentration was initially difficult for
researchers to accept, but it was proved in the 1970s when neutron scattering experiments
using labeled polymers succeeded in directly observing polymer conformation.

The high-temperature concentrated region can therefore be divided into two parts:
the lower one covering the range ¢* < ¢ < ¢** is called the semiconcentrated region,
while the higher one with ¢** < ¢ is called the concentrated region (Figure 2.20).

In the theta temperature region, the solution changes directly into the concentrated
region on crossing the overlap concentration. All of these results are summarized in the
phase diagram shown in Figure 2.20.

Osmotic pressure

Let us apply the scaling concept to the osmotic pressure of polymer solutions in a good
solvent (in the high-temperature region). The osmotic pressure 77, when multiplied by the
volume of a repeat unit a>, gives the negative chemical potential of a solvent molecule
(2.28), or equivalently the free energy necessary to remove a solvent molecule from
the solution. If we compare this with the thermal energy kg7, the ratio should give the
number density ¢ /n of the polymer chains by van’t Hoff’s law (2.36) in the dilute region.
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In the semiconcentrated region, let us assume the scaling form

3 m
T[L:? (i) s (2'176)
kgT — n \ ¢*

as usual with the fractional power m of the reduced concentration. The power index is

fixed to be m =5/4 by the condition that the osmotic pressure should not depend on the
molecular weight of the polymer. Hence we have

3
ZBLT — (t¢3)¥4, 2.177)
As this depends on the fractional power 9/4 of the concentration, it is impossible to
reach this result no matter how higher-order terms in the perturbational calculation are
obtained. It has an exponent higher by 1/4 than the exponent of the second virial term.
Around the overlap concentration where the volume fraction is numerically ¢ ~ 1073,
this discrepancy cannot be neglected.
The result can be summarized in compact form as

n_éd =C, (2.178)
kgT

where d =3 is the space dimension, C is a numerical constant of order unity. The left-
hand side of this equation gives the dimensionless free energy contained in a space
region of size £ in the solution. Comparing with van’t Hoff’s law wV = NkgT for an
ideal solution (V is the total volume, N the number of polymer chains), the volume V /N
per chain is replaced by the correlation volume &3 in the semiconcentrated solutions.
The result (2.178) for the osmotic pressure is called des Cloizeaux’s scaling law.

Phase equilibria (reduced equation of states)

We saw in Section 2.3 that polymers have generally low solubility; they easily separate
into different phases, or precipitate in the solutions. The molecular weight plays a very
important role in the solubility of polymers. Because the phase boundaries shift with
the molecular weight, phase diagrams are usually constructed for samples with different
molecular weights. The result may be presented by using three-dimensional phase space
with an extra axis of molecular weight added to the temperature and concentration
(Figure 2.17(b)).

The phase diagrams of polymer solutions reveal asymmetric characteristics due to
the volume difference between solute and solvent molecules. The critical concentration
is very low, and shifts toward a lower concentration with the molecular weight (Figure
2.17(a)). The critical point approaches the theta point in the limit of high molecular
weight.

In Figure 2.17(b), temperature is measured by the dimensionless temperature devia-
tion t=1— /T from the theta temperature. The molecular weight is represented by
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=—(1/n)*

=(1/n)*

1/n 0 1/n
(a) (b)

Scaling laws near the critical point of the polymer solutions. (a) Critical line on the
temperature—molecular weight plane, (b) critical line on the concentration—-molecular weight
plane, (c) coexistence line on the temperature—concentration plane

the reciprocal of the number of the repeat units. The coexistence curves for different
molecular weight form a coexistence surface. The line connecting the critical points is
the critical line.

The critical line when projected onto the (r,1/n) plane rises from the origin in the
form

1\"
[Tc(n)| ~ g1 (—) , (2.179)
n

where g is a numerical constant and x| is the crossover index (Figure 2.23(a)). The
crossover index takes a value of around 0.5.
Similarly, when projected onto the (¢, 1/n) plane, the critical line rises as

1\*
$e(n) ~ g2 (;) , (2.180)

where the other crossover index is given by xo =vgd — 1 (vg = 1/2 is the scaling index
of the radius of gyration (1.77) in the theta region, and d is the space dimension) (Figure
2.23(b)). It takes a value around 0.5.

The coexistence curve on the (7,¢) plane for a fixed molecular weight can be scaled

in the form
T ¢
—=F ( ) s (2.181)
Tc Pc(n)

by using the critical values. This is the reduced equation of state for the polymer
solutions. The width of the coexistence curve obeys the scaling law

¢" — ¢ =an)(t(n)—1)”, (2.182)

near the critical point (Figure 2.23(c)), where ¢” is the concentration of the higher con-
centration phase, and ¢’ is that of the lower concentration phase. The critical exponent
B takes a value around g =0.31.

The osmotic compressibility is divergent near the critical temperature in the form

Kro|t—1e(n) |77, (2.183)
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where the exponent y is around 1.25. The divergence originates in the concentration
fluctuations with large spatial scales. The power laws that characterize the type of sin-
gularity are called the scaling laws of critical phenomena. The critical exponents are
known to be universal; they do not depend on the details of the materials studied, but
only on the spatial dimensions, the internal symmetry of the system, and the range of
interaction (short- or long-range interaction). The critical exponents of polymer solutions
are known to be the same as those of the Ising model for ferromagnets [24].

Molecular motion

Let us next consider how the blob chains move in the semiconcentrated solution. The
chain cannot move freely because it is entangled with other chains in the neighborhood.
Such a constraint is called a topological constraint, since the force originates in the
entanglements and has a more topological nature than a geometrical one.

When there is a fluctuation in the concentration, the polymer under study tries to move
to fill the vacancy in the low-concentration region, but it is impossible for the whole chain
to move simultaneously due to the topological constraints. Instead, a blob plays a role of
the moving unit. It can diffuse into the neighborhood to restore the concentration back to
the average value. This movement can be seen as a diffusion of a rigid sphere of radius
& in the solvent, so that the diffusion constant Dy is estimated to be

_ kgT
T 6mnoE

by the Einstein relation, where Do =kp T /61 noa is the self-diffusion constant of a repeat
unit, and 7 is the viscosity of the solvent. Such a diffusive motion of the chain segments
to adjust the concentration without violating topological constraint is called coopera-
tive diffusion, or gel mode. The diffusion constant D, is the cooperative diffusion
coefficient.

Cooperative diffusion can be seen in a different way using the scaling idea. Let us
assume that it takes a scaling form

= Dot '/, (2.184)

¢) m

DC=D<¢—*> , (2.185)

by using the marker diffusion constant D =kpT /6w no Ry (2.69). We apply the condition

that D, is independent of the molecular weight in the region ¢ > ¢*, and find m =3 /4.

The other possible motion under the topological constraints is that the blob moves

along the confining tube surrounding it without large perpendicular motion. The move-

ment is similar to that of snakes or earthworms, and is hence called reptation [25]

(Figure 2.24).

Since there are n/gg blobs in a chain, the total length of the tube is Ly =n&/gy. The

friction coefficient of the viscous resistance working on a blob is ¢, = 6 noé&, the total
friction is given by {,n/ge. Hence, the diffusion coefficient Dy of the reptation is

Dy=kpT /(n&y/8¢)- (2.186)
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The blob model of a polymer chain which reptates along the tube formed by the surrounding
chains.

The time required for the original tube to disappear by the motion of the blob is the time
for the chain to reptate the distance L, and hence it is given by 7, = Lt2 / Dy. Sustituting
the relation £ =a(¢t'/3)~3/% and gp=(1 173%)=5/% into this equation, we find

i =r1on ¢/ (2.187)

However, the displacement of the center of mass of the chain in the space is only its
radius of gyration R. Therefore, by the fundamental relation (2.66) for the diffusion, the
diffusion constant Dy of the chain by reptation is

Drep=R?/7, (2.188)

and from (2.187)
Dyep=Don =2~ /4734, (2.189)

where Dy is the diffusion constant of a repeat unit, and o = a? /Dy is the microscopic
time for a repeat unit to move a distance a.

The time t; is the relaxation time by reptation; it becomes longer in proportion to
the third power of the molecular weight t, >~ M 3. The diffusion constant Dyep becomes
smaller in proportion to 1/M?.
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3.1.2

Classical theory of gelation

This chapter presents the definition of gels and gives some typical examples, followed by a
description of their structures and fundamental properties. A statistical mechanical treatment of
the chemical gels in the polycondensation reaction is developed to find the molecular weight
distribution, average molecular weight, gel point, and the gel fraction.

What is a gel?

Definition of a gel

Gels are three-dimensional networks made up of molecules, polymers, particles, colloids,
etc., that are connected with each other by the specific parts on them such as functional
groups and associative groups. The connected parts are called cross-links. Gels usually
contain many solvent molecules inside their networks, and hence they are close to liquid
in composition, but show solid-like mechanical properties due to the existence of the
cross-links [1-4].

Although this statement can be adopted as a formal definition of gels, there are many
exceptional ones that do not fall neatly into this categorization. For instance, colloidal
suspensions exhibit gel-like rheological behavior at high densities. Entanglements of
long rigid fibrillar molecules or an assembly of molecules mutually hinder their motion,
and lead to gel-like rheology due to jamming of the rigid segments. In such materials,
there are no direct cross-links, but geometrical or topological constraints play simi-
lar roles to the cross-links, although they are delocalized. Therefore, to define gels by
connectivity only is not sufficient to include these materials.

Classification of gels

Gels can be classified by their constituents. Gels made up of aggregated particles or
colloids are particulate gels. Networks made up with covalent bonds, H-bonds, etc., of
low molecular weight molecules are low-mass gels. Networks formed by cross-linking
of the primary polymers are polymeric gels. If the primary molecules are biopolymers,
gels are specifically called biopolymer gels [2].

Gels are also classified into chemical and physical ones by the persistence time (life-
time) of their cross-links. Chemical gels (or strong gels) have covalent bonds as the
cross-links, so that the connection cannot be broken by thermal motion of the constituent
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molecules. The topological structure of a chemical gel is therefore preserved as it is pre-
pared [5]. Random variables with fixed statistical property but different assigned values
depending on the sample are called frozen variables. A system with random variables
as structural parameters is called a random system. Chemical gels are examples of ran-
dom systems. A general theoretical scheme to treat random systems was developed by
Edwards and his collaborators [6, 7].

On the other hand, physical gels (or weak gels) are networks cross-linked by physical
bonds. The binding energy is of the order of thermal energy, and hence cross-links can
be reversibly formed and destroyed by a change in temperature. If the cross-links are
sufficiently weak to be created and destroyed by the thermal motion of the constituents,
the gels are often called transient gels.

In physical gels, the equilibrium between connected and disconnected states is reached
if the average lifetime t of the cross-links is shorter compared with the time of obser-
vation. In the opposite case, the topological structure of the network is observed to be
frozen [5]. Because gels are reversibly formed and melted by changing temperature
and concentration, physical gels are also called thermoreversible gels [3,4]. However,
not all gels are clearly classified into chemical and physical ones, but are distributed
in-between the two extremities according to their lifetime.

According to this classification, gels with mobile cross-links, such as sliding ring
gels [8], are chemical gels because the number of junctions is preserved. Jamming gels
with delocalized cross-links should be regarded as viscoelastic fluids with long relaxation
times. There are many gels in which both chemical and physical cross-links coexist.

Structure of gels and their characterization

Global structure of a network

A gel has the general network structure shown in Figure 3.1. The part of the chain
connecting the neighboring cross-links is a subchain. The branching number of a
cross-link is the number of subchains connected in it. It is shown by the number beside
each cross-link. A chain with one end connected to a cross-link and the other end free
to move is called a free end chain or dangling chain. A path circulating around part
of the network along the subchains is a cycle. The total number of independent cycles
is the cycle rank of the network. An entangled subchain whose topological relation is
preserved is a trapped entanglement. The skeletal structure that remains after all free
end chains have been removed is the skeleton of the network.

To characterize the structure of gels, parameters such as the number of cross-links
i, the number of subchains v, and their average molecular weight M, the branching
index of the cross-links ¢, the number of free ends vepq, and the cycle rank & should be
specified [1].

For networks with cross-links of a fixed branch number ¢, the following two
geometrical relations hold:

V= (4 + Vend)/2, (3.1a)
E=v— (4 +Vend) + 1. (3.1b)
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Global structure (network topology) and local structure (cross-links) of a network. There are
several fundamental parameters that characterize these structures.

(a) (b)

Model networks: (a) perfect network, (b) network made by random cross-linking of primary
polymers.

A network with no free ends is called a perfect network (Figure 3.2(a)). A network
formed by pairwise cross-linking of the primary polymers is a polymer network whose
number of free ends is twice as large as the number of primary chains (Figure 3.2(b)).

Local structure of the cross-links

Cross-link junctions are important for the elastic properties of gels. The number of chains
k combined in a junction is its multiplicity, and the length ¢ (in terms of the number of
repeat units) is the cross-link length (Figure 3.1). Figure 3.3 shows a network formed
by multiple cross-linking of trifunctional molecules. The number beside each junction
shows its multiplicity. The multiplicity of the cross-links formed in polycondensation
reaction, by cross-linking agencies, etc., is usually k =2.
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Multiplicity of the cross-link junctions in the polycondensation of trifunctional molecules.
Numbers beside the junction show their multiplicities. Unreacted groups can be regarded as
cross-links with multiplicity 1.

Examples of gels

Chemical gels

Branched polymers are produced by the polycondensation of multifunctional molecules
whose functionality is greater than or equal to 3. If the reaction proceeds to the stage
where the products grow as large as the space dimensions of the entire system, a three-
dimensional network whose parts are connected by covalent bonds is formed. This is the
gel point. The reaction continues after this gel point is passed. The polycondensation
reaction is irreversible under ordinary conditions, so that the gelation of chemical gels
is irreversible.

Let us use the symbol R{Af} for a monomer unit carrying the number f of A func-
tional groups, R{AB y_;} for a monomer carrying one A functional group and f —1 of
B functional groups, etc.

As an example, let us consider esterification of tricalvaryl acid and ethyrene glico-
hol (Figure 3.4). Let us use the symbol A for a -COOH group, and -B for an -OH
group. Tricalvaryl acid is the trifunctional monomer R{A3} and ethyrene glicohol is the
bifunctional monomer R{B>}. Since the esterification reaction is,

— C-O-H + HO-CH— — — C-O-CH,— + H»,O

I
(0] (0]

three-dimensional branched polymers are produced (Figure 3.4).
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Gelation by the polycondensation of trifunctional and bifunctional molecules.
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Various types of physical cross-links: (a) hydrogen bonds, (b) dipole association, (c) micellar
formation of hydrophobic groups, (d) microcrystalline junction, (e) ion association and complex
formation, (f) entanglements of long rigid polymers.

Physical gels
Physical cross-linking often makes complex junctions. The cross-links are not strictly
localized but extend in the form of junction zones.

(1) Hydrogen bonding

H-bonds between polymer chains form pairwise cross-links and bridge them (Figure
3.5(a)). The binding energy of an H-bond in a solution is of the order of the thermal
energy, so that the bonds may easily break and recombine. If there is strong correlation
between adjacent H-bonds, as in the complex formation between poly(ethyrene oxide)
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and poly(acrylic acid), there is a tendency to form zipper-like contiguous sequences
of H-bonds. These are called cooperative H-bonds. Cooperative H-bonds are often
observed in the hydration of biopolymers and water-soluble polymers (Section 1.9).
They can be the origin of the sharp conformational transitions of these polymers.

(2) Dipole interaction

If polymers carry dipole moments that are sparsely dispersed along the chains, they
are cross-linked by aggregation of the dipole moments (Figure 3.5(b)). The aggregates
(multiplets) are surrounded by the chain segments, so that there is an upper limit to the
multiplicity. Ionomers, such as metal-sulfonated polystyrene, in a nonpolar solvent, are
typical examples.

(3) Hydrophobic association

Water-soluble polymers carrying hydrophobic groups, such as short alkyl chains, flu-
orocarbon chains, etc., form gels by micellization of the hydrophobic groups in water
(Figure 3.5(c)). Micelles serve as the cross-links that can dissociate and associate by
temperature, external force, added agents, etc. Water-soluble polymers partially modi-
fied by hydrophobic associative groups are called associating polymers. Poly(ethylene
oxide) and poly(N-isopropylacryl amide), which carry short alkyl chains (-C,,Hop+1,
n = 12-25) at their chain ends, are typical examples. They are called telechelic poly-
mers as both chain ends are active in forming micelles. Because the molecular weight
of the main chain and the length of the associative groups can be tuned, telechelic asso-
ciating polymers serve as model systems for transient networks in which the junctions
can break and recombine. One of the main purposes of this book is to present the recent
developments in the research on associating polymers. These will be detailed at the end
of Chapters 7 and 9.

(4) Gels with microcrystalline junctions

When crystallizable polymers are quenched below their melting point, they often form
gels with microcrystals involving many chains at their junctions (Figure 3.5(d)). Junc-
tions may have a fringed micellar structure, folded-chain microcrystals, etc. In order for
a microcrystal to stay stable, its size should be above the critical nucleus size, and hence
there is a lower limit in the multiplicity and sequence length of the junctions. The crystal
structure inside the junction may be different from that of the bulk crystals. Gels with
small junctions melt at low temperatures. The way that gels form by avoiding crystal-
ization depends on the cooling speed, concentration, and other experimental conditions.
Fast cooling, while keeping the system away from the thermal equilibrium state, may
often lead to gels — as in the formation of glass. For example, isotactic polystyrene,
poly(vinyl alcohol), etc., form gels when supercooled.

(5) Complex formation

Gels with zipper-like cross-links of sequential H-bonds, with double or triple helices, with
eggbox-shaped complexes involving ions, as shown in Figure 3.5(e), may be classified as
gels with extended junction zones of complexes. Conformation change of prepolymers
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is necessary to form such complex junction zones, so that coil-helix transition often
takes place before gelation. The gelation of polysaccharides, such as carrageenan and
alginate, falls into this category.

(6) Gels with sliding junctions

Recently, new gels have been synthesized by cross-linking ring-shaped cyclodextrins
after threading them into poly(ethylene oxide) chains [8]. The gels have junctions that
are mobile along the chains to release the stresses caused by deformation. Gels with such
mobile junctions fall into the category of chemical gels in the sense that the number of
cross-links is preserved. However, since they can relax the external force by sliding their
junctions, their rheological properties are more like physical gels.

(7) Entanglement

Entanglements of long rigid polymers in concentrated solutions and melts often lead to
gel-like rheological properties (Figure 3.5(f)) [9]. The entanglements are regarded as
delocalized cross-links whose spatial range is difficult to specify. They are created and
destroyed by the thermal motion of the polymers or by external force. The number of
cross-links is not conserved. The name pseudo-networks is therefore more appropriate
for such viscoelastic liquids.

Classical theory of gelation

The critical point for the appearance of an infinitely large product (a gel) can be found
by the condition that the weight average molecular weight of the products is divergent.
Mathematically, this is written as

(M)w =o00. (3.2)

This gel point uses the definition of a gel based on the connectivity of the system
[10, 11,12, 1]. The gel point is the point at which the reacting system is geometri-
cally percolated by the connected objects. The appearance of a macroscopic object in
the products is called gelation, or sol-gel transition. In chemical gels, the transition is
irreversible, while in physical gels it is generally thermoreversible.

For the polycondensation of polyfunctional molecules, we can theoretically find the
molecular weight distribution of the products, and hence the average molecular weight,
as a function of the reactivity of the system under the assumption of equal reactivity.

The principle of equal reactivity states that all functional groups of the same
species are equivalent, that is, the reactivity of all functional groups on the polymers
is the same irrespective of their molecular weight and structure [1]. In other words,
there is an intrinsic reactivity of the polycondensation. We shall derive the molecu-
lar weight distribution function of nonlinear polymers under the assumption of equal
reactivity.
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Random branching

Consider the polycondensation of functional monomers of the type R{AB;_1}. The
reaction is assumed to take place between the A group and B group only [1]. Nonlinear
polymers with a tree structure are formed by reaction. They may have intramolecular
cycles, but to find the exact solution we consider only branched tree-type polymers which
have no cycles (Figure 3.6). These are sometimes called Cayley trees, named after the
mathematician who studied tree-type graphs. The approximation under this assumption
of no intramolecular cycles is called the tree approximation.

Let N,, be the number of m-mers (nonlinear polymers consisting of m monomers),
and let p be the reactivity of the A groups and ¢ that of the B groups. Then, we have
the stoichiometric relation p = (f — 1)g. In what follows, we use g as the independent
variable, and write it as ¢ =«. It varies in the range 0 <o < 1/(f —1).

An m-mer has a total number m of A groups and (f — 1)m of B groups, among
which m — 1 of A groups and m — 1 of B groups are pairwisely reacted. A total of
(f—1m—(@m—1)= fm—2m+1 B groups remain unreacted. Because each m-mer
carries only one unreacted A group (A* in Figure 3.6), the probability for an arbitrarily
chosen unreacted A group to belong to an m-mer, i.e., the fraction of unreacted A groups
in the m-mer among the total of unreacted A groups in the system, is given by the number
distribution of the m-mers

fn=Nu/d Nj, (3.3)
j

where Ny, is the number of m-mers produced by reaction. This is given by

fmza);n(xm_l(l—(x)-fm_Z'n+l, (34)
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Tree structure formed by polyfunctional molecules of type AB3 carrying one reactive A group
(black circles) and three reactive B group (white circles).
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where w), is the number of different ways to form an m-mer from its constituent m
monomers. The number w/, can be found in the following way.

First, we give a sequence of numbers from 1 to m to the total of m monomers. Over-
counting by labeling a sequence for the identical molecules will be corrected later. We
then choose m — 1 of B groups from the total fm —m. The number of different ways of
choosing them is 7y, Cr—1 = (fm —m)!/(m — D!(fm —2m+1)!. We connect them
to the A groups without forming cycles. There are (m — 1)! ways to do this. Finally, we
correct the overcounting by dividing the result by m!. Thus we find

—m)!
o, = —momt (3.5)
m!(fm—2m+1)!
The number distribution function of the m-mers (clusters) is then
l—a , .
Jfm= o, B, (3.6)
o
where B is defined by
B=a(l—a)/ 2. 3.7

The physical meaning of B will be detailed later. The first three moments of the
distribution (3.6) are calculated in Appendix 3.A.

Because the number of monomer units is reduced by 1 every time a new bond is
formed, the total number of clusters is

M=) Ny=N—(f-DaN=N[1-(f-Dal. (3.8)

m>1

This is equal to the number of A groups that remain unreacted in the system. From the
first few moments shown in Appendix 3.A, we can find

1

= 39
(m)n —(f = Da (3.9
for the number average degree of polymerization, and
= A= D (3.10)
Myy=—"——"— .
Y= (f = Dal?

for the weight average degree of polymerization.

Because both averages are divergent at « =a™ =1/(f — 1), this is identified as the
gel point. Since the gel point thus found is the point where the reactivity of A groups is
1 (complete reaction), networks are formed in the limiting state where all A groups are
reacted. In other words, there is no postgel regime in this system.
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Polycondensation

We next consider the condensation reaction of polyfunctional molecules of the type
R{Af}. The molecular weight distribution for the special case f =3 was first studied
by Flory [10]. The result was later extended to the general case of f by Stockmayer [11]
under the assumption of no intramolecular cycle formation. Their theories are called the
classical theory of gelation reaction.

Pregel regime

Let p be the reactivity of A groups, and write it as « (the reason for this will be detailed
below). Let N be the total number of monomers in the reacting system. An m-mer
contains 2(m — 1) reacted groups, and fm —2(m — 1) = fm —2m + 2 unreacted groups
(Figure 3.7). The probability for an unreacted A group, which is arbitrarily chosen from
fN(1 —a) unreacted A groups in the system, to belong to an m-mer is

_[(f —2)m+2]N,,

P, = FN(—a) (3.11)

The number of different ways of connecting the remaining m — 1 monomers is the same
as wj, derived in the preceding section, and hence we find

Py =, (1 —a)fm=2mHL (3.12)
Comparing with (3.11), we find

(1—a)?

Nn=fN omB", (3.13)

where the parameter f is the same as (3.7). The new number of configurations,

(fm—m)!
m\(fm—2m+2)!"

(3.14)

wm =

has appeared instead of w),.

o

,U»T

Tree structure formed by polyfunctional monomers of the type R{A3}.
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Because one monomer is connected every time a new bond is formed in the tree
structure, the number of molecules reduces by one. The number of reacted A groups,
or equivalently the number of bonds, is (fN)«/2, and the total number of clusters
M=y, . Ny is given by

M=N—-(fN)x/2=N1- fa/2), (3.15)
from which the number distribution function f;;, = N,,,/ M of the products takes the form

f—a)?
f= s
a(l—fa/2)
By using the first few moments calculated in Appendix 3.A, we find that the number
average degree of polymerization is

womB™. (3.16)

1

=—. 3.17
(m)n 1— fa,2 ( )
Similarly, the weight distribution function
W =mNpy/ Y mNp, (3.18)
m>1
is found to be
1— 2
A (3.19)
Hence the weight average molecular weight is
I+o
(m)yy =—"7-"7—". (3.20)
1—(f— D

Gel point

Since the weight average molecular weight diverges when the reactivity o reaches
a=1/(f-1)=a", (3.21)
we find that this is the gel point in the tree approximation. The number average remains

at a finite value (m), =2(f —1)/(f —2) at the gel point. The solid lines in Figure 3.8
below a* show these two averages together with the z-average defined by

(myz =) mwp/ Y muwn. (3.22)

The explicit form of the z-average is given in Appendix 3.B.
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Average MW

m*=2(~1)/(-2)

o*=1/(f1)

Reactivity o

Number-, weight-, and z-average molecular weights as functions of the reactivity in the gelation
reaction of polyfunctional molecules R{Ay}.

Postgel regime
After the gel point is passed, the gel part coexists with the sol part in the reacting system.
The reactivity « in each part may in principle be different. Let o be the reactivity of the
sol part, and let & be that of the gel part. The average reactivity o of the entire system
should then be given by

a=a’(1—w)+aSw, (3.23)

where w is the fraction of the A groups that are connected to the gel part, and called
the gel fraction. It agrees with the weight fraction of the gel for the monodisperse sys-
tem consisting of polyfunctional molecules whose functionality (the number of reactive
groups) and molecular weight are uniquely fixed. The sol fraction is 1 —w.

If we take the limit of infinite molecular weight in the tree approximation, it is natural
to assume that the gel network remains in the tree structure. Because the gel can be
regarded as the m — oo of an m-mer, its reactivity is

aG=m1@w2(m—1)/fm=2/fEa0. (3.24)

Therefore, in the postgel regime where the average reactivity is larger than the critical
gel value a*, we see that clusters of finite sizes are connected to the gel in the way such
that the reactivity of the sol part stays at a constant value o® = o*. The relation (3.23)
then gives

W= (3.25)
for the gel fraction. It rises linearly from a* =1/(f — 1), and reaches unity at ¢g =2/ f.

All monomers are connected to the gel before the reaction is completed. The sol part
stays at the critical condition o = «*. Such a theoretical treatment is first proposed by
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Weight fraction of the gel part plotted against the reactivity. (Stockmayer’s treatment (S), Flory’s
treatment (F), and Ziff—Stell’s treatment (ZS).)

Stockmayer, and is called Stockmayer’s treatment of the postgel regime (the solid line
S in Figure 3.9).

This theoretical treatment is, however, not a unique way of describing the reaction in
the postgel regime. Flory postulated that the reactivity of the sol part &5 should be found
by the condition

B=a(l—a)/ 2=a'(1—a)/ 72 (3.26)

In other words, for the average reactivity « larger than the critical value «*, the equation

B=a(l—a)/ 2 (3.27)

has two roots, and &S should be the other root o (the shadow root) which lies below the
critical value. Hence, o> = o’ is assumed.

The molecular weight distribution function of the sol part is therefore given by replac-
inga by o’ in (3.19). The weight fraction of the sol in the postgel regime is then calculated

to be

1— 2./
=l —w= G0 (3.28)
e (1—o)*a
and hence the gel fraction is
(1—a)a’
o (3.29)
Substituting into (3.23) and solving for the reactivity «® of the gel part, we find
U P
oG = a—i—a—aa (3.30)

1 —aao’

This o© takes a value larger than o =2/ f. Therefore, in Flory’s treatment, cycle
formation is allowed in the gel network. The number of independent cycles, or the cycle
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The molecular weight distribution function wy, and the gel fraction w for polycondensation
reaction of trifunctional monomers R{ A3} plotted against the reactivity.

rank, of the network is given by

g=L40 1. (331)

All monomers belong to the gel part only in the limit of complete reaction o =1 (the
solid line F in Figure 3.9).

Figure 3.10 shows the molecular weight distribution function and the gel fraction for
the polycondensation of trifunctional monomers by Flory’s treatment plotted against
the average reactivity. The gel fraction w rises linearly from the gel point « =0.5 and
approaches unity in the limit of « — 1. This result leads to the three curves for the
number-, weight-, and z-average in the postgel regime in Figure 3.8.

The difference in the two approaches was later clarified from a kinetic point of view
by Ziff and Stell [13]. It was shown that Stockmayer’s treatment allows reaction neither
between sol and gel, nor between gel and gel. The increase of the gel fraction is only
by the cascade growth of the sol clusters to infinity, while in Flory’s treatment sol and
gel interact, and reaction within the gel is also allowed. Ziff and Stell proposed a new
treatment in which intramolecular reaction of the gel is not allowed but reaction between
sol and gel is allowed. Their result on the gel fraction is shown in Figure 3.9 by the broken
line (Z2S).

In the classical tree statistics, the number of the functional groups on the surface of
a tree-like cluster is of the same order of that of the groups inside the cluster, so that a
simple thermodynamic limit without surface term is impossible to take. The equilibrium
statistical mechanics for the polycondensation was refined by Yan [14] to treat surface
correction in such finite systems. He found the same result as Ziff and Stell. Thus the
treatment of the postgel regime is not unique. The rigorous treatment of the problem
requires at least one additional parameter defining relative probability of occurrence of
intra- and intermolecular reactions in the gel.
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Ffunctional
molecule

Nonlinear polymer of the type m=(1,1,1,2,3,0,1) produced in condensation reaction of
polydisperse functional monomers.

Polydisperse functional monomers

This section studies the gelation reaction of polydisperse functional monomers carrying
different numbers of functional groups [11]. Let us consider the condensation system
in which the number Ny of f-functional monomers is given by R{As}(f =1,2,...)
(Figure 3.11). The total number of monomers is ) Ny = N, and the total number of
functional groupis ) f Ny =W. Let us define the distribution function of the functional
groups by'

pr=fNy/> fNy. (3.32)

This is defined not by the number of monomers but by the functional groups. The number
average functionality of the monomers is

anZfo/ZNfz(pr/f)_l, (3.33)

and the weight average is

Ffu=Y FPNg/Y fNp=> foy. (3.34)

To specify the type of products during reaction, we use the index m= (m1, ma, ...).
It indicates that the cluster consists of m y f-functional monomers (Figure 3.11). For
example, the label of the cluster in Figure 3.11 ism=(1,1,1,2,3,0,1).

1 We use the symbol p ¢ for the distribution function of the reactants to avoid confusion with the molecular
weight distribution wy, of the reacted products.
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By repeating the similar counting method as in the previous section, we find that the
number N (m) of clusters specified by the type m is given by

(X fmyp=>my)!
V= (L IN) (5 oy =25, )

m
Xame—l(l_a)Efmf_z):mf+2l—[ M (3.35)

at the reactivity «. This result can be easily found by replacing the factors as fN —
Y fNpm— Y myp, fm— Y fmyg, 1/m! — [[(pf)™f /my! in the monodisperse
system (3.13).

Because the weight average molecular weight is

w(l

the gel point condition is given by
(fw—Da=1. (3.37)

Letus consider the special case of the binary mixture of f =2 (unbranching monomers)
and f(>3) (multifunctional branching monomers). Types of clusters can be specified
by the label (m3,m ). To simplify the notation, write m, =/ and m y =m. The number
of clusters is then

[ m
_ (l+fm _m)! I+m—1 fm—2m+2 '02'0f
N”’"_<Zfo) (Fm—2m+2n” (1-a) Im!" (3-38)

Let py = p be the fraction of the functional groups which belong to the branching
monomers. We then have the relation pp =1— p, and

(1-a) 1 om
Niw= (32 FNp) = ¢, (3.39)
where w;,, = (L4 fm —m)!/l!m!(fm —2m 4 2)!, and the parameters n and ¢ are
defined by

n=>1-p«a, (3.40)
c=pa(l—a)/ 2. (3.41)

The special case p =0 reduces to the linear polymerization, and p =1 reduces to the
condensation of f-functional monomers. The molecular distribution (3.39) connects
these extreme cases.

The total number of clusters M =) N;,,, decreases by one every time a bond is
formed, and hence

M=N+Ny—a@2No+ fNy)/2 (3.42)
——— N ————
monomers cross-links
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holds. Because the weight average functionality of the monomersis fy=fp+2(1—p)=
(f —2)p+2, the gel condition (3.37) turns out to be

[(f=2p+1a=1. (3.43)

Cross-linking of prepolymers

Let us next consider that the primary molecules are polymers. Mixing cross-linkers,
exposure to y-ray radiation, etc., results in the random cross-linking of monomers on
the prepolymers [12, 1]. We assume that the prepolymers are monodisperse with n repeat
units, and the cross-linking process is independent and random. Each monomer on the
chain can be regarded as a functional molecule, so that we can fix f =n in the previous
studies. The DP of the polymer is assumed to be sufficiently large that we may take the
limit of n — oo under the condition that the number of reacted monomers on a chain

an=y (3.44)

is kept constant. We may take the limit of @ — 0 with a constant cross-link index y .
By using the approximations

B=a(l—a)' 2~ Y &1, (3.45)
n
—m)! m—2
0, — (nm —m)! ~ (nm) (3.46)
m!(nm—2m+2)! m!

in the molecular weight distribution (3.19) for large n, we find that the molecular weight
distribution function takes the limiting form

mmil —y\m 1 I—y\m
il (ye™™) Zm—y(ye ). (3.47)

Wy

Hence, the gel point is found to be
v =1, (3.48)

by the condition that y e~ reaches the maximum value as a function of y. It turns out
that one cross-link on average per chain is sufficient for gelation.
In the postgel regime, we take the similar limit in the relation

)
3w = FA=0" ¢ (3.49)

o
m>1

in Flory’s treatment, and find

l—w=y'/y, w=1-y"/y (3.50)
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Fig. 3.12
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for the sol and gel fractions, where a’ (or y’) is the shadow root of the equation
vy
B=o'(1-a) 2=,
n

for a given B. For this shadow root y’, which is smaller than unity, the relation

a/ /

SEO= iy =

holds.

Gelation in binary mixtures

Finding the gel point using the branching coefficient

In this section, we study gelation by heteromolecular condensation reaction in binary
mixtures. Typical model systems are condensation of f-functional monomers of the
type R{A,} and g-functional monomers of the type R{B, }. They form binary mixed
networks. The mixtures are indicated by R{Ar}/R{Bg}. For simplicity, the reaction is
limited to only between the A and B functional groups (Figure 3.12).

Before detailed study of the molecular weight distribution function, we consider a
simple method to find the gel point by using the branching coefficient [1]. The branching
coefficient « is defined by the probability that any one of the functional groups on an
arbitrarily chosen branching monomer (functional monomer with functionality more than
or equal to 3) reaches the next branching monomer of the same species by a connected
path (Figure 3.13).

Consider that a reacted path reaches a branching monomer R{A}. In order for the
path to extend to infinity without breakage, at least one of the number ( f — 1) possible
directions of the extension must reach the next branching monomer with probability 1
(Figure 3.14). Hence the gel condition is given by

(f—Da=1. (3.51)

A, B,

glycerin dicalboxylic acid

Esterification of trifunctional monomers R{A3} and bifunctional monomers R{B>}.
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Branching coefficient o of a branching monomer R{Af}. The monomer 1 is connected by the
next monomer 2 of the same species by a reacted path.

N/

Branching coefficient of the mixture A ¢/By.

The method for finding the gel point by the branching coefficient is very convenient
because it does not require information of the molecular weight distribution.
For the binary mixture R{Ar}/R{By}, the condition (3.51) gives

(f=Dpg—Dg=1, (3.52)

since the probability for a pair of R{A s} monomers to be connected by a reaction path
is @ = p(g — 1)g (Figure 3.15), where p and g are the reactivity of the A and B groups,
respecitvely.

Let us study the slightly more complex mixtures of R{A s }/R{A2}/R{B>}.R{A;} and
R{B»>} are nonbranching monomers. The structure of the branched polymers is shown
in Figure 3.16. Let p= fNy/(2N>+ f N ) be the fraction of functional A groups on the
branching monomers among all A groups in the system. Summing up all the possible
reaction paths from one branching monomer R{A} to the next one (the bottom part of
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1
Q /i/ \I 2 O
(A—o i 00——o00 00——00 00——00 E o—(A)
O ! ) O
B; A, By A B, A B, %
i=3 N
Branching coefficient of the mixture A /Ay/B;.
Figure (3.16), we find the branching coefficient to be
- : pqp
a=) plgl—p)pYep=——"""—. (3.53)
g l—pg(1—p)
The gel point is found by the condition
[(f=2Dp+1]lpg=1, (3.54)

from (3.51). Because the average functionality of R{A} monomers is fy =2(1 —p)+
fp=(f—2)p+2, the gel point condition is equivalent to

(fw—Dpg=1. (3.55)

In particular, for stoichiometric mixtures with the same number of A and B groups, the
reactivities are equal, p =g, so that o = p®p/[1 — p>(1—p)].

If there are no R{A;} monomers, p =1 and o = p¢g hold, so that the gel point is
(f —1)pg=1.1If there is no R{A}, we have random copolymerization of R{Az} and
R{B,}, for which a = p?. The polymerization point is the point with a, = 1 where all
groups are reacted.

Molecular weight distribution function of the binary mixtures R{A /}/R{B,}

Consider the binary mixture R{A 7 }/R{Bg}. Let N be the number of R{A ;} molecules,
and Ng be the number of R{B,} molecules. The number of functional groups in the
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system is Wp = f Na and Wp = gNp for each species. The reaction is assumed to take
place only between A and B.

Under the assumption of tree statistics (no intramolecular reaction allowed), Stock-
mayer [15] found that the number of clusters consisting of / A monomers and m B
monomers is given by

(F1=DX(gm—m)! .
”m!(fl—l—m—i-l)!(gm—l_m+1)gx Yo, (3.56)

)MNl,m =

where A is the equilibrium constant of the reaction of bond formation
A+B=A"-B (3.57)

By putting (/,m) = (1,0), or (0, 1), parameters x and y turn out to be
x=XAfNio, y=AgNoi. (3.58)

These are the numbers of A and B monomers that remain unreacted in the system,
multiplied by the equilibrium constant A.

Because f Njg is the number of A monomers on the unreacted monomers, it must be
equal to Wa (1 — p)/ by the definition of the reactivity p. Therefore, x can be written as
x=AUa(l—p). Similarly, y =AWg (1 —¢q)& holds.

Let us express x and y in terms of the reactivity p and ¢. Because the number of
reacted A groups Wx p is the same as the number of reacted B groups Wggq, let us write
it as y. This is also equal to the number of bonds formed by reaction. The equilibrium
constant A can be found by the equilibrium condition in the reaction (3.57) as

v \
- AP - Lkl . (3.59)
Ya(l—p)Wp(l—q) WYa(l—p)¥p(l—gq)
We then have the relation AWA =¢q/(1 — p)(1 —¢q), and hence
1= pyf-1
= ATV (Gt Ve (3.60)
(I=-p)d-9) l—gq
Similarly, we have
P p(1—g)s~!
v=—F g = (3.61)
(I=p)(1—q) I-p
Next, let us express the number of bonds y in terms of W4, Wp, and A:
y =AVAVg(1—p)(1—q). (3.62)

Substituting the relations p=y/Wa, g =y /Wp, we find

y =AWAWR(l —y/Wa)(l —y/W¥p), (3.63)
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which is regarded as the equation to find y. Solving for y, we find
1 2 ,71/2
hy =5 1+A (WA +Wp) - [1 COA(Wa +Wp) + A2 (WA — Wp) ] .

(The sign is chosen so that the equation holds in the limit of A — 0.) The equilibrium
number y of bonds can thus be found for the given concentration in the preparation
stage.

The number of molecules is reduced by one every time a new bond is formed. Hence
the total number of molecules (clusters) in the system is

Y Nim=—+—-v. (3.64)

From the information of N;,,, we can find the weight average molecular weight by

(M)y = (Mal+Mgm)* N/ Y (Mal+Mgm)Ny, (3.65)

Ilm lm

where M and My are the molecular weights of the monomers. By using the distribution
(3.56), the sum turns out to be

[(f=1)pMZ+(g—1)gM3 +2Ma Mgl pq

2 2
+EM+ EM

I-(f—D(g—Dpg
M)y = 3.66
< )W %MA-’—EMB ( )
g
The gel point is
(f=Dg—-Dpg=1, (3.67)

from the divergence condition of (M), as is expected from the branching coefficient
(3.52).

Polydisperse binary mixture R{A /}/R{B}

Let us generalize the above results to the polydisperse binary mixture R{Af}/R{B,}
in which functional monomers carry various numbers of functional groups. Let N ]‘?
(f=1,2,...) be the number of f-functional monomers, and N? (g=1,2,...) be the
number of g-functional monomers. The total number of A and B groups are then given by
Wa=) fN fA, Up=> gN ;,3. Let us introduce the distribution function of the functional
groups as ,o? =f N? /Wa and pf = gNP/Wp. These are the fractions of the functional
groups on the monomers of specified functionalities.

Under the assumption of the tree statistics, Stockmayer [15] generalized the monodis-
perse mixtures to polydisperse ones, and found that the number of clusters consisting of
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1=(/1,l2,...) Amonomers and m= (m,m>,...) B monomers is given by

(Sl =2 1p) (X gmg — Y my)!

AN(1,m) =
(Sl =l = mg+ ) (X gmg =31y =Y mg+1)!
Iy m
X 8
f Ve
! g 8
where x s and y, are generalizations of (3.60) and (3.61), defined by
_ aqU—p)/! _ g pl—gq)F!
The reaction constant A is given by
v v
= P=A 175 (3.70)

Ua(l—p)Ws(1—q) Wa(l—p)¥p(l—q)

By using the average functionalities of the functional monomers

=Y 1ot gw=) eny, 3.71)

and the weight average molecular weights

(M)a=) Mspf. (M=) Mepy. (3.72)

the weight average molecular weight of the products can be found by replacing M4/ f,
Mg/g by (M)a/f, (M)g/g in (3.66). The gel point condition is

(fw—D(gw—Dpg=1. (3.73)

Gels with multiple junctions

Let us consider the limit of the complete reaction of functional B groups in the preceding
section (Figure 3.17). In such a limit, a reactive B group can be regarded as a cross-linker
producing a junction of multiplicity g. The multiplicity of the junction is the number
of functional groups combined into it (see Figure 3.3). The B molecules act as glues to
paste the A groups.

Let us indicate the multiplicity by k as in the convention. We then replace the notations
as mg — jr and ,0? — 07, p? — pi in the molecular distribution (3.68) while the
notation /7 is kept as it is. Here, py gives the probability for a chosen A group to belong
to the junction of multiplicity k. The average functionality of B monomers becomes
gw=y_kpi, and we write this as fty, where jiy, shows the average multiplicity of the
cross-links.
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Multiple junction as seen from cross-linking by glue molecules B.

There are two fundamental geometrical relations which hold for clusters of tree type
with multiple junctions. For the total number of monomers in the cluster, the relation

Zlf =Z(k—1)jk+1 (3.74)

holds. For the total number of functional groups, the relation

D flp=Y kik (3.75)

holds.

The combinatorial factor in the molecular weight distribution function (3.68) simplifies
as the factor p(1 — p)q(1 —q) disappears, and the limit g — 1 of complete reaction can
be taken. As a result, the molecular weight distribution is transformed to

NGO =3 N) (= 1) (=) ] p" 228 e
k

11 il
Ja Jk

which agrees with the tree statistics with multiple junctions derived by Fukui and
Yamabe [16] directly by using the statistical-mechanical method.
The gel point turns out to be given by

(fw—D(w—1 =1, (3.77)

after the replacement of the symbols as above. We will derive these results more effi-
ciently in Appendix 3.B by using the probability generating function (p.g.f.) of the
cascade theory.

The branching coefficient of this system when regarded as an A/B mixture is found
to be « = (gw — 1) pq by generalizing (3.52) to polydisperse systems. Fixing ¢ =1 in
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Branching coefficient of multiple cross-linking systems.

the gel point condition (3.73), and replacing (gw — 1) p by > (k—1) px, we find that the
branching coefficient for the multiple cross-linking is

a=jiw—1. (3.78)

Because there are k — 1 paths going out of the k junction, the result can be understood
in the form (Figure 3.18)

a=> (k=)pr=fiy—1. (3.79)
k>1

Thus, the gel point condition (3.77) is also derived from the branching coefficient method.

Most physical gels have multiple cross-links. They are formed by the association of
the particular segments on the polymer chains. Therefore, gels with multiple junctions
may be understood more profoundly when they are treated by thermodynamic theory
rather than reaction theory. In Section 7.1, we shall present some of the equilibrium
thermodynamics of physical gels with multiple junctions.

Appendices to Chapter 3
Moments of the Stockmayer distribution function

We define the k-th moments for the power series with coefficients ), and wy, as

o0 o0
S,’(Ekaw;n,B’", SkEkaa)mﬂm.
m

m=1

For S, the normalization condition Zmz] fm=1 leads to

So=0a/(1—a).
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The first moment is calculated by the relation S| = (dS((B)/dp). Because dS,/dp =
(dSy(B)/da)(da/dp), and dSy/da=—1/(1—a)?,dB/de=(1—a)/ 3 [1—(f—Dal,

we have
, o

= 0wl (7 Dal
Similarly, from S5 (8) = B2(d*S}(B)/dB*) + S} (B). we find

,afl=(f—Da?]
2T A=)l —(f—Dal®

For Sk, the normalization condition leads to
So=a(l—fa/2)/f(1-a).
By differentiation, we find

o a(l+a)
= ’ SZ= *
f—a)? f—a)?[1—(f —Da]

S

Cascade theory of gelation

After the classical theory of gelation reaction was developed by Flory and Stockmayer, a
very efficient mathematical machinery was invented on the basis of the cascade theory of
stochastic branching processes. By the use of the cascade theory, we can calculate the
average molecular weights, the reactivity at the gel point, the sol fraction, etc., without
any detailed knowledge of the molecular weight distribution function. Furthermore, the
molecular weight distribution function itself can be obtained from elementary calculus
without reading to solve any complex combinatorial problems.

Cascade theory starts with the weight fraction generating function, or the probability
generating function (p.g.f.) [17, 18]

W(@:0)=> " wn(@)o™, (3.80)
m=1

where « is the reactivity (the fraction of functional groups that have reacted), w,, () is
the weight distribution function (3.19), and 0 is the dummy parameter used to construct
the p.g.f. The sol fraction is given by

wS=8S=W(a,1). (3.81)

In the pregel regime, the weight fraction is normalized as

Zwm(a): L,

m=1
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so that (3.81) has a trivial solution S =1, while in the postgel regime it has a nontrivial
solution in the region 0 < § < 1. The number average molecular weight is calculated by
the relation

1 W (@) 1 do
(m)nEZ =) W(oz;@)?.
m=1

The weight average, z-average, and higher averages are calculated by

(W
=5 ),

: [3 ( awﬂ
(m), = — |0 ,
(myy L00 \" 96 ) |,_,

and so on.
Starting with the O-th generation, the p.g.f. for the total number of molecules in the
first, second, ..., r-th generations, can be seen to be
W(a;0)=0Fo(0F1(0F2(0--- F-(0))---)), (3.83)

where F;(0) is the p.g.f. for the children of the molecules in the i-th generation
(Figure 3.19). Rigorous proof of this relation is given by Good for the vectorial cas-
cade random branching problem [19]. For an infinite tree (r — 00), all F; for i > 1 have
the same structure as F1, so this relation can be written as

W(0)=0Fp(x), (3.84a)
x=0F(x). (3.84b)
u(x)

(4] >
o o
\\O\Q—g(;)//

i=0 i=1 i=2

Diagram for the p.g.f. of the cascade tree. Each junction is accompanied by a factor u(x). The
0-th generation has f branches, while the generations higher than the first have f — 1 branches.
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For the condensation of f-functional monomers, Fy and F| are given by
Fo=u@@!,  F@=u@’,
where

ux)=1—a+ax, (3.85)

for the pairwise reaction. (An arbitrarily chosen functional group may either remain unre-
acted with the probability 1 —« or react with the probability «.) For multiple reactions,

it is given by
ulx)= Zpkxk_l.

k>1

In the case of more complex mixtures of polydisperse functional primary molecules
with the distribution function p s, F functions are

Fo)=) pru), A=) ppu@)’ "
f f

From (3.84a), we have u(x) = (W(0)/6)"f, and from (3.84b), we have u(x) =
(x/@)l/f/, where f'= f — 1. These two must be the same, so that

x=0""we)'f
holds. By putting 8 =1 and W (1) =S, we find
x=5"17,
and hence

u(x)=Ss"7.

In particular for pairwise reaction (3.85), this relation may be solved with respect
to « as

a=(1 —Sl/f)/(l _Sf'/f)_

For S =1, the reactivity at the gel point @ =« =1/ f" is obtained.
Let us find the average molecular weight by the p.g.f. By taking the derivative of
(3.84b), we find
J6 — 1-0F|(x)
Fi(x)

Hence we have

1 Z/X Fo(x) {l_dlnFl(X)}dxzfxu(x){l_f/x
(m)yn Jo F1(x) dlnx 0

=f /X u(x)dx — f'xu(x)
0

(x) }dx

u/
u(x)

X
07
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where x = S/// . For the pairwise reaction,

Vil g I yriel
(m)n 2

In the pregel regime, we have S =1, and hence we find (3.17). For the multiple reaction

(e

(m)n =1

which leads to |

f/pn+1/f—1]

in the pregel regime, where (i, is the number average junction multiplicity.

(m)n=

Similarly, from the relation

W 0 Fy (x) F)(x)
— _F 2T oM
o~ fo@ 1—0F(x) ’
we find ,
F()(x)

(o = Folo) + 7=

In the pregel regime of pairwise reaction, this equation reduces to (3.20). For multiple
reaction, this equation gives

1
[/ fw+1/f =11

where iy, is the weight average junction multiplicity, and hence the gel point condition is

(m)w =

(f =Daw—D=1,

which is the monodisperse case of (7.96).
Higher order average may be calculated in a similar way. For instance, the z-average
molecular weight of pairwise reaction is

~ 2a[1—(f —Dal+ 1 +a)[1—(f —Da?]
o (I+a)[1—(f — Dal?

bl

in the pregel regime. Similar calculation of the average molecular weights in binary
mixtures in which different functional groups A and B react with each other in the form
of multiple polycondensation is presented in the literature [20,21].

We can also find the weight fraction distribution function w,, () from the cascade
equations (3.84a) and (3.84b) by expanding the function Fy(x) in powers of the dummy
parameter 6. This procedure is easily feasible if we apply the following Lagrange
theorem [22,23]. The theorem states that if the variable x is related to 6 by the equation

x=0¢(x), (3.85)
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with an analytic function ¢ (x), then any analytic function f(x) can be expanded as
9” d n—1
fO=fO)+) — (—) [f’(ac)qs(x)"] (3.86)
n! \dx
n>1
In the present case, we have ¢(x) = Zf pfu(x)f/ and f(x)= Zf pfu(x)f, and

hence ¢ (x) = f(x)/u(x). Since

JO"f'x) 11 —f( e

S X)) = u(x)" u(x)" n+1dx

we find 1
_ d\"" 1 n+1
= f<0>+Z o +1>< ) i L reo

By using the polynomial theorem, we have

f(x)”“—(n+1)'Z]_[< )u(x)mef,

{m} f

where m ¢ are integers satisfying the condition pmyp=n+1l.
On substitution, the function f(x) has the expansion

B L(dN"Th Py S fm
fE=fO)+)_ 0 (E) o Z]‘[( )u(x) /

el o\

n>1 {m}

2 fmy JAYEAS Y fmy—
=fO)+)» 6"y ———— —— | — ) ux)=I"rm
Z Z(mef—n)lzl my! dx
By using the polynomial theorem again, we have

u(x)=fme=n — (Z pkxk_l)zfmf*n

(mef —n) {]Z}l—[ (ka )xZ(k—l)jk’

Ji!

where ) -y jk = fmy—n must hold. After taking the derivatives n times and
putting x =0, the only term satisfying the condition },_;(k—Djk=n=3_ ,my—1
remains. Hence, we have

FO=£O+Y 6" > (3 fms) (X i—1)!

n>1  {jm}

@m0 () ()
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The first term corresponds to the n =0 term in the p.g.f. We therefore finally find

s Jk
We)=>0"> O _fmpHOQ_jx—DIQ mp—DI ] <%|) I1 (p_k> ,

1|
n=1 {jm) f K\ K

which is equivalent to Fukui—Yamabe distribution (3.76).
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Elasticity of polymer networks

Rubbers and gels are three-dimensional networks composed of mutually cross-linked polymers.
They behave like solids, but they still have high internal degrees of freedom that are free from
constraints of external force; the random coils connecting the cross-links are free in thermal Brow-
nian motion. The characteristic elasticity of polymeric materials appears from the conformational
entropy of these random coils. In this chapter, we study the structures and mechanical properties
of rubbers on the basis of the statistical-mechanical models of polymer networks.

Thermodynamics of rubber elasticity

Elastic properties of rubbers and gels are markedly different from those of metals,
ceramics, and glasses. The properties of rubbers may be summarized as follows:

e Their elastic moduli (Young modulus and rigidity) are very small (as small as 10°°
Nm_z, about 107 times as small as those of metals).

o They have very high extensivity and restorability. They endure large deformation
without rupture. They return to their initial dimensions even after being stretched to
five to ten times their original size.

o Their elastic moduli increases with temperature.

o They are heated by adiabatic elongation, and cooled by adiabatic compression.

Thus, rubbers seem to be peculiar materials. We can, however, understand these unique
properties very naturally if we consider that the main cause of the elasticity comes not
from the interaction energy of the constituent molecules but from the conformational
entropy of the chain segments, which are free to move.

Energetic elasticity and entropic elasticity

Consider a rectangular rubber sample to be stretched in the x-direction by an external
tension f. The law of thermodynamics for the infinitesimal process of stretching the
sample from the length L to L +dL is

dU=TdS— pdV + fdL, 4.1)

where U is the internal energy, S the entropy, and V the volume of the sample. Because
the volume stays constant during deformation of rubber, we set dV =0.
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Dividing this relation by d L under the condition of constant pressure and temperature,

we find the tension - 55
e <_> 7 (_> . 42)
oL o7 oL o7

As for the Gibbs free energy, we have the relation
dG=-S8dT +Vdp+ fdL. 4.3)

Comparing with the mathematical relation

3G 3G
dG:(——) dT+<——> dL, (4.4)
oT ) 1 oL ) 1

at a constant pressure, we find that Kelvin’s relation connecting the two second
derivatives of the thermodynamic functions

a5 0
L) pr T/ pL
holds as one of the Maxwell relations.
The tension can be transformed to

U af)
=—) +7(=% (4.6)
f <3L>p,T <8T p,L

by the use of Kelvin’s relation.

The first term f, =(0U /dL), 7 gives the part of the tension due to the internal energy,
and the second term fg=T(df/3dT)p, gives the part due to entropy. Thus, the tension
is separated into two parts with different origin. These are called energetic elasticity
and entropic elasticity.

Consider the plot of measured tension as a function of the temperature under a constant
pressure by keeping the sample at a fixed length L (Figure 4.1). The relation (4.6)
demonstrates that, if a tangent line is drawn at a temperature 7', the value at its intercept
with the vertical axis (point C) when extrapolated to the absolute zero temperature gives
the energetic part of the tension. The entropic part is given by the rest (line AB). We can
thus experimentally separate the tension into two parts at a given temperature [1,2].

Figure 4.2 shows an example of such an analysis [3]. The total tension f (curve f),
energetic f. (curve A), and entropic fs (curve B) parts of a vulcanized natural rubber
at T =20°C are plotted against the relative deformation A — 1, where A =L /Ly is the
elongation ratio. (L is the initial value.) The horizontal axis is the degree of elongation
A — 1. It turns out that the main part of the tension comes from the entropic part for the
vulcanized rubber.

The fraction of energetic elasticity in the tension is

(M) [ wn
p.L p,L

f dInT aT
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Fig. 4.1

Fig. 4.2
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Separation of the tension f into the energy part (curve A) and the entropy part (curve B). It turns
out that the major part of the elasticity originates in the entropy for rubber. (Reprinted with
permission from Ref. [3].)

from (4.6). The partial derivative (3 f /0T ) 1. on the right-hand side is the temperature
coefficient of tension, which is analogous to (1.31). According to the molecular theory

of rubber elasticity, this fraction is connected to the mean end-to-end distance (r%)o of
the subchains connecting two adjacent cross-links through the relation [4]
dln(r?
Je _pdIntro. 4.8)

f dT
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Table 4.1 Energy part in the tension at 7 =298K.

fel f dIn(r?)o/dT x 103K~ 1)

natural rubber 0.18 0.60
cis-1,4-polybutadiene 0.13 0.44
polydimethylsiloxane 0.20 0.67
polyisobutylene —0.06 —-0.20
polyethylene —-042 —1.41
elastine 0.26 0.87

We shall discuss this relation in the following sections presenting the molecular theory
of rubber elasticity.

Because the left-hand side is a thermodynamic quantity, the macroscopic phenomeno-
logical picture is related to the microscopic picture through equation (4.8). Table 4.1 [5]
shows a comparison of both sides of this relation at 7 =298 K.

Polyethyrene (PE) has a negative value f,/f = —0.42. This is because the extended
trans zigzag conformation of -CH;-CH;-CH,- at low temperatures changes to the gauche
conformation upon heating, so that end-to-end distance reduces. Poly(dimethylsiloxane)
(PDMS) has a large positive value f./f = 0.20. The skeletal form of -Si-O-Si-O-
takes a compact structure in the trans conformation, but with an increase in the gauche
conformation upon heating, the end-to-end distance increases sharply.

Thermoelastic inversion

Figure 4.3 plots the tension of a rubber vulcanized with sulfur as a function of temperature
under the constant length L in the small deformation region. The elongation L/Lg— 1
is indicated by the figures beside the curves. The reference value L is chosen to be that
of the equilibrium state of the sample at 7 =20°C. In the small elongation region below
3-6%, the temperature coefficient (3 f/9T) .1 is negative, while it is positive at higher
elongation. The sign change of the temperature coefficient at small deformation is called
thermoelastic inversion. It is natural that the tension increases with the temperature
because the origin of elasticity is entropic, but there is thermal expansion of the sam-
ple that leads to a reduction of the tension with temperature. Thermoelastic inversion
indicates that thermal expansion exceeds the entropy reduction when the deformation is
sufficiently small.

Gough-Joule effect

In 1805, Gough' discovered that a rubber shrinks when heated under a constant load.
The rubber was restored to its initial length when cooled down, which showed that the
change was thermoreversible. Contraction of a rubber by heat was confirmed in detail by

1 John Gough (1757-1825) was an English natural philosopher.



132

Fig. 4.3
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Tension of a vulcanized rubber plotted against the temperature. The tension is measured by
varying temperature under a constant length L of the sample. The elongation is shown by the
ratio A = L/ L by using the reference value Lq at 20°C. The value A — 1 is converted into %.
(Reprinted with permission from Ref. [3].)
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(a) Magnification of the small deformation region. Thermoelastic inversion is seen around
A =1.13, as indicated by the thin broken line. (b) Temperature rise (depression) by adiabatic
elongation (contraction) of a rubber.

Joule in 1859, and hence it is called the Gough—Joule effect. The Gough—Joule effect

suggests that the temperature coefficient of tension is positive.

The phenomenon of heat production when a rubber is adiabatically elongated is closely
related to the Gough—Joule effect. When a rubber is quickly elongated, it produces heat
and the temperature of the sample goes up. The temperature rise by such an adiabatic
elongation is plotted in Figure 4.4 [6]. At high stretching (A — 1 ~500%), the temperature
increase is as high as 10K (Figure 4.4(b)), but there is a region of temperature drop as
shown in Figure 4.4(a) for small elongation (below 20%). By releasing the tension, the

sample restores its initial equilibrium state with the initial temperature.
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The entropy change of the rubber sample under a constant pressure is given by

N aS
dS=<—> dT+(—) dL. (4.9)
oT ) 1 oL/, 1

Rewriting the first term in terms of the specific heat C,, =T (dS/9T ),z under constant
pressure and length, and by using Kelvin’s relation (4.5) for the second term, we find

C, af
dS=—-2dr—(==) dL. (4.10)
T T ),

Because the entropy change is d S = 0 for the adiabatic process, the temperature change
of the sample is proportional to the temperature coefficient of tension

().~ ()
aL)g Cp,\3T),,’ '

so that the sign of the temperature change is the same as that of the temperature coefficient
of tension. Comparison of Figure 4.3 with Figure 4.4(a) suggests that thermoelastic
inversion can be studied in the region below 13% elongation (for details see Section 4.4).

Thus, the Gough—Joule effect can be understood as the manifestation of the
thermoelastic inversion when seen from a different viewpoint.

Affine network theory

Local structure of cross-linked rubbers

Rubbers have complex structures made up of mutually entangled polymer chains. Let
us focus on a cross-link point P in the sample, and study the chain paths and spatial
distribution of the cross-links around it (Figure 4.5) [4, 5].

The next cross-link along the path of the selected subchain starting from the cross-link
Pis a topological neighbor of the cross-link (e in Figure 4.5). In contrast, the cross-links
that lie far from P along the path of the subchains, but very close to P in spatial distance,
are spatial neighbors (x in Figure 4.5). Let

4 %
r= (?<s2>3/2> v 4.12)

be the number of spatial neighbors in the spherical region (the broken line in Figure
4.5) with the radius (sz)(l)/ 2, the mean radius of gyration of the subchains, where  is
the total number of cross-links in the sample and V its volume. For common rubbers,
I' is as large as ' =25-100. There are many cross-links in the neighborhood which
are not directly connected to the particular one in focus. For random cross-linking of
prepolymers, (s2)o~ "', so that I" is proportinal to 1/ /It it decreases with the degree
of cross-linking.
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Spatial (x) and topological (e) neighborhoods around a cross-link in a rubber sample.

Due to such densely packed molecularly interpenetrated structures, rubbers are incom-
pressible under deformation. Each chain takes a Gaussian conformation following the
Flory theorem for screened excluded-volume interaction. On the basis of these char-
acteristics, we can derive the elastic properties of rubbers from a microscopic point
of view.

Affine network theory

Consider a cubic rubber sample with side length L in equilibrium state to be elongated
along its x-axis by a tension f to A, times its initial length (Figure 4.6). The sides in
the y and z directions are deformed A, = A, times. At the initial equilibrium state before
the force is applied, each subchain in the sample has its end-to-end vector ro with the
probability with Gaussian distribution

30 \? 31>
P()(I'O) = (m) eXp (—ﬁ) . (413)

with the mean square value (r?)o=na? (n is the number of repeat units on the subchain).
This is called Gaussian assumption. The chain vector r( connects the neighboring two
junctions.

Kuhn [7] and Wall [8] assumed further that the chain vector ro deforms in proportion
to the macroscopic deformation (Ay,Ay,A;) in spite of the molecular interaction and
topological entanglements in the network. On the basis of this affine deformation, they
found the relationship between the applied force and the deformation of the sample.

This assumption of affine deformation is written as

A

rg—>r=»x-ro, 4.14)
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deformation tensor
A

equilibrium /\
deformed

Relation between macroscopic and microscopic deformation of a rubber sample.

where X is the deformation tensor, and ro and r are chain vectors before and after the
deformation. The deformation tensor takes the form

b 00
=l 0 2 0 (4.15)
0 0 A

for a uniaxial elongation. In more general deformation, the tensor has finite off-diagonal
elements.

The physical base of affine deformation lies in the intricate structure of rubber
described above; polymer chains are randomly coiled, highly interpenetrated and entan-
gled, but may follow the deformation freely by adjusting the positions of the chain
segments.

Let v be the total number of subchains in the sample. The number of subchains whose
chain vector falls in the region ro and ro+dry is given by v Py(ro)drg. They take the
vector between r and r 4 dr after deformation, and hence the following relation holds:

v Py(rg)drog=vP(r)dr, (4.16)

where P (r) is the chain distribution after deformation. The assumption of affine deforma-
tion connects r to ro by the relation (4.14). Because the free energy stored in a subchain
whose chain vector is r is given by (1.36)

3kpT

2
—2<r2>0r , 4.17)

¢(r)=
in Gaussian approximation, the total free energy of the deformed sample is

FO)= / ¢ (r)vP(r)dr. (4.18)
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Substituting (4.17) into this equation, and by using the affine deformation (4.14), we find

~ 3vkgT
F()= B /(?» r0)? Po(ro)dro
_ "kB 2,42 42v.2
=207, Px F Ay A0 (4.19)

By subtraction of the free energy before deformation (Ay =4, =i, =1), we find that
the free energy change Ager F ()AL) =F ()A») — F(1) by deformation is given by

N
Ages F(V) = EkBT(/\)% +A3+212-3). (4.20)
In the usual deformation of rubber, the volume change is negligibly small, so that we

canset Ay =A, Ay =A; = l/ﬁ.
The tension can be found by differentiation f = (0 Agef F/9(AL))T to be

= ksl (,\_L) @21)

L A2

Dividing (4.21) by the initial area L of the cross section gives the elongational stress o
(tension by a unit area). The stress—elongation relation turns out to be

vkgT 1
o=l (L), (4.22)

Because the cross section under deformation is L?/2, the stress T per unit area of the
cross section under deformation is

o= ke T ()\2 _ l) . (4.23)

L3

The number of subchains v/L> in a unit volume is given by v/L3 = pN4/M in terms
of the density p, and the molecular weight M of the subchain. Hence we have

RT 1
=P (Az - —) . (4.24)
M Y

The molecular theory of rubber elasticity on the basis of affine deformation assumption
is the affine network theory, or the classical theory of rubber elasticity.

Young’s modulus
The Young’s modulus E of a rubber is found by further differentiation of the stress

E=i (202 PRI (, 2 425
—<37) M<+) (4.25)
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The linear Young’s modulus E is defined by the Young’s modulus for an infinitesimal
deformation. Fixing at A =1 in the above equation, we find

E="— (4.26)

For example, a sample of M = 10%, p = lgem™3 at T = 300K gives v/L3 =
10~*molem™> and E =7.4 x 106dynecm™2. It is 10~ times smaller than the Young
modulus of iron 9 x 10" dynecm ™3 .

The Young’s modulus increases in proportion to the absolute temperature because the
thermal agitation grows stronger with temperature. The result is opposite to metals, which
become softer with temperature. In a metal, atoms are regularly positioned to minimize
interaction energy in the form of crystal. Thermal motion intensifies on heating, so that
the force for restoring the original positions is weakened with temperature, which results
in a decrease in the elasticity.

In rubbers, however, the modulus increases in proportion to the temperature due to the
reduction of the entropy by the constraint brought by deformation. Thus, entropic elas-
ticity and energetic elasticity have opposite tendencies as a function of the temperature.

Tension—elongation curve

The main characteristics of rubber elasticity is well described by affine network theory,
but the profile of the tension—elongation curve deviates in the high-elongation region from
the experimental observation. Figure 4.7 compares the experimental data (circles) of the
tension f with the theoretical calculation (broken line) as functions of the elongation
A [9]. Data show the shape of the letter S. There is a sharp increase in the high-elongation
region. They largely deviate from the theory because the chains are stretched beyond the
linear regime, and the Gaussian assumption of the affine network theory breaks down at
high elongation.

Toreloar improved this deficiency of the Gaussian assumption by introducing the
Langevin chain (1.26) instead of the Gaussian chain to incorporate chain nonlinearity
[9] (see Section 4.6). The effect of nonlinear stretching can thus be studied by refining
the single-chain properties of the subchains.

Chain entanglements

There are also some discrepancies between theory and experiments regarding the nonlin-
ear stretching effect. Figure 4.8 plots the ratio o/ (A — 1/A2) against the reciprocal defor-
mation A" for a cross-linked natural rubber (Mooney-Rivlin plot) [10—13].Because
the ratio increases in proportion to A ~!, the experiments can be fitted by the linear curve

1 1
o =2C) (A—ﬁ>+2C2<1—F), 4.27)

with two constants C| and C;. Equation (4.27) is called the Mooney—Rivlin empirical
formula.
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Fig. 4.7 Tension—elongation curve of a cross-linked rubber. Experimental data (circles), affine network
theory by Gaussian chain (broken line), affine network theory (4.107) by Langevin chain
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Fig. 4.8 Mooney-Rivlin plot of a cross-linked natural rubber. The curves A-G have different degrees of

cross-linking with sulfur content covering from 3% to 4%. (Reprinted with permission from
Gumbrell, S. M.; Mullins, L.; Rivlin, R. S., Trans. Faraday Soc. 49, 1495 (1953).)
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Because the constant C; decreases when the rubber is swollen by solvents, this
extra term is deduced to be caused by the topological entanglements of the subchains.
The entangled parts serve as the delocalized cross-links which increase the elasticity.
Networks are disentangled on swelling, and the Mooney constant C, decreases.

Elastically effective chains

Apart from the problem of entanglements, there remains another difficult problem in
affine network theory. It is how to count the number v of subchains that contribute to
the elasticity. Obviously, dangling chains and self-loops should not be counted. They are
elastically inactive because they do not transmit the stress.

Flory clarified the activity of subchains by using the words elastically effective chain,
or active chain [1]. An elastically effective chain is a chain that connects two neighboring
cross-link junctions in the network.

Flory’s correction

When networks are formed by cross-linking of the prepolymers, the end parts of the pre-
polymers remain as dangling ends in the network. Flory made a correction by subtracting
the number of such trivial free ends from the number v of chains which appeared in the
stress [14].

Let M be the molecular weight of the prepolymers, and let M, be that of the subchains
after cross-linking. The latter is the average value over the subchains whose distribution
is assumed to be sufficiently narrow. The number of subchains in a unit volume is
v=p/M,., where p is the density of the rubber sample. Because the number of ends of
the prepolymers is given by 2p/M, the number of the effective chains should be

Veff = L (1= 2Me , (4.28)
M. M

by subtraction (Figure 4.9). The tension is then

RT M |
=P (o) (222 2), (4.29)
M, M y

where the factor 1 —2M./M has appeared to exclude the free ends.

Criterion for elastic activity
There remain many inactive subchains after such an end correction is made. For instance,
a group of chains, such as shown in Figure 4.10, may be dangling from one junction as
a whole. They are inactive. Scanlan and Case applied the graph theory and introduced a
criterion for judging the activity of a given subchain [15, 16]. It is stated as follows.
Let (i,k) be the index to characterize the topological nature of a junction; the index
i (path number) is the number of paths emerging from it and connected to the skeletal
structure of the network, and k is the multiplicity of the junction (the number of subchains
connected to the junction). Let u; x be the number of junctions whose index is (i, k).
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Flory’s correction for the dangling chains.

dangling
group

i=1, k=2

An end group which is dangling from a junction by a single path.

Junctions whose path number is larger than or equal to 3 are called elastically effec-
tive junctions. Junctions with path number 1 connect dangling chains (Figure 4.10);
junctions with path number 2 are not active because they merely extend the already
existing paths. Both types should not be counted as effective chains.

The Scanlan—Case (SC) criterion states that a subchain is elastically effective if both
its ends are connected to the elastically active junctions, i.e., whose path numbers i and
i’ are larger than or equal to 3 (Figure 4.11). The criterion leads to

oo 2k

Veff = % DD ik (4.30)

k=2i=3

for the number of elastically effective chains, where the factor 1/2 is necessary to avoid
counting the same subchain twice.
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Scanlan—Case criterion for elastically effective chains. Chains with i >3 and i’ > 3 are effective.

The number w; x of junctions with specified type can be found as a function of the
degree of reaction for polycondensation systems and the random cross-linking of pre-
polymers. Also, there has been much research into the nature of the active chains and
elastic moduli near the gelation point. Some results will be presented in Section 8.2.

Simple description of thermoelastic inversion

As a simple application of the affine network theory, let us study thermoelastic inversion
by taking the effect of thermal expansion into the theory [17]. Consider a sample of rubber
to be elongated by Ag=1+¢€09 (€9 < 1) at a reference temperature 7y. The tension is
o =3vkp Tpeo. If the sample is heated to the temperature 7 under the constant length, the
sample increases its volume, so that the length in equilibrium at 7y is elongated, which
results in a reduction in the degree of elongation by

6=€0—§(T—T0), 4.31)

where

1 [(3V
ﬁ:v(g?l? (4.32)

is the thermal expansion coefficient at a constant pressure. The thermal expansion is
caused by the motion of subchains and their molecular interaction.
The tension should be given by

a:3kaT{€o—§(T—To)}. (4.33)

If the temperature coefficient is calculated under the condition that the degree of elon-
gation €y measured relative to the equilibrium length at the reference temperature 7j is

constant, it is
do =3vk p 2T —Ty) (4.34)
— ] =3v - = - . .
oT B1€o 3 0

€0
The critical degree of elongation at which the sign changes is found to be

m:é@T—my (4.35)



142

4.3

Elasticity of polymer networks

The tension reduces on heating in the small elongation region below this critical value.
For instance, if we take Tp =293 K, T =343 K, and 8 =6.6 x 10~4K~!, the critical
elongation is €y = 0.086. It turns out that, for the deformation below 8.6%, thermal
expansion dominates the entropic elasticity.

Phantom network theory

The assumption of Gaussian chains in the affine network theory can be removed by
using nonlinear chains, such as the RF model (Langevin chain), stiff chain model (KP
chain), etc. These models show enhanced stress in the high-stretching region. The effect
of nonlinear stretching will be detailed in Section 4.6.

In contrast, the assumption of affine deformation is difficult to remove. The affine
network theory assumes that each subchain deforms in proportion to the macroscopic
deformation tensor. However, because the external force neither directly works on the
chain nor on the cross-links it bridges, the assumption lacks physical justification. In
fact, the junctions change their positions by thermal motion around the average position.
It is natural to assume that the nature of such thermal fluctuations remains unchanged
while the average position is displaced under the effect of strain.

James and Guth developed a theory of rubber elasticity without the assumption of
affine deformation [18, 19,20]. They introduced the macroscopic deformation as the
boundary conditions applied to the surface of the samples. Junctions are assumed to
move freely under such fixed boundary conditions. The network chains (assumed to be
Gaussian) act only to deliver forces at the junctions they attach to. They are allowed
to pass through one another freely, and they are not subject to the volume exclusion
requirements of real molecular systems. Therefore, the theory is called the phantom
network theory.

The main conclusions of this theory are as follows:

JG1: The mean positions of the junctions deform affinely to the strain, while their
instantaneous positions are not affine to the strain.

JG2 (fluctuation theorem): The fluctuations Ar around the mean positions are Gaus-
sian with a mean square value that is independent of the strain, and is given by

2
((Ar)?) = 5<r§>, (4.36)

where ¢ = 2k is the functionality (branch number) of the junctions. For pairwise
cross-linking, the branch number is ¢ =4, so that the region of thermal fluctuations
reaches half of the mean distance between the neighboring junctions [4].

JG3: The elastic free energy of the phantom network theory is

§
(Adet F)ph = EkBT()\i +A3+A2=3), (4.37)

where & is the cycle rank of the network. For networks with a constant branch
number ¢, the cycle rank is £ =v(1 —2/¢). For instance, £ =v/2 for ¢ =4.
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Phantom network theory. Network junctions are classified into o -junctions at the surface and
T-junctions lying inside the rubber sample.

Therefore, the phantom network theory gives smaller elastic free energy due to the free
fluctuations of the junctions.

The main idea of the phantom network theory (Figure 4.12) is summarized as follows
[1, 5]. It first classifies the junctions into two categories: o -junction and 7-junction. The
o-junctions are those fixed on the surface of the sample. They deform affinely to the
strain A.

The t-junctions are those inside the sample. The external force does not act directly
on them. They only receive the stress transmitted through the chains. They are free from
the constraints, so that they may fluctuate around their average positions.

To find the free energy of the phantom network, we count the total number of possible
conformations of the subchains by integrating over all possible displacements of the
T-junctions. However, because there is no definite criterion to distinguish the surface
from the inside of the sample from the microscopic viewpoint, it is difficult to identify
the o- and t-junctions uniquely. We therefore start here from a microscopic network for
which one can find the exact free energy, and grow the junctions step by step to reach
the macroscopic one.

Micronetworks of tree form

To clarify the idea of the phantom network, let us first consider finite networks of tree form
in which, starting from the central junction A, chains are generated from the junctions
with a fixed branch number ¢ one after another (Figure 4.13) [21-23].

In a tree composed of [ generations from the center, the number of end points on the
outer surface of the network are given by

m=¢@—1"h (4.38)

These end points are assumed to be o -junctions that deform affinely to the strain. The
internal junctions are all regarded as t-junctions. The total number of chains in the
network is

v =¢[l+(@—D+-+(—D"=0l(¢— D' —11/(p—2). (4.39)
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Micronetwork of tree form with / generations.

Starting from the central t-junction A, we can integrate over possible positions of the
T-junctions one generation after another, and find the elastic free energy

V,
(Aget Ficro = Ri(@) 7 knT (5415412 =3), (4.40)

where R;(¢) is the prefactor

T O Al Vi

w
R = , 4.41
== G (4.41)
which indicates the difference from the affine network [22, 23].
For instance, if we fix [ =2, we have
¢—1
Ra(¢) = W (4.42)

This agrees with the result of the tetrahedra model studied by Flory and Rehner [24] to

investigate the effect of junction fluctuations in a micronetwork consisting of four chains

which start from the corners of the tetrahedra and are connected by one central junction.
For a macroscopic network, the prefactor becomes

$-2

o1 (4.43)

lim R;(¢) =
=00
by taking [ — oo limit. It is Ry (4) =2/3 for a tetrafunctional tree, R (3) =1/2 for a
trifunctional tree. Both are smaller than the affine network value.
The micronetwork of tree form, however, has a significantly large fraction of
o-junctions relative to the total number of junctions. A correction to improve this
deficiency is necessary for application to real networks [22].
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There are w; subchains with one end of type o and other end of type t (o,7), and
there are v; — p; chains of type (z, 7). The fraction of each type to the total number of
chains is u;/vi=(@—2)/(¢p—1) and 1 — u;/v;=1/(¢p — 1). Because the factor Ry is
(¢ —1)/¢ for type (o, 1), it can be decomposed into two types as

ROO:¢>—2:¢—1X¢—2+¢—2X L
$—1 0] $—1 ¢ $—1
—— ——’

(o,7) (7,7)

(4.44)

The prefactor R is therefore identified to be (¢ —2)/¢ for type (7, 7).
For real samples in which the 7-junctions are dominant, the free energy must be

At Fron =" (1= 2 Y ke T 32 432 4323 4.45
(Adef )ph—z % BT Ay +A5+A;=3). (4.45)

This is the free energy (4.37) of the phantom network theory.
Because of the topological relations of the networks, v(1 —2/¢) is identified to be of
cycle rank &, and hence the free energy is given by

§
(Adef F)ph = EkBT(Ai +A5+22-3). (4.46)

Fluctuation theorem and the elastic free energy

The elastic free energy (4.46) of the phantom network theory can be derived directly
from the fluctuation theorem for the junctions [4]. According to (4.18), the free energy
change by deformation is equivalent to

3vkgT
. ]§> () = (), (4.47)

Adet F(A) =
(r()

where r is the chain vector after deformation, and rg is that before deformation. The
symbol (---) indicates the average over all possible distributions of the chain vector
before deformation.

For the affine networks, the relation r = - ro is assumed, but the phantom networks
discard this relation. Let us separate the chain vector into its average and the deviation
from the average as

r=r+Ar, (4.48)

where r is the average chain vector that minimizes the free energy before deformation
under the constraints of the fixed positions of the o -junctions. Its mean square average is

(r?) = (F) +((AD)%), (4.49)

due to the assumption of the independence between r and Ar. In particular

(rd) = (F3) + ((Ar)?) (4.50)
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for the undeformed state, so that we have

2
(f2>=<1——> (r3), (4.51)
¢
by the fluctuation theorem (JG2).
If we employ the assumption of the affine displacement (F2) = (()A\ “To)?) for the
average chain vector, we have in (4.47)

A2422423
2>={%—1} (72). (4.52)

By the relations (4.47) and (4.51), the free energy turns out to be
§
(Adet Flpnh = ZkpT (o3 +15 427 =3), (4.53)

where £ = (1 —2/¢)v is the cycle rank.

Swelling experiments

The number of elastically effective chains £ =v(1 —2/¢) in phantom network theory is
smaller than its affine value v. In an affine network, all junctions are assumed to displace
under the strict constraint of the strain, while in a phantom network they are assumed to
move freely around the mean positions. In real networks of rubbers, the displacement of
the junctions lies somewhere between these two extremes. To examine the microscopic
chain deformation and displacement of the junctions, let us consider deformation of
rubbers accompanied by the swelling processes in the solvent (Figure 4.14) [1, 5, 14, 25].

Let L be the length of one side of a cubic sample (volume V= Lo3) when it is made.
We choose it as the reference state before deformation. If the sample is synthesized and

Rt
\
\
\
\
/
/
~

5

4
|y f
LO VO ,I ! 1

Reference State Initial State Deformed State

Swelling experiments. The sample swollen by the solvent is deformed by the applied force.
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cross-linked in a solvent, this cube includes solvent molecules. In such cases, let Vyy be
the volume of the network when it is dried, and let

de=Vary/Vo (4.54)

be the volume fraction of the polymer in the reference state.

The sample is then immersed in a solvent for the swelling experiment. It is swollen
to the length LW of one side. The volume is V; = (LW)3, so that the volume fraction
becomes

¢ =Vary/ Vi (4.55)

This is taken as the initial volume fraction of the deformation experiment.

The force f is given to the sample to bring it to the final equilibrium in the deformed
state. The stress in this final state is then measured (Figure 4.14).

Let Ly, Ly, L, be the length of each side of the sample in the final state. The
macroscopic deformation tensor X takes the form

L

)LjEL—O

(Jj=x,y,2). (4.56)
When the volume change by deformation can be neglected, the relation Vi=V =L, L, L,
holds. The deformation tensor relative to the initial state is then given by

- Lj VO 1/3

The difference between A and « should be noticed in the swelling experiments.
In the case of uniaxial elongation in the x direction by an applied tension f, the
deformation tensor has the elements

vAL3
Ar=« 70 s (4.58a)
1 (V'3
M=A,=— | — , 4.58b
v ~/5<V0> ( )

where o = o, is the elongation relative to the initial swollen state.
By the derivative of the free energy f = (0Ager F'/01y)T /L0, the tension is found

to be
FkgT v 1 FkgT\ [V \?/3 1
- = —) =)= : — ——). 4.59
/ Lo < <V0>)",%> ( L® )(V()) <a Olz) (439

The prefactor F takes the value v for the affine networks, and & for the phantom networks.
By dividing the area A= (L®)?/« of the sample under deformation, the stress 7, is

given by
FkgT [ V\*/? 1
L=""B (L - —). (4.60)
\%4 Vo o
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To compare with the experimental data with the theoretical prediction, we introduce
reduced stress [ f ] by the definition

f¢1/3

Adry (@— aiz) '

[fl=

The area in the denominator is not the area in the reference state, but in the dry state.
From (4.59), it is given by

[fl= <@) o3, (4.61)

Vdry
which is independent of the degree « of elongation.

Figure 4.15 plots the reduced tension of a natural rubber against the reciprocal degree
of elongation a~!. As predicted by the theories, the experimental data lie in-between
the upper limit of the affine network theory and the lower limit of the phantom network
theory [5].

The data depend on the elongation «, however, suggesting that the fluctuation of the
junctions is not completely free from the strain. The degree of constraint depends on the
elongation.

The upturn of the data in the limit of high elongation indicates partial crystallization
of the polymer segments that are oriented in parallel to the direction of elongation.
For uniaxial compression of the sample, the stress in the swollen state is much smaller
than the unswollen states. This may be attributed to the disentanglement of chains due
to swelling; swelling reduces the topological constraints, and makes the motion of the
junctions easier.

Figure 4.16 shows the detailed experimental data on the depression of the stress. The
extrapolation to o — 0o gives the first Mooney constant 2C, which turns out to be
independent of the polymer volume fraction ¢. In contrast, the slope of the lines decreases

T T
affine
VKTOZB/Vy  pmmmmmmmmmmmmmm oo
unswollen
[f]
swollen
23,1, e N
SkToe1Vy phantom
1 1
0 0.5 1.0 1.5 2.0

Reduced stresses in the swollen (upper line) and unswollen (lower line) states. Experimental data
lie in-between the limits predicted by the affine and phantom network theories. The tension
reduces on swelling. (Reprinted with permission from Ref. [5], Chap. 8.)
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(a) Detailed data of the reduced stress in the range 0.5 < e 1<1.0 plotted against a L, (b) The
first Mooney constant Cy is obtained by the extrapolation into a~l>0. (Reprinted with
permission from Ref. [26].)

by dilution of the rubber. Thus the second Mooney constant 2C, decreases by swelling,
suggesting that it is related to the degree of entanglement of the chains.

We can understand the thermoelastic inversion by noticing the difference between the
two distinct concepts of elongations; one defined relative to the reference state (1), and
the other defined relative to the initial state ().

Suppose the volume expansion from Vj to V is induced not by swelling but by thermal
expansion. Then, the volume in the initial state is V = Vy(14+BAT), where AT =T —Ty.
For a small deformation A =14¢ (€ < 1), the stress (4.59) takes the form

FksT 1+B8AT 3FksT
=B e +h =3kl (B, (4.62)
Lo (1+€)? Lo 3
The temperature coefficient of the tension f at constant € is then given by
af 3Fkp B
— | = —=—QT—-Ty) ;. 4.63
(57) =T - Fer-m) 69

We thus reach the result (4.34) in a simple way.

We next briefly describe two-dimensional deformation. Consider a biaxial expansion
in the x and y directions caused by applying the stresses 7, and t,. We will find the relation
between the stresses and the elongation o, and ay [5].
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Extension of a rubber film. A spherical balloon made of rubber film is swollen by a gas, and the
two-dimensional stress is measured.

By definition, we have Ay = a (V/Vo)'/3, Ay = a,(V/V)!/3, and A, =
1/ /axay)(V/Vo)]/3. The stresses are then given by

keT\ [V \*? 1
=2 Fkp z P p— (4.642)
v Vo alal

kT [V \*? 1
=2 (2B (L o2 ——— |, (4.64b)
\% Vo Y a)%ozg

from (4.59). In the special case of the expansion of a spherical balloon made of rubber
film (Figure 4.17), we have a symmetry a, = oy, =a, so that

()6 ()
=2 — a’—— ).
\% Vo ot

In the case where a shear deformation in the x direction is given while the y direction
is kept undeformed by adjusting the force f,, we have a, =, o, =1, so that the stresses

are
T 23 1
rxzz(ﬂif )(;) <a2——2>, (4.652)
0 o

2/3
7:V=2<]:kBT> <K> <1—i). (4.65b)
’ %4 Vo o?

The relation (4.59) has thus many applications.

Volume transition of gels

When rubbers and gels are immersed in a good solvent, they absorb solvent molecules
and swell. If the tendency for the solvent to permeate into the network (osmotic pressure
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Sample of a gel consisting of subchains of length » in the reference state (volume V) is
immersed in a solvent and swollen to the equilibrium state (volume V') under a constant force f.

of the network) and for the network to restore its initial state (elastic force) balance,
the mixed system reaches an equilibrium state. Combining the elastic free energy of
the network with the free energy of mixing, we study the swelling equilibrium of the
cross-linked polymer networks under specified environmental conditions [1,28].

The volume in the reference state of the gel when it is prepared (cross-linked) is
written as

Vo=Lo’ = (N +nN)a’, (4.66)

where N is the number of the solvent molecules in the preparation stage, N is the total
number of subchains, and n the average number of repeat units on a subchain. The length
a is the size of a repeat unit, which is for simplicity assumed to be the same as the size of
a solvent molecule (Figure 4.18). The volume fraction of polymers in the reference state
is . =nNa>/Vy. When the gel is immersed after being dried, the reference volume is
Vary=nNa> or ¢, =1.

The gel adsorbs solvent molecules and swells to the volume V. If the number of solvent
molecules inside the gel network is Ny in the initial state, the volumeis V = (No+nN Ya3.
The volume fraction of the polymer inside the gel is ¢ = Vyy/V, and the degree of
swelling is

Q=V/Vo=¢c/d. (4.67)

Let Ay, Ay, A, be the expansion factor of the side in each direction. The swelling ratio
is then given by QO =A Ay A;.
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In particular, when the gel swells under no tension, it undergoes an isotropic free
expansion, so that A, = A, =A;. Let A be the expansion ratio

he=hy=h;=h=(dc/$)">. (4.68)

When the gel swells under uniaxial tension in the x direction, the expansion ratios are

by symmetry
b \ 112
Ae=h,  Ay=A;= <ﬁ) : (4.69)

where X is the elongation in the x direction.

The free energy of a swollen gel consists of two parts of different origin: the elastic
free energy Ager I of the network and the free energy Apix F of mixing. The total free
energy is considered to be the sum AF = Ager F + Apix F.

The elastic free energy is

v T 20 o
Aget F = kBT|:)x +A<¢)+ ln(¢c>:| 4.70)

within the theoretical scheme of the affine network (4.20). The last term wIn(¢/¢o) is
the correction term for the volume change. The coefficient i« depends on the cross-link
density.

For free swelling, (4.68) gives

2/3
AdefF——kBT|: ((;i) —i—uln((i)] 4.71)

The free energy of mixing is given by

Vv
AmixF=a—3kBT[(1—¢)1n(1—¢)+X(T)¢(1—¢>)] (4.72)

by the Flory—Huggins lattice theory, where the mixing entropy term due to the transla-
tional motion of mass center has been neglected because the molecular weight of the
polymer (gel) is infinity.

The tension can be found from the differential of the free energy with respect to L.
It turns out to be

0AF ksT [(OBAF vkgT
f= —= = t, (4.73)
oL, /7 Ly oA Lo
where ¢ is the dimensionless tension, given by
L
p=Sto ;1 (9 (4.74)
vkgT )»2 ¢

For free swelling under 7 = 0, this relation goes back to ¢ /¢ = 1>.
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In the equilibrium state, solvent molecules are free to pass between the inner and outer
regions of the gel. Hence the chemical potential of the solvent molecule inside the gel

B0 =nL A1) +In(1— )+ 9+ (T (4.75)

should be equal to the chemical potential in the environment Ao(=0). The number
v of elastically effective chains differs in general from the total number of chains N,
so that it is written as v =nN, where 7 is the fraction of effective chains. For uniaxial
elongation, the elastic part of the free energy is

_1(f)_k
Alg. )=+ <¢ ) > (4.76)
and for free swelling it is
¢\ u
A(p, 1) = (5) -7 (4.77)

The rest of the terms in (4.75) represent the effect of the osmotic pressure of the network.
The equilibrium condition takes the form

U%A(d),)\)ﬂn(l —¢)+¢+x(T)p*=0. (4.78)

The solution of the coupled equations (4.74) and (4.78) gives the degree of elongation
A and the volume fraction ¢ as functions of the temperature and the tension.

Free swelling

Because the swelling ratio Q lies above 10 in common gels, the volume fraction ¢ is
small enough to expand the logarithm in (4.78) in powers of ¢. Taking (4.78) up to the

second order, we have
. 2/3 1
Z¢[(%> _%} :<§—X)¢2. (4.79)

If we further neglect 14/2 in [- - -] on the left-hand side, we find the swelling ratio as

" 3/5
nyt
Qo= (—n > /3> : (4.80)

We have employed the interaction parameter x of the Shultz—Flory type (2.105) with
7=1—0/T the dimensionless temperature deviation from the theta temperature.” As
we are studying swelling by good solvents, therefore we have t > 0.

Thus, the volume of the gel increases continuously with the temperature if we employ
the usual Shultz—Flory interaction parameter. However, it was observed that cross-linked

2 1 should not be confused with the stress.
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Volume transition of gels. (a) Experimental data of cross-linked PNIPAM gels. (b)
Phenomenological description by the concentration-dependent interaction parameter.
Discontinuous transition can be derived by a special form of (4.81) and (4.82) with Ah =
—7.505kTmol !, As=—2.841JK" ' mol™!, x, =0.518, n=1. Curve A: ¢pg =
0.075,N/Vp=0.017moldm™3; curve B: ¢p=0.114, N/ V = 0.040mol dm™3; curve C:
critical value ¢ =0.090, N /Vy =0.023 mol dm—3, (Reprinted with permission from Ref. [30].)

gels of a temperature-sensitive water-soluble polymer, poly(N-isopropylacrylamide)
(PNIPAM), reveal a discontinuous volume change if certain conditions are fulfilled in
the preparation stage [28]. The volume transition of PNIPAM is a reverse transition;
gels collapse on heating. Therefore, the interaction parameter must increase with the
temperature.

To explain the discontinuous reverse transition of PNIPAM gels, Hirotsu introduced
the concentration-dependent x parameter in the simple form

x(@.T)=x1(T)+ x2(T)¢, (4.81)

asinthe VLBW treatment (2.131), and attempted to reproduce the discontinuous swelling
curve [29, 30]. He separated the first term into enthalpy and entropy parts as

x1(T)=(Ah—TAs)/RT, (4.82)

where both A% and As are negative. If Ah—T As <0, x; increases with the temperature,
leading to high-temperature collapse. Figure 4.19 shows some swelling curves with
different values for Ah, As, and 2. The molecular modeling for the origin of these
parameters of PNIPAM chains is possible through the detailed study of hydration.

Swelling under uniaxial elongation

For uniaxial elongation, the equilibrium condition is

n 1 (¢¢ m 1_ 2
5“5[1(5)‘5}—(2 X)¢- (489
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Ratio A for a uniaxial elongation under a constant tension plotted against the reduced
temperature. The dimensionless tension is varied from curve to curve.

Eliminating ¢ by using the relation (4.74), and neglecting /2 on the left-hand side, we
find the relation between the tension and elongation as

Qk%k—02:<l—x)¢@ (4.84)
n 2

Solving for the tension ¢, we find

1

1 (n 2

In Figure 4.20, the elongation ratio A is plotted as a function of the reduced temperature
In(nyrt/n). The swelling ratio increases with the tension #, and hence the gel absorbs
more solvent molecules when stretched.

The ratio between the deformation parallel with and perpendicular to the tension,’

i,
o=—22 (4.86)
In Ay

is the Poisson ratio.
For homogeneous isotropic materials, it is identical to
3K —2u

23K +u)

3 Do not confuse this with the stress o
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where K is the bulk modulus and w is the shear modulus® [31]. Since K and p must
be positive for a stable matter, o must take a value in the range —1 <o < 1/2. If the
material is incompressible (K — 00), then o = 1/2. This is the upper limit of the ratio.
For the soft limit K — 0, the lower bound of the Poisson ratio o = —1 is reached [31].

In reality, most materials have o between 0 and 1/2. For a single chain swollen in
a good solvent, scaling argument leads to o = 1/4 [32]. The measurement of the ratio
K /1 of the swollen polyacrylamide gels [33] showed that u takes a value between 0.26
and 0.29 depending on the preparation condition.

For a gel swollen under tension, the Poisson ratio (4.86) is given by

(4.88)

1 {— In(nyrt/n)
T4 InA '

Hence, it may take negative values in a certain temperature range. When gels are stretched
in the x direction, they absorb solvent molecules and enhance swelling, so that they
expand in the y and z directions as well. Because they are open systems that solvent
molecules can enter and leave, a negative Poisson ratio is possible. It does not contradict
with the stability condition of the matter.

Networks made up of nonlinear chains

In both the affine and phantom network theories, the chains have so far been assumed
to be Gaussian. In practical experiments, complex situations arise such as the effect of
stretching beyond the Gaussian regime, conformational change, partial crystallization
of the subchains, etc. This section focuses on the nonlinear effect induced by the high
elongation of rubbers, paying special attention to the S-shaped stress—strain curve (the
stress upturn in the high-elongation region). An improvement of the theory is attempted
by using a Langevin chain in place of a Gaussian chain.

The single chain partition function Q(f,7T) under the action of the tension f for the
random flight model chain with a bond length a takes the asymptotic form

O1(f,T)=x@®)", (4.89)
in the limit of large n by (1.15), where t = fa/kgT is the dimensionless tension, and
Ao(t) =sinht/t. (4.90)

is the factor that appears after integration over the rotational angle. It is regarded as the
maximum eigenvalue for the partition function. The mean end-to-end distance is derived
from the relation

R= %(nkBrln,\o), 4.91)

4 Do not confuse this with the numerical coefficient y in (4.70).
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Its normalized value = R /na is
= 9 InAo(2) (4.92)
T OV ’

Let us solve this relation for 7, and express it as t =1/ (/). The free energy of the chain is
then given by

R l
¢(l)=/ f-dR:nkBT/ tdl
0 0
t dl t
:nkBT/ t—dt:nkBT[lt—/ ldti|, 4.93)
o dt 0

¢ () =nksT [Iy (1) —Inro(¥ (D)]. (4.94)

Hence, the distribution function of the end vector R is

or equivalently,

Po()=Ce PPV =Ce8D, (4.95)
where g(I) is the dimensionless free energy, defined by
gD =y () —Inko(¥ D). (4.96)

The normalization constant C is given by
1
C= / 4ri*e8 Vg1, (4.97)
0

The elastic free energy of an affine network made up of such Langevin chains is
written as

Adet F(A) = / [#(%-Ro) — #(Ro)1Po(Ro)dRy, (4.98)

by using the single chain free energy ¢ (R) similarly to (4.20), where A is the deformation
tensor, Ry is the chain vector before deformation, Py(Ry) is its distribution function, and
v is the number of elastically effective chains. This is transformed to

Ager F (1) :n/[g(i-l) —g(]Py()dl, (4.99)
vkgT

by using the normalized chain vector I=R /na.
For uniaxial elongation with Ay, =X, Ay =4, = 1/ﬁ, we have

a1 = (W22 4+ 2 +22) /A2 =0 (0,001, (4.100)

where the factor 7 is

“[(g)eoos]
N0 = (224~ Jeos?o——| . (4.101)
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The tension f is derived by the differential f =0AF (i) /d(ALg) with Lg being the
length before the deformation is given. It is

fLo /1 3. [ e(.0)
= 2xl°dl D Py()d 0 4.102
kT n | 7T A m,eﬁ“”) o(l)d cos0, ( )
where the relation
ag(A-1) @ , o dy ¢
7 8)\g(n) g(n)d)b Iﬁ(n)n ( )

has been used for the differentiation of g(|): -1]). The factor ¢(1,0) is defined by

1 1
g(x,e)s(zwﬁ) COSZQ—E. (4.104)

For a Gaussian chain, in particular, we have Ag = 6’2/6, InAg= t2/6, A=t/3, sothat we
find r = (1) =31. The free energy is g(I) =31>— (31)>/6 =31%/2. Using the relations
v /n=3I¢, fol dcosf¢(,0) =2(h—1/12)/3, the dimensionless tension is given
by fLo/vkgT =X —1/1%. We have thus confirmed the previous results on Gaussian
affine networks.

For a Langevin chain, we have Ao = (sinh#)/t, InAg = In(sinhz/t), | = L(t) =
cotht —1/¢, so that (/) = L~1(1) is described by the inverse Langevin function. The
dimensionless tension is

fLo
vkgT

1 1
:2nn/ i’ Po(l)/ W(nl)gdcos 0. (4.105)
0 0 n

Wang and Guth [34] and Treloar [2] simplified the result by introducing three inde-
pendent representative chains instead of carrying out the integral of cosf. The chain
under consideration is replaced by its three projections onto the x-,y-,z-axis, and their
summation is taken. These projected chains have 6 =0 (x direction), /2 (y, z direction).
Because ¢ /n =2 for # =0 (one chain), £ /n=—1/13/% for =1 /2 (two chains), we find
for such a three-chain model that

fLo _ ' ) — N pyyaniia 4.106
kaT—nfo [1#( )—mlﬂ<ﬁ>] o (D4 . (4.106)

Moreover, the integration with respect to / is approximated by the value at the mean

square end-to-end distance Ry = +/na of a Gaussian chain, or equivalently [ =y =
J/na/na=1//n, so that the tension takes a simple form

Lo _n'PT i S L 4.107
el = 3 a2 ) " ant G ) | (4.107)

Due to the nonlinear property of a Langevin chain, the S-shaped tension—elongation
profile as shown in Figure 4.7 (solid line with data points) is well reproduced by this
theory.




References 159

References

[1] Flory, P.J., Principles of Polymer Chemistry, Chap. XI. Cornell University Press: Ithaca, NY,
1953.
[2] Treloar, L.R.G., The Physics of Rubber Elasticity, Chap. 2. Oxford Univ. Press: New York,
1975.
[3] Anthony, R.L.; Caston, R.H.; Guth, E., J. Phys. Chem. 46, 826 (1942). Copyright (1942)
American Chemical Society.
[4] Flory, P.J., Proc. R. Soc. London, Ser. A 1976, 351, 351-380.
[5] Mark, J.E.; Erman, B., Rubberlike Elasticity: A Molecular Primer. Wiley.: New York, 1988.
[6] Dart, S.L.; Anthony, R.L.; Guth, E., Ind. Eng. Chem. 34, 1340 (1942).
[7]1 Kuhn, W., Kolloid-Zeitschrift 68, 2 (1934).
[8] Wall, ET., J. Chem. Phys. 10, 485 (1942).
[9] Treloar, L.R.G, Trans. Faraday Soc. 40, 59 (1944).
[10] Mooney, J. Appl. Phys. 11, 582 (1940).
[11] Mooney, M., J. Appl. Phys. 19, 434 (1948).
[12] Rivlin, R.S., Trans. Roy. Soc. (London) A240, 459; 491; 509 (1948).
[13] Rivlin, R.S., Trans. Roy. Soc. (London) 1948, A241, 379.
[14] Flory, P.J., Chem. Rev. 35, 51 (1944).
[15] Scanlan, J., J. Polym. Sci. 43, 501 (1960).
[16] Case, L.C., J. Polym. Sci. 45, 397 (1960).
[17] Shen, M., Macromolecules 2, 358 (1969).
[18] James, H.M.; Guth, E., J. Chem. Phys. 11, 455 (1943).
[19] James, H.M., J. Chem. Phys. 15, 651 (1947).
[20] James, H.M.; Guth, E., J. Chem. Phys. 15, 669 (1947).
[21] Graessley, W.W., Polymeric Liquids & Networks: Structure and Properties. Garland Science:
London, 2004.
[22] Graessley, W.W., Macromolecules 1975, 8, 186—190.
[23] Graessley, W.W., Macromolecules 1975, 8, 865-868.
[24] Flory, P.J.; Rehner, J., J. Chem. Phys. 11, 512 (1943).
[25] Flory, P.J.; Rehner, J.J., J. Chem. Phys. 11, 521 (1943).
[26] Flory, P.J., Polym. J. 17, 1 (1985).
[27] Hill, T.L., An Introduction to Statistical Thermodynamics. Dover: New York, 1986.
[28] Hirokawa, Y.; Tanaka, T., J. Chem. Phys. 81, 6379 (1984).
[29] Hirotsu, S., J. Chem. Phys. 88, 427 (1988).
[30] Hirotsu, S. J. Chem. Phys. 94, 3949 (1991).
[31] Landau, L.D.; Lifshitz, E.M., Theory of Elasticity, Section 5. Pergamon Press: New York,
1981.
[32] Geissler, E.; Hecht, A.M., Macromolecules 13, 1276 (1980).
[33] Geissler, E.; Hecht, A.M.; Horkay, F.; Zrinyi, M., Macromolecules 21, 2594 (1988).
[34] Wang, M.C.; Guth, E., J. Chem. Phys. 20, 1144 (1952).



5.1

Associating polymer solutions and
thermoreversible gelation

This chapter presents a general theoretical framework for the study of polymer solutions in
which polymers are associated with each other by strongly attractive forces, such as hydrogen
bonding and hydrophobic interaction. The Flory—Huggins free energy is combined with the free
energy of association (reversible reaction) to study the mutual interference between phase separa-
tion and molecular association. The effective interaction parameters renormalized by the specific
interactions are derived as functions of the polymer concentration.

Historical survey of the study of associating solutions

The molecular association in liquid phases has been one of the classical problems of
chemical thermodynamics ever since physico-chemical studies were initiated at the
beginning of the 20th century. Dolezalek [1] showed that the observed deviation from
Raoult’s law and the melting point depression in water/alcohol mixtures can be explained
by dimer formation of alcohol molecules due to hydrogen bonding. Kempter and Mecke
[2,3] proposed that in some cases association may be developed into an infinite series
(KM series):

A=A =A3=".-, 5.1

and in others particular types of oligomers such as cyclic m-mer (A, (ring)) are stabilized.
They studied the molecular association (chain-ring equilibrium) within the theoretical
framework of athermal associated solutions. Prigogine and coworkers focused on the
strong orientational effects seen in hydrogen bonding, such as in acetic acid, benzoic acid,
etc., and augmented the conventional theory of regular solutions to include dimeriza-
tion, hetero-dimerization (addition complex), chain association, and three-dimensional
networks. Their works are compiled in two books [4, 5]. The main problems posed by
them were: (1) Is association equilibrium established in the solution? (The existence
of a well-defined equilibrium constant.) (2) Do solutions separate into two phases only
through molecular association? (3) Do associated molecules disperse to unimers through
dilution? However, the relationship between association and phase separation was not
clarified in their studies, and, ever since, these problems have been the main issues in
the study of associated solutions.
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On the other hand, Hirschfelder ef al. [6] pointed out that the lower critical solution
temperature appears as a result of heteromolecular association in solutions of water
or alcohol with ammonia derivatives. The problem posed by them has been studied in
relation to reentrant phase separation in liquid mixtures.

In contrast to the history of science of low-molecular weight associating molecules, the
main stream in the study of polymer solutions had been confined until recently to chain
conformation in dilute solutions and the excluded-volume effect in semiconcentrated
solutions caused by van der Waals-type nonspecific interactions [7—10]. The studies of
association in polymer solutions by hydrogen bonding and hydrophobic interaction are
relatively new. In the following sections we reformulate the theory of regular associated
solutions in an attempt to apply it to high-molecular weight polymer solutions. The KM
infinite series, which drives the solution into three-dimensional networks (gelation), is
studied in detail by incorporating the classical theory of gelation (Section 3.2) into the
conventional Flory—Huggins theory of polymer solutions (Section 2.3).

Statistical thermodynamics of associating polymers

Consider a binary mixture of linear polymers R{Ay} and R{B,} carrying associative
groups A and B. The number of statistical repeat units on a chain (for simplicity referred
to as the degree of polymerization, DP) is assumed to be n for R{ Ay} chains and ng for
R{Bg} chains. Although we use the word “polymer” for the primary molecules before
they form associated complexes, we may apply our theory to low-molecular weight
molecules equally well by simply fixing n4 and np at small values.

These polymers are assumed to carry a fixed number f of reactive groups A and g
of reactive B groups, both of which are capable of forming reversible bonds that can
thermally break and recombine. Hydrogen bonds, hydrophobic interaction, electrostatic
interaction, etc., are important examples of such associative forces. The type of asso-
ciative interaction does not need to be specified at this stage, but it will be given in
each of the following applications. We symbolically indicate this binary model system
as R{A/}/R{Bg}.

In the extreme limit of strong bonds, such as covalent ones, the formation of asso-
ciated clusters is thermally irreversible and should be regarded as a chemical reaction.
The molecular weight distribution of such irreversible reactions is studied in detail in
Section 3.2.

In the experiments, various types of solvents are commonly used, so that we should
consider a mixture R{A;}/R{B,}/S, where S denotes the solvent. Extension of the
following theoretical consideration to such ternary systems is straightforward as long as
the solvent is inactive. Therefore, for simplicity, we will mainly confine the discussion
to binary systems.

Forces working among the associative groups form intermolecular clusters whose
aggregation numbers cover a wide range. If either of the functionalities f or g exceeds
the critical value (3 for pairwise association, but it can be 2 for multiple association, see
Section 3.3), a cluster grows to the macroscopic dimensions as soon as a threshold in
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the temperature, or in the composition (concentration), is reached. Above this threshold,
three-dimensional networks, most generally comprising of the mixed components, are
formed [11-15].

To describe such reversible network formation in associating mixtures, we start from
the conventional lattice theoretical picture of polymer solutions described in Section
2.3 and references [7-11], with an attempt to include association [16—18] in the
form of reaction equilibrium by taking the simplest theoretical viewpoint described
in Section 3.2.

Let us first divide the total volume V of the system into small cells of size a of the
monomeric unit on a chain [7]. There are a total number =V /a3 of microscopic cells.
We first specify the part of the system containing only clusters of finite size, which will
be referred to as sol.

Let Ny, be the number of connected clusters consisting of / R{ A y } molecules (referred
to as A-chains) and m R{B,} molecules (B-chains). We introduce the symbol (/,m) to
specify such a cluster. The total volume fraction of A-chains in the sol must then be
equal to

Pr=na Y _lvim, (5.2)
Im

where vy ,, = Nj , / 2 is the number of clusters per lattice cell. Similarly, the total volume
fraction of B-chains in the sol is

PR =18 _mvim, (5.3)
I,m

The total volume fraction of the sol in the system is d)s = ¢i +¢]§. This should be
equal to unity for nongelling systems, or in the pregel regime of gelling systems, but can
be smaller than unity after an infinite network (gel) appears (i.e., in the postgel regime
of the gelling systems).

In the postgel regime, we have infinite clusters. Let NiG be the number of chains of
species i in such macroscopic clusters. The total volume is

Q:Z(nAHan)N,,m+nAN§’+nBN§’. (5.4)

tm

The volume fraction of the chains of species i in the gel network is given by ¢iG =
n;NS/Q fori=AB, and

oF +¢° =g (5.5)

holds for normalization, where ¢; is the total volume fraction of species i that is fixed
at the preparation stage of the experiments. The gel fraction le for each component is
defined by the fraction

wS=¢P/¢i  (i=AB). (5.6)
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Construction of the free energy of associating mixtures. The total free energy is the sum of the
free energy of reaction and that of mixing. The standard reference state is chosen in such a way
that each species of molecules is regularly placed on a hypothetical crystalline lattice with
reference intramolecular conformation (a straight rod in the case of polymers).

Similarly, the number density vl.G of species i in the gel is given by
vi=¢S/ni=NZ/Q  (i=A,B). (5.7)

Such decomposition into a sol part and a gel part automatically takes place in the mixture
by thermal processes. Since we have the identity ¢4 + ¢p = 1, we can take ¢ as an
independent variable and write it as ¢. The volume fraction of B is then ¢ =1—¢.

The cluster distribution N; ,, and the gel fractions le are unknown at this stage, but
will soon be decided by the equilibrium condition in association.

In order to study thermodynamic properties, we start from the standard reference
state in which unconnected A-chains and B-chains are prepared separately in a hypo-
thetical crystalline state [7, 9] (see Figure 5.1). We first consider the free energy change
Area F' to bring the system from the reference state to a fictitious intermediate state in
which chains are disoriented and connected in such a way that the cluster distribution is
exactly the same as the real one [18-20]. It is given by

BAreaF/ Q=" Amvim+8avs + 885, (5.8)

I,m
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where A;,, is the free energy change when a single (/,m) cluster is formed from [ A-
chains and m B-chains in the reference state. We refer to this as the free energy of
reaction.

Let pf,, be the internal free energy of an (/,m) cluster. The free energy difference
Apm is given by

Arm =BTy — 1T g —mpg)- (5.9)

Under a constant pressure, 17, is equivalent to the internal free energy necessary for
combination, configurational change, and bond formation of the constitutional primary
molecules. Specific forms of these contributions will be considered in each problem we
study in the following chapters.

Similarly, 8; (i = A,B) is the free energy change produced when an isolated chain of
species i is connected to the gel network. They are given by

Sa =B — i), (5.102)
88 =By — 1§ )- (5.10b)

where M,C-’G is the internal free energy of an i-chain in the gel network. The two last terms
in (5.8) are necessary in the postgel regime because the number of molecules contained in
the gel part becomes macroscopic; it is a finite fraction of the total number of molecules
in the system.

In the second step, we mix these clusters with each other to reach the real mixture
we study (see Figure 5.1). According to the conventional lattice theory of polydisperse
polymer mixtures (see Section 2.3) [9, 10], the mixing free energy Anix F in this process
is given by

BAmix F/ Q=) vimIngrm+x(T)p(1—¢) (5.11)

Im

per lattice site, where

¢l,m = (nal +an)Vl,m (5.12)

is the volume fraction occupied by the (/,m)-clusters, and y is Flory’s x-parameter
(2.105), which specifies the strength of van der Waals type non-associative interac-
tion between monomers of different species. Since clusters formed by association are
generally polydisperse, and have largely different volumes, a mixing entropy of the
Flory—Huggins type must be used even if the primary molecules are low-molecular
weight molecules. Macroscopically connected clusters, such as gel networks, infinitely
long linear aggregates, etc., do not have the mixing entropy since their centers of mass
lose the translatonal degree of freedom.

The number of contacts between the two species may change upon molecular associa-
tion, and hence the mixing enthalpy, the last term of (5.11), may be modified. We assume
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here, however, that the same form remains valid after association except when the mod-
ification is significant due to polymer conformational change, etc. We can improve this
term whenever necessary.

The total free energy from which our theory starts is given by the sum of the above
two parts:

AF =Area F 4+ Apix F. (5.13)
We next derive the chemical potentials of the clusters in order to study the solu-

tion properties. By the thermodynamic definition of the chemical potential Ay, =
(OAF/ONum)T Ny, - for clusters of size (I,m), we find

BAWm =14 Apy +10 @y — (nal +npm)vS + x {nal (1—p) +npmeo?)

+[nal(1—¢) —npme][8) ()v§ — 5 (@)ve], (5.14)
where
=" v (5.15)
I,m

is the total number of finite clusters (per lattice cell) in the mixture. This number gives
the total number of molecules and clusters that possess translational degree of freedom.
Within the ideal solution approximation, they equally contribute to the osmotic pressure.
Obviously, the gel part is excluded from v® because it is macroscopic, and its center of
mass is localized. The ratio defined by

Py=[¢/na+(1—¢)/npl/v5 (5.16)

gives the number-average cluster size, or number-average aggregation number of
clusters.
In particular, we have for molecules that remain unassociated

BApig _ 1+Ingio

WS40 = @)+ [ @0E — @1 | (1-9).  (S.17a)

na na
A 141 , /

PApor _ 1+Indor —uS+X¢2—[5A(¢)v§—33(¢)u§]¢. (5.17b)
np ng

Similarly, the chemical potentials of the polymer chains included in the gel part are
given by

BAS/na=0/na—vS+x(1=9) +[ 84 @E — 85016 |1 —¢).  (5.189)

BARE fnp=0p/ns —v5 +x 87 =[5, @S — 85 @) | . (5.18)
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To find the equilibrium distribution of clusters, we impose the multiple equilibrium
conditions

Apggm =IAp10+mAu,, (5.19)
for all possible combinations of the integers (/,m). Upon substitution of the specific
forms of the chemical potentials, we find that the volume fractions of the clusters are
given by

Grm=Kimx'y™, (5.20)
where for simplicity we have used x and y for the concentrations ¢; 0 and ¢g 1 of
unassociated molecules. These unassociated molecules in the solution are sometimes
called unimers to avoid confusion with monomers. The new constant K, (equilibrium
constant) is defined by

Kim=exp(l+m—1—-A;,), (5.21)

which depends only on the temperature through A;, but is independent of the
concentration. Similarly, the number density of clusters is given by

x'y™. (5.22)

To simplify the notations and to stress analogy to the condensation phenomena of classical
interacting gases, we introduce the coefficients b; ,; by

bim=Kim/(nal +npm). (5.23)
We then have
306,y = brmx'y™ = Goolx, ), (5.24)
Im
¢S (x,y)=Y _(nal+npm)byux'y"
Im
=naGiox,y) +n8Go1(x,y), (5.24b)

where the G functions are the moments of the cluster distribution function of various
orders, and defined by

Gij(x.y)=) 1'mibux'y™. (5.25)
I,m
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Pregel regime

In nongelling mixtures, or a pregel regime of gelling ones, the total volume fraction
should be given by

PS5,y =1 (5.26)

since all clusters are included in the sum. The volume fraction of each species form the
coupled equations

Gio(x,y)=¢/na, (5.27a)
Go,1(x,y)=(1—¢)/ng, (5.27b)

for the unknown variables x and y. We solve these equations with respect to x and
v, and substitute the result into the physical quantities we consider. For instance, the
number-average numbers of A-chains and B-chains in the finite clusters are

_0ImvS(x,y)  Gro(x,y)

= = , 5.28
T T x| Goo(x.y) (5-280)
dlnvS(x, Go,1(x,
mpy = L 02)_ Goa6y), (5.28b)
dlny Goo(x,y)
where the average symbol
Qrmvi
(Qimhn= L Qunvin (5.29)
Z Vim
shows the number average of the quantity Q.
Similarly, the weight-average is defined by
Z Ql m¢lm
(Qimw=="=—". (5.30)
. Z¢1m

The weight-averages of the aggregation numbers / and m in the clusters are then given
by

alngS(x,y)
Iy = 2O°CY) o Goo+npGr, (531a)
dlnx
alngS(x,y)
(myy = AR CON) G g Gon. (531b)
dlny

The weight-average DP of the clusters is obtained by the sum of these two as

(M) = (nal +npm)im =nall)y +np (m)y

=n3Gao(x,y) +2nanpG11(x,y) +ngGoa(x,y). (5.32)
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Sol—gel transition and postgel regime

We have so far tacitly assumed that the infinite double summation in ¢ (and hence in
vS) converges. These are double power series with positive coefficients, so that they
are monotonically increasing functions. For mixtures capable of gelling, a borderline on
the (x,y) plane exists, which separates the unit square into a convergent region and a
divergent one. Exactly on the boundary line, the sol composition ¢ takes a finite value,
but it diverges outside this line. Since the radius of convergence generally depends on
the composition, let us express the boundary by a parametric form (x*(¢), y*(¢)) for
0 < ¢ < 1. The value ¢5(x*,y*) can be smaller than unity for a certain region of the
composition and the temperature because the sum does not include contributions from
the gel part appearing in the postgel regime. Hence we can find the sol—gel transition line
by mapping the condition ¢S (x*, y*) = 1 back to the original temperature—concentration
plane.

In the postgel regime, a chain participating in the gel must be in chemical equilibrium
with an unassociated chain of the same species. This imposes the additional conditions

Apro=Aug and  Apoi=Apug, (5.33)
and hence we find x and y to be functions of the concentration in the form
A(@)=1+Inx, o(¢)=1+Iny (5.34)

for the gelling component in the postgel regime. The chemical potential of each species
takes a uniform value in the solution, so we can write them as Aua and Aup instead of
Aprpand Apg;.

Renormalization of the interaction parameters

We now substitute all relations obtained by equilibrium conditions back into the original
free energy (5.13), or equivalently, we use the Gibbs—Diihem relation

AF/Q=Apap/na+Aup(l—¢)/np, (5.35)

and find that the free energy takes the form

14+Inx 1+Iny
+

BAF/2= - ¢ (1=¢) =S, )+ x(T)$(1 - ). (5.36)

This free energy can be decomposed into two parts as
F =BAF|Q=Tru(9)+ Fas(@), (5.37)

where

1_
Fru(p) = %1n¢+( nB¢)

In(I-¢)+x (T (1—-¢) (5.38)
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is the conventional Flory—Huggins free energy of the nonassociative counterpart, and

Fas($) = %ln (g) + 17 <L> +i+% Sy (539

na 1—¢ na

gives the effect of association.
The effect of association can be regarded as a renormalization of Flory’s
x -parameter. It produces a shift from x to x + A in (5.13), where

Ax (@, T)=Fas(@)/¢(1—¢) (5.40)

is the associative part of the interaction. The short-range associative interaction energy
originally introduced in the reaction terms is now interpreted as a composition-dependent
modification of the x-parameter. We can expand the renormalization term in powers of
the concentration

Ax=x0+x1¢+x2¢*+---, (5.41)

with temperature-dependent coefficients x; = x; (T7'). We thus go back to the phenomeno-
logical VLBW description (2.131), but now the molecular origin of the concentration-
dependent y-parameter is clear. Specifically, we find xo = %1, x1 = %1 + %>, where
1,9, are explicitly given in Appendix 5.A.

Phase separation, stability limit, and other solution properties

Let us now find some important physical quantities of the mixture.

Osmotic pressure
The osmotic pressure 7 of the A component is essentially the chemical potential of the
B component with the opposite sign. It is given by

pra’ /ng =—(1+Iny)/n+v5(xr,¥) = X8>+ [SL @S ~ 5@V | (542)

Inapolymer solution in which the B componentis alow-molecular weight nonassociative
solvent (ng =1 and 8 (¢) = 0), this definition reduces to the osmotic pressure in the
conventional meaning.

If we expand this pressure in powers of the concentration with ng = 1, we have the
virial series

na’ [kgT =d/na+ Asd> + Az +-- -, (5.43)

where Ay =1/2— x + A A,, with a negative temperature-dependent constant of binary
association (see Appendix 5.A) given by

AAy=—K»r/2np (5.44)



170

9.9

Associating polymer solutions

Hence, the second virial coefficient has a reduction from 1/2 — x due to the associative
interaction. The explicit form of A A, will be shown in the following sections for some
specific systems.

At a higher concentration across the gel point, the osmotic compressibility K7 =
(0¢p/0m) T /P, or its higher derivatives, may have a discontinuity due to the appearance
of the gel part.

Phase separation
The two-phase equilibrium conditions, or a binodal line, can be found by equating the
chemical potential of each component [9, 10]:

Apa(@'.T)=Apa(p”, 1), (5.45a)
Aup(@',T)=Aup(@".T), (5.45b)

where ¢’ and ¢” are the compositions of the A component in the dilute and concentrated
phase respectively. If either phase, or both of them, lies inside the postgel regime, the
chemical potentials must be replaced by their postgel forms.

Stability limit

The thermodynamic stability limit, or a spinodal line, can be found for the binary system
by the single condition (d Aua /d¢)7 =0, orequivalently, d (Aua /na—Aup/ng)/d¢d=
0. We have the equation

Ka(P) 4 kB (@)

—2x =0, 5.46
nad | np(i—¢) 6:40)
where the new functions are defined by
@=6-L (1465911 (5.47a)
Kka(p :¢d¢ ¢Ad¢> nx, 47a
d d
k(@) =—(1-9¢) 77 (1—455%) Iny. (5.47b)

In the pregel regime, these equations are related to the weight-average aggregation
number of clusters. For homopolymer association where only A-chains are associated, for
instance, k o reduces to the reciprocal of the weight-average cluster size as in conventional
polydisperse polymer solutions [10, 21]. In heteropolymer association, however, « is
related to the average cluster sizes in a more complicated way.

Scattering function of associating polymer mixtures

To study microphase separation transition (MST), we next consider the correlation
function of concentration fluctuations, whose Fourier components give the intensity
of scattered waves. We have polydisperse clusters whose polydispersity is controlled by
the temperature 7' and the composition ¢.
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To study the scattering intensity from such polydisperse binary blends, we tentatively
give a sequential numberv =1,2,...,N = QS to the clusters. Let the set of the numbers
(o, i) show the i-th monomer in the «-th cluster. The monomer density for («, /) at lattice
site r is then defined by

Pl (r,1) =8(r—x(1)), (5.48)

where X7 (¢) is an instantaneous position of the monomer at time ¢, and § (r) is Kronecker’s
delta. In the following we consider equal-time correlations only, so that we ignore the
time variable.

Since the thermal average of p{* gives 1/, we can rewrite it as

P (r)=1/Q+8p%(r), (5.49)

where 8pf* shows the fluctuating part of the density. The incompressibility condition
D _ai P (r)=1leads to

> 88 (r) =0, (5.50)

for any position r.
The intensity of the scattered waves (of X-ray or neutrons) with the scattering vector
q is most generally given by the formula

L@ =Y b T (@) (5.51)
a.p

iJj
in the Fourier space, where b{ is the scattering amplitude of the (cr,i) monomer, and
75 (@) = (3 @30} () (5.52)
is the density correlation function for the pair («,i) and (8, j).
Let us assume that the scattering amplitude b} takes the value b = A for A monomers
and b = B for B monomers. We then decompose it into the form

bY = At +B(1—1) (5.53)

for a binary mixture, where /¥ is an Ising variable, defined by

¥ = (5.54)

o 1 if («,i) is an A monomer,
0 if («,i) is a B monomer,

which specifies the species of the («,i) monomer.
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Substituting (5.53) into (5.51) and using the incompressibility condition (5.50), we
find

I(q)=(A—B)*T(q), (5.55)
where
T@=y T (@r!. (5.56)
a.p

In order to obtain the specific form of 7(q), we now apply the random phase
approximation (RPA) [22-26] to our system. The RPA provides a classical treatment of
concentration fluctuations for incompressible mixtures of very large molecular weight
molecules. It assumes a self-consistent potential uniformly acting on all species of
monomers to ensure the incompressibility condition. The details of the RPA method,
as applied to our polydisperse block copolymer blend, are given in Appendix 5.B. The
result leads to

1
T'(q= S@/W @) —2x" (5.57)
for the scattering strength, where
§(q)=Sxa(@) + S (@) +2535(4). (5.58)
and
W(g) = S3aSEe (@)~ [S3p(0)1%, (5.59)

are both related to the intracluster scattering functions. (The superscript o shows
the scattering intensity contributed from a single cluster.) The RPA assumes Gaussian
statistics for each chain, which leads to the result

1
Saa@ =g D) T, (5.60a)
o 1]
1
Sie(@) =5 D> Ji(d =) =), (5.60b)
o i
1
Sip@=g 22 JiT A=), (5.60¢)
o 1]

for the intracluster scattering functions [27] with J;; = exp(—«n;;), where n;; is the
distance between i-th and j-th monomers along the chain measured in terms of the
number of monomers, and k = (ag)?/6 being the dimensionless squared wavenumber.
This result provides a complete set for the calculation of the scattering function for the
binary blends made up of the assembly of block copolymers.
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For our associating blends clusters are characterized by the set of two figures (I,m),
so that the sum over « can be replaced by the sum over the type (/,m). Hence we have

SIA@D =D Am (@) vim, (5.61a)
Im
Ste@) = _ Bin(q)vim: (5.61b)
l,m
S3B(@ =Y Cim(@)Vim, (5.61¢)
l,m
where
Aim(q) = Z Jijtit;, (5.62a)
i,je(l,m)
Bin(q)= Y Jy(d—m)(1—1)), (5.62b)
i,je(l,m)
Cim(q) = Z JijTi(1—15), (5.62¢)
i,je(l,m)

are the monomer correlation functions of an isolated single cluster of the type (/,m).
We now consider the divergence condition for 7 (q). This is equivalent to

S@)

2% =0, 5.63
W) X (5.63)

within RPA. If this condition is satisfied for a finite ¢, the system becomes unstable
against the concentration fluctuation whose spatial dimensions are characterized by g ~!.
If it is satisfied for q =0 on the other hand, it is unstable against demixing into two
coexistent macroscopic phases. In fact, as we will show in Appendix 5.C explicitly, the
RPA condition (5.63) for q =0 gives exactly the same equation as (5.46) for the spinodal
curve. Owing to this fact, the study of the phase behavior on the entire temperature—

concentration plane can start from a single equation (5.63).

Appendices to Chapter 5
5.A Renormalization of the interaction parameters

From the material conservation laws (5.27a) and (5.27b), it is possible to expand x and
y in powers of the volume fraction ¢ of the A component (polymer) as

x=¢(x1 +x20+x30%+---), (5.64a)
Y=Y0+ V1o +y2d . (5.64b)
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Obviously, x; =1,y9=1, y; = —1, and other coefficients are 0 if there is no association.
We first split the total number density of the clusters in accordance with the power of x
as

VS (x,3) = Go(x,y) =g0(») + g1 (Mx + g2 (x> +---,

where
o0
KOm
g=Yy —=y",
el ngm
o0
Kl m m
a(y)= : )
mzzl na-+ngm
o0
_ K2,m m
zé’z(y)=mZ;1 STy

The function go(y) is related to the association within the B component (solvent), g1 (y)
is related to the adsorption of the B molecules onto the polymers, and g»(y) is related to
the pairwise cross-links of polymers by B component molecules. The fraction of the B
molecules associated to the polymers is related to g1 (y) by

0(y)=yg1(M/g1(y).

Substituting these power expansions into .#ag (5.39), and expanding it in powers of
the concentration, we find

Fns =Fo+F19p+ Fap*+---,

after a lengthy calculation, where

14+1n Yo
Fo= —20(y0),
Inx; In Yo
1= na ng s

1 X2 1 Y1 2 :
Ty (2) (142
2= nA(X1> 2nB< +yo> 200( %)
Y1
— X108} (50) <%> —x281(y0) —xlzgz(yo)-

If we write the association free energy in the form

Tas=Ax(@)p(1—¢),

in terms of the additional interaction parameter A x (T') due to the specific interactions,
the original Flory—Huggins interaction parameter of the van der Waals-type nonspecific
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interaction in the background is renormalized to x(¢,7) = xpu(T) + Ax(¢,T). The
first two coefficients in the power expansion

X (@, T)=xo(T)+ x1(T)p+---,

are found to be

xo(T) = xeu(T) + 71,
x1(T)=F1+%,.
To find the coefficients x; and y;, we substitute the power expansion (5.64a) into the

material conservation laws (5.27a) and (5.27b), and compare term by term. The results
are summarized as follow. The 0-th term yp should be the solution of the equation

y086(y0) =1/ng.

By using yop, x1,x2 and y; are given by

1 yi_ l4bxi x_ a |: b _2g2(y0):|

x1:—7 —_— k) - — 7
nagi(yo) Yo I4+ay x1 l4+ay Ll+a, g1(o)

where aj = (d1Ing(/dIny)o,a; =(dIng|/dIny)o and b= g} (y0)/g((y0).
For instance, if association takes place only within the A component, we find .%, =
F1=0and
Fr = —K20/2nA.
If B molecules are adsorbed onto the A component as in hydration, side-chain association,
etc., yo=1,b=ng0(yp). We find %y=.%, =0 and

ng
F2=000)[1+5600)].
where 0 (yp) is the fraction of adsorbed B molecules in the limit of infinite dilution. Some
specific examples will be presented in the following chapters.
Scattering function in RPA
To derive the RPA scattering function in a compact form, we here introduce vector
notations. Let T be an Q-component columnar vectorial whose («,i)-th component is

defined by z* given in (5.54), so that we can write T = [r*]. Similarly let e be the
columnar vector whose components are all unity. We have by definition

t
e-r:Zrﬁ‘:Qqﬁ,
o,
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where ‘e is a transposed vector of e. The monomer density (5.49) can be expressed as

1
=_—e+dp,
P=9 14
by the use of this notation. According to the conventional lattice theory, the monomer—

monomer contact energy takes the value y when the neighboring pair is (A,B), while it
is zero for a (A,A) or (B,B) pair. We must therefore introduce a matrix x defined by

r=xlrte—0)+—1):1],
where a:'b shows a dyad formed by the two vectors. Specifically we have a relation
te- 7 -e=2xQ2%p(1—¢).

We now consider linear response (5p;*) of the density to an arbitrary external field acting
on each monomer with strength U;*. Linear response theory gives

(6p(q)) =—T-U(q), (5.68)

where T is a matrix whose components are given by the correlation (5.52). The RPA
assumes that this average is approximately equivalent to

(80) =—S-(U+8UT — - (8p)), (5.69)

if the effective potential SU® is judiciously chosen, where S is a correlation function of
monomers belonging to the same single cluster [24]. Gaussian statistics give [28]

S (@) =bu.p i

in terms of J;; =exp(—«n;;). The effective potential § U°' is a self-consistent potential
to ensure the incompressibility condition (5.50), or equivalently

te-6,o:0, and hence ‘e-T=0.
It is assumed to act uniformly on all species of monomers in a bulk system
sSUST =esU, (5.70)

where U is a scalar. To find §U, we substitute (5.68) and (5.70) into (5.69) and multiply
te from the left. Solving the result for U, we find

te.S.(1+3-1)-U

SU = -
(‘e-S-e)
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Substituting this equation back into (5.69), and solving it with respect to (8p), we finally
find

~ 1 ~
T=—7—-Q
1-Q-x

where
B (S-e):(e-S)
(‘e~§~e) '

The true correlation function T is thus expressed in terms of the intracluster correlation
function S; this is the fundamental idea of the RPA. Now the simple algebra gives

1
©S(q)/W(g)—2x"

t Tt

which is equivalent to (5.57).

Two extreme cases of the polymer blends of A-chains/B-chains and chemically con-
nected block copolymers A-block-B have been historically important, and will be detailed
in Section 6.1.

Spinodal condition in RPA

Let us prove that the RPA condition (5.63) reduces to the spinodal condition (5.46) if the
wavenumber is allowed to go to zero. To simplify the notation we define n =na +np
for the sum of the DP of both species and write np =na,ng =nb witha+b=1.

For q=0 we have J;; =1, and A, (0) = (nal)?, Bj» (0) = (nbm)?, and Cy,, =n’ablm.
Hence we have S§ , = n2a?(I*)vS, SEB =n2b%(m?)vS, and S = n2ab(lm)v3, where a
bracket (---) abbreviates the number-weighted average (- - - ),. By definition we obtain

S0) ((al +bm)?)
W) (nab)>((12){m?) — (lm)?)vS”

To express the «-functions in terms of the average quantities, we take the derivative of
the two relations (5.27a) and (5.27b) with respect to ¢, and find

nalx'vy +x (exx"+ vy yH1=1, (5.71a)
nbly' vy +y(yex +vyyy)1=—1, (5.71b)
where a prime indicates the derivative with respect to ¢, and vy, etc., are the par-

tial derivatives of vS. By the use of the identities x?v,, = > I(l — Dvyn = ((I%) —
(NS, y?vyy = ((m?) — (m))vS, and xyvyy, = (Im)vS, we eliminate the partial derivatives
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in favor of the number-averages. The relations (5.71a) are transformed into

@ o atm
O b my
b (Im) (m?)
bim

—K
a (I) (m)

which, when solved with respect to «, give

a(lm) +b(m?)
b((1?)(m?) — (Im)?)
a(l®y+b(lm)
a({I2)(m?) — (Im)?)

ka(gp) =

(1),

kB(¢) =

(m).

The k-functions have thus been expressed in terms of the average cluster sizes and their
fluctuations. Substituting the result into (5.46), we confirm that it is equivalent to (5.63)
with g =0. The RPA scattering function has thus been most generally proved to give the
lattice-theoretical spinodals in the limit of vanishing wavenumber.
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6.1

Nongelling associating polymers

This chapter presents some important nongelling binary associating mixtures. Throughout this
chapter, we assume the pairwise association of reactive groups, the strength of which can be
expressed in terms of the three association constants for A-A, B-B, and A-B association. We
apply the general theory presented in Chapter 5 to specific systems, such as dimerization, linear
association, side-chain association, hydration, etc. The main results are summarized in the form
of phase diagrams.

Dimer formation as associated block-copolymers

The first system we study is a mixture of R{A;} and R{B} chains, each carrying a
functional group A or B at one end. Diblock copolymers are formed by the end-to-end
association (hetero-dimerization) [1,2]. End groups A and B are assumed to be capable
of forming pairwise bonds A-B by thermoreversible hetero-association. The hydrogen
bond between acid and base pair is the most important example of this category.

For such mixtures, composite diblock copolymers R{A; }-block-R{B1} with a tem-
poral junction are formed (Figure 6.1). The system is made up of a mixture of diblock
copolymers (1,1), and unassociated homopolymers of each species (1,0) and (0,1). It is
similar to the mixture of chemically connected diblock copolymers dissolved in their
homopolymer counterparts [3, 4], but its phase behavior is much richer because the
population of the block copolymers varies with both temperature and composition.

Letn=n 4 +np be the total number of the statistical units on a block copolymer chain,
and leta=na/n (b=ng/n) be the fraction of A-chain (B-chain). The relationa+b=1
holds by definition.

Our starting free energy is given by

F =viiA+violngio+vor Ingor +virIngr + x (T)p (1 —¢), (6.1

where
A=B(upp—HMUp—HpB) (6.2)
is the free energy of dimer formation. By differentiation, we find the chemical potentials

for each component as

BApio=1+Inx —navS+ xna(l—¢)?%, (6.3a)
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Associated diblock copolymer formed by a pairwise bond between the end groups.

BApor=1+Iny—npv®+ xnpe’, (6.3b)
BAw =1+ A+1Inz—nvS+x[na(1—¢)* +npd*], (6.3¢)
where vS = vjg+ vg; + 1] is the total number of molecules that possess translational
degree of freedom, and the abbreviated notations x = ¢1,0,y = ¢0,1, 2= ¢1,1 have been

used.
The association equilibrium condition (5.19) then leads to

z=Kxy (6.4)

for the volume fraction z of the block copolymers, where K =exp(l—A) is the
temperature-dependent equilibrium constant. Because of the nongelling nature, we have
the identity

PS=x+y+Kxy=1. (6.5)

The number density of clusters is given by

1/x vy
S— P — — i
v —v—n(a+b+ny). (6.6)

The coupled equations (5.27a) and (5.27b) take the form

x(1+aKy)=¢, (6.7a)
y(1+bKx)=1—¢. (6.7b)

The solution is given by
x(¢)=[¢—a—K—1+\/T¢)]/zb, (6.82)
y(¢)={a—¢—K—l+W}/za, (6.8b)

where D(¢)=[a(l —¢)+bp+ K ~'1> —4abg (1 — $). Hence we have

!
z(¢)=2—[a(1—¢)+b¢+1<—1—,/13(¢>)]. 6.9)
ab

The logarithmic derivatives of x and y yield specific forms of the «-functions for the

dimerization
1—a7 14+b7

KA(¢)=T, KB=m, (6.10)
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where 7' (¢) is the concentration derivative of z(¢). Explicitly, it is z'(¢) = K (y —x)/
[14+ K (ay —bx)].

Let us consider the free energy (6.2) of the dimer formation. The conformational free
energy appears because the entropy of disorientation is reduced when two chains are
combined. If we use the lattice-theoretical entropy of disorientation (2.90), we have

Ty
M}, (6.11)

ASgis = Sais(na +nB) — Sais(na) — Sqis(n) = kg In {
Cenab

for the entropy change. The free energy is given by A foonf = —7T ASgis. Combining the
free energy of bonding A fy = Ae — T As, we find that the equilibrium constant is given
in the form

K =xpe PAe, (6.12)

where Lo =0 (¢ —1)%¢25/%8 |z enab is a temperature-independent constant.
Let us proceed to the calculation of the scattering functions. Simple algebra gives

Aw=An=)_ exp(—«li— j|)=(na)’D(aQ), (6.13)
i,j=1

for the AA component of the intramolecular scattering function, where Q = nk =
n(aq)2 /6= (Rc,q)2 is the dimensionless squared wavenumber measured relative to the
unperturbed gyration radius Rg = a+/n/6 of a diblock copolymer. The entire scattering
function depends on Q, T, and ¢. The function D(x) is Debye function (1.49). The
amplitude Ay, is the same for both A-unimer (1,0) and copolymer (1,1).

Similar calculation leads to

Bo1 = Bi1 = (nb)*D(bQ), (6.14)

for the BB components, and

2
Cn=ZZGXP(—KIi—jI)=%{D(Q)—azD(aQ)—sz(bQ)}, (6.15)

i€eA jeB

for the AB component of a block copolymer. Putting these results together, we find

Ska=A10—+ A~ =naD@Q)g, (6.160)
na n

St = Bor 2>+ Bii— =nbD(b.Q)(1 ~9). (6.16b)

Sip=Ci1>=3{D(Q) =’ D@Q)~b*DbO))z. (6.160)

and the condition for stability limit (5.63) to be solved is given by

F(Q)—2ny =0, (6.17)
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where the function F, defined by F(Q)=nS(Q)/W(Q), takes the form

axD(@Q)+byD(bQ)+zD(Q)

F(Q)= T 5 3 5 (6.18)
abp(1—=¢)D(@Q)D(bQ) — 3z°[D(Q) —a*D(aQ) —b>D(bQ)]
This function F(Q) covers the two extreme limits:
(i) Nonassociating binary blends (K =0):
1
F(Q) (6.19)

= 2¢D@Q) | b(1—$)D®O)

This RPA scattering function of a binary blends was analyzed by de Gennes [5]
in relation to the spinodal decomposition. The function F(Q) shows no peak at
finite Q.

(i) Chemically connected block copolymers (K = c0):

D(Q)

F(Q)=—1 _1 _ 2 12 2
a*b=D(@aQ)D(bQ) — 7ID(Q) —a*D(aQ)—b*D(b Q)]

(6.20)

The microphase formation in this limit was elaborated by Leibler [6] and Bates [7].

The function F defined by (6.18) bridges these two. It can either be a steadily increasing
function or exhibit a single maximum at finite Q. At sufficiently high temperatures we
have F(Q;1,¢) > 2ny(t) for any Q, so that the homogeneously mixed state is stable.
As the temperature is decreased the condition (6.17) is first satisfied for Q =0 in a certain
range of the concentration, where F(Q) is the monotonic function

F(0;7,¢)—2nx () =0. 6.21)

This is the spinodal point (SP). This condition is met for the concentration ¢, which
is either small or large so that the population of the produced diblock copolymers is
insufficient to form a microphase.

However, when the numbers of A- and B-chains are comparable, F(Q) exhibits
amaximum at finite Q*. Sufficiently many copolymers are produced to form a
microphase. In this case the instability condition is first fulfilled at this wavenum-
ber as the temperature is lowered, which indicates that the microphase separation
transition (MST) takes place before SP. The condition for this situation to be realized
is given by

IF(Q:iT.¢) _

o 0, for Q=Q*>0, (6.22)

together with (6.17) for Q = Q*. Even in this concentration region the spinodal condition
is met if one goes further down into the low-temperature region. The microphase remains
stable only in the region surrounded by the MST and SP.
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Typical example of the phase diagrams for the associating diblock copolymer blends of
relatively short chains (np =np =20). MST (broken line) and SP (solid lines) are shown on the
temperature—concentration plane. Points indicated by (LP) are Lifshitz points, while those shown
by (e) and (') are eutectic points. Existence of a reentrant microphase (M) is one of the
remarkable features of the associating systems. y = A € /kp® =3. (a) Ao =1.20, (b) 1o =1.26,
(c) 19 =10.0. (Reprinted with permission from Ref. [1].)
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Typical phase diagram of associating diblock copolymers in which macro- and microphase
separation compete. Binodal (solid line), spinodal (dotted line), and MST (broken line) are
drawn. Critical points are indicated by CP. At the crossing of the spinodal and MST lines, Lifshitz
points (LP) appear. At the stoichiometric composition where the number of A groups equals that
of B groups, a eutectic point (E, E’) appears. (Reprinted with permission from Ref. [2].)

In the following numerical calculations, the association constant is described in the
form A(T)=Xoexp(|A €|/kpT) =X oexp[y (1 —7)] in terms of the reduced temperature
t=1-—0/T and the dimensionless association energy y =|A € |/kp®.

Figures 6.2 and 6.3 show theoretical calculation of the phase diagram for a symmetric
blend where both chains have the same length [1]. The solid lines show the binodal, the
broken lines MST, and dotted lines the SP. MST and SP meet at tf two symmetric points
(indicated by LP) at which the two conditions (6.17) and (6.21) reduce to a single one.
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They are examples of a Lifshitz point — a point where an order parameter with finite
wave number starts to appear [3, 8].

The whole plane is divided into several regions, each indicated by capital letters. The
region with the letter H has a homogeneously mixed fluid phase. Those shown by M
and M’ exhibit microscopically ordered phases where the microdomains are regularly
ordered. The region with the letters 2® in the figure is a biphasic region (or miscibility
gap) where two distinct phases coexist.

The point indicated by the letter E in the middle of the phase diagram is a eutectic
point, where the single microphase melts into the two coexisting homogeneously mixed
fluids when the temperature is lowered (see Figure 6.3).

Atextremely low temperatures, we observe that the miscibility gap starts to split again
at the point E' in the center of the concentration axis, and a new homogeneous microphase
(shown by MS) is stabilized in between. Such a low-temperature microphase (called a
reentrant microphase) is stabilized simply because the population of block copolymers
becomes so large in this low-temperature region that they homogenize the two demixed
fluid phases into a single one.

Experimentally, hydrogen bonds are expected to lead to a thermoreversible MST if they
are strong enough compared to the repulsive interaction between the polymer segments,
but still weak enough to break by temperature. In this respect, a single hydrogen bond
is not strong enough, but through elaborate effort [9, 10] a reversible lamellar formation
was confirmed to be possible for semi-crystalline block copolymers, i.e., a blend of one-
end-aminated polystyrene and one-end-carboxylated polyethylene glycol. In contrast, a
variety of liquid-crystalline ordered phases induced by multiple hydrogen bonds have
been the focus of recent research interest [11-14].

The mutual interference between MST and SP is strongest around the Lifshitz point.
Near the LP, the order parameter has smaller wave numbers, so that we can expand the
function F(Q) in powers of Q as

F(Q)=Fo+FIQ+F0%+---. (6.23)

Here the coefficients F; are functions of 7 and ¢. (Fy is identical to F(0;t,¢), which
appeared in the SP condition.) Then, the LPis the point at which F; changes its sign from
positive to negative. Combination of the condition (6.21) with F|(t,¢) =0 determines
the position of the LP.

In the microphase region near the LP, we can write

F(Q;t,¢)—2nx =€+ F2(0— Q%)% (6.24)

by keeping up to the second order of Q, where

F2
=Fy— — —2ny (6.25)
€ 4F, ’
and F
Q*=——1 (>0). (6.26)
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The parameter € measures the temperature deviation from the LP. The squared wavenum-
ber Q* gives the periodicity of the unstable mode. Near the LP, where t =77, and ¢ = ¢,
hold, F) is proportional to [t — 77| or [¢ — ¢ | in accordance with the direction we
approach on the phase diagram. Hence we find ¢* ~ |t — 77 |'/? or ¢* ~ |¢p — ¢ |'/%.

Linear association and ring formation

Consider the association of polymer chains R{A,} carrying two functional groups at
their ends (telechelic polymers) in a solution. We assume pairwise association in this
section, so that the polymers R{ A, } form either linear chains or rings (chain-ring equi-
librium). The problem of ring formation was studied by Jacobson and Stockmayer [15]
in an attempt to incorporate intramolecular reaction into the classical tree statistics of
gelation. Later, the similar consideration was applied to the study of thermal polymer-
ization of sulfur by Tobolsky and Eisenberg [16], and by Scott [17] and Wheeler and
Pfeuty [18-20]. In the solution, ring sulfurs Sg first open the rings by thermal agitation,
and form long chains by end reaction. The authors of [16-20] found interesting phase
diagrams in which LCST phase separation and polymerization coexist.

More general cases of multiple association where polymer networks with multiple
junctions of varied structures are formed will be treated as the gelling case in the next
section.

Let Nn(f be the number of m-mer open chains, and let N,E be the number of m-mer
rings in the system. The total number of primary polymer chains (n5 =n) is given by

N= Z m(NS+NR®). (6.27)

Let Ng be the total number of solvent molecules (ng = 1). The number of cells is 2 =
No+nN.Let ¢S =nmNS/Q and R =nm NR / Q be the volume fraction of chains and
rings. The volume fraction of polymers is then given by

p=> (@5 +én)=1—¢n, (6.28)

m=1
where ¢ is the volume fraction of the solvent. The fraction of rings among the total
polymers is

p=) m/d. (6.29)

We follow the general strategy given in Chapter 5, and start with the free energy of the
solution

par="{ASNG +aRNE (6.30)

m>1

+Nolngo+ 3 {NS g+ Nt Ing: |+ 16 (1-9),

m=>1
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where A are the free energies of reaction, defined for chains and rings as

AS =By —mps), (6.31a)
Al =Bl —mps), (6.31b)

We first consider open chains. The number of different ways to connect m identical
polymers into a linear array is given by 2", but since the connected chain is symmetric,
we have to divide it by the symmetry number o¢c =2, and hence we have 2"~! for the
combinatorial factor. The conformational term is given by the difference ASconf(m) =
Sdis(mn) —mSgis(n) as before. The bonding free energy is assumed to be given by A fy
for each bond.

Hence, for the equilibrium constant of the chains, we find

1\2 m—1 m—1
KC=2""1p oc¢—D” (e Prfoym=1l = 2 , (6.32)
m ne n

where A(T) =[oc(¢ — 1)2/§]e_’3A«f0 is the association constant. We thus have
2)
Z ¢S =mx™, (6.33)
n

for the volume fraction of chains, where x = 2A¢1C /n is the number density of associative
groups on the unassociated chains.

However, the equilibrium constant for the rings includes an extra factor of the prob-
ability to form a ring. This factor is proportional to (mn)~>/2 for a Gaussian chain of
the length mn, but again we have to divide it by the symmetry factor ogr =m for a ring,
because we can close a chain at any one of m bonds to form a ring.

We thus have

m—1
K};:zml.m[‘m(;_l)z} (e BAfoym—1. By

né m>/2
20\""" B
=m(— —75 (6.34)
for rings, where
B = Boe PAfo (6.35)

is a temperature-dependent constant. The volume fraction of rings is given by

—¢,=m-——=x". (6.36)
n m
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The total volume fraction of polymers is given by the sum of the two

2\ 2X ¢ R m x™
—p="@ +¢"=) m"+BY —
m>1 m>1

N X
(1-x)?

+Bd(x;3/2) (6.37)
where the new function @ is introduced by the infinite sum

d(x;0)= Z ;—rz (6.38)

m>1

The upper limit of the summation is given by the maximum possible aggregation number
and should not exceed the total number N of polymers. But here we have taken the
thermodynamic limit, and allow N to go to infinity.

Similarly, the total number of clusters and molecules is given by

S_ X

m>1 m>1

=2 —¢>+1’“Tx+3d>(x;5/2) (6.39)

Solving (6.37) with respect to x, and substituting the result into (6.39), we complete
our general procudure, and can find the equilibrium solution properties. The extent of
reaction p is given by

p=x+{—-x)B®(x;3/2)/ ¢ (6.40)

The functions @ (x;«) with « =3/2,5/2 appear in the study of Bose-Einstein con-
densation of ideal quantum particles [21] that obey Bose—Einstein statistics. Their
mathematical properties were studied by Truesdell [22] in detail, so that it is called
the Truesdell functions. Their radius of convergence is given by x = 1. Both the func-
tions @ (x;3/2) and ®(x;5/2) remain at a finite value at x = 1, but diverge as soon as x
exceeds unity.

Jacobson and Stockmayer [15] showed the fraction of chains and rings on the
temperature—concentration phase plane, and found very interesting phenomena that are
analogous to Bose—Einstein condensation. When the parameter B exceeds a certain crit-
ical value, 100% rings are formed below a critical concentration of polymers. In fact,
when p =1, we have the coupled equations

Ay /B = (x;3/2), (6.41a)
/B =d(x;5/2), (6.41b)

(1 =2¢/n), which are analogous to
ANV = (x;3/2), (6.42a)
A3 p/kT = ®(x;5/2), (6.42b)
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for the density and pressure of an ideal Bose—Einstein gas. Such a transition appears from
the singularity in the Truesdell functions, and hence loop entropy. This is an interesting
example of Bose—Einstein condensation in classical statistical mechanics.

Another singular property of this model is the divergence of the weight-average molec-
ular weight at the point x = 1. The condition gives the thermal polymerization line when
mapped onto the temperature—concentration plane, because at this point the average chain
length goes to infinity. Application of our theory gives essentially the same results as those
originally found by Scott [17], and later refined by Wheeler and Pfeuty [18,19,20] on the
thermal polymerization of sulfur. More recently, Dudowicz er al. [23,24] theoretically
studied living polymerization using a similar approach.

In a similar way, we can study the mixed linear association of R{Ay} molecules
and R{B>} ones. The sequence distribution along an associated chain can be alter-
native, sequential, or statistically random, depending upon the strength of association
constants. All these associated chains, or rings, are block copolymers if the primary
molecules are polymers, so that they undergo microphase separation transition as well
as macroscopic phase separation. This problem of competing micro- and macrophase
separation in associating polymers is one of the important unsolved problems to be
studied.

In the case of the linear association of low-molecular weight rigid molecules, the
problem we are studying is related to the fibrillar association of bifunctional molecules
by (multiple) hydrogen bonds, such as seen in hydrogen-bonded supramolecular liquid
crystals [11,12,13], low-molecular weight gelators [25, 14], etc. Readers can study their
equilibrium properties and phase diagrams within the theoretical framework presented
here.

Side-chain association

The next system we study is a mixture of high-molecular weight polymers R{Ar} (DP
=n, > 1) bearing a number f of associative A groups, and low-molecular weight
monofunctional molecules R{B; } (DP=npg)[26,14]. The latter can be solvent molecules
S (ng =1) [29]. We assume that a B group, or solvent molecule, can attach onto an A
group from the side of the polymer chain. The adsorption of surfactant molecules onto
polymer backbones by hydrogen bonds (Figure 6.4) is an important example of the
former. The hydration of water molecules in an aqueous polymer solution (Figure 6.7)
is an important example of the latter.

To simplify the theoretical description, we write the DP of molecules as np =na and
ng =nb by using n =na +np. The type of clusters formed is specified by (1,m) with
m=0,1,2,..., while the unassociated R{B] } molecule is indicated by (0, 1).

As in the general theoretical scheme, we start with the free energy of the mixture

! !
BAF =" ApNim+Notlngor+ Y Nimlngi,+Qx¢(1—4). (6.43)

m=0 m=0
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Association of end-functional low-molecular weight molecules R{B1} to the side of a long
polymer chain R{A }. Comb-like block copolymers are formed.

The volume fraction of R{A s} molecules is given by

f
a
‘/’:n;amb"’lm' (6.44)

The free energy change to form a (1,m)-mer from the primary molecules in the reference
state is

A =BT, — 1l —mugy)- (6.45)

The chemical potentials for each type of molecule are

BARLm=1+In¢1m—n(a+bm)v+nyla(l —¢)*+bmg?],
BAwoy =1+Ingo s —nbv+ xnbg?. (6.46a)

Imposing the chemical equilibrium conditions (5.19), we find the distribution function
of the clusters in the form

P1im =Km¢10¢01ms (647)

where K, =exp(m — A,,) is the equilibrium constant.

Let us write ¢19 =x, o1 =y, and define the coefficients b,, by K,,, = (na +npm)by,.
The variables x,y can be expressed by the controlling parameters ¢ and T by solving
the coupled equations

naxGo(y) =¢, (6.48a)
y+npxGi(y)=1-9¢, (6.48b)
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where the functions Gy are defined by

;
Gr() =) mbuy™. (6.49)

m=0

By eliminating x, we find the equation for y in the form

b
y:l—|:l+;f9(y)i|¢, (6.50)

where
O =G1(y)/ fGo(y)=(m)/ f (6.51)

is the fraction of the adsorbed sites.
The chemical potentials are

BAma=14+Ing1o—nav+nax(1—¢)° (6.52a)
BAwp=1+Ingoi—npv+xnpe> (6.52b)

The condition for a low-concentration homogeneous phase with ¢’ to coexist with a high
concentration homogeneous phase with ¢” is given by the coupled equations

Apa@'.T)=Apa@".T), (6.53a)
App(¢',T)=App(@",T). (6.53b)

If one of the phases lies in the microphase separated region, its chemical potential
must be replaced by that of the corresponding ordered state. The chemical potential of
the microphase depends on the ordered structure and its precise form is unknown for
the associating polymers at this moment. Therefore, in what follows we show in the
phase diagrams the binodal lines calculated on the basis of (5.6), together with the MST
boundary and spinodal lines, to examine under what conditions the microphases remain
thermodynamically stable.

The parts of these binodal lines lying inside the microphase separated region should
shift to some extent if the free energy of ordering is correctly taken into account. Their
positions therefore only suggest the possibility of the phase equilibrium near them.
Because

Ka(@)=1—f0()y'/y. (6.54a)
Kkg(@)=—(1—-)y'/y, (6.54b)

the spinodal condition is

1 [1+G/afomly
nag ngy

2% =0. (6.55)
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By differentiating (6.50), and expressing y’ in terms of y, we find

dlny I—y

- -, (6.56)
dlng y+(b/a) foo(y)Am

by which the spinodal condition is described in terms of ¢ and T through y, where

Am=G2(y)/G1(y) = G1(y)/Go(y) = (m)w — (m)n, (6.57)

is the difference between weight- and number average of the adsorbed sites, or
equivalently, the fluctuation in the number of bound molecules.
The spinodal condition can be written as

1 [1+®/a) fON]
na¢  nply+(b/a)fPo(y)Am]

(6.58)

The spinodal condition depends not only on the average degree of association 6(y) but
also their fluctuations Am.

We can find the renormalization A y (¢) of the interaction parameter. Expanding x and
y in powers of the concentration, and substituting the results into (5.40), we find

AX (@) =xo+ X160+ x20*+---, (6.59)

where xo =0 and
1
x1="06p |:1 + Eng@o] s (6.60)

with 6y =0 (yo) =limg—.00 ().

If the association takes place randomly and independently, we can find the equilibrium
constant K,,. As usual, we split the free energy A,, into combinatorial, conformational,
and bonding terms as

1
Am:_E(Ascomb‘FASconf)"'m/gAfO- (6.61)

The combinatorial entropy is given in terms of the number ;C,, of different ways to
attach m molecules onto f available sites on a polymer. If the attaching process occurs
independently, it is

AScomb =k In(rCp). (6.62)

When there is strong attractive interaction between the attached R{B; } molecules along
the chain, they are adsorbed in contiguous sequences. These sequences may induce heli-
cal order on the main chain due to the steric hindrance of adjacent adsorbed molecules.
The combinatorial factor changes to the number of different ways to select the specified
sequences from the finite total length n. Such a correlated adsorption, or cooperative
adsorption, was recently studied in detail in relation to helix formation on polymers
by adsorption of chiral molecules [27, 28] (Section 1.8). Cooperative hydration will be
detailed in Section 6.5.
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The conformational entropy is given by

ASconf (m) = Sgis(na +mnp) — Sais(ma) —mSqis (nB)

RO
:kBln[”bm{”@ D } } (6.63)

a ngge

by using the entropy of disorientation as before.
Putting the results together, we find

Km:“+bmfcm [’\(T)} , (6.64)

a ng

for the equilibrium constant, where A(T) =[o (£ — 1)2 Jetlexp(—BA fo) is the associa-
tion constant. The cluster distribution function takes the form

favim =y Cnxy™. (6.65)
The two unknown variables are defined by

x=fA(T)¢10/na, y=AT)go1/nB. (6.66)

These give the number density of A and B groups on the molecules that remain unasso-
ciated in the solution. They are always accompanied by the association constant A, so
that the concentration can be scaled by this factor. The association constant therefore
works as a temperature shift factor of the concentration.

By counting the number of molecules and clusters moving together, the total number
density is

X
Avs(x,y)=y+?co(y>. (6.67)

The G functions are Go(y) = (1+y)/,G1(y) = fy(1+y)/ 1. The average number (m)
of B-chains associated to an A-chain is calculated by using the distribution vy ,, as

() ={m)/f=y/(0+y). (6.68)

Hence the degree of adsorption (coverage) of A-chain defined by 6 takes Langmuir form
(Langmuir adsorption).
The coupled equations are transformed to

xGo(y)= frg/na, (6.69a)
y+xGi(y)/ f=r(1—¢)/np. (6.69b)
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Elimination of x leads to

A Al —
y+(f ¢)9<y)= 1= 6.70)
np

na

for the equation to be solved for y.
Since the concentrations appear with the association constant as in the right-hand side
of these equations, we introduce the new variables

cA=Afo/na,  ce=r(1—¢)/ns, (6.71)

to describe the concentrations. These variables give the total number density of A and B
groups. Eliminating y, we have the equation

y+caf(y)=cs. (6.72)
Hence we find
(@)= [CB —ca—1+ \/D(¢)] /2, (6.73)
where
D(¢)=1+2(ca+cp)+(ca —cp)? (6.74)

is a function of the concentration. The parameter x is given by
x=y/(1+y). (6.75)

Substituting these results into physical properties, in particular into vS(x,y), we find
them as functions of the temperature and concentration.
The scattering functions of the mixture are calculated in the forms

;
SiA= Y (SRA)LmVim =nad D(nak), (6.762)
m=0
f
o o na(l—¢ —npy/A)E(ngk)
S - S m m=
AB mzzo( ApLm . FEGAR/f)
x{fDmak)—Dmak/f)+Emac)Emak/f)}, (6.76b)

f
Ste=>_ > (S3p)tmvim =np(1—$)D(npx)
[=0,1m=0
na(l—¢—npy/»)*E(npk)>
FOE(nak/f)?
x {fD(nak) — D(nak/ f)le "/ 1 (6.76¢)

+

where D (x) is the Debye function (1.49),and E (x) = (1 —e™*) /x. From the RPA formula
(5.63), we can find phase boundaries of the MST.
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Phase diagrams of side-chain association. The binodal (solid line), the spinodals (borderline of
the gray areas), microphase separation transition line (broken line), critical solution points (white
circles), and Lifshitz points (black circles) are shown. The homogeneous mixture region,
microphase region, and the macroscopically unstable region are indicated by H, M, and U,
respectively. Parameters are fixed at np = 1000, f =200, ng =10, 19 =1.0, and ¥; =1.0. The
concentration ¢g (vertical broken-dotted line) indicates the stoichiometric concentration. (a)

y =4.0, (b) y =6.0. (Reprinted with permission from Ref. [26].)

Figures 6.5(a) and (b) compare the phase diagrams for two different binding energy
parameters y . The solid line shows the binodal, the broken line the MST, and the shaded
areas the unstable regions with the spinodal lines at their boundaries. The area with
horizontal lines indicates a phase with microstructure. In Figure 6.5(b), two segments of
the binodal lines that lie inside the microphase region only indicate their existence near
these positions.

The overall structure of the diagram is similar to that of the A/B blends with added
A-B block copolymers, but it differs in detail near the concentration where the number of
A groups coincides with that of B groups. We call this concentration the stoichiometric
concentration ¢ (vertical broken-dotted line). It is explicitly given by

dse=na/(na+ fnp). (6.77)

Around the stoichiometric concentration, miscibility of the mixture is sufficiently
improved for the usual UCST miscibility dome to split into two gaps, each having a
critical point (white circle). The intersections (black circles) between the MST and the
SP lines are the Lifshitz point. As expected, the miscibility of the blend is improved
with an increase in the association energy.

For a weak binding energy, the microphase region is mostly included inside the
metastable region between the binodal and the spinodal (Figure 6.5(a)). For a stronger
binding energy, however, the two miscibility gaps are completely separated from each
other near the stoichiometric concentration, and a stable microphase appears in between
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Dimensionless wave number g™ along the MST curve as a function of the polymer concentration.
The binding energy y = A€ /kp® is changed from curve to curve. Black circles show the Lifshitz
points where periodic structure starts to appear. (Reprinted with permission from Ref. [26].)

(the dark-shaded area in Figure 6.5(b)). This microphase differs from the conventional
one found in chemical block-copolymers in that it is caused by molecular associa-
tion between repulsively interacting polymers, and hence the entire phase is thermally
controlled.

Figure 6.6 shows the inverse periodicity ¢* as a function of the concentration along
the MST line. The binding energy y is varied from curve to curve. At the stoichiometric
concentration the periodicity of the microphase is smallest (¢* largest). Also, as the
binding energy is increased, the periodicity is reduced. In the limit of the infinite binding
energy y — 00, the periodicity approaches the limiting value. In the region away from the
stoichiometric concentration, the excess unassociated chains swell the periodic structure
formed by the saturated (1, f)-clusters, and modify its periodicity.

Ruokolainen and coworkers [30,31,32,33,34] observed MST in the mixture of poly(4-
vinyl pyridine) (P4VP) and surfactant molecules 3-pentadecyl phenol (PDP). In this
system the hydrogen bonds between the hydroxyl group of PDP and the basic amino
nitrogen in the pyridine group lead to the formation of comb-shaped block copoly-
mers with densely grafted short side chains (called a molecular bottlebrush [33]). They
observed lamellar structures at low temperature. The lamellar period L was found to
decrease in proportion to the reciprocal of x, the fraction of surfactant molecules per
pyridine group in P4VP, and the MST temperature takes a minimum value (easiest MST)
near the stoichiometric concentration x = 1. The structures of possible mesophases
inside MS region were recently studied by Angerman and ten Brinke [35] by con-
structing RPA free energy of nonuniform systems. Structure and material properties of
supramolecular hydrogen-bonded polymers and their applications are reviewed by ten
Brinke et al. [36].



6.4

Fig. 6.7

6.4 Hydration in aqueous polymer solutions 197

Hydration in aqueous polymer solutions and closed-loop
miscibility gaps

For the study of aqueous polymer solutions in which water molecules are hydrogen-
bonded onto polymer chains [29], we regard the water molecule as monofunctional
molecules R{B;} and fix ng =1 in the model system studied above. The number of
repeat units of the polymers is np =n. PEO chains are known to take loose 11, heli-
cal conformation (with 1.8 nm period) on thermal average at room temperature. Water
molecules are hydrogen-bonded into the pockets of the PEO helical turns, one by one with
H-bonds through their two protons [37]. Each helical turn is assumed to serve a hydrogen
bonding site, so that f is proportional to n. In this section, the solvent molecules are
assumed to be randomly and independently hydrogen-bonded onto the polymer chains
(see Figure 6.7). The more interesting case of cooperative hydration will be studied in
the next section.
Since bf /a =1, the spinodal condition becomes

Ly OO, 679)
ng  y+¢o(y)Am

Figure 6.8 (a)—(c) shows the possible phase diagrams. In Figure 6.8 (a), we fix the
parameters as Ao =0.002, and y =3.5 (from the measured strength of the hydrogen bond
in a solution) as a typical example. The number 7 is varied from curve to curve. The
functionality f (number of attaching sites on a polymer chain) is assumed to be equal to
n because each monomer carries one hydrogen-bonding oxygen. For such a small value

&

(e}

Hydration of water-soluble polymers. Water molecules are hydrogen-bonded onto a polymer
chain. Polymers partially wear clothes that are the same as the surrounding solvent environment.
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Fig. 6.8 Phase diagram of the hydrated polymer solutions. The number n of repeat units is varied from
curve to curve. Binodals (solid lines) and spinodals (broken lines) are drawn. The critical
solution points are indicated by the open circles. (a) 1o =0.002, (b) 1o =0.003, (c) 1o =0.005.
(Reprinted with permission from Ref. [29].)
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Fig. 6.9 (a) Hypercritical point where a miscibility loop shrinks to a point (n =37). (b) Double critical

point where the LCST of the miscibility loop merges with the UCST of the miscibility dome
(n=1670). 19 =0.002,y =3.5.

of Mg, there are two miscibility gaps for low molecular-weight polymers: one ordinary
miscibility dome and one closed miscibility loop above the dome (see n = 10> curve).

The miscibility loop [38—42] has one upper critical solution temperature (UCST)
at its top and one lower critical solution temperature (LCST) at its bottom. The
miscibility dome has an ordinary UCST. As the molecular weight is increased, the
LCST of the loop and the UCST of the dome come closer. Figure 6.9(b) shows how
the miscibility loop and dome merge. At a certain value of n (1670 for the parameters
given in this figure) the LCST and UCST merge into a higher-order critical point, which
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Phase diagram of aqueous solutions of poly(ethylene oxide) showing the closed-loop miscibility
gap. Theoretical curves (solid lines) are fitted to the experimental data of the cloud points
(symbols) measured by Saeki et al. [45,46]. The number-average molecular weight in the
experiment covers the range 2.17 x 103-1.02 x 10°. (Reprinted with permission from Ref. [29].)

is called the double critical point [43] (DCP). For a molecular weight higher than this
critical value, the two gaps merge into a single hourglass shape.

However, the miscibility loop shrinks with a decrease in the molecular weight, and
eventually vanishes at a certain critical molecular weight (n =37 for the Figure 6.9(a)).
This vanishing loop is called the hypercritical point (HCP).

For a slightly higher value of Ao as in Figure 6.8(b), however, it was found that the
two miscibility gaps remain separated for any high molecular weight [29]. Under such
conditions, there are three theta temperatures to which each critical point approaches in
the limit of infinite molecular weight. In particular, the second is the critical point of the
LCST phase separation. It approaches the inverted theta temperature in the limit of
high molecular weight (about 100°C for PEO, see Figure 6.10 below.)

For a still larger value of Ao (Figure 6.9(c)), the closed loop does not appear; there is
an ordinary miscibility dome only. Since the parameter Aq is small if the entropy loss
during the bond formation is large, there must be a strong orientational or configurational
constraint in the local geometry for the appearance of an hourglass.

Figure 6.10 compares the theoretical calculation with the observed phase diagram [44—
46]of polyethylene oxide (PEO) in water. The miscibility loop expands with an increase in
the molecular weight. The UCST phase separation expected at low temperatures cannot
be observed due to crystallization of the PEO. The solid curves show the calculated
binodals. The number n of the statistical units on a chain is varied from curve to curve.
Parameters used for fitting are: ¥ = 1,0 =730 K,y =6, and 1o = 1.66 x 107, Fitting is
made mainly by adjusting the unkown parameter Ao. The agreement is very good. The
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(a) Shultz plot of PEO. UCST (dotted lines) and LCST (solid lines) of homopolymer PEO
solutions as functions of n~!. (b) Phase diagrams of PEO solutions on an ordinary
temperature—concentration plane. The DP of the polymer is changed from curve to curve.
(Reprinted with permission from Ref. [55].)

calculation of PEO/water phase diagrams was later examined by taking into account the
hydrogen-bond networks in water [47]. The effect of pressure on the miscibility loop
was studied to derive temperature—pressure phase diagrams [48].

Figure 6.11 (a) presents the theoretical plots of the LCST and UCST of homopolymer
PEO solutions as functions of the reciprocal DP. This is an example of a Shultz plot
applied to an associating polymer solution. Figure 6.11(b) displays the corresponding
phase diagrams on the conventional temperature—concentration plane. DPC is the double
critical point where the LCST and UCST merge into a single critical point. The HCP
(hyper critical point) is where the phase separation region of the loop shape shrinks into
one point. For PEO, the DCP occurs at n = 1800, while the HCP takes place atn =42. The
disappearance of the loop (HCP) was observed experimentally by Saeki et al. [45, 46]
as in Figure 6.10.

Cooperative hydration in solutions of temperature-responsive polymers

In contrast to PEO, other water-soluble polymers, such as poly(N-isopropylacrylamide)
(PNIPAM), show very flat LCST, whose cloud-point lines and spinodal lines are hori-
zontal up to 20 wt% of polymer concentration and almost independent of the molecular
weight [49-54]. The phase separation region takes a shape like the bottom part of a
square, so that in what follows we refer to it as the miscibility square. Obviously, the
miscibility square cannot be explained by random adsorption of water molecules. But,
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if we introduce positive correlation between the neighboring hydrogen bonds along the
polymer chain, i.e., if adsorption of a water molecule onto the sites adjacent to the already
adsorbed ones is preferential, phase separation may take place in a narrow temperature
region.

For PNIPAM, it is in fact the case because the hydrogen-bonding site (amide group) is
blocked by a large hydrophobic group (isopropyl group). The random coil parts sharply
turn into collapsed globules on approaching the phase separation temperature [50], so
that hydrogen-bonding is easier at the boundary between an adsorbed water sequence
and a collapsed coil part. Such steric hindrance by hydrophobic isopropyl side groups
is the main origin of the strong cooperativity between neighboring water molecules.
This section shows that the formation of sequential hydrogen bonds along the polymer
chain, or cooperative hydration, in fact leads to miscibility square behavior of aqueous
polymer solutions [55].

To describe adsorption of water, let j= {1, j», ...} be the index specifying the polymer
chain carrying the number j; of sequences that consist of a run of H-bonded ¢ consecutive
water molecules, and let N (j) be the number of such polymer—water complexes whose
type is specified by j (Figures 6.7 and 6.12).

The total number of water molecules on a chain specified by j is given by } ¢ j;, and
the DP of a complex is given by n(j) =n[1+06(j)], where

0G) =Y Cic/n (6.79)

is the fraction of the bound water molecules counted relative to the DP of a polymer.
By the association equilibrium condition, we find

V() =K (§ay™ P, (6.80)

Sequential hydrogen bonds formed along the polymer chain due to cooperative hydration. The
type of polymer—water associated complex is specified by the index j= (ji, j2,...), where j is
the number of sequences that consist of a run of hydrogen-bonded ¢ consecutive water
molecules (pearl-necklace conformation).
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where x = ¢ (jo), y = ¢pw for the number density of the hydrated chains specified by j,
and K (j) is the equilibrium constant. The total polymer volume fraction ¢ is given by

¢=xGo(y). (6.81)
The total volume fraction of water is given by
l—p=y+xG1(y). (6.82)
Here the new functions G;(y) are defined by

Gom =Y K@Y, Gi»m=) 0K Gy (6.83)

J J

The coupled equations (6.81) and (6.82) should be solved for x and y to find the cluster
distribution function in terms of the polymer volume fraction and the temperature.
Upon eliminating x, the second equation is transformed to

l—¢p=y+¢0(y), (6.84)
to be solved for y, where the function 6 is defined by

() =G1(y)/Go(y)=0InGo(y)/ndlny, (6.85)

which is thermal average of the degree of hydration (6.79).
The total number v of free water molecules and associated complex is given by

VW=y+¢/n. (6.86)
By the reaction equiliblium conditions, we find
F = Fru + Fas, (6.87)
where .y is the usual Flory-Huggins mixing free energy (2.100), and

y
1-¢

is the additional free energy due to hydrogen bonding association. This part can be written
in the form

9As(¢,T)=§ln<%>+(l—¢)ln< >+1—¢—y (6.88)

Tas(@.T)= —%ﬁ InGo(y)+ (1 —=¢)In[1—-¢0(y)/(1=$)1+¢0(y), (6.89)

by the substitution of the relations (6.81) and (6.82).
The osmotic pressure 7 can be found by the thermodynamic relation 7a> = — Ay,
and is given by

Brad=—1—In[1—¢—po(N]+[1—¢—dp0(y)+¢/n]— x¢°. (6.90)
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By expanding the function 8(y) in powers of the concentration as (y) =6y +61¢+-- -,
we find the second virial coefficient in the form

1
A2=§(1+90)2—X, (6.91)

where 0 is the value of 6(y) in the limit of infinite dilution.
The spinodal condition is found to be

k@
o ) (6.92)
where 5
_ [+ I~(1—¢)
k(p)= Y1600 A (6.93)

gives the effect of hydration.

For random hydration, K (j) should be replaced by K,;, = (1+m/n), C,,A"*. All results
reduce to random hydration, as studied in the previous section.

For cooperative hydration, the equilibrium constant is most generally written as

K@=w®]n* (6.94)
¢=1
as in Section 1.9, where
w()=0—Y i) /Tl ln=Y ¢ +1)j]! (6.95)

is the number of different ways to select sequences specified by j from a chain, and n,
is the statistical weight for a single water sequence of length ¢ formed on the chain.

Because summing up all possible types j in the above functions is mathematically
difficult, we replace the sum by the contribution from the most probable type j* (one-
mode approximation). The necessary functions are then given by

Go =w(*) [JeyH, (6.96)
=1

and G1(y) =0(j*)Go(y) and 6(y) =6(j*). The function 6 reduces to the coverage 6 of
the bound water in the type j*.

The most probable type j, or sequence distribution, can be found by minimizing the
free energy .#as by changing j, i.e., by the condition 8.%5/9 jr =0. We find that it is
given by

Je/n=(1-0)ncq’, (6.97)

where ¢ is defined by the equation

g=1—-¢—0¢)z. (6.98)
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The parameter z is defined by z=1—v/(1 —0) as in Section 1.8.
Substituting this distribution function (6.97) into the definitions of # and v, we find

0(q)=1[1-0(q)]z(qg)V1(q), (6.99)
and
v(g) =[1-0(q)]z(q) Vo(q), (6.100)
and hence
2(g)=1/[1+ Vo(q)]. (6.101)

Here the new functions V are defined by

Vo@) =Y neqt. Vil =Y ¢nedt. (6.102a)
Now, 6 and z must be regarded as functions of g, so that (6.98) is an equation for the

unknown variable g to be solved in terms of the concentration ¢.
The « function in the spinodal condition (6.92) now takes the form

A1 —@)(146)2

)=, 6.103
K@D = 0 -6)0 (6.103)
where
0(q)=0(q) —[1-0()1Lw(q), (6.104)
and
tw(@) =Vi(@)/Vo(q), (6.105)

is the weight average sequence length of the bound water.
In order to carry out complete calculations, we employ the simplest form of Zimm
and Bragg [56,57]

ne=or(T)", (6.106)

where o is the cooperativity parameter.

Figure 6.13(a) draws the spinodal curves for different cooperative parameters o with
other parameters fixed. The bottom part of the miscibility square becomes flatter with
decreasing o. In the calculation, the usual miscibility domes with UCST appear at low
temperatures, but these are not observable in the experiments because the water freezes.
For polymer concentrations higher than ¢ =0.5, our theoretical description becomes poor
because of the depletion of water molecules; the number of water molecules becomes
insufficient to cover the polymers.

Figure 6.13(b) shows the dehydration curves. The coverage 6 of a polymer chain by
H-bonded water molecules is plotted against the temperature. The cooperative parameter
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(a) Spinodal lines drawn on the (reduced) temperature and concentration plane for different
cooperative parameters o. Other parameters are fixed at n =100, ¥ = 1.0, Ay =0.002, and

y =3.5. The bottom part of the miscibility square becomes flatter with an increase in the
cooperativity (miscibilty square). (b) The coverage 6 of a polymer chain by hydrogen-bonded
water molecules plotted against the temperature. The cooperative parameter o is changed from
curve to curve. (Reprinted with permission from Ref. [55].)

o is changed from curve to curve. Dehydration of bound water takes place near the phase
separation temperature, and becomes sharper with an increase in the cooperativity.

From the curve 6 of the bound water as a function of the temperature, we can find the
enthalpy AH of dehydration. If a fraction —A# is dehydrated by a small temperature
rise AT, the absorption of heat is given by

AH=|e+8e|pAO/M. (6.107)
It shows a peak at the temperature where 6 changes most sharply, i.e., at the phase
separation temperature. The polymer chains collapse into compact globules as soon as
the bound water is dissociated.

Figure 6.14 plots the critical points (UCST and LCST of the miscibility loop, and
UCST of the miscibility dome) against the polymer molecular weight (Shultz plot). For
random hydration (o = 1.0), miscibility loop shrinks to a point at about n =40 at the
hyper critical point (HCP). Also, at a high molecular weight of about n = 1800, the loop
merges with the miscibility dome at low temperatures, and turns into an hourglass. For
cooperative hydration with o =0.3, however, the DCP does not appear. The HCP shifts
to a smaller n, and has the shape of an angular square. From this plot, it is evident that
cooperative hydration leads to a flat LCST with almost no molecular-weight dependence.

Figure 6.15(a) compares theoretical calculations with experimental data [52] on the
spinodal points, and Figure 6.15(b) shows the fraction 6 of the bound water molecules
plotted as functions of the temperature for three different polymer concentrations. In the
experiments, the upper part of the miscibility square cannot be observed because the
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Molecular-weight dependence of the LCST and UCST (Shultz plot). The critical temperatures
are plotted against the reciprocal of DP. The hyper critical point (HCP) and double critical point
(DCP) are indicated by arrows. (Reprinted with permission from Ref. [55].)
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(a) Experimental data (o) of the spinodal curve in an aqueous PNIPAM solution is compared
with theoretical calculations. The DP of the polymer is n = 100 (solid line) and n = 1000 (broken
line). The theoretical parameters used are ® =555 and Ay =0.002 for n =100, and ® =565 and
Ag=0.003 for n =1000. Other parameters are fixed at y =3.5,0 =0.3. (b) Content 6 of the
bound water plotted against temperature for three polymer volume fractions ¢ = 0.1 (solid line),
¢ =0.2 (dotted line), and ¢ = 0.3 (broken line) for n =100. (Reprinted with permission from
Ref. [55].)

temperature is too high. Also, UCST phase separation seen in the theoretical calculation
is not observable because of the freezing of water. The molecular weight of the polymer
used in the experiment is M, = 615500, so that the nominal number of monomers is
roughly given by n =5,400. Since the statistical unit used in the lattice theory must be
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Second virial coefficient A, plotted against temperature. The cooperative parameter o is varied
from curve to curve. (Reprinted with permission from Ref. [55].)

regarded as a group of monomers, fitting is tried for n = 100 and 1000. (Theoretical
calculation does not depend so much upon the number r if it is larger than 500.)

Figure 6.16 plots the second virial coefficient A, as a function of the temperature.
The cooperative parameter o is varied from curve to curve. There are in principle
three theta temperatures where A (6.91) vanishes. The one lying in the middle tem-
perature is the relevant theta temperature (inverted theta temperature) to which the
observed LCST approaches for infinite molecular weight. With an increase in coop-
erativity, the dehydration becomes sharper, so that the (negative) slope of A, becomes
larger.

An attempt to derive the phase diagram of the PNIPAM solution by using the effective
interaction parameter x.f (7 ,¢) was made by Baulin and Halperin [58,59]. They used,
however, the empirical power expansion formula of Afroze et al. [51] with many phe-
nomenological numerical coefficients, whose molecular origin is unknown. Although
the above renormalization formula (5.40) due to hydrogen-bonding depends implicitly
upon the concentration, it can be expanded in power series in dilute regime, and directly
compared with the experimental measurements on the second virial coefficient of the
osmotic pressure.

Hydrogen-bonded liquid-crystalline supramolecules

Some rigid molecules are known to undergo liquid crystallization when H-bonded
with each other. A typical example is a binary mixture of low-mass molecules R{A}
and R{Bg}, each carrying at least one rigid part A or B capable of pairwisely form-
ing mesogenic core when associated. Dimer, trimer, main-chain type, side-chain type,
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Hydrogen-bonding liquid crystal by dimerization. The rigid heads become sufficiently long to be
the mesogenic core when hydrogen-bonded.

combined type, and network type are known [13, 60] (Figure 6.17). These are called
hydrogen-bonded liquid crystals (H-bonded LC).

For example, aromatic acid derivatives with alkoxy or alkyl terminal groups form
dimers by H-bond between their carboxylic acid groups, and show mesomorphism [61—
64]. The most remarkable case is that the non-mesogenic molecules form compounds
with mesogenic cores when H-bonded (Figure 6.18). In such a combination of molecules,
isotropic materials undergo liquid crystallization by mixing.

To describe liquid crystallization by association, we introduce the orientational free
energy in addition to the free energy of reaction and mixing [65]. Let us assume that
the R{ Ay} molecule (DP n’,) carries f linear rigid associative groups A of length n7;,
and R{B,} molecule (DP ny) carries g rigid groups B of length nj. The total DPs are
na=nl + fn} and ng =ng+gng.
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We start with the total free energy
AF =Area F 4+ Anix F+ Ao F, (6.108)

consisting of the reaction, mixing, and orientational parts [65].

For the orientational free energy, we employ the conventional molecular field theory
of Maier and Saupe [66], or its extension by McMillan [67], which includes both ori-
entational ordering of the mesogenic cores and translational ordering of their centers of
mass. It is given by

BAoi F = {(—an)—l—%;(nz—f-aaz)vM} Ny, (6.109)

where Ny is the total number of mesogenic cores formed in the system, and vy = Ny / Q2
is their number density.

In contrast to conventional liquid crystals, Ny changes depending on the temperature
and composition, and should be decided by the equilibrium condition. The symbol 7
expresses the nematic order parameter defined by

1= (P2(cosb)), (6.110)

and similarly

o =(Px(cosO)cos(2mz/d)) (6.111)

is the smectic order parameter.' The coupling constant ¢ is the nematic interaction
parameter (Maier—Saupe’s nematic interaction parameter), and o is McMillan’s smectic
interaction parameter.

The averages (---) refer to the statistical weight for orientation of each mesogenic
core, whose partition function Z is defined by

d 1
Z(n,o)zé/{) dz[) dcosBexp{¢[n+aocosrz/d)] Pa(cos@)vm),  (6.112)

where d is the distance between the neighboring planes in the smectic A structure on
which the centers of mass of mesogenic cores are located (layer thickness). The symbol 8
shows the angle of the longitudinal axis of each mesogenic core measured from the
preferential orientational axis.

By using this statistical weight, the definitions (6.110) and (6.111) become self-
consistent coupled equations to find these order parameters. We solve the equations
with equilibrium conditions for vy, and then by substitution find the chemical potential
of each component as functions of the temperature and composition [65].

1 The function P, (x) = (3x2— 1)/2 is the Legendre polynomial of degree 2, as in (1.39).
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(a) Number vy of mesogenic cores (dotted line, right axis), nematic order parameter » (solid
line, left axis), and smectic order parameter o (broken line, left axis) plotted against temperature
at three compositions (top: ¢ =0.3, middle: ¢ = 0.4, bottom: ¢ =0.5) in the dimer model
(np=ng=10, n:’;‘ = nE =1). The smectic interaction parameter is fixed at « =0.5. (b) Phase
diagram of the athermal mixture corresponding to (a). The thin solid line is the I/N transition
line, the thick solid line is the N/S transition line, and the dotted line is the binodal due to the I/N
transition. The hatched area is the metastable region, and the gray area with U is the unstable
region. The filled circle represents a critical end point.

Figure 6.19 shows an example phase diagram for the athermal solvent x =0, together
with the nematic and smectic order parameters, and the number of mesogenic cores vy
as functions of the temperature for different composition.

Figure 6.20 shows the phase diagram for an athermal symmetric mixture with na =
ng =10, and n; =nf; =1 (small rigid head groups carrying short aliphatic flexible tails).
The temperature is measured by the ratio = 7' /Ty in the unit of the nematic/isotropic
transition temperature 7nj.

We have assumed that Flory’s x -parameter takes the form (2.106) x =C + C»/t with
constants C1 and C; specified by the combination of molecular species. They are fixed
at C;1 =—0.5 and C, =0.05 in this figure. The association constant is assumed to take
the form A(T) =Agexp(C/t), where C =|A€|/kp Ty is the dimensionless energy of the
hydrogen bond. We have fixed Ag at 30.0 and C =0.3.

The inset magnifies the important part of the figure. The thin solid line is the I/N
transition line, and the thick solid line the N/S,, transition line. The letters I, N, and



Fig. 6.20

6.6 Hydrogen-bonded liquid-crystalline supramolecules 211

0.045

T 0.052

=

0.044 ! M = ng =10

0.043

~

0.042

0.041 | simmmm oo m e -

0.040
00 01 02 03 o024 o5 003

CONCENTRATION ¢

0.032 =t
0.0 0.2 0.4 0.6

CONCENTRATION ¢

Phase diagram of dimer-forming hydrogen-bonded liquid crystal. The thin solid line is the I/N
transition line, the thick solid line is the N/Sy, transition line, and the dotted line is the binodal.
The hatched area is the metastable region. The dark gray area with U is the unstable region due to
entropy difference between two different species of N structures. The light gray area with U’ is
the unstable region due to mixing two different species of molecules. The open circle represents
the critical solution point. Parameters are fixed at np =npg = 10, n} =ng =1, 19 =30.0,
C=0.3,C;=-0.5, Cr,=0.05, and @ =0.5. (Reprinted with permission from Ref. [65].)

Sm represent the state whose free energy is lowest in the area. The dotted lines limiting
the hatched metastable region are binodals. The dark gray area indicated by U is the
unstable region hidden inside the coexistent region, whereas the light gray area with
U’ is the conventional unstable region due to demixing. Open circles represent critical
solution points.

An unstable region hidden in a two-phase coexistence region due to its first-order
nature is well known in metallurgy as a metastable phase boundary [68]. Recently the
existence of the spinodal curve hidden in a metastable region has been the focus of a
study on the crystallization of polymers [69]. These hidden unstable regions usually
accompany the first-order phase transitions, and lie in the region where the liquid state
has the lowest free energy.

At high temperatures, the coexistence regions are caused by first-order I/N phase tran-
sition, and the two different species of molecules appear by demixing. Depending upon
the composition, the mixture separates either into two I phases by the effect of mixing
enthalpy, or into I phase and N phase by the I/N transition. At intermediate temperatures,
the two coexistence regions merge, but the U and U’ regions remain separated.

At lower temperatures, the two unstable regions U and U’ also merge, so that the
mixture separates directly into stable I and N phases, or into stable I and S;, phase by
the cooperative driving force. If we divide the phase diagram into two at the middle
and consider the left half, it is similar to the theoretical phase diagram of a lyotropic
liquid crystal first derived by Flory [70], and later confirmed by an experiment by Miller
et al. [71]. The narrow I/N coexisting region extending from the macroscopic phase
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separation region is called the miscibility chimney. In lyotropic liquid crystals, the
chimney goes straight up to high temperatures, but H-bonded LCs show that there is a
limiting temperature (the top of the N phase) to which the chimney approaches, because
the number of mesogenic cores decreases with increasing temperature.

Polymeric micellization

We next study the micellization of self-assembling solute molecules R{A¢} in an inert
solvent. Amphiphilic low-molecular weight molecules, polymers carrying hydrophobic
groups, etc., are typical examples.

In the equilibrium state we have solvent (0, 1) and /-mers (/,0), where / =1,2,3.... To
simplify the symbols, we contract the double suffices into single ones, and write / for an
[-mer, O for a solvent. Our starting free energy is

BAF = N/ng/+Nolngo+xp(1—)Q+ > AN +8@NC,  (6.113)
=1 I>1

where ¢g=1— ¢ is the volume fraction of the solvent, and N G the number of R{Ar}
molecules in the macroscopic cluster if it exists. In general, such a macroscopic cluster
may have any structure; it can be a three-dimensional branched network, a worm-like
micelle, an infinitely long string, etc. In what follows, we call the association that leads to
such connected macroscopic aggregates open association. In contrast, we call it closed
association if the association is limited to a finite size.

By differentiation, we find for the chemical potentials

BAw/n=+A+Ing)/n—1S+xI1(1—p)> +18' (@S (1 —¢),  (6.114a)
BAmo=1+In(1—¢) —vS+ x¢* — 8 (p)v°¢, (6.114b)

where

VS=1-¢+> v (6.115)

I>1
is the total degree of freedom for translational motion. The chemical equilibrium
condition leads to the volume fraction of the clusters in the form

¢ =K', (6.116)

where x = ¢ is the volume fraction of the molecules that remain unassociated. It serves
as an activity of the solute molecules. The equilibrium constant is given by

K =exp(l—1—A)). (6.117)

We then have the total amount of materials in the sol

PSxy=1-¢+) Kix', (6.118)

=1
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and the total degree of translational freedom

o0
vS(x,y)=1—¢+Zb1xl, (6.119)
=1

where by = K;/I.
To study the convergence of the infinite sum

o0
Gi(x)=Y_ Kix', (6.120)
=1

let us define the binding free energy §; = A; /[ required to connect a single molecule in
a free state to a cluster of the size [. Application of the Cauchy—Hadamard theorem [72]
gives the convergence radius x* of the power series in the form

1/x* =Tim (K))/! =e' 7%=, (6.121)
[—00

where the lower upper bound of the limit is indicated by the bar. The quatity §o =
lim;_, 5 &; is defined by the limiting value of §; as [ — co. Within the radius of conver-
gence, the normalization condition G(x) = ¢ gives a one-to-one relationship between
¢ and x.

The difference in spatial structures to be formed can be seen from the behavior of §;.
Figure 6.21(a) schematically shows the exponent §; + 1/I — 1 of the equilibrium constant
K fl/ !"as a function of /. This function may either take a minimum at a certain finite

ot 111 A micellization
¢ .
type | gelation
type | /
% *
/=1 / L S - : singular point
type |l
________________________ type I, 11l
_/ 0 | >
type lll 0* o,
(a) (b)

(a) Binding free energy per molecule as a function of the aggregation number. (b) Total volume
fraction as functions of the unimer concentration. Type I leads to micellization with finite
aggregation number. Type II and III lead to macroscopic aggregates, such as infinitely long
cylindrical micelles or three-dimensional networks. In the latter, the volume fraction ¢ of
unassociated molecules in the solution as a function of the total volume fraction ¢ of the
molecules shows a singularity at the point where the weight-average molecular weight of
aggregates becomes infinite.
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[ (curves I and III) or decrease monotonically to a finite value §oo — 1 (curve II). The
former leads to closed association, while the latter open association. In either case, we
find the [* at which the curve shows a minimum using the condition

o _1 6.122
5 =Y (6.122)

If we plot the total concentration ¢ as a function of the activity x, we can easily see
the difference between open association and closed association (Figure 6.21(b)). For
closed association, there is a convergence radius x* to which the curve continuously
approaches and asymptotically diverges. For open association the curve reaches a finite
value at x* and goes to infinity above x*, and hence there is a singularity appearing x*;
the derivative of the curve shows discontinuity at x*. Open association thus leads to a
discontinuity of the thermodynamic quantities when the activity x is differentiated with
respect to the concentration.

In contrast, closed association may lead to a sharp change in the number of micelles,
but the transition is continuous as far as the size of micelles remains finite. There is no
thermodynamic singularity because the number of molecules involved in the clusters
remains finite.

Critical micelle concentration (CMC)

We can find the activity x as a function of the concentration ¢ by the inversion of the
infinite series (6.120). The cluster size [ for which the volume fraction ¢; reaches a
maximum under a fixed value of the activity is given by

dA;/ol=1+Inx. (6.123)

Substituting the solution /* of (6.122) into this condition, we find the activity.

In the case where [* is finite, the total concentration corresponding to x is called the
critical micelle concentration (CMC), since the volume fraction xeme = (Kj+) ™Y/ of
the clusters with aggregation number [* takes a finite fraction at this value of the total
volume fraction [73].

The sharpness in their appearance is controlled by the curvature of the function §; +
1/1—1 around /*.

In the case where [* is infinite, however, a macroscopic cluster appears as soon as x
exceeds the critical value x* =exp(§* — 1). The macroscopic clusters can be branched
networks (gels) [74, 75], infinitely long polymers [17], or worm-like micelles [76—
83], etc. We call the former case gelation and the latter case polymerization (including
worm-like micellization). The total concentration ¢* obtained from x* gives the concen-
tration at which this transition takes place. It depends on the temperature through .
For ¢ above ¢*, the sum in (6.118) cannot reach ¢. The remaining fraction ¢ — ) _ ¢y
belongs to the macroscopic clusters.
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(a) (b) (c)

Micellization of end-associative polymer chains: (a) linear association, (b) two-dimensional
discotic association, (c) three-dimensional spherical association

Structure of aggregates and their distribution function
Let us see some simple examples. When molecules form a linear array as in Figure
6.22(a), the internal free energy of an aggregate is

wj=—01—1aksT, (6.124)
where akpT is the free energy of a bond. We have
Si+1/l—1=—(4a)+a/l”+1/I, (6.125)

with p=1.

For two-dimensional disk-like aggregates, as in Figure 6.22(b), we have the same
equation with p = 1/2, because the aggregation number [/ is proportional to the area
7 R?, and there are no bonds from outside along the edge. Similarly, we have p=1/3
for the three-dimensional aggregates in Figure 6.22(c).

All these examples give monotonically decreasing curves of type II. Hence (¢1)cme =
exp[— (1 +«a)] for the critical micelle concentration. Above the CMC, the unimer con-
centration is nearly fixed at this value. The volume fraction of aggregates with specified
number is given by ¢; ~exp [—(1 + all_”)], or

e (p=1
d~] e <1 (p=1/2) }. (6.126)
e <1 (p=1/3)

We therefore expect a widely polydisperse distribution for linear aggregates because ¢;
is almost constant. For two- and three-dimensional aggregates, the distribution function
decays quickly with the aggregation number, and the sum (6.120) gives a finite number.
Since the total concentration easily exceeds this finite number, aggregates of infinite size
often appear.

Let us next consider types I and III where stable micelles of finite size are formed (see
Figure 6.23). We expand the binding free energy around [* as

1—81—%§a—b(l—l*)2+~-, (6.127)
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Distribution function of the micellar aggregation number. Those corresponding to the minimum
of the free energy give the largest population. The width of the distribution function is related to
the curvature of the free energy at its minimum.

where a, b are positive constants. Since the volume fraction of /-mers is given by
dr =MD (g, (6.128)
CMC is decided from the condition

(@Deme=e"“. (6.129)

Hence we have ,
B = e hAD” (6.130)

near / =[*. The distribution function of the micelles becomes Gaussian with mean value
I* and variance 1/+/21*b.

It is well known that the geometrical form of the micelles varies with the type of
surfactants and the concentration of the solutions (micellar shape transition) [84]. The
spontaneous curvature is the fundamental factor to decide the micellar shape. For high
spontaneous curvature the micelle takes a spherical shape. For intermediate spontaneous
curvature, the micelle takes the shape of a cylinder terminated by two hemispheres.
The cylinder can be very long, reaching several micrometers. In some situations, such
worm-like giant cylindrical micelles are formed by tuning the value of the spontaneous
curvature.

Typical examples of giant worm-like micelles are cationic surfactants cetylpyridinium
bromide (CPyB) or cetylpyridinium cloride (CPyC) [76-79] with added NaBr, NaCl,
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cetyltrimethylammonium bromide (CTAB) [85, 80, 81], or cetyltrimethylammonium
cloride (CTAC) [86] mixed with ionic aromatic compounds such as sodium salicylate
(NaSal), phthalimide potassium salt (PhIK). In the latter systems, one-to-one complexes
of CTAB (or CTAC) and NaSal form long cylindrical micelles of uniform diameter of
about 5-10 nm [85, 86]. Even at surfactant concentrations ¢ as low as 10~ 2mol L,
the threadlike micelles grow long and are mutually entangled, so that the solutions
show characteristic viscoelastic properties. The equilibrium distribution function of the
cylinder length may be evaluated by the consideration of the formation free energy §;.

Polymeric micellization

Let us apply the above model to the micellization of amphiphilic diblock copolymers
A-block-B. Let us assume that the A-block is hydrophilic and the B-block is hydrophobic.
We split the free energy of association into two parts as usual

Ap= AP+ A (6.131)

The binding free energy is given by A}"’“d =BI—1DA fo (A fy <0), while the conforma-
tional free energy is given by Alc"“f ={Suis(1) —Sgis(1)}/kp. The equilibrium constant
then takes the form

AT\ !
K =1y (T) , (6.132)

where
MD) =[o @ =D/ [ePAh (6.133)

is the association constant, and A fj is the free energy gain when a hydrophobic block
is absorbed in the micellar core, which depends upon the length of the B-block and the
interaction parameter yps between the B-block and solvent.

Also, since the micelle is of finite size, there is interfacial free energy at the contact
surface between the core of a micelle and solvent. Such an interfacial free energy in
A}"’“d may take the form of /%/3, which is included in the coefficient y; in the equilibrium
constant. The volume fraction of the polymers is then given by

%(b:ZlVIXIZGl(x)EXﬁ(X), (6.134)

>1

while the number density of micelles is

AV = Zy,xl =Go(x)=xU(x), (6.135)
>1
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where x = A¢/n is the number density of unassociated polymers in the solution. The
new functions are defined by

i)=Y Iyx'", (6.136)

=1

0(x)EZlel_1=%/0xﬁ(x)dx. (6.137)

=1

Solving (6.134) for x, and substituting the result into (6.135), we can find v as a function
of the volume fraction.
The chemical potentials are

BAwi/n=1+Inx)/n—vS+x(1—¢)%, (6.138a)
BAwo=1+In(1—¢)—S + x> (6.138b)

The total number of clusters and molecules that possess a translational degree of
freedom is

vi=1—¢+v. (6.139)

We can find the osmotic pressure v from the chemical potential of the solvent A . The
number average aggregation number of micelles is given by

(=10 (x)/U (x). (6.140)

The weight average is
(I =1+xi'(x)/it(x). (6.141)

In particular, we have y; =1 for one-dimensional association because we can neglect
the surface free energy. The function i (x) becomes u(x) =1/(1 —x)2, and hence we can
express x explicitly in terms of the polymer number density ¢ =A¢/n as

|
x=2—{1+2c—«/1+4 } (6.142)
C

The CMC is estimated by the condition ¢ 2 1, or equivalently
Apeme/n = 1. (6.143)

At high concentrations where ¢ 3> 1, we have approximately x >~ 1 —1/.4/c. The micellar
distribution takes the form

apr/n=1(1-1//c). (6.144)

Hence, the aggregation number at which the volume fraction of micelles becomes largest
is given by

Z*Z\/Ez\/d’/(pcmc» (6.145)
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and the average aggregation number is
(Hin=+144c. (6.146)

We can see that it is 1 for ¢ << ¢eme, and 24/@/Peme for ¢ >> peme. The aggregation
number increases with concentration in proportion to its square root.
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7.1

Thermoreversible gelation

This chapter presents several models of common gelling associating mixtures. They are con-
structed by combining the classical tree statistics of the branching reaction (Section 3.2) with the
Flory—Huggins lattice theory of polymer solution (Section 2.3). They serve as the ideal models
of thermoreversible gels and enable us to study the nature of gelation which interferes with phase
separation. As application of the model, physical gels with multiple junctions are studied.

Models of thermoreversible gelation

Consider the self-assembling of polymer chain R{Af} (n4 =n) carrying a total of f
associative groups A in an inert solvent B (ng = 1). We assume pairwise cross-linking
of the associative groups leading to gels with one-component networks [1,2,3].

Let us start from the free energy (6.113)

BAF=Y"Nilng/+Nolngo+x(T)$(1-$)Q+Y AN +3@NC.  (1.1)
=1 1>1

In the last term, N is the number of polymer chains that belong to the network. It
becomes a macroscopic variable after the gel pointis passed. This additional term appears
only in the postgel regime. The free energy 6(¢) for a chain to be bound to the network
depends on the concentration ¢. It is negative, and its absolute value increases with
the concentration because the network structure becomes tighter and denser with the
concentration.

The chemical potentials of finite clusters composed of / chains, and that of the solvent
molecules, are derived by the differentiation of the free energy as

BAw/n=(A1+141ng)/n—IvS
+x1(1 =) +18" (O (1 — ), (7.22)
BApuo=1+In(1—¢) =S+ x¢* 5 (), (7.2b)

where vS is the total density of the centers of mass in translational motion

\)S=1—¢+Zw. (7.3)
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Similarly, the chemical potential of the polymer chain in the gel network is
BAUT /n=8/n—v+ x(1-¢)*+8' (@) (1-¢).
The condition for multiple equilibrium Au; =[A 1 leads to
o =Kip' (7.4)
for the volume fraction of /-mers, where the equilibrium constant can be expressed as
Kj=e"175 (7.5)

by using the free energy A; of [-mer formation.
In the postgel regime, the additional equilibrium condition Ap = A,ulG holds, and
hence the relation

3(@)=1+Ing, (7.6)

is obtained. The binding free energy §(¢) per chain to the gel is uniquely related to
the volume fraction ¢; of unassociated chains. By relations (7.4) and (7.6), the volume
fraction ¢ serves as an activity of the polymer. Therefore, we use the symbol ¢ =z to
stress this property.

Substituting (7.4) and (7.6) into the free energy (7.1), and arranging the terms, we find
the dimensionless free energy per lattice cell takes the form

__BAF 1 ¢
F="—=—-Go@+ (+n)+(1 =9I -§)+xDp(1-¢), (1.7)

where functions

Gi()=) I'bi?! (bi=Ki/l), (7.8)
>1

for k=0,1,2,... have been introduced.
In terms of the gel fraction w = ¢® /¢, the relation

¢p=¢°+¢° (7.9)
is transformed to the equation for the volume fraction of the sol part
¢(1-w)=G1(2). (7.10)

The total number of clusters is

v=>"1=Go()/n. (7.11)

=1

These results are analogous to the free energy of interacting gases

F=Inz—vGy(2), (7.12)
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Thermoreversible gelation

in Mayer’s theory of condensation [4], where the volume v per particle and pressure p
are given by

v '=G(2), (7.13a)
p/kT =Go(2). (7.13b)

Itis known [4] that the activity z can be eliminated from these equations, and the equation
of state
— a1 -
p/ksT =v (1—Zk+1ﬂkv ) (7.14)
k=1

is obtained, where B are the irreducible cluster integrals that are constructed from b;.
The coefficient b; in the condensation theory is the /-th cluster integral, but in gelation
problem it is replaced by the association equilibrium constant b; = K;/I. In the pregel
regime, we therefore have

2k
n=g¢ (1 —Zmﬁm"). (7.15)

k=1

The coefficients B can be explicitly calculated in the present gel problem by using the
Stockmayer factor.

Assuming the structure of the gel for fixing the specific form of b; and the gel fraction
w, and solving (7.10) for the activity z in terms of the concentration ¢ and the temperature,
we find the free energy (7.7) as a function of ¢ and 7', and hence the entire problem is
solved. We carry out this program for a simple model system for which the coefficients
b; can be explicitly found.

Application of the classical theory of gelation

To derive a specific form of the equilibrium constants by, let us introduce a simple model
for the internal structure of clusters. Clusters are assumed to take a tree structure with
no internal loops (Cayley tree). Cycle formation within a cluster is neglected. This is a
crude approximation on the basis of the classical theory of gelation presented in Section
3.2 [5,6,7,8], but in fact it is known to work very well at least in the pregel regime.

As usual, we split the free energy into three parts

A= AFMP 4 AfONT 4 AP, (7.16)

To find the combinatorial part, we employ the entropy change on combining / identical
f-functional molecules to form a single Cayley tree. The classical tree statistics in
Section 3.2 give

ASFM — kg In[ £l ], (7.17)
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where
=)
w = __Gi=nt (7.18)
N(fl—-20+2)!
is Stockmayer’s combinatorial factor (3.14) [6]. The free energy is given by Alc"mb =
—ASFomP /g

For the conformational free energy, we employ the lattice theoretical entropy of
disorientation (2.90), and find

1 2\ -1
ASlconf = Sqis(In) — 1 Sgis(n) = ks ln[(u) l]. (7.19)
Cen
Finally, the free energy of bonding is given by
AP == 1DBA fo, (7.20)

because there are [ — 1 bonds in a tree of / molecules, where A fy is the free energy
change of a bond formation.
Combining all results together, we find

-1 1
K = floy (%) , b;:(%)wl <%> (7.21)

for the equilibrium constant, where A(7) is the association constant
MT)=[o & —1)?/¢elexp(—BA fo). (7.22)
The distribution of clusters (7.4) is simplified to
A =awpx!, (7.23)
for the number density, where the independent variable x is defined by
x=Afz/n, (7.24)

which gives the number of functional groups fz/n carried by the unassociated polymer
chains in the solution.
The total number concentration of the finite clusters is then given by

LY v=So(x). (7.25)

>1

Their volume fraction is

A
=) h=51). (7.26)

>1
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Therefore, the number-average of the cluster size is

=) v/ Y v=S51(x)/Sx), (7.27)

and the weight-average is

I_WEZIZW/ZZW =5(x)/S1(x). (7.28)

These are written in terms of the moments of Stockmayer’s distribution function,
defined by

o0
Sc0) =Y Fox! (k=0,1,2,...). (7.29)
=1
They are related to the functions (7.8) by G (z) =nSk(x)/A.
As in the Appendix to Chapter 3, these moments are explicitly written in terms of the
extent « of reaction, which is defined by the equation

rx=a(l—a)/ 2 (7.30)

To see the physical meaning of «, let us calculate the probability for a randomly
chosen functional group to be associated. Since an /-mer includes the total of f1 groups,
among which 2(I — 1) are associated, the probability of association (extent of reaction)
is given by

2[81(x) = So()]/ fS1(x) =« (7.31)

Thus, « in fact gives the extent of association.
By using «, the average cluster sizes are given by

h=1/1-fa/2), (7.32a)
ly=1+a)/[1—(f—Dal. (7.32b)

Pregel regime

The weight-average cluster size diverges at « = 1/(f — 1). This suggests that « =a* =
1/(f —1) is the gel point. The number-average also diverges at « =9 =2/ f, but since
2/f>1/(f—1), we have to study the postgel regime to examine its behavior.

In the pregel regime (« < a*), the volume fraction ¢S occupied by the polymer chains
belonging to the sol must always be equal to the total polymer volume fraction ¢. Thus,
from (7.26), the total polymer volume fraction ¢ and the extent of association « satisfy

the relation
o

(1-a)*
where ¥ = f ¢ /n (the total number concentration of the functional groups) is used instead
of the volume fraction ¢.

Ay = (7.33)
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We can solve this equation for «, and find

o L{1+2w—\/1+4w}, (7.34)

2

through which we can express any physical quantity directly in terms of A. For instance,
the total free energy per lattice cell is given by

9:%{(f—z)ln(l—a)+1na+%fa}+(l—¢>)ln(1—¢)+x¢(1—¢>). (7.35)

Hence the renormalization of the x -parameter by association turns out to be
1
Ax(p)= |:(f —2)In(l —a) +Ina+ Efa —ln¢:| /n(1—¢). (7.36)

It can be expanded in powers of the concentration as

K
Ax=——20py.... (7.37)
2n 4

We thus describe the molecular origin of the concentration dependence of the -
parameter in terms of the associative force.
In a similar way, the spinodal condition is

(@) | 1 _
v +—1_¢ —2x =0, (7.38)
where k is given by (e |
—(f— Do
k()= T @ (7.39)

in terms of « (7.34). It is the reciprocal of the weight-average cluster size.

The gel point
Let us next find the sol-gel transition point. The binding free energy per molecule
Si=—(nK;—1+1)/1, (7.40)

is a steadily decreasing function of /. It approaches the limiting value

Soo=1+I[fA(T)/n]—(f = DIn(f =D+ (f=DIn(f~2), (741

as [ goes to infinity. This model therefore falls into category II in Figure 6.21. The limit
gives
ZF=exp(8oo — 1),
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for the convergence radius of the series (7.29), or equivalently,
== =D (7.42)

in terms of x, and
a*=1/(f-1), (7.43)

in terms of the extent of association, as was expected from the divergence of . The
concentration of polymers at the gel point is then given by

f-1
(f=2*

This condition gives the sol—gel transition line on the temperature—concentration plane.

ADHY* = (7.44)

Postgel regime

In the postgel regime where ¢ > ¢™* (o > ™), we have an additional condition (7.6). The
activity z of the solute molecule is related to the binding free energy of the gel.

Since the reactivity in the sol can in general be different from that in the gel, let us
write the former as oS and the latter as o, The average reactivity o of the system as a
whole is defined by

a=a5(1—w)+aSw, (7.45)

where w is the weight fraction of the gel.
The volume fraction ¢S of polymers belonging to the sol is consequently given by

ApS /n=S1(5), (7.46)

in the postgel regime, so that it is different from the total ¢ given by Sj(«). The total
number of finite clusters must also be replaced by

v =So(ad), (7.47)

since it must give the number of molecules and clusters that have a translational degree
of freedom. The gel network spans the entire solution and loses its translational degree
of freedom.

By using v =1 — ¢ +v, the chemical potentials are given by

Au* 141
%=%—vs+x(1—¢)2+6/(¢)(1—¢)vc', (7.48a)
BAG=1+1n(1—¢) —15+ x> — 8 (¢)pv°. (7.48b)

The function « in the spinodal condition takes the form

_d d S
K(¢)__dlnq§ (1+w—dln¢)lnx(a ), (7.49)

which is different from the one in the pregel regime.
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Flory’s treatment
By the definition (7.30) of «, x takes a maximum value x* = (f — 2)2/(fF =1 at
a=1/(f —1). Therefore, two values of « can be found for a given value of x. Let us
consider the postgel regime « > ™. For a given «, the value of x is fixed by the relation
x=oa(l —a)f_z.

As described in Section 3.2, Flory postulated [5, 8] that another root o’ (the shadow
root) lying below «* in this equation for a given value of x gives the extent of reaction
in the sol. Hence we have

oS=a. (7.50)
The volume fraction ¢S of polymers in the sol is given by

a/

UTE— 7.51
fl—a)? 72D

A
_¢S —
n
and the gel fraction is given by
w=1—(1-a)*/(1-d)a. (7.52)

The larger one lying above «™ gives the reactivity for all functional groups in the
system. It fulfills the relation

A=a/(l—a)’. (7.53)

The number of molecules that remain unassociated can be described either by AyS
(1—=a5)7 or by Ay (1 —a)/. Hence we have

x=a(l—a)/?=a51-0a%)/? (7.54)

This gives a physical meaning to Flory’s postulate of a5 =a/’.

The gel fraction reaches unity only at the limit of complete reaction o = 1. The extent
of association «© in the gel can be obtained by the definition of the total reactivity (7.45).
Explicitly, it gives

b =(a+a —2aa)/(1—ad). (7.55)

This value is obviously larger than that of the infinite limit in the tree approximation
llim [(f=20+42]/fl=2]f=ao, (7.56)
— 00

so that, in Flory’s picture, cycle formation is allowed within the gel network. Its cycle
rank is given by

£= %aG —1. (7.57)

The main results obtained by Flory’s picture are summarized in Figure 7.1.
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Gel fraction, extent of association and average molecular weight (m)y, (m)w calculated on the
basis of Flory’s postgel picture. The number-average has a discontinuous slope across the gel
point, while the weight-average diverges. (Reprinted with permission from Ref. [9].)

The binding free energy §(¢) of a chain onto the gel network turns out to be

S) =1—(f —1)In(y)+ fIn[(/1+4ry —1)/2], (7.58)

which is a monotonically decreasing function of the concentration. With an increase
in the concentration, the network structure becomes tighter, so that the binding of a
polymer chain becomes stronger. Since the average number of bonds per molecule is
(f/2)a8 =S Ja, the binding free energy per bond is given by a8 (¢) /S This is not
a constant, but changes as the reaction proceeds.

Stockmayer’s treatment

Stockmayer [6] later remarked that Flory’s result in the postgel regime is inconsistent
with the tree assumption, however, since the treatment permits cycle formation in the
gel network. To remove this inconsistency, he proposed another treatment of the postgel
regime. He introduced a different assumption that the extent of reaction of functional
groups in the finite clusters remains at the critical value a* =1/(f — 1) throughout the
postgel regime. He also proposed that in the postgel regime the extent of reaction in the
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gel network should take the limiting value (7.56)
o =ap, (7.59)

which is appropriate to an infinite tree structure without cycles.
From the definition (7.45), the gel fraction w takes the form

W= ——, (7.60)

where o (> ™) is the extent of reaction of the entire system including all functional
groups. It is a linear function of «, and reaches unity at «g =2/ f before the reaction
is completed. The volume fraction of the sol remains constant at ¢S = ¢*. The number-
average DP remains constant at [, = (f —2)/2(f — 1), while the weight-average is
divergent Iy, = oo in the postgel regime. The binding free energy is fixed at 8o,. The
main results obtained by Stockmayer’s picture are summarized in Figure 7.2.
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Gel fraction, extent of association and average molecular weight calculated on the basis of
Stockmayer’s postgel picture. The number-average has a discontinuous slope across the gel
point, while the weight-average remains divergent in the postgel regime. (Reprinted with
permission from Ref. [9].)
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From (7.10), which is now equivalent to
A (1l —w)=1y¥, (7.61)

we find

w=1-¢*/¢. (7.62)

Phase diagrams of thermoreversible gels

Figure 7.3(a) compares the phase diagrams calculated by the two treatments of the
postgel regime [9, 10]. Binodals and spinodals appear at different positions. For the same
association constant, Stockmayer’s treatment gives a tricritical point (TCP) [11, 12]
at the crossing of the sol-gel transition line and the binodal (spinodal), while Flory’s
treatment gives a critical endpoint (CEP) [ 12] at the shoulder of the binodal, and a critical
point (CP) in the postgel regime. Existence of a CP in the postgel regime suggests that
phase separation between dilute gel (with only a few cycles) and concentrated gel (with
many cycles) in the postgel regime is possible.

Figure 7.3(b) compares the experimental phase diagram of atactic polystyrene (at-PS)
solution in carbon disulfide (CS,) [13—15]with theoretical calculations. This solution
shows a TCP-type phase diagram, but CEP types were also reported for at-PS in
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(a) Comparison of the theoretical phase diagrams of low-molecular weight (n = 1) trifunctional
(f =3) molecules calculated by Flory’s treatment (upper lines) and Stockmayer’s treatment
(lower lines) of the postgel regime for the same association constant. The sol-gel transition line
(broken line), critical point (CP), tricritical point (TCP), and unstable region (gray area) are
indicated. (b) Phase diagram of atactic polystyrene in carbon disulfide (at-PS/CS;). The
theoretical sol—gel transition line (broken line), binodal (solid line), and spinodal (dotted line) are
drawn. The theta temperature is ® = —70°C. Experimental data of the gel points (black symbols)
and cloud points (white symbols) are shown for three different molecular weights. The theoretical
calculation is fitted to the data of M =9.06 x 10%. (Reprinted with permission from Ref. [10].)
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different solvents [14]. We attempted to fit the data by simple pairwise cross-linking
in Stockmayer’s picture.

The molecular origin of at-PS cross-linking has been the subject of a number of
works [14,16—19], but there still remains a divergence in opinions. One series of stud-
ies [16] postulate the existence of short crystallizable stereoregular segment sequences
on polymer chains, even if they are atactic, that are responsible for the formation of
microcrystalline junctions.

Other studies [18, 17] propose that cross-linking takes place by specific interaction,
such as the formation of stoichiometric compounds involving solvent molecules. If such
complex formations were the mechanism of cross-linking, the gelation temperature
should show a maximum at the stoichiometric concentration [17]. Existence of spe-
cific interaction was later suggested by a light scattering study of at-PS dilute solution
mixture of CS, and toluene [20].

Thermodynamics of sol-gel transition as compared
with Bose-Einstein condensation

At this stage, we recognize that our theory of thermoreversible gelation is mathematically
analogous to those we encounter in the study of Bose—Einstein condensation (BEC) in
ideal Bose gases [4,21]. The number density N/V and the pressure p of an ideal Bose
gas consisting of N molecules confined in a volume V is given by

o
NV =YX, (7.63a)
=1

o
pAy/keT = x' /12, (7.63b)
=1

where x is the activity of the molecule, and A7 =h/(2rmkgT)'/? the thermal de Broglie
wave length. The coefficient of the infinite series on the right-hand side is 1/1°/2 instead
of Stockmayer’s combinatorial factor wy;, but other parts are completely analogous.

The infinite summations on the right-hand side of these equations are known as Trues-
dell functions [22] of order 3/2 and 5/2. Their singularity at the convergence radius
x =1 was studied in detail [22]. Since the internal energy of a Bose gas is related to its
pressure by U =3pV /2, the singularity in the compressibility and in the specific heat
have the same nature; they reveal a discontinuity in their derivatives [21]. The transition
(condensation of macroscopic number of molecules into a single quantum state) turns
out to be a third-order phase transition [21].

We now show that a similar picture holds for our gelling solution; a finite fraction of
the total number of primary molecules condenses into a single state (gel network), which
has no center of mass translational degree of freedom (no momentum), although there
is no quantum effect. Since the solution is spatially uniform, gelation can be seen as a
phase separation in the momentum space into the zero momentum phase (gel) and the
finite momentum phase (sol).
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To find the nature of the singularity, we calculate the osmotic compressibility,

defined by

1 kT (om

KleBT<8—> , (7.64)
a’e é)r

as a function of the temperature and the volume fraction. By taking the concentration
derivative of the solvent chemical potential (7.2b), we find K —1— ¢20(¢, T), where

o(p,T)=—+— —2x. (7.65)

Here, the function « is defined by
k=n(0v/0¢)r. (7.66)

The singularity in the osmotic pressure originates in this « function: the translational
entropy of clusters.

The analogy of BEC can be seen more clearly if we replace Stockmayer’s combina-
torial factor w; by its asymptotic form

o ~x*"152, (7.67)

for large [/, where x* is given by (7.42). This form is derived by applying Stirling’s
formula to (7.18). We find

Y R | !
7:Zﬁ7(;_*) , (7.68a)

o0
“:le% (;—*)l (7.68b)

Thus, we can see that the singularity at x = x* is identical to those in Truesdell’s functions
atx=1.
Near the gel point, simple calculation gives

- A
Ly >~ e (7.69)
with a constant amplitude
A= f—z (7.70)
(f =2°M(T)

for ¢ < ¢*. In Stockmayer’s treatment [y, = co remains for all ¢ > ¢*. We thus find the
discontinuity in the slope of the function « is given by A(dk/d¢)7 =1/A. This leads to
a discontinuity in the osmotic compressibility in the form

A<3ﬁ> :_K%(ﬂ)A(a_K> S (7.71)
09 Jr n 99 /) r o(¢*.T)
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where ) 0 A

p= W=D M) (1.72)

(f = 1)3n3

is a constant depending only on the temperature, functionality, and the number of statis-
tical units on a chain. For large molecular weight polymers, the amplitude B is small.
This is the main reason why experimental detection of the singularity has so far been
difficult. However, as we approach the spinodal point where the condition o (¢*,T) =0
is satisfied by changing the temperature under a fixed concentration, the discontinuity is
enhanced by critical fluctuations, and there may be a chance to observe the singularity.

Similar calculation on the basis of Flory’s treatment gives the factor —4 B instead of
B. The sign changes, but the discontinuity remains.

We next consider the temperature derivatives of the free energy, such as entropy
and specific heat. The temperature appears through the interaction parameter x (7') and
association constant A(7). Because it is evident that the former does not lead to any
singularity, we consider the derivatives with respect to the latter.

Within Stockmayer’s treatment of the postgel regime, after a complex calculation, it
turns out that there is no singularity up to the second derivatives, but the third derivative
contains a discontinuity

| = Cc—, (7.73)

n

A[Eﬁ(ﬁF)} ¢
[}

where C is given by

f-2
A=
Flory’s treatment gives [—4/(f — 1)]C instead of C. Again, the sign changes, but the
discontinuity remains. Collecting all results, we come to the conclusion that the ideal
model of thermoreversible gelation treated here shows a third-order phase transition that
is analogous to the Bose—FEinstein condensation.

C= (7.74)

Thermoreversible gels with multiple cross-linking

Multiple association

Most thermoreversible gels of polymers and biopolymers have cross-link junctions
that combine several distinct chains (multiple junctions) as shown in Figure 7.4. For
instance, gelation by the micro-crystallization of chain segments (Figure 7.4(a)), by
ionic (dipolar) aggregation (Figure 7.4(b)), and by the hydrophobic association of spe-
cial groups attached to the polymer chains (Figure 7.4(c)), all fall on this important
category [19,23]. In some biopolymer gels, triple helices serve as extended cross-link
junctions.

In this section, we attempt to extend our theory of thermoreversible gelation from
pairwise association to the more general multiple association. As a model solution,
we consider a mixture of associative molecules R{As} in a solvent. Molecules are
distinguished by the number f of associative groups they bear, each group being capable
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Examples of multiple cross-links: (a) microcrystalline junctions, (b) ionic multiplets in a
network of telechelic ionomers, (c) micellar junctions of hydrophobic aggregates in networks of
telechelic associating polymers. Numbers near the junctions show their multiplicity.

of taking part in the junctions with variable multiplicity which may bind together any
number k of such groups (Figure 7.5(a)) [3,24-27].We include k£ =1 for unassociated
groups, and allow junctions of all multiplicities to coexist, in proportions determined by
the thermodynamic equilibrium conditions.

In order to incorporate polydispersity in the functionality, we allow the number f of
associative groups to vary. Such polydispersity in the functionality of polymers is essen-
tial when associative groups are activated by the conformational transition of polymers,
as in biopolymer gels. In such cases, the functionality f is not a fixed number but changes
depending upon temperature, concentration, and other environmental parameters.

Let n s be the number of statistical repeat units on an f-functional primary molecule,
and let N s be the total number of molecules in the solution. The number of repeat units
per functional group R=n ¢/ f is assumed to be independent of f. The weight fraction
py of the associative groups carried by the molecules with specified f relative to the
total number of associative groups is given by

pr=fNy/Y fNy. (7.75)

The number- and weight-average functionality of the primary molecules are then
defined by

fo= (pr/f)fl, (7.762)
fu= Z fpr (7.76b)

The volume fraction of f-functional moleculesis givenby ¢y =n vy, wherevy=N;/Q
is their number density, and the total volume fraction by ¢ = by

In thermal equilibrium, the solution has a distribution of clusters with the population
distribution fixed by the equilibrium conditions. As in Section 7.4, we define a cluster of
type (j;1) as consisting of ji junctions of multiplicity k (k=1,2,3,...) and /  molecules
of functionality f (f=1,2,3,...). The bold letters j= {1, j2, j3,...} and 1 ={l1,1>,13, ...}
denote the sets of indices (Figure 7.5(b)). An isolated molecule of functionality f, for
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(a) (b)

(a) Symbolic picture of polyfunctional molecule R{A ¢}. (b) A cluster formed by multiple
association.

instance, is indicated by jor ={f,0,0,...}, and lor ={0,..., 1,0, ...}. (The f-th number is
unity, others are zero.)

In the multiple tree statistics described in Section 3.3, there are two fundamental
relations (3.74) and (3.75) due to the geometrical constraints.

Let N (j;1) be the number of (j;1)-clusters in the system. Their number density is given
by v(j;1) = N(j;1)/ 2, and their volume fraction is given by

dG:) = anzf V(D). (7.77)
f=1

The total volume fraction of the polymer component in the sol part is the sum over all
possible cluster types

P(l—w)=Y_"¢(iD), (7.78)
jl
where w is the gel fraction.

Distribution function of multiple trees

The free energy change on passing from the reference state to the final solution, at
equilibrium with respect to cluster formation, is

F=¢olngo+ Y v(EDIAGD+Ing DI+ x(Tdop+ > v F8,(4).  (7.79)
il f

which is a straightforward extension of (7.1).
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Here, the free energy change A(j;1) accompanying the formation of a (j;1)-cluster in
a hypothetical undiluted amorphous state from the separate primary molecules in their
standard states is defined by

AGD=B| n°GD =Y L Gosslop) |- (7.80)
f

In the postgel regime, the last term for the gel part is necessary [9,26].
By differentiating the free energy, we find the chemical potential

BARG) =1+ AGD +IngG:D)
+(Xonstr) [-vS+xgd =D dfs |+ Yonsipdf. @81

for the cluster of the type (j;1),

BAmo=1+Ingo—vS+x¢” = " df¢y, (7.82)

for the solvent molecule, and
ﬁAu?=8f+nf[—us+x¢§—2d§¢f+d§], (7.83)

for a f-functional molecule in the gel, where VS, dfG- are defined by

38
=1-¢+) v(D, dGEZ#ug. (7.84)
- : f
jl 8 ‘

v3 is the number of clusters and molecules that possess degree of freedom for translational
motion.
We then impose chemical equilibrium conditions

ApGD = "L Apdoyslop), (7.85)
f

to find the cluster size distribution function. The volume fraction of the clusters of a
specified type is found to be

$G:D=KGED [ oGorlon)'. (7.86)
f

in terms of the volume fraction of the primary molecules that remain unassociated, where
K (§;]) is the equilibrium constant, and is related to the binding free energy as

K1) =exp [sz 1 —A(j;l)]. (7.87)
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In the postgel regime, we have the additional condition
Auf=Apdoysslop), (7.88)

between the free molecule and the molecule bound to the gel network. Hence, we have
the relation

Sr(@)=1+In¢Gos:los), (7.89)

which is similar to (7.6).
Substituting the result (7.86) back into the starting free energy (7.79), we find it in the
form of (5.37), where the association part is given by

P by <¢0f> ¢r s
F ({¢})=E —In|{ — +1—¢+§ =L >, (7.90)
AS - I’lf n ¢f - nf V

Here, ¢or =¢ (Jos;lor) is the volume fraction of f-molecules that remain unassociated
in the solution. The number of different ways to form a cluster of the type (j;1) from
separate primary molecules was found in the reaction theory of Section 3.3.

For the thermoreversible reaction under consideration, the probability p; obeys the
reaction equilibrium condition

v pi/ W p)* =K. (7.91)

where

=) fN;/Q (7.92)
is the total number density of functional groups. Hence, py is given by

pi=Kp* ' pit. (7.93)
Because there are k — 1 bonds, we assume the form

Ki =Ty, (7.94)

where A(T) =exp (—A fo/ksT) is the association constant (A fy being the binding free
energy), and yj includes the free energy due to the existence of the surface on the micellar
junction.

Substituting these relations into p and equilibrium constant K (j;1), and using the
geometrical relations (3.74), the distribution function of the aggregates in terms of their
number density is found to be

x(T)u(j;l):(ij—1)!(sz—1)!]_[<£)];[(""—jk>, (7.95)

Where

xr=frvGosslop)=rprpr! (7.96)

is the number density of unreacted primary molecules (multiplied by fA).
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Let us define
z=AYp1, (7.97)

for the number density of functional groups that remain unassociated in the solution
(scaled by the factor A). The normalization condition ) pg =1 then leads to the relation

A =zi(z), (7.98)
by which we can find z as a function of the given concentration Ayr. Here, the function
ii(z) is defined by’

u(z)= Zykzk_l. (7.99)

k>1

This relation can be transformed to
pri(z)=1. (7.100)

The reactivity (degree of association) « is related to the probability pj by

pi=1—aqa, (7.101)
or
Zpk —a, (7.102)
k>2
and hence we have the relation
a=1-1/i(z), (7.103)

which gives « as a function of the concentration and temperature. The number density
x ¢ of unassociated primary molecules

xp=0)prpr?, (7.104)

can be written as

Z

=pfr——, 7.105
rf ’Ofﬁ(z)f—l ( )

in terms of the parameter z, which is now a function of A.

The average molecular weight and the condition for the gel point

We first find the average molecular weight of the clusters for the distribution function
v(j;1). The number-average molecular weight defined by

=Y _(Sngle)vh/ Y v, (7.106)

Bl il

1 To distinguish from u(x) = Zkzl pkxk_1 in Section 8.2, we use the symbol # for this function.
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is found to be

_n=R/<i+_L_1>, (7.107)
Soo By

where ¢, is the number-average multiplicity of the junctions

T, = (Z %)_1. (7.108)

Substituting (7.93) for py, and using the relation between v and z, we find
Ty =ii(2)/U (2), (7.109)

where the function U (z) is the average of i(z)

=2 [Cadz= 3 ek
U(z)—Z/Ou(z)dz_Zkz : (7.110)

k>1

On the other hand, the weight-average molecular weight is defined by

- 2
IWEZ(anlf) v(j;l)/Z(anlf) V(s D). (7.111)
It is given by
- 1 1
lw=R/|—+—-1). (7.112)
Jw
Here, the weight-average multiplicity
ﬁWEkak (7.113)
has appeared. A calculation similar to 7z, finds i, as

zi'(2)

a(z)

ﬁw:1+

(7.114)

The gel point where the weight-average molecular weight becomes infinite is found
by the condition

(fw—D@y—D=1, (7.115)
or equivalently,
u DLy (7.116)
u(z)

in terms of the parameter z. By combining with the relation (7.98) the sol-gel transition
line is found on the phase plane.
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Solution properties of thermoreversible gels with multiple junctions

Phase equilibria
Due to the association equilibrium condition, the chemical potential of solvent (7.82)
and of f-functional molecules (jor,lo s in (7.81)) are transformed to

ﬂA,m:1+1n(1—¢)—us+x¢2—<23}(¢)v§?)¢, (7.117)
and

BAwg/np=+Inxp)/np—vS+x(1=9P+ (8, @nF) 1), (7.118)

where VS is

wS=r(1—¢)+zl(fi = D) +U ). (7.119)

The coexistence curve for a dilute phase with volume fraction ¢* to be in equilibrium
with a concentrated phase with volume fraction ¢” is given by the coupled equations

Apo(@*.T) = Apo(¢”. 1), (7.120a)
Aur@* T)=Anp(@P, T) (f=1,2,...). (7.120b)

If the higher-concentration phase lies in the postgel regime, the postgel form of v must be
employed in the chemical potentials. These equilibrium conditions determine the total
volume fractions ¢ and ¢# in each phase as well as the molecular distributions ,oji and

pff. in them.

Osmotic pressure
The osmotic pressure 7 is directly related to the solvent chemical potential through the
relation (2.28) in Section 2.1. In the dilute region, this can be expanded in powers of the
concentration
o0
npad=> " A,¢", (7.121)
n=1

where the virial coefficients are formally written as

Ar=1/fuR, (7.122a)

Ay =1/2— x —[A(T)y2/2R?], (7.122b)

An=1{1—("_1)’3”‘1 (MT)) } for n>3. (7.122¢)
n A R

The coefficients B, are the irreducible cluster coefficients [4] constructed from yj /k.
The correction to the second virial coefficient is due to the existence of binary junctions
(k =2), and should vanish if y» in A, were made to vanish. Thus association does not
affect the second virial coefficient if there is no binary cross-linking. The frequently
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observed sudden gelation in physical gels without precursor suggests the dominance of
high junction multiplicity.
The osmotic compressibility is found to be K7 = ¢%0 (¢, T) with
1 1

- 4+ ———2y. 7.123
oo 1-¢ (7.123)

o(p, T)=

Stability analysis and Gibbs determinants

Let us consider the Gibbs determinant to study the stability of the homogeneous phase.
Using Gibbs—Diihem relation described in Section 2.1, variation of one component
among 0, f =1,2,..., can be expressed by the others. We take the solvent as the reference
component, and consider the difference Au y — A . Its derivative by the composition
of the g-component

G fq —a,s(mgj;)g— Ano). (7.124)

for g=1,2,..., serves as the (f, g) element of the Gibbs matrix. Specifically, it is

1 9 9 1
Gro=—-— 8 G___ )1 — —2y. 7.125
f8 0 a(pg;( oy a¢f> HXh+1_¢ X ( )

The determinant G =|G f,| of this matrix must be positive definite for the system to be
thermodynamically stable.

For monodisperse primary chains, we have a strictly two-component system, and the
thermodynamic stability limit (spinodal) is given by o (¢, T) =0, where o is the factor
(7.123). Further, for such strictly binary systems, the critical solution point, if it exists
in the pregel regime, can be found by the additional condition 92Auo/d¢* =0. The
condition is given explicitly by

() [T (9e)* =92/ (1 — ). (7.126)

For systems with polydisperse primary chains, the spinodal and critical conditions have
to be determined from the appropriate Gibbs determinants.

Simple models of junction multiplicity

The multiplicity of the junctions is in principle determined automatically by the equi-
librium requirement for a given associative interaction. In the case of hydrophobic
interaction, the chain length of a hydrophobe, the strength of water—hydrophobe inter-
action, the geometric form of an aggregate, and other factors determine the association
constant A(7) and the junction multiplicity k. For practical treatment, we avoid com-
plexity in finding the precise form of the coefficients yj, but instead, we introduce model
junctions [26].
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In one of the practical models in commmon use, multiplicities lying in a certain range
covering from k = kg to ky, are equally allowed (mini-max junction). In such cases we
have

k=1 (free), k=ko,ko+1,....km (associated). (7.127)

The junction function takes the form

km
i()=1+ Y F'=14+E0"" /1 -2). (7.128)
k=kg

Such assumption of limited range can be, to some extent, justified in the case of micelles
of hydrophobic chains [27].

When only a single value is allowed, i.e., ko = ky, =k, we call the model the fixed
multiplicity model. Thus, for k =2, the fixed multiplicity model reduces to the pair-
wise association. The normalization relation (7.98) for the fixed multiplicity model of
monodisperse polymers (f and n definite) is given by

MDY =a/E=D /(1 —)*/ k=D, (7.129)

in terms of the extent «. This is the extension of (7.33) for pairwise junctions to multiple
junctions. The gel point condition (3.77) gives (f —1)(k— 1) =1 and hence

aF=1/(f = Dk—1), (7.130)

o ° -
(o)) [oe] o
e T J)
o _

o
>
T

Reduced Concentration Ad*/n
g

0.02

Il
3 45 6 7 8
Multiplicity & CONCENTRATION ¢

(a) (b)

(a) Reduced concentration A(T)¢* /n at the gel point plotted against junction multiplicity. The
functionality is varied from curve to curve. (b) Sol-gel transition lines (thick broken lines),
binodals (thin broken lines), and spinodal lines (solid lines) of bifunctional ( f =2) polymers
with n =100, g = 10.0 for association with fixed multiplicity (kg = km =k). The multiplicity &
is changed from 3 to 8.
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which leads to the critical concentration

. (f=DG-D
AMTHY ~ D a1 (7.131)

Figure 7.6(a) plots the reduced concentration A(7)¢*/n at the gel point as a func-
tion of the junction multiplicity. The functionality is changed from curve to curve. For
bifunctional molecules f =2, atleast multiplicity 3 is necessary for gelling. The gelation
concentration monotonically decreases with multiplicity. For functionalities higher than
2, however, there is an optimal multiplicity for which gelation is easiest. In such cases,
network growth becomes difficult due to an increase in the number of branches at the
junctions.

Figure 7.6(b) shows how the phase diagrams shift with increase in the multiplicity for
bifunctional molecules. The sol-gel transition line (thick broken lines), binodals (thin
broken line), and spinodals (solid lines) are drawn for a fixed multiplicity within Flory’s
postgel treatment. The transition line shifts to the high-temperature, low-concentration
regions with the multiplicity. Above a certain critical multiplicity (k =5 in the figure)
the two critical solution points merge into one, and the phase diagram changes from the
CEP type to the TCP type.
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8.1

Structure of polymer networks

This chapter studies the local and global structures of polymer networks. For the local structure,
we focus on the internal structure of cross-link junctions, and study how they affect the sol-gel
transition. For the global structure, we focus on the topological connectivity of the network, such
as cycle ranks, elastically effective chains, etc., and study how they affect the elastic properties of
the networks. We then move to the self-similarity of the structures near the gel point, and derive
some important scaling laws on the basis of percolation theory. Finally, we refer to the percolation
in continuum media, focusing on the coexistence of gelation and phase separation in spherical
colloid particles interacting with the adhesive square well potential.

Local structure of the networks—cross-linking regions

Most physical gels have complex multiple junctions. In Section 7.4, we studied ther-
moreversible gelation with junctions of variable multiplicity. In this section, we consider
anew method to find the local structure of the networks, i.e., the structure of the network
junctions.

Junction multiplicity k£ was defined by the number of chains connected to a single
junction. Simple pairwise cross-links, for example, have multiplicity kK =2, whose sol-
gel transition is detailed in Section 7.4 and in the classical literature [ 1]. For networks with
junctions of multiplicity larger than two, the conventional Eldridge—Ferry procedure [2]
to find the enthalpy of melting, which plots the logarithm of the gelation concentration
Inc* against the inverse temperature, does not work because it assumes pairwise cross-
linking.

To find the number of statistical units taking part in a junction, let us consider a simple
model junction that binds k chains with { sequential units per chain (Figure 8.1(a)). This
model is suitable for the description of thermoreversible gels with junctions formed by
fringed-micellar crystallites, but finds application to other important types of junctions.

The Eldridge-Ferry method [2] gives the total enthalpy melting A Hp of a junction
by finding the slope of Inc¢* against 1/T through the relation

Inc* = AHy/kgT + constant, (8.1)
where ¢* is the gelation concentration, and 7 the absolute temperature. The enthalpy

AHy is expected to be proportional to the number of segments participating in the
junction. Since the total number of segments involved in a junction is given by ¢k for
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(a) Model of a network junction. The multiplicity £ and cross-link length ¢ are two fundamental
parameters for characterization of a junction. (b) Schematic drawing of the modified
Eldridge—Ferry plot to find the junction multiplicity k£ and the number ¢ of repeat units per chain
in the junction. The constant temperature lines (broken lines) and constant molecular weight
lines (solid lines) are shown.

the model junction described above, this equation holds under additional assumption
that the sol—gel transition is independent of the junction multiplicity k, but depends only
on the total number of segments ¢k in a junction. This assumption, however, is incorrect
in the case of multiple cross-links, because gelation is easier for higher multiplicity even
if the total number of segments involved in a junction is the same [3]. We showed in
Figure 7.6(b) [3] that the sol—gel transition line shifts toward the high-temperature, low-
concentration region as the junction multiplicity is increased under a fixed association
constant.

Another equation from which the Eldridge—Ferry method starts is the relation between
the molecular weight M of a polymer and the gel melting temperature. It is given by

In M = AHy/mkgT + constant, (8.2)

where m is an integer to be adjusted to satisfy several thermodynamic requirements. (It
was chosen as m =7 in the original paper [2] under several assumptions.) This equation
is more hypothetical than the first, and lacks molecular-theoretical justification.

In Section 7.4, we found the gelation concentration as a function of the number n of
statistical units on a chain, its functionality f, and the junction multiplicity k. The result
is given by (7.115)

MDY In=fK [ f(fK =D, (8.3)

where ¢* is the volume fraction of the polymer at gelation, /' = f —1,and K’ =k — 1.
The association constant A(7T") is A(T) =exp(—BA fo), where A fj is the standard free
energy change per functional group, i.e., the free energy change on binding a single
functional group into a junction.
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When a functional group involves ¢ sequential repeat units as in the model junction,
we can write the standard free energy change as

Afo=t(Ah—TAs). (8.4)

Here Ah is the enthalpy of bonding and As the entropy of bonding, both measured per
single repeat unit. Taking the logarithm of (8.3), we find an important relation

(8.5)

Ing* Ah T f'k'n As
ng*=¢——+In
CkBT

GG

from which we find ¢ and k.

For the model junction introduced above, each ¢ sequence of repeat units along a chain
may be regarded as a functional group. A polymer chain then carries f =n/¢ functional
groups. Since we have large n, and hence large f, we can neglect 1 compared to n or f.
We are thus led to an equation

In M + constant, (8.6)

where the weight concentration ¢* has been preferred to the volume fraction. This
equation enables us to find ¢ and k independently from the data of ¢*.

Let us plot Inc* against 103/7 41n M. Then the slope — B of the line at constant T
gives —1/(k — 1), while the slope —A of the line at constant M gives

_10%g , 10°R
[Ah| [(AR)mol

¢ A, (8.7)

where (Ah)mr is the enthalpy of bonding per mol of the repeat units. This modified
Eldridge-Ferry procedure is depicted schematically in Figure 8.1(b) [4-6].

As an example of the analysis, we consider the melting point of poly(vinyl alcohol)
(PVA) gels in water. PVA is known to be a typical crystalline polymer, but it also gels
in aqueous solution under large supercooling. There are several experimental evidences
that the cross-links are formed by partial crystallization of the polymer segments in
which syndiotactic sequence dominates, while subchains connecting the junctions con-
sist of atactic non-crystalline sequences on the PVA chains [7]. The micro-crystals at
the junctions are supposed to be stabilized by hydrogen bonds between the hydroxy
groups.

Figure 8.2 shows the result of our modified Eldridge—Ferry plot for the gel melting
concentration. The gel melting temperature 7y, is estimated from the temperature at
which the DSC heating curve shows an endotherm peak. The slope of the solid lines with
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Modified Eldridge—Ferry analysis for aqueous poly(vinyl alcohol) solutions. The gel melting
concentration ¢* measured at a constant temperature for different molecular weight polymers
plotted against the molecular weight finds the junction multiplicity from the slope (broken lines),
while those measured at constant molecular weight by changing the temperature find the number
of the repeat units per chain in the junction (solid lines). (A) 91°C; (@) 87°C; (<) 83°C; (O)
78°C; (A) 74°C; (o) 71°C. (Reprinted with permission from Ref. [6].)

constant molecular weight gives —A = 13.43 almost independently of their molecular
weights. Hence we find ¢ = 26.7kcalmol™'/|(Ah)moi|. If we use the heat of fusion
(AR) ol = 1.64kcalmol ™! in the bulk crystal [8], we find ¢ = 16.3. On the other hand,
the slope of the dotted lines with constant temperature depends on their temperature.
At the highest temperature 7 = 91°C in the measurement, it is —0.38, while it gives
a larger value of —0.9 at 7 =71°C. The average multiplicity is estimated to decrease
from 3.6 for high-temperature melting to 2.1 for low-temperature melting. From the
thermodynamic stability of the junctions, a gel which has smaller junctions melts at lower
temperature.

Global structure of the networks — elastically effective chains and
elastic modulus

Fundamental parameters of the network topology

To characterize the global structure and connectivity of the networks, we start with the
definition of the cross-links of the type (i,k); they are junctions of multiplicity & with a
total of i paths connected to the network matrix (Figure 8.3). If chains carry no functional
groups at their ends, the path number varies in the range 0 <i <2k. For end functional
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Multiplicity k& and path number i of a network junction.

path to the network matrix

elastically effective if
i>=3and/">=3

(a) (b)

(a) Scanlan—Case criterion to find the elastically effective chains. A chain with both ends
connected to junctions with a path number larger or equal to 3 is elastically effective. (b) End
group (dotted circle) and its branch point P.

groups, in particular telechelic polymers, there is only one path from a functional group
in a junction, so that the path number varies in 0 <i <k.

Let pu; x be the number of cross-link junctions of the type (i,k) in the network. The
number of junctions of multiplicity k is

2k
W= Wik (8.8)

i=1

The upper limit depends on whether there is an end group or not.

In Section 4.2, we introduced the Scanlan—Case (SC) criterion to find the elastically
effective junctions and chains. SC proposes that a chain with both ends connected to
elastically effective junctions (junctions whose path number is larger or equal to three)
is elastically effective (Figure 8.4(a)) [9, 10].
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The number of elastically effective junctions can be found by the sum

oo 2k

Meft =) ) Hik- (8.9)

k=2i=3

Converting this to the number of chains, the number of elastically effective chains can
be found by

1 oo 2k
Vel = 5 Zziui,k, (8.10)
k=2 i=3
since an (i,k) junction has i paths. Double counting is corrected by dividing the sum

by 2.

Next, let us count the number of branches that are dangling from a cross-link and free
from external stress. Figure 8.4(b) shows an end group whose entire body is connected to
the network by a single junction P of multiplicity k. This junction at the root is a branch
point, and the group dangling from it is an end group. There may be some junctions
in the end group, such as Q in the figure, from which end branches are extended. The
number of end groups is the same as the number of the branch points, and hence we have

oo 2k
Vend =) D (2k=D)pik. (8.11)

k=2 i=2
The number 2k —i is the number of paths that are not connected to the network matrix.
The sum on i starts from 2 because i = 1 indicates that the branch point is the end branch
point that has already been counted. The end groups do not contribute to elasticity of the
network because they are free from external stress, but they contribute to the viscosity

and the relaxation time of the network due to friction with the solvent molecules.

Structure parameters of multiply cross-linked gels

We generalize the treatments of the postgel regime by Pearson—Graessley [11-13] in
classical gelation theory to multiple junctions [14]. Let gx (k=2,3,4,...) be the junction
distribution defined by the number of functional groups in k-junctions divided by the total
number of functional groups contained in the junctions (Figure 8.5(a)). The multiplicity
k=1 is excluded for true cross-links.

Let pr (k=1,2,3,...) be the probability for a randomly chosen functional group in the
system to be in a k-junction, as in Section 7.4. The junction distribution is described by

ak=pr/ Y Dk (8.12)

k>2

The probability p; for a functional group to remain unassociated can be expressed as
p1=1—a in terms of the extent « of reaction

a=Ypi. (8.13)

k>2
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(a) Model network consisting of f-functional primary polymer chains cross-linked by multiple
junctions. (b) Connection probability. The probability ¢; of connection through ; paths are
described using the parameter u.

‘We then have the relation

Pk =gy, (8.14)

for k> 2.

Connection probability

To study the connectivity of the network, we regard the cross-link junctions as vertices,
and subchains as paths connecting the vertices in conventional graph theoretical termi-
nology. Let ¢; be the probability for an arbitrarily chosen unreacted functional group to
be connected to the network matrix through j paths. For instance, j =0 if the functional
group belongs to a cluster of finite size that is separated from the network. Since we
consider linear chains only as primary molecules, j takes only the values 0, 1,2.

Let u be the probability for an arbitrarily chosen functional group (A in Figure 8.5(b))
to be either unreacted or connected to the finite cluster in the sol. The probability ¢ is
given by the condition that all functional groups on both sides of this chosen functional
group on the chain are connected to the sol by probability u, and hence it is given by

7
1
:7214'"711/{](7"1:14][71. (815)
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Similarly, the paths on the both sides must be connected to the matrix for ¢;, given by

f
1 _ _ o 200=ul)
==Y (1-u""Ha=u/""y=14u/1-2 "~ (8.16)
f mZ:l F(I=u)
From the normalization condition that the sum of the probability is unity, the remaining
probability is given by
1—uf X
§1=1—Co—§2=2{——uf_1}. (8.17)
S —u)

The probability u can be expressed in terms of ¢p by (8.15). The probability for an
arbitrarily chosen functional group to be unreacted is 1 —«, to be connected only to the
sol is ozqu(])‘*l if the connected functional group belongs to a k junction. Therefore, u
turns out to be

ug)=1-a+ay g =1—a+ab (), (8.18)
k>2

where a new function 6(x) is defined by

0(x)= quxk_l. (8.19)

k>2

Also, from (8.14) and p; =1 —«, we have

u@o)=y_ pgy (8.20)

k>1

which is related to the function introduced in (7.99).!
From (8.15), the relation u/~! = ¢y holds, so that £ is a solution of the equation

x={l—a+ab(x)}/ ", (8.21)

lying in the region 0 <x <1 (x =1 is always a solution. Hence ¢y is another solution
smaller than 1).

If the primary molecules are an assembly of molecules carrying different numbers of
functional groups, the equation for ¢y is given by

x:zpf{l—awe(x)}f*l, (8.22)
f

by using the distribution p ¢ of the functional groups.
The weight-average junction multiplicity is given by

EWEkakzl—a-i—aquk, (8.23)
k=1 k>2

1 The function ii(z) = D ksl vizk~ s derived from u(x)= Dkl prx*=1 by substituting the relation
=Gl
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Method to find the sol fraction.

using the probability gy.
From the relation
> kqr=1+06'(1), (8.24)
k>2

by the help of the condition 1z, — 1 =a8’(1) of (8.23), the gel point is found by
af' (D(fu—D=1, (8.25)

in terms of the derivative of the function 6 (x).
The sol fraction 1 —w is given by

l—w=0—-a)¢o+ab(Z0)¢o=¢ou(lo), (8.26)

in terms of ¢y, where the first term is the probability for an unreacted group to be not
connected to the gel, and the second term is the probability that it is connected to the sol
(Figure 8.6).

Effective junctions and effective chains
The total number of the junctions of multiplicity k is

2k

=Y pigk=(fva)(gi/k), (8.27)

i=0

where v is the total number of primary chains, and f v is the number of reacted functional
groups.

To find the number ; & of the (i, k) junctions, let us first introduce the fraction #;  of
the junctions with path number i among the total 114 of junctions of multiplicity k. Then
the relation

Wi J = Ikt k (8.28)

enables us to find the number of junctions of the type (i,k) from #; x. The fraction ¢ 4 is
found in the following way.
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The separation of an (i, k) junction.

First, we focus on an (i,k) junction. If all its bonds were cut, and the functional
groups were separated from each other, a total of k independent paths would be generated
(Figure 8.7).

Assume that, among these separated paths, the number [y is not connected to the
network matrix, the number /] is singly connected, and the number /5 is doubly connected.
The probability # x is then

k!
ti,k=Z—lo_1 5 50¢)' 6 (8.29)
0

where the two relations [y + 11 + /> =k, 1 +2l» =i hold. If we write [, =m, we have
lo=k—i+m,ly =i —2m. The number m can vary m =0, 1,2,...,i/2 for a given k.
From (8.27) and (8.29), we find the fundamental relation

& (k—1)! k—i+m i—2m .m
Hik=(fra)qe ) | o s e (830)
= ! tm!

On substitution of this relation into the SC criterion (8.9), we find that the number of
effective junctions is

1 1
Mett = (fva) {/g 0(x)dx — (81 +22)0(%o0) — 54“129/(;“0)} ) (8.31)

0

as a function of 6(Zy) and its derivative 0'(¢g), where & is the solution of (8.21), which
is smaller than 1. Similarly, the number of effective chains is

1
vetr = 5(Fva) { Qo2+ ED11 =001 =570/ | (8.32)
and the number of the end groups is

vend = (fve) {220+ ¢1)[1—6(20)] — 280216 (20) } - (8.33)

The total number of the branch points in the end groups is

md = (fra)d(Lo)tr. (8.34)
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These structural parameters enable us to find the global properties, such as the average
length of the effective chains

neft = (MV) &2/ Vet (8.35)

and the average DP of the end groups

ndg = (nv){1/Vend- (8.36)

Telechelic chains
For the functional groups at the chain ends, the counting of paths is slightly different. In
particular for the polymers carrying the functional groups at both ends, there remain no
free ends in the completion of reaction « — 1, and hence vepg — 0.

Let us study telechelic polymers ( f =2) in more detail. It is impossible for an unreacted
group to have a double path j =2 because it is at the chain end, and hence ¢, =0
(Figure 8.8(a)). Also, because {p=u and {1 =1—u for f =2, we have

KU ki
lz,k—mfo $1s (8.37)

for a junction of the type (i,k), where i varies as 0 <i < k. The number of effective
junctions is

oo k
Meft =) ) Miks (8.38)

k=3i=3
since the maximum value of the path number i is k. This gives the same result as (8.31)
with £ =0.

to matrix

(a) (b)

(a) Connection paths of the telechelic polymers. (b) A cross-link junction formed by the
functional groups of the telechelic polymers.
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Similarly, the number of effective chains is

IOOk.
%HZEE:E:U%b (8.39)

k=3 i=3

which is the same as (8.32) with ¢, =0. But the number of end groups

ook
Vend =Y Y (k—i)pix

k=2i=2

= (fva)[1=0(0) — 10" (50)1¢0. (8.40)

is different from the previous result. In the limit of o — 1, the relation vepg — 0 is
confirmed by ¢y — 0 (Figure 8.8(b)).

The number of elastically effective chains

We start from the definition of the function u(x) (8.20) and u(x) (7.99). They are
related by
u(x)=(I—-o)i(zx), (8.41)

where the parameter z is defined by z = A(T)y p;. From the definition of the function

6(x), we find
1—

o

0(x) = —[ii(zx)—1]. (8.42)

The normalization condition u (1) =1 then gives a relation (7.103)(1 —a)u(z) = 1. After
eliminating o from (8.42), we find

O(x)=(zx)—1)/(m(z)—1), (8.43)

which gives the function 6 (x) in terms of the concentration.
Similarly, to find the zero path probability (8.22) is transformed to

x = [ii(zx) /i ()} . (8.44)

The smaller solution x; of this equation can now be found as a function of L.
Finally we can readily check that 6(1) =1 holds, and its derivative is given by

dnfu(z)—1
9’(1):M. (8.45)
dnz
On substitution into the sol—gel transition criterion (8.25) and by the use of the relation

(10.147), we find an equation

dinii(z)

(f=D dlnz

1, (8.46)
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for finding the critical value of z as a function of the functionality and the multiplicity.
This is the same as (7.116).

Before studying specific models of the junctions, we derive asymptotic forms of the
network parameters in the extreme limit of complete reaction o — 1. In this limit, the
smaller root of (8.44) goes to zero (x; — 0), and hence

Z— 0, (8.47a)
a—2/f, (8.47b)
L—>1-2/f. (8.47¢c)

The effective chains and junctions therefore show a limiting behavior

2
Vel 2, (8.48a)

v f

et f 2
>L_Z2,, 8.48b
) i fQ2 ( )

where |
ko= a/k (8.49)
k>2

is the number-average junction multiplicity. For the dangling ends we find

Vend
%

-2, (8.50)

as expected, because only the two ends of the primary chains remain dangling at the
completion of association.

In contrast, for telechelic polymers, we are led to the asymptotic behavior vepg /v — 0
from (8.40), again as expected.

The first model we study allows only one fixed number k of the functional groups in
a junction. We therefore have only £ =1 (unreacted) and k (reacted). Since g = 1, with
the other g, being zero, we find 6 (x) :xk/, where k' =k — 1, and

i(z)=1+2". (8.51)
Now the equation to find x; takes the form
x=1—a+ax)/, (8.52)

whose solution is formally given by

o' (1—a) ¥
X1 = [m] . (8.53)
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Here o’ is a solution of the equation
(a/)l/k/(l _a/)f/fl/k, za]/k/(l _a)f,*l/k,, (8'54)

which lies in the pregel regime (o’ < ™) for a given value of (> &*). This smaller root
refers to the average extent of reaction in the sol.

The simplest case is the pairwise association k =2 for arbitrary functionality f. The
number of elastically effective chains was calculated by Clark and Ross-Murphy [15].
Their result can be reproduced by choosing the function u#(x) as u#(x) =1+ x.
Straightforward calculation leads to the result

Vett /V = fa (381 +282)82/2, (8.55a)
Mefr /v = fa(201+§2)52/2, (8.55b)

where the values of ¢ are found by (8.15)—(8.17) with x; being the root of (8.52). The
above formulae for the effective chains and junctions were first derived by Langley [13].
For trifunctional ( f = 3) primary chains, we find explicitly that

vetr /v = QRa—1)*(5—a)/3a>, (8.56a)

et /v = Qa— 1) /a?. (8.56b)

‘We now examine the opposite case where polymers carry only two functional groups

f =2, but form multiple junctions with k >3. We find {p =x1,{1 =1 —x1, and & =0.
The last relation ¢ =0 is obvious because an unreacted functional group on a chain can

only be connected to the gel through the chain carrying it (i.e., i = 1) in the special case
of f =2. The number of effective chains now becomes

Vet /v =a (1 —x1) (1 —k'x¥" + k"5, (8.57)
Similarly, the number of effective junctions and dangling ends take the form
fheft /v = Qo /K1 — (K /2) (K k" x} = 2kk” x1 + kK], (8.58)

and
Vend/V = Qa)[1+x; — 2k — l)xll" + 2k — 3)kx'f]. (8.59)

The slightly modified form
Vena /v = a) (1 —k'x¥" +k"xK)x) (8.60)

must be used for telechelic polymers.

Figure 8.9 shows the number of elastically effective chains for f =2 with k varied
from curve to curve as a function of (a) the extent of reaction, and (b) the reduced
concentration [14]. The critical behavior obeys the mean-field scaling law

Verr /v 2= (¢ —¢™)', (8.61)
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The number of effective chains as a function of (a) reactivity and (b) the polymer concentration.
(c) Magnification of (b) near the gel point. (Reprinted with permission from Ref. [14].)

with # = 3. The cubic power comes of course from the mean-field treatment (tree statis-
tics). According to the percolation theory, we should expect a smaller power r =1.7 [18].
At the completion of the reaction « =1 (and hence A¢/c — 00), and the curves asymp-
totically reach unity. The number of effective chains is proportional to the polymer
concentration in this region.

The simplest model network is the one formed by bifunctional ( f =2) primary chains
with triple junctions (k = 3). In this special case, we find o’ = 1 —«, where « is the
root of the third-order algebraic equation (Av/)?a® 4+« — 1 =0. The larger one lying
in 0 <o < 1 must be chosen for « in order for o to be the smaller root of (8.54). All
network properties are analytically expressed. We have, for example, {p = (1 — @) /«,
t1=Qa—1)/a, & =0, and

Vert /v = 2o — 1) Ja?, (8.62a)
et /v =2Q2a — 1) /3a°. (8.62b)

Since the critical extent of reaction is given by ™ = 1/2, the cubic power near above the
sol—gel transition point is evident.

These curves can be compared with the experimental data on the high-frequency
dynamic modulus for HEUR measured by Annable et al. [16]. Their experimental data
for HEUR C16/35K (end-capped with CH33, molecular weight of 35000, Figure 19
in [16]) are replotted in Figure 8.10. If we choose ¢* = 1.0% for the weight concentration
at gelation, the scaling power at the critical region gives ¢ = 1.6, close to the percolation
value. But this power depends sensitively on how to choose ¢*. In Figure 8.10 fitting the
experimental curve to the theoretical calculation is attempted. At high concentrations,
the multiplicity is estimated to be 6-7, and about 60% of chains are effective. In the
direct measurement [ 1 7] of the junction multiplicity using fluorescence decay of pyrene
excimer, the number of hydrophobic groups in a junction was estimated to be 20. The
difference 20 — 7 = 14 in the number of hydrophobes of these two measurements may
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Comparison of the high-frequency plateau modulus of aqueous HEUR C16/35K solutions (o)
and theoretical calculation of the number of the elastically effective chains (solid lines). Both are
plotted against the log of the concentration deviation. (Reprinted with permission from Ref. [14].)

be attributed to the hydrophobes attached to the loop chains dangling from the junction,
which are elastically ineffective.

Percolation model

In a different way from the classical theory of gelation, the percolation model of gelation
focuses on the geometrical structure and connectivity of the system. Percolation theory
was originally developed to study how water pervades into sands, and has been applied
to coffee percolation, irrigation of fields, spreading of diseases, propagation of fires in
forests, etc. [19,20]. We describe the theory with an attempt to apply it to the gelation
problem [18,20,21].

Percolation models are roughly classified into percolation on regular lattices and per-
colation in continuum space. Both derive the scaling laws near the percolation threshold
by focusing on the self-similarity of the connected objects. The percolation theory is
suitable for the study of fluctuations in the critical region, but has a weak point in that
the analytical description of the physical quantities in wider regions is difficult.

Percolation threshold

There are two types of percolation problems on regular lattices: site percolation and
bond percolation (Figure 8.11).

In site percolation (Figure 8.11(a)), particles are randomly distributed on the lattice
sites. The neighboring pairs are regarded as connected. Let 2 be the total number of
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T

(a (b)

Percolation problem on regular lattices: (a) site percolation, (b) bond percolation. Connected
clusters are circled.

Table 8.1 Percolation threshold

Lattice Bond Site
d A z f pc(b) pc(s) zpc(b) fpc(s)
H (honeycomb) 3 061 06527  0.70 1.96 0.427
d=2 S (square) 4 079 05000 059 2.00 0.466
T (triangular) 6 091 03473 0.5000 2.08 0.455
d (diamond) 4 034 039 0.43 1.56 0.143
s.c. 6 052 025 0.31 1.50 0.161
d=3 b.c.c. 8 0.68  0.18 0.24 1.44 0.163
fec. } 12 074  0.12 0.20 1.44 0.148
h.c.p.

the lattice sites, and N be the number of particles placed on them. The fraction p is
defined by

p=N/Q. (8.63)

When p exceeds a certain threshold value p., a connected cluster of infinite size
appears. This critical value p. of the fraction depends on the space dimensions d and
lattice structure (symbolically described as A), and hence it is indicated by p.(A,s).
In two-dimensional space (d =2), there are square lattices (A =S), triangular lattices
(A =T), honeycomb lattices (A = H), etc. In three-dimensional space (d = 3), there
are simple cubic lattices (A =sc), face-centered cubic lattices (A =fcc), body-centered
cubic lattices (A =bcc), and hexagonal close packed lattices (A =hcp) (Table 8.1).

In contrast, in the bond percolation model (Figure 8.11(b)), the connection bonds are
randomly placed on the lines between the nearest neighboring (n.n.) sites on the lattice.
Bonds sharing the same lattice point are regarded as connected. The fraction p in this
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Dual lattice and dual transformation. (a) Square lattice is self-dual S* = S. (b) The dual lattice of
a honeycomb lattice is a triangular lattice H* = T and vice versa T* = H.

model is defined by
p=Ng/B, (8.64)

where Qp is the total number of n.n. pairs, and Np is the total number of bonds. The
percolation threshold of the bond percolation is designated as p.(A,b).

Some of the critical values of percolation can be derived using a simple method based
on the duality of the lattices. In general, the new lattice A* constructed from A by
connecting the centers of lattice cells is called the dual lattice of A. For instance, the
dual lattice of the square lattice is a square lattice: (S* =3S). It is self-dual. A honeycomb
lattice and a triangular lattice are dual to each other: (T* =H, H* =T) (Figure 8.12).

Because bonds on the lattice A and bonds on its dual lattice A* cross each other,
percolation problems on them are related by

pe(A,b)+ pc(A*,b)=1. (8.65)

The state on A where bonds are connected to infinity at p. corresponds to the infinitely
connected vacancies that appear on A* at 1 — p,. This relation is called the matching
relation. We find immediately that the critical value of the percolation on a square lattice
is pe(S,b)=1/2.

Also, triangular and honeycomb lattices have a matching relation p.(T,b) +
pc(H,b) =1. The critical values are not uniquely decided by this relation only, but there
is another relation 1 —3 p.(T,b) + p.(T,b)> =0 that holds rigorously (the Sykes—Essam
relation) [22]. Combination of these relations leads to the interesting results

pe(T,b) =1 — p.(H,b) =2sin (%) —0.347296. (8.66)

A similar matching relation can be found between site and bond percolations. For
instance, if the middle points of all bonds on a square lattice are tied, a triangular lattice
is generated (Figure 8.13). Therefore, the bond percolation (S,b) on a square lattice is
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Bond-site matching.

dual to the site percolation (T,s) on a triangular lattice: (S,b)* = (T,s), and hence
pe(T,8)+ pe(S,b) =1 (8.67)

holds. Since p.(S,b) =1/2, we find p.(T,s) = 1/2. Thus, the exact critical values of

some percolation problems can be found by matching relations, but in general numerical

estimation by computer simulation is necessary. Table 8.1 summarizes the values of p.
obtained so far.

Distribution function of clusters

The cluster distribution function f;, is defined by

Sm(P)=Nu/N, (8.68)

where N, (m=1,2,3,...) is the number of clusters consisting of m particles (referred
to as m-mer). The number density v, of m-mers is defined by

Vi (P) =N/ L. (8.69)
In the region p > p. after the percolation threshold is passed, the infinite cluster

coexists with finite clusters (Figure 8.14). Let Ny, be the number of particles in the
infinite cluster. The total particles are decomposed into two parts

Z MmNy + Noo = N. (8.70)

m>1



266

Fig. 8.14

8.3.3

Structure of polymer networks

N

m
monomers

- N
monomers

Cluster distribution in the region where finite and infinite clusters coexist.

Dividing by €2, we find the relation

> mvn+ Poo(p) = p .71)

m=1

where
Poo(p)=Noo/ 2 (8.72)

is the volume fraction of particles belonging to the infinite cluster. The gel fraction w is
then given by
w=Ns/N = Px(p)/p- (8.73)

We study v, and P as functions of the fraction p.

Percolation in one dimension

In one dimension, the probability for finding a continuous train of m particles is p”, and
the probability for both sides of this train to be empty is (1 — p)? (Figure 8.15). Therefore
we have

vm = p" (1= p)*. (8.74)

If p <1, the identity ), ., mv,, = p holds, so that the percolation threshold is p. =1.
Because only one Vacangy separates the train into two parts, all lattice sites must be
occupied for the system to percolate. In other words, there is no postgel regime in one
dimension.

By using this number density, we find (m), =1/(1 — p) for the number-average, and
(m)w=(1+p)/(1— p) for the weight-average, and (m). = (1+2p— p*)/(1+p)(1 - p)
for the z-average. Let us introduce the deviation Ap = p. — p from the critical value.
The averages behave as (m), =~ (m)y =~ (Ap)_l, (m), ~ (Ap)_1 near the threshold.

To specify the nature of the singularity near the threshold, we introduce the critical
indices of percolation. The averages are

(m)w=(Ap)~7, (8.75)



Fig. 8.15

8.3 Percolation model 267

1-p 1-p

----- O----@---0---O-- ﬂ’;'-'&--t---ci‘;xcg--o---&--t---o------

Percolation in one dimension.

for the weight-average, and
(m), ~(Ap)~'/°, (8.76)

for the z-average. In one dimension, y =0 =1.
The cluster density can be transformed as

v =p" (1= p)? =1 —p)?e™ NP = (Ap)2e AP, (8.77)

Hence, it is
Y = (m*) T F(m/m™), (8.78)

by using a characteristic size m*. Either (m), or {m), may be chosen as the characteristic
size m* in one dimension, but it turns out that m* should be identified to be (m), in the
space dimension larger than 1. The index t is t =2, whereas the function F(x) is
F(x) =e™*. The index 7 is called the Fisher index, the function F(x) is the scaling
function, and the relation (8.78) is the scaling law. The cluster distribution does not
depend on the size m and the fraction p independently, but depends on the combination
m/m*(p) due to the self-similarity of the structure.

We next introduce the connectivity correlation function g’ (r) of the particles defined
by the average

1
g'(r)=5 2 (Br=ri), (8.79)
i.J
where the sum should be taken over all of the particles that belong to the same cluster. The
symbol ((---)) indicates the average over all possible placements of the particles. Since
this function includes only the intra-cluster particle correlation, it conveys information

on the connectivity of the system [23-25].
In one dimension, we have

sm=p", (8.80)

by definition. Changing this equation into the form
gy e /NP /8 (8.81)
the correlation length & depends on the fraction p in the form

E=—1/Inp~(Ap)~". (8.82)
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As p approaches p. =1, the correlation length grows to infinity. If we introduce the
critical index v by the form

Ex(Ap), (8.83)

the index turns out to be v =1.

Site percolation on the Bethe lattice

In one dimension, the separation effect by the vacancies is so exaggerated that no post-
percolation region appears. We improve this point by modelling the percolation on a
Bethe lattice (Cayley tree) (Figure 8.16). The coodination number z of the Bethe lattice
is z= f, where f is the number of the functional groups on a particle. Each particle is
assumed to carry f functional groups which react at 100% when particles are placed on
the n.n. sites. The reactivity « of the functional group is the same as the probability p for
finding a particle on the n.n. site. The classical theory of gelation in Section 3.2 found
for the number density of m-mers as

_Nm_ f_N (l_p)z m
vmza_< ) > » wn B, (8.84)

where = p(1—p)/~2 and w, = (fm —m)!/m!(fm —2m +2)! is the Stockmayer
factor.
From the results in Section 3.2, the weight-average cluster size is

(m)w=~A+p)/[1=(f=Dpl, (8.85)

and hence the percolation threshold is p. =1/(f — 1). The special case of f =2 reduces
to the one-dimensiona problem. There is a post-percolation region when f > 3.

Let us next find the fraction Py, of the percolated cluster in the postgel regime (p > p¢).
Let u be the probability for a functional group to be connected to the finite clusters only

Percolation on a Bethe lattice.
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(Figure 8.16). Then, the relation
u=1-—p+po (8.86)

holds, where ¢y is the probability for a particle to be connected only to the finite clusters,
because the probability for a randomly chosen functional group to be unreacted is 1 — p,
and to be connected to a particle which is a member of a finite cluster is p{p.
Since all f — 1 paths starting from the particle must be connected to finite clusters, &
should be given by
o=u’"". (8.87)

We then have from (8.86) the equation
u=1-p+pu/~! (8.88)

to find u. This is a special case of (8.21) for the pairwise association k =2 only. Because
the sol fraction is wS =uf = ¢yu, and the gel fraction is w = Ps(p)/p, the percolation
probability is given by

Poo(p)=p(1—u’). (8.89)

For the special case of f =3, u=(1—p)/p, to=1[(1— p)/p]?, and hence the gel

fraction reduces to \
1—
Poo<p>=p{1—(7”) } (8.90)

which is the same result as Flory’s postgel treatment in the classical theory of gelation.
Hence, Flory’s assumption of the reactivity of the sol «’ turned out to be the correct
one. Comparing the gel fraction (3.29) by Flory with the relation w = Py (p)/p, we find
that the reactivity pS of the sol part must be equal to p® = 1— p. This gives, however,
pS=(1—=2p+2p*) /(1 — p+ p?) if the reactivity of the gel part pO is defined by the
relation (3.37), which gives the correct total reactivity. The reactivity of the gel can
therefore be larger than ovg =2/3 of the maximum reactivity of the tree with f =3. Such
an inconsistency in treatment originates in the assumption that the system is infinitely
large, and that the recursion relation (8.88) holds.?

Self-similarity and scaling laws

Static scaling laws

In the critical region near the percolation threshold, the structure of the clusters are self-
similar; the structure observed in a certain length scale looks similar to a part of it when
the part is magnified A times as large, and hence they are superimposable onto each other
(Figure 8.17). Let us describe the self-similarity in a mathematical way by taking the

2 The number of surface sites in a tree is of the same order as the total number of the sites (see Section 4.3),
so that a simple thermodynamic limit without the surface correction may lead to an inconsistent result.
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mass M of the connected assembly of the identical particles as an example. Let M (L)
be the mass of the region of the assembly inside the radius L measured from the center
of mass. The mass M (AL) inside the radius AL should satisfy

MQO.L)=2PM(L), (8.91)

from the self-similarity. The index D is the fractal dimension of the object [26]. Taking
a microscopic length as L, and the average radius of gyration R(m) of the m-mers as
AL, the mass M (AL) is the molecular weight M,, of the m-mer. Hence, self-similarity
is described by the proportionality relation

M,, >~ R(m)". (8.92)

Power laws derived in this way from the self-similarity include the scaling laws.
In the critical region, the cluster distribution function obeys the scaling law

fm(p)=m~"F(m/m*(p)), (8.93)

where m is the number of particles in the connected cluster, t is the Fisher index, and
m™*(p) is the reference size of the clusters [18, 19]. The size m™*(p) is shown to be the
z-average cluster size (m) in the following (8.98). Practically, it is the size of the largest
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cluster. Since it diverges at p., the index o is introduced in (8.76) by the scaling law
m*(p)=|p—pc|~7=|ApI717. (8.94)

The indexes o and t are two fundamental structural indices of percolation theory. The
function F(x) is a smooth scaling function which decays sufficiently fast.

Pregel regime
The number average cluster size takes a finite value at the percolation threshold, and
hence

(m), = Z m f, = constant. (8.95)

m>1

The weight-average is divergent as

(myw=_"m*fu/ Y mfum>=m*y T =(Ap)77, (8.96)
where the last equality is the definition of the index . We immediately have the relation

3 _
y=""L, (8.97)
o

from the scaling form of f,,,. The index y can thus be described by the two fundamental
indices T and o. The z-average is similarly

(m)e ="y " m? fru) Y m® forn = (m*) T ()P =, (8.98)
Thus, the reference cluster size m™ turned out to be the z-average.
In the derivation of these equations, the summation is replaced by the integral
(e.¢] o
kafm :/ m fndm =/ m* T F(m/m*)dm
1 1

m>1

o0
= (m*)kt1- /1/ *xk*fF(x)dx. (8.99)

Since the lastintegrals are convergent for k =2, 3, ... in the limit of m* — co, the moments
are proportional to 2~ (m*)k*1=7 except for k = 1, for which the summation is a constant
at p= p. (because of 7 > 2).

The correlation length of percolation is defined by the size of the largest cluster

E~Rm*)~a(Ap)~". (8.100)

The last equality is the definition of the critical index v. Since m* ~ R(m*)? ~ (Ap)~"P
by using the fractal dimension D, the index v is given by

v=1/oD. (8.101)
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In contrast, the weight average cluster size is

> Rm)*mfm

me :(m*)2/D+2—'L’ 252(Ap)(1'—2)/0’ (8102)

(R*)w=
so that the last factor makes the singularity weaker than the squared correlation length.

On the gel point

On the critical percolation threshold p = p., the cluster distribution becomes
Jm(pe) = F(O)m™", (8.103)
where F(0) is a finite constant, so that a power law holds due to the self-similarity. The

average radius of gyration of m-mers obeys the scaling law R(m)~am'/P
the microscopic length scale.

, where a is

Postgel regime
In the postgel regime (Ap = p — p. > 0), the volume fraction of the sol is given by the
sum

S=> " mun(p), (8.104)

m>1

but since there is no contribution from the infinite cluster (m = oco) in the sum, the gel
part Po, can be calculated from the subtraction

Poo=p—Y_ mun(p). (8.105)

m>1

The sol fraction is 1 —w = S/ p, while the gel fraction is w = P/ p. The gel fraction
obeys the power law

w~(Ap)P (8.106)
near the threshold (Figure 8.17), where f is a new index. It is shown to be identical to

B=(t—2)/c (8.107)

in terms of the two fundamental indices as follows.
Because ), - mvu (pc) = pc holds, we find

Poo=p—Y mun(p)= Y m{vu(pe) = vm(p)}.

m>1 m>1

Substituting the scaling law, we find

Poo=Y m'"T{F(0)— F(m/m")}.

m>1



8.4.2

8.4 Self-similarity and scaling laws 273

Table 8.2 Critical indices of the percolation problem

Space dimensions

Index d=1 d=2 d=3 Cayley tree Experiment
o 1 36/91 0.46 12 0.40+0.08
T 2 187/91 2.20 502 2.28+0.03
B - 5/36 0.45 1 0.740.2
% 1 43/18 1.74 1 1.840.3
v 1 4/3 0.88 172 1.140.2
8 - 91/5 49

D~ (p=pc) 48/91 0.40 1/4

D~ (p<pe) 0.641 0.5 1/4 0.48+0.02
D~ (p>pe) 172 1/3 1/4

s - 0.7-0.9 0 1.4+02
t 4/3 1.7-1.9 3 32405

If the sum is replaced by integration, the probability turns out to be
o0
Poo :/ m'"{F(0)— F(m/m*)}dm
1

:(m*)z—f/w xTHF () — F(x)}dx
1/m*
~(m*)* T (Ap) T/, (8.108)

The weight-average size of the finite clusters in the sol is usually written as (m), >~
(A p)_y/, but by symmetry, the relation y =y’ holds. The weight-average is related to
the gel fraction as

(m)w ~w' ™9, (8.109)

in terms of the new index §. Obviously, it is given by
s=1+y'/B. (8.110)

Table 8.2 summarizes the theoretical critical indices and their experimental values. The
index s characterizes the divergence of the viscosity, and ¢ characterizes the appearance
of the elastic modulus. The index ¢ is larger than 8 because not all the chains in the
connected network are elastically effective. There are many free ends near the percolation
threshold.

Viscoelastic scaling laws

Scaling laws hold not only for geometrical properties but also for viscoelastic properties.
The steady-state (zero shear) viscosity (2.54) diverges as

no=(pc—p)~" (8.111)
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(a) Steady-state viscosity 1o and equilibrium modulus G (w = 0) near the percolation threshold.
(b) Scaling law for the dynamic mechanical modulus G (w) of poly(vinyle alcohol) solutions in
di-(2-ethylhexyl)phthalate (c =9.9 wt %)

on approaching the percolation threshold, while the equilibrium modulus rises as
Goo(p—pe) (8.112)

in the postgel region, where indices s, ¢ are defined (see Figure 8.18). If the clusters obey
Rouse motion under the condition of free draining, the viscosity indexis s = (D —d +2)v.
If there is strong hydrodynamic interaction, s =0 (logarithmic divergence). The evalua-
tion of the effective chains in the gel fraction w may lead to the index ¢, but the judgement
of the active chains is difficult, because even if the gel is geometrically percolated, it
is not necessarily elastically percolated [21]. The concept of rigidity percolation was
introduced to describe the difference [27].

By using these two indices, the dynamic mechanical modulus G(w) = G’ (w) +
iG"(w)=iw[n (w)—in"(w)] is shown to obey the scaling law

G(w:Ap)~(Ap)' g+ (;—")) (8.113)

near the gel point, where
w*=wo(Ap)*t! (8.114)

(wo is the frequency corresponding to a microscopic timescale), and the function g4 (x)
is a smooth scaling function which has no singularity [28-30].
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In the limit of low frequency w << w*, the scaling function must be expanded in the
power series g_(x) =a1x + ax?+--- in order for the scaling relation n'(w) >~ (Ap)~*
(8.111) to hold in the pregel regime. It must also be expanded in the form g4 (x) =
by +byx +--- in order for the scaling relation G'(w) >~ (Ap)" (8.112) to hold in the
postgel regime. For the intermediate frequencies in the range w* < @ < wy, if the power
form

g4 () ~x2 (8.115)

is assumed for scaling, the modulus is
o \> .
G(w;Ap):G()(—) eTA2, (8.116)
o

and the phase shift is § (w) =7 A /2, that is, the loss tangent is

T

tama(w)EG”(a))/G’(w)=tan(2 A), (8.117)

which is independent of w.
Furthermore, if G(w; A p) is independent of A p in this frequency range, the scaling
index of the complex modulus is expressed as

A=t/(s+1) (8.118)

in terms of the fundamental two indices of viscoelasticity. Usually s = 0.7-0.9,
t =1.7-1.9, the index takes the value around A ~0.5.

Such a scaling idea leads to the experimental identification of the gel point from
the measurement of the dynamic mechanical moduli. Figures 8.18(b) and 8.19 show a
typical example. In the course of the cross-linking reaction of poly(dimethyl siloxane)
by tetra-functional silane, there is a time at which the storage and loss modulus exhibit
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Identification of the gel point on the basis of the dynamic mechanical scaling law. (a) G'(w)
(white symbols) and G” (w)(black symbols) at different time. (b) Loss tangent plotted against the
frequency. (Reprinted with permission from Ref. [30].)
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the same slope in logarithmic scale (Figure 8.19(a)). The loss tangent is constant over a
wide frequency range (Figure 8.19(b)). This is the gel point. This method of finding the
gel point is referred to as the Chambon-Winter method.

Percolation in continuum media

Critical volume fraction of percolation

Let us move to the percolation problem in the continuum spaces [31]. This can be
naturally done by first finding the invariants of the problem which do not depend on the
details of the lattice structures but depend only on the space dimensions and symmetry,
and then discard the lattices from which the problem started.

For instance, the threshold value p.(A,s) of the site percolation depends on the lattice
structure A, but when it is multiplied by the filling factor f(A), the product

b= f(A)pc(A,s) (8.119)

is known to depend only on the space dimensions d and is called the critical volume
fraction. The filling factor f(A) for the lattice A is defined by the ratio of the volume of
the spherical balloons on the sites swollen until they come into contact with each other
against the total volume of the lattice (Figure 8.20).

In the square lattice, the radius of the circle is 1/2, and the filling factor is f(S) =
7(1/2)%/1=m/4. Similarly, f(sc) = (47/3)(1/2)> = /6 for the simple cubic lattice.

The critical volume fraction is therefore ¢. = 1.00 for the one-dimensional lattice, and
¢ =m(1/2)% x 1/2=0.393 for two dimensions as calculated in the square lattice. Scher
and Zallen [32] found ¢ =0.4440.02 in two dimensions d =2, while ¢, =0.15440.005
in three dimensions d = 3. It decreases with the space dimensions, because even if
the cluster is percolated d dimensionally, it may not necessarily be percolated d + 1

-
<>
N

AR
NN

Construction of the space filling factor f for the given lattice.
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dimensionally (Table 8.1). The critical volume fraction is applicable to the percolation
problem of randomly distributed hard spheres in three-dimensional space.
As another example of the invariant, let us take the critical bond number

b =2pc(A,D) (8.120)

in the bond percolation problem, where z is the coordination number of the lattice A.
It was found to be invariant by Ziman [33]. It is ¢ =2.0+£0.2 in d =2, while it is
¢ =1.5£0.11in d =3. The critical volume fraction is known to be approximately given
by ¢.=d/(d —1) (Table 8.1).

The percolation models discussed so far undergo purely geometrical transitions
because the objects treated have no center of mass translational motion. They are only
randomly placed either on the lattices or in the continuum space. Therefore, they don’t
reveal any thermodynamic singularities. If particles are moving in a space, however, the
entropy associated with the translational motion may partly vanish at the percolation
point since the mass center of the infinite cluster (gel) ceases to move. If its derivative
with respect to the concentration across the percolation point has a discontinuity, the
transition becomes a real thermodynamic one.

Studies along this line have been developed on the basis of the classical theory of con-
densation. For instance, Hill [34] introduced a formal method for calculating the number
of physical clusters in imperfect gasses as contrasted with Mayer’s method [35] of
mathematical cluster expansion. The transition from low-temperature microcrystalline
arrangement (droplet) to high-temperature spongelike structure (percolatiton) was stud-
ied by Stillinger [36] in the case of the pair potential with limited interaction range.
The relation between condensation and gelation was discussed in more detail by Cohen
etal.[37]. They derived Stockmayer distribution (3.19) of the polycondensation reaction
using Hill’s method of physical clusters, and pointed out that the singularity is associated
with thermoreversible gelation. However, the thermodynamic scaling laws have not yet
been established. In the next section, we will see some studies of the problem by focusing
on the adhesive hard-sphere pair potential.

Gelation of sticky hard spheres (Baxter’s problem)

To study gelation phenomena in globular proteins, colloid dispersions, etc., Baxter’s
adhesive hard sphere (AHS) system [38] is often used as a model system. Particles in
the AHS system interact with each other through strongly attractive short-range square
well potentials.

Consider N spherical particles of radius o/2 in a container of volume V. The volume
fraction ¢ = (477/3)(c/2)3> N/ V is used for the concentration. The attractive potential has
a depth —e and width A =d —o (Figure 8.21(a)). In the Baxter limit [38] of short range
d — o and strong force € — oo, the spheres form branched spongelike clusters in which
they are connected to each other. Above a certain volume fraction, the clusters percolate
over the entire container (percolation line in Figure 8.21(b)) [23-25,39]. The condition
for the existence of such percolation phenomena is roughly estimated as § = A /o <0.1.
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(a) Baxter’s adhesive hard sphere (AHS) system. (b) Its universal phase diagram. Coexisting
percolation transition and phase separation in the system of hard spheres with short-range
strongly attractive interaction are shown on the temperature—volume fraction phase plane. Data
(o) of the percolation transition are produced by molecular simulation, while the theoretical
result [24] is shown by the dotted line. Solid lines are gas—liquid transition lines. (Reprinted with
permission from Ref. [40].)

The second virial coefficient

1 o0
AQ(T)=§/O (1—e 4Oy 712y (8.121)

of the AHS system is normalized as A3 = A>(T)/ AEIS by using the hard sphere system
AI;IS = (43 /3), and is used to measure the temperature in the form 7 = 1 J4(A3—1).
There have been attempts to construct phase diagrams on the 7—¢ plane [24,25].

AHS systems show interesting phase diagrams in which gas—liquid phase transi-
tion coexists with percolation transition (Figure 8.21(b)). The percolated cluster can
be regarded as a porous gel comprising spherical particles. Within the Percus—Yevick
approximation, Chiew and Glandt [24] found that the percolation line is given by

T=(19¢>—2¢+1)/12(1 — $)>. (8.122)

If we apply Mayer’s theory of condensation to AHS systems, we find that in the
cluster expansions (7.13a) for the molar volume v and (7.13b) for the pressure p. The
coefficients (cluster integrals) b; are constructed by the special form

(e

_ o /keT _
fr=e s

S(r—o)+0(r—o)—1 (8.123)
of the Mayer function. They take a form similar to w; in tree statistics with the func-
tionality f >~z (z >~ 12 is the coordination number of closely packed spheres.) There is
a strong tendency to form tree-type clusters rather than spherical droplets.

As aresult, the percolation transition splits from the gas—liquid transition line. Because
the analytical solution of the problem is difficult to find, molecular simulations are used
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to construct the phase diagram [40.41]. However, the nature of the singularity of the
thermal properties such as compressibility, specific heat, etc., across the percolation line
still remains an open question.
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9.1

Rheology of thermoreversible gels

This chapter is devoted to the molecular rheology of transient networks made up of associating
polymers in which the network junctions break and recombine. After an introduction to the-
oretical description of the model networks, the linear response of the network to oscillatory
deformations is studied in detail. The analysis is then developed to the nonlinear regime. Sta-
tionary nonlinear viscosity, and first and second normal stresses, are calculated and compared
with the experiments. The criterion for thickening and thinning of the flows is presented in terms
of the molecular parameters. Transient flows such as nonlinear relaxation, start-up flow, etc., are
studied within the same theoretical framework. Macroscopic properties such as strain harden-
ing and stress overshoot are related to the tension—elongation curve of the constituent network
polymers.

Networks with temporal junctions

In most polymer blends and solutions of practical interest, the polymer chains carry
functional groups that interact with each other by associative forces capable of forming
reversible bonds. These forces include hydrogen bonding, ionic association, stereo-
complex formation, cross-linking by the crystalline segments, or solvent complexation.
Because the bond energy is often comparable to the thermal energy, bond formation is
reversible by a change in temperature or concentration.

Typical examples are networks in aqueous solutions of polymers with short
hydrophobic chains attached at both chain ends (telechelic polymers), such
as hydrophobic poly(ethylene oxide), hydrophobic ethoxylated urethane (called
HEUR) [1-5], hydrophobic poly(N-isopropylacrylamide) [6, 7], poly(propylene oxide)-
poly(ethylene oxide)-poly(propylene oxide) triblock copolymers [8—10], etc. These
networks are analogous to the polymer networks whose elastic properties are studied
in Chapter 4. They differ, however, in the important point that the network junctions can
break and recombine. We extend the theoretical framework of rubber elasticity to suit
for the study of polymer networks with temporal cross-link junctions.

There are two clearly distinct regimes: entangled networks and unentangled networks.
In unentangled networks, the average molecular weight M of a chain connecting the
temporal junctions is smaller than the entanglement molecular weight M., M, < M,.
The major part of the stress is supported by the elastically active chains connecting
the junctions. In entangled networks, the opposite relation M, > M, holds. Localized
entanglements play a role similar to the cross-linked junctions.
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The first systematic study of the reversible networks was the transient network theory
developed by Green and Tobolsky [11], in which stress relaxation in rubber-like polymer
networks was treated by the kinetic theory of rubber elasticity suitably extended so as
to allow the creation and annihilation of junctions during the network deformation.

In order to ensure a wider range of applicability, some arbitrary assumptions in their
theory were later removed by Lodge [12] and Yamamoto [13] with an attempt to apply
it to entangled polymer melts rather than reversible networks. In their studies, localized
entanglements were regarded as temporal junctions that can be created and destroyed
under macroscopic deformation. Because of a lack of detailed knowledge about the
molecular mechanism of junction creation (the onset of entanglements), their theories,
however, remained semiphenomenological.

Another stream of the study of temporal networks concerns a model network whose
history involves cross-links added at a certain stage, a part of which is subsequently
removed so as not to be present in the final stage of deformation (called an addition—
subtraction network). On the basis of such model composite networks, Flory [14]
calculated the stress relaxation, and found that it obeys slow dynamics including
a logarithmic dependence of the stress, which is closer to power law rather than
exponential.

Flory’s intuitive argument was later confirmed by Fricker [ 15] with minor modification
by a replica calculation. Owing to the rather arbitrary assumption about chain creation
and annihilation, the addition—subtraction network model is difficult to apply to real
physical gels.

In this chapter, we focus on the telechelic polymers, and construct a molecular rheology
that contains only the molecular parameters whose origin can easily be identified [ 16—19].

Models of transient networks

Consider networks made up of telechelic polymers carrying short hydrophobic groups
at their chain ends (Figure 9.1). Let v be the number of chains in a unit volume, n be
the number of statistical repeat units on a chain, and a be the size of the repeat unit. The
total length of the chain is given by [ =na. We neglect finiteness in the length of the end
chains by assuming that they are negligibly short compared with the middle chain.

Typical polymers used in the experiments are poly(ethylene oxide) (PEO) with a
molecular weight ranging from 6 x 103 to 35 x 103 carrying alkyl chains -C,,Ha,4 1
ranging from m = 12 to 22 [20-22],and poly(N-isopropylacrylamide) (PNIPAM) with
a molecular weight ranging from 7 x 103 to 5.9 x 10* carrying alkyl chains of m = 18
[6,7].

There are three kinds of chains in such networks: bridge chains (elastically effective
chain), dangling chains and loop chains. A bridge chain connects two different junctions,
while a dangling chain has one free end. There may be many loops attached to the
junctions, but we neglect them because their effect is only to reduce the number of
chains in the network from the total number given by the polymer concentration to the
effective number decided by the thermodynamic equilibrium condition. We also neglect
the free chains that are separated from the network and floating in the solution. The stress
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Dangling chain

= / . M\
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Internal reorganization of the transient network induced by a macroscopic deformation. Bridge
chains with high tension dissociate from the junctions and change to dangling chains, while
some dangling ends catch the junctions in the course of Brownian movement.

transfer by a dangling chain is made only through friction with its surrounding chains
and solvent molecules, which is negligibly small compared with that by the deformation
of active chains.

If one end of an active chain dissociates from a junction due to thermal motion,
or a tension caused by the external force, the chain becomes dangling and relaxes
to an equilibrium state after the single-chain relaxation time t, which is of the order
of the Rouse relaxation time tr = (¢a?/6w%kgT)n? in the unentangled regime. We
are concerned with the change in macroscopic properties of a network that is slower
than tR.

Suppose the network is subjected to a time-dependent deformation described by the
tensor ):(t). It can be a shear flow, an elongational flow, etc., but needs not be specified
at this stage. Let i (r,7) be the number of bridge chains per unit volume at time ¢
whose end-to-end vector is given by r, and let ¢ (r,7) be that of the dangling chain
(Figure 9.2) [23].

Let f(r) be the tension of a bridge chain with the end-to-end vector r working on the
micelle at its end. The tension is a function of the vector r. Similarly, letf; (j =1,2,3,...)
be the tensions given by the other chains connected to the same micelle. Then, the random
motion of the micelle is described by the Langevin equation

md—v——g(v—\"(t))—i-f—i—zfj +R(@), ©.1)

dt
J
where m is the mass of the micelle, ¢ the friction coefficient of the micelle with the
medium, v the instantaneous velocity vector of the micelle, v(¢) its average velocity
vector, and R(#) the random force originating in the thermal motion of the medium.

For the average movement of the micellar junction, we follow the assumption JG1 in
Section 4.3, and assume an affine deformation

F(t+AD =AM+ A1) M) F(1), 9.2)
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Bridge chain with end-to-end vector r, and a dangling chain with one free end in a transient
network made up of telechelic polymers. Micellar junctions make Brownian motion by the
thermal force under tensions f; given by the polymer chains whose ends are connected to them.
The instantaneous vector r does not change affinely to the external deformation tensor.
(Reprinted with permission from Ref. [23].)

for a small time interval Ar. By taking the limit of Ar — 0, we have

V(1) =k (Dr(1), 9.3)

for the average velocity [16], where
Ry =di(r)/dt i)~ (9.4)

We also assume as for JG2 in Section 4.3 that the random force has Gaussian white
noise

< Ry(1)Rp(1") >=2CkpT 80 58t —1'), 9.5)

where the friction coefficient ¢ is independent of the deformation.
Similarly, the equation of motion of the free end of a dangling chain is given by

dv
m1$=—;“1v+f+R1(t), 9.6)
where m is the mass of the end group, v its instantaneous velocity, and R (¢) the random
force acting on it. Since a dangling chain is free from macroscopic strain, the equation
has no terms concerning the deformation. The mass m is related to m through the
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multiplicity k of the junction as m =m k. The friction coefficient ¢ of the micelle is also
related to that of the end group ¢ through the multiplicity, but the relation depends on
the structure of the micelle.

To study the time development of the two kinds of chains, let us next introduce their
distribution functions. Let

Y (r,r)=8(r—i(1)) 9.7)

be the density operator for the chain vector of the bridge chains, and let

dr,1) =5 —F(1)) (9.8)

be that for the dangling chains.' These are operators (dynamical variables) at this stage,
but eventually give their distribution functions after the thermal average is taken.
These operators obey the chain conservation law

d A - . o
5, V@D +V- (VO n) =—pEY x,0)+amer.D), (9.9a)

0 - N A n
E¢(r,t) +V-(v()(x,0) =p@) Y (r,1) —a(r)o(r,1), (9.9b)

where S(r) is the chain dissociation rate, i.e., the probability per unit time for an end
chain to dissociate from the junction it is attached to, and «(r) is the chain recombi-
nation rate, i.e., the probability per unit time for a free end to catch a junction in the
neighborhood at the position specified by the chain vector r.

We now neglect the inertia term (the acceleration term) in (9.1) as in the conventional
treatment of the Brownian motion of polymer chains [24,25], solve it in the form

v =90 = ¢ [ £4) £ +R() (9.10)
j

and substitute into (9.9a). After this procedure, we take the thermal average of the
equation and find the equations for the distribution functions v (r,t) = (IZ/(I‘,I» and
$(r.0)=((r.1)

The tensions f; given by other members of the bridge chains connected to this junction
are then averaged out, and give the chemical affinity of the association—dissociation
process. If the change between a bridge chain and a dangling chain is regarded as a
reversible chemical reaction, the equilibrium constant K (r) is given by

K(r)=pg(r)/a(r). .11

Since the chemical affinity of the reaction is given by the Gibbs free energy —kg 7 In K (1),
the average tension should be given by

<ij>:V[kBT1n K(r)]. (9.12)
j

I We indicate that the position vector is a dynamical variable by using a hat symbol on r.
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As for the random force due to thermal motion, we follow the conventional treatment
of the Gaussian white noise [26] leading to a diffusion term in the time-development
equation of the distribution function. We then finally have the coupled equations for the
chain distribution functions in the forms

%w(r,t) +V-(VOY(xr,1))=DV-[V+£f/kgT +In K (r) |y (r,1)
—B@Y (r,1) +a(r)p(r,t), (9.13a)
%cb(r,t) =DV [V+{/kgT]o(r,1)

+B@) Y (r,1) —a(r)¢(r,1), (9.13b)

where the diffusion constants are given by D = kg7 /¢ for the micellar junctions, and
Dy =kgT /) for the end chains. The characteristic time for diffusion is given by r =12/ D
for the junctions, and 71 = 12 /Dy for the end chains. In the above equations, we have
changed the sign of the tension so that it agrees with the conventional definition given
by (1.12) in Section 1.2.

Equilibrium solutions

Since we have the situation of D >> D, the relaxation time of the free ends is much shorter
than that of the micelles. We therefore assume that all the dangling chains instantaneously
relax to their equilibrium conformation, and should fulfill the condition

(V+1/kgT)p(r,1)=0. (9.14)
Hence, we find that their distribution function is given by
¢(r,1) =vg ()P (r), (9.15)

where vq(¢) is the number of dangling chains in a unit volume of the network at time ¢,
and

O (r)=Cpexp |:—/r(f/kBT)~dr:|, (9.16)
0

where C,, is the normalization constant, is the distribution function of the end-to-end
vector of a dangling chain.

Such an assumption of complete relaxation for the dangling chains has recently
been examined theoretically [27,28] and experimentally [29]. It was found that, under a
certain condition, a high-frequency tail in the loss modulus appears due to the incomplete
relaxation of the dangling chains within the time interval between their dissociation and
recombination. In what follows, we assume the separability of the time scales 71 and
T due to the large size of the micellar junctions, and neglect the effect of incomplete
relaxation.
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The tension along the chain depends upon the nature of the polymer chain. For a
Gaussian chain with
f/kgT =3r/na’, 9.17)

we have (1.34) the distribution
@ (r) = Cyexp(—3r%/2na®) = dy(r), (9.18)

where the normalization constant is given by C,, = (3/27na?)3/? under the assumption
that the upper limit of the integral can be extended to infinity.
For a Langevin chain, we have

®(r) =Cy,exp [— er_l(r/na)dr/ai|, (9.19)
0

where L(x) is Langevin function (1.27). If it is described by the phenomenological form
(1.30) with amplitude A, we have

D(r) = Cp (1 —F2)Ae=G/2-AF (9.20)

which includes both Gaussian and Langevin chains.
Substituting the form (9.15) into (9.13b), and integrating the result over all possible
values of r, we find
dva(t)/dt =—(a)va(t)+(B)r, 9.21)
where

(@)= / a(r)®(r)dr (9.22)

is the equilibrium average of the recombination rate of the free ends, and

(B) = / dr Y (r.1) ©9.23)

is the instantaneous average of B at at time 7.
The total number ve(t) of the effective chains in a unit volume at time ¢ is then
given by

Ve(t) = / Y(r,t)dr=v—vy(t), (9.24)

due to the chain conservation law.
Substituting (9.15) into (9.13a), we find the starting equation
Y

5 TV OV =DV [VH+E/ksT +In K ®)]y(x,1) (9.25)

—B@Y +va()a(r)@(r).
For the affine networks for which D =0, this equation reduces to [16—19]

0
3—1if+V~("’(t)lﬂ)=—/3(l‘)1/f+vc1(t)ot(r)<1>(r). (9.26)



288

Rheology of thermoreversible gels

The mean square radius of the displacement that a junction to which the bridge chain
is attached makes before its end is dissociated is estimated as DS ! (Bo is the average
dissociation rate). Let us compare this with the mean square end-to-end distance (r¥o=
na? of the bridge chain, and introduce an important dynamic parameter

ep=Dp; ' /na* (9.27)

If ep is small, the network is well described by the affine network [16]. But, if it is of order
unity, the effect of the fluctuations is large. We will mostly start from affine networks in
the following analyses, but show the effect of diffusion whenever it is significant.

For an aged system that has been kept quiescent for a long time under no deformation
so that all chains have relaxed to the equilibrium state, we have

¢ (r,00) = o (r) = vq(00) P(r). (9.28)
We find the equilibrium distribution of the effective chains in the form
Yo (r) =vg(00)a(r)@(r)/B(r). (9.29)

The initial distribution is therefore not Gaussian if the chain dissociation rate 8, or
recombination rate ¢, depends on the end-to-end distance.

Since the ratio B(r)/a(r) is the equilibrium constant K (r) of the chemical reaction,
the above equation is transformed to

Yo (r) =v4(00)C, exp [— /r(f/kBT~|—V1n K(r)) -dr] . (9.30)
0

We see that an effective chain experiences, in addition to the direct tension f, the chemical
affinity VIn K (r) originating in the tensions from other end chains connected to the same
junction. The total force working on the end of an effective chain is given by

F(r)/ksT =f/kgT +VIn K (r). 9.31)

Finally, by integrating (9.29) over all possible r, we find

Ve (00) /v (00) = / a(®®(r)/pr)dr=(ap™"), (9.32)
and hence we have

va(00) =v/(1+{ap™ ")), (9.33a)
ve(00) = v{ef ™) /(1 +(ap™ ). (9.33b)

Among the total v of the chains forming the network, the fraction (@f~")/(1+ (aB~1))
turns out to be active.
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Stress—strain relation

The free energy of the entire network is given by the sum of the free energy stored in each
individual chain and the internal energy caused by the molecular interactions between
the chain segments.

The former is analogous to (1.12), and given by

F@t)= / dre(r)y (r,t), (9.34)
where the elastic free energy stored in a single chain is
e(r)= /f -dr. (9.35)

For the Gaussian chain (1.34), it takes the form (1.36)?

3kgT
2na?

e(r)= 2. (9.36)

The latter is assumed to depend only on the density p of the segments. It is proportional to
vnVy/V (), where V (¢) is the instantaneous volume of the system at time ¢. The volume
change under deformation is given by V (¢) = V0|)A»(t)| in terms of the initial volume V,
and the determinant of the strain tensor.

This assumption leads to the total free energy

Fot(1) = F(1) + E(JA(0)]), (9.37)

where E represents the internal free energy due to the chain interaction.
The stress tensor corresponding to a given deformation A(¢) is derived by the limit

B(0)a’ = ;imO[Fm«i +A)-2) = Fa(M]- A1, (9.38)
A—
which explicitly gives
S()a’ = / dr(r 'f)y (r,1) — P1, (9.39)

where r'f is a dyadic, and P is the isotropic pressure due to the internal energy.’
Specifically for the Gaussian chain (1.34), the stress tensor is

——tr'r), — P1. (9.40)

2 The single-chain free energy Fy in Section 1.2 is designated here as €.
3 The superscript t on the left shoulder of f indicates the transpose of the vector f.
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Integral form of the equation

The solution of the initial value problem for the differential equation (9.26) is formally
expressed by [16]

Y (r,t)dr=0(r,t;10,0)¥ (r9,0)dro

i (9.41)
+f dt'O,t;r',tYm@ ) x)dr,
0
where the two-point function ® is defined by
t
O(r,t;r',t")=exp |:—/ ﬂ(r,//,,/)dt”i|. (9.42)
t/

This function provides the chain survival probability, which is the probability for a
given active chain with end-to-end vector r’ at time ¢’ to remain active until time 7 with
end vector r.

Thanks to the affiness assumption, r is uniquely related to r’ through the equation

r=r, =) @) (9.43)

The first term in (9.41) gives the number of chains that, being active in the initial
state, remain active until time ¢. The function m(r,¢) in the second term is the number
of active chains created at 7 in a unit time

m(r,t) =a(r)vg(t) =a(r)[v—re()]. (9.44)

The second term in (9.41) therefore gives the number of active chains that are created
at time ¢’ with end-to-end vector r’ and remain active until ¢. Since this term depends
on the space integral of ¥ (r’,#") through ve(¢), (9.41) is not an explicit solution of the
initial value problem, but gives an integral equation for V¥ (r,t).

Let us first consider the time development of the number of active chains. Spatial
integration of (9.41) gives

t
ve(t)zvg(t)+/ 0(t;tH[v—ve(t)Hdt’, (9.45)
0
where
vg(t)E/@(r,t;ro,O)wo(ro)dro, (9.46)
and
G(t;t’)E/@(r,t;r’,t’)a(r’)CD(r’)dr’. (9.47)

The first term vg (¢) gives the number of chains that were initially active and remain active
until time ¢. It is therefore a steadily decreasing function of the time; it goes down to 0
at t = oo in most cases. It can reach a finite value at t = oo when the chain dissociation
rate B(r) vanishes in a certain finite region of r.
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The function 0(z;¢’) gives the survival probability averaged over the distribution at
the creation time ¢’
Substituting the integral form for ¥ (r,#) into the stress tensor, we find

t
i(z):i°(r)+f &(t;t)[v—ve(t))dt' — P1, (9.48)
0
for the time development of the stress tensor, where
2o(ta’ = / (r'f) O (r, 7319, 0) Yo (ro)dro (9.49)
is the stress supported by the initially active chains, and
6(t;tha’ = /(rtf)G)(r,t;r/,t’)a(r’)cb(r’)dr’ (9.50)
is the time propagator for the stress survival.
The isotropic pressure stays constant under a volume conserving deformation A(t) for
which |)A\(t)| =1 holds, but there should be a coupling between the chain elasticity and
the segment interaction if the volume is not conserved during the deformation.

The solution of the integral equation (9.45) can formally be found by Laplace
transformation. Let

o0
Ve (s) E/ e S (t)dt (9.51)
0
be the Laplace transform of ve(¢). Equation (9.45) then gives
0(s)+sD2(:
o(s) = LG HSVE(S) 9.52)
s[1+0(s)]

For the stationary viscoelastic properties, it is sufficient to find a solution at ¢ = co.
The simple pole at s =0 gives

(9.53)

for the number of active chains.*

Similarly we find that the number of active chains generated in a unit time is given by

- v —sVe(s)
m(r,s) =a(r) ———, (9.54)
s[14+0(s)]
and hence we have for the steady state
(r.t = 00) = ar(r) —— (9.55)
m(r,t=00) =« —. .
14+6(0)

4 The number D¢ (0) has been assumed to be finite, because vg (7) is a rapidly decaying function.
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Generalization of the model

At this stage, we can see easily that our present model is a special case of the two-state
transient network model in which chains take either A-state or B-state. The conversion
between them

A(r)=B(r) (9.56)

is allowed. If we neglect the diffusion terms, and confine in the affine networks, the time
development of the number of chains obeys

0
1Ma(r DV FAOYA®RD) = —BEOYAED +a@ D ©.572)

0
‘”B(‘ B L 9. Ty Pn(r.00) = BEWAKH) —a ) YT 1) (9.57b)

In the present poblem of telechelic polymers, the A-state corresponds to the bridge
chain connecting the micellar junctions, while the B-state is the dangling chain. In affine
network theory, v = (d)‘ e 1y.rasin (9.3), and vg =0. But ¥ may also be affine if
the B-state is another type of the elastically effective state, such as helical conformation
or globular conformation of the same chain. We can study the stress relaxation in rubber
networks in which chains change their conformation by deformation [30].

Linear response of transient networks

Consider the linear response of the affine network (9.26) to a small oscillatory shear flow
defined by the deformation tensor

1 e 0
An=0 1 of, (9.58)
0 0 1

with a small amplitude €. The velocity tensor is given by

0 iewe® 0
kt)=10 0 0f, (9.59)
0 0 0

so that the average velocity of the junction is

iewye'®!
yon=| o | (9.60)
0

The amplitude € is assumed to be sufficiently small, and hence we can expand the chain
distribution functions in powers of €.
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Let us find the solution within the linear term
Y (r,0) =yo)[1+e&(r,1)], (9.61)
where £(r, 1) is the deviation from the equilibrium, and
¢ (x,1) =¢o(r). (9.62)

(The linear term in ¢ is zero.) Substituting into (9.26), we find

—+iwye

96 i dinyg
ar Y ax

=—p)§ (9.63)

for the linear term in €. The solution of this equation is

ia)ny/kBTe

iot 9.64
iw+ B ( )

£(r)=

The complex modulus is defined by the proportionality constant between the stress
and deformation as

¥ yad =Gw)ee ™. (9.65)
Hence we have
Gl Jy() [w Fx(r)
ke T _/d“p“(r) (x ke T ) o+ B(r) (y ke T ) (9-66)
for the complex modulus. Taking the real and imaginary parts, we find [23]
G'(w) xfy(r) w? yFi(r)
or =/ drwr)( ksT >w2+ﬁ(r)2( ksT ) eom
G"(w) xfy()\ B  (yF(r)
ksT _/ d””‘)(r)( ksT > @ +B(r)? ( ke T ) o7
By spherical symmetry, these are transformed to
G) xy )\ o (xy F(r)
kB_T_deO(r)( - kBT) o+ B(r) < r ksT ) (9-68)

where f(r)/kpT = —dIn®/dr,F(r)/kgT = —dInyy/dr. By partial integration, we

find
Glw) i WPIE) e
kB_T_/drl//o(l‘)dr [( . ) kg T iw—l—,B(V)]

v Ja o |:d rrf B P2f\ B :|
_<aﬂ‘><3iw+ﬁ d_r<kB_T) <1<B_T> io+p >

for an isotropic B(r).

(9.69)
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In particular, for a Gaussian chain with a constant recombination rate ¢, we find [17]

G 1 < w’r? [1 _ 2rBB'(r) ]> (0.708)
vekgT (B~ ")ona® \ B(r)lw? +B(r)?] S[w?+B)1 ][y’ '
G" (@) 1 wr? [ [0 —B()*1rB'(r) ]>
= 1 . 9.70b
vkaT (B Dona? <w2+ﬁ(r)2 s o), O
The frequency-dependent linear viscosity is defined by
n(w)=G"(w)/w. 9.71)
The complex viscosity, defined by
1 2 " 21172
n* () = {G (@) "+ G ()7} ’ ©72)
1)
is sometimes referred to instead of n(w).
By taking the @ — 0 limit, we find
(e — ) — xy f(r)\ 1 (xyF(r)
no=n(w—0)—kBT/er0(l') ( . kBT> B0 ( ksl ) 9.73)

for the zero-frequency viscosity. We will show in Section 9.3 that this agrees with the
zero shear-rate limit (y — 0) of the nonlinear stationary viscosity ng (y)-
Also, we find that the slope for the high-frequency region

— lim 0G"(@)=kyT / driro(r) (g i B“;) ﬂ(lr) (g 23(;)) , (9.74)

must be equal to 79. The high-frequency plateau modulus is

Goo= lim G'(@)=ksT / drio(r) (g ]’: :;) (% ;(FT)) (9.75)

As for the storage modulus, the limit

lim &2“ =kBT/dr¢fo(r) (’Q fm) ; ! (ﬂ Fm) (9.76)

w—0 @ r kgT (l‘)2 r kgT

gives exactly half the value of the zero-shear limit of the stationary first normal stress
difference coefficient W (y =0) (see Section 9.3).
The static recovery compliance J, eo is therefore given by

JO= lim. G'(w)/w™ 1}, (9.77)
w—

and hence the terminal relaxation time 1, defined by 7, =10 J 69 is identical to the ratio

Tm =10/ G o> (9.78)

irrespective of the chain dissociation rate 8(r).
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The Green—Tobolsky limit

Let us next consider the special case where the chain dissociation rate §(r) is a constant.
This limit is called the Green—Tobolsky limit (GT limit). Since B(r) = By (B'(r) =0),
we find from (9.70a,b)

2
G(w,T)= UekBT (9.79)
+85
” :3 w
G (0, T)= vekBT (9.80)
+85

for any tension profile f (). Thus our network reduces to a Maxwell fluid with a single
relaxation time Ty = fB; ' The complex viscosity in the GT limit is

‘.= 8] ©81)
0,T)=——F7—5. .
! @+ B2
The dissociation rate per unit time takes the activation form
Bo(T) =woe™ 2E/1 T, 9.82)

where wy is the natural frequency of thermal vibration of the reactive group. Itis a micro-
scopic measure of the time, and should take a typical value in the order of 103-10% s~!
in ordinary circumstances.

Temperature dependence of the rheological time scale in temporal networks is different
from that of uncross-linked polymer melts. In the latter systems, both Rouse relaxation
time and the reptation time are virtually proportional to 7! apart from the indirect
dependence through the friction coefficient.

Upon substitution of (9.82) into the moduli (9.68), we find the frequency—
temperature superposition principle such that a modulus—frequency curve at any
temperature 7' can be superimposed onto a single curve at the reference temperature
To, if it is vertically and horizontally shifted properly. Such construction of the master
curve is described by the equation

G(w,T) w
———— by = arl, (9.83)
ve(To) ks To Bo(To)
for both G’ and G”, where G is a scaling function,
Bo(To)/Bo(T) AE(L ] (9.84)
ar = =X _ ] —— X
T 0(L0)/Po p ks \T, T
is the frequency (horizontal) shift factor, and
br =ve(To)kgTo/ve(T)kg T (9.85)

is the modulus (vertical) shift factor. The frequency shift factor ar depends exponen-
tially on the reciprocal of the temperature due to the activation process (9.82) of the
dissociation.
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Viscoelastic master curve of HEUR with My, =35K and 16 carbons in the end chain [2]. The
reference temperature is 5°C. The activation energy and the number of elastically effective
chains can be found from the shift factors. (Reprinted with permission from Ref. [2].)

A typical example of the master curve [2] is shown in Figure 9.3 for HEUR (polyethy-
lene oxide) end-capped with -CigH33. The reference temperature is chosen at 5°C.
From the horizontal shift factor, the activation energy is found to be 67kJmol~!. From
the high-frequency plateau of the storage modulus, the number of elastically effective
chains is found as a function of the polymer concentration, which was already studied
in Section 8.2 (Figure 8.10).

Exponential dissociation rate

Because the reactive group is attached on the chain end, it is pulled by the tension f
from the chain. Hence, the potential barrier for the associative group to dissociate is
effectively reduced to AE — fa. The chain dissociation rate is therefore enhanced to

B(r)=woexpl—(AE — fa)/kgT1= Poe"’, (9.86)

for a Gaussian chain, where ¥ =3 /na is a small parameter that depends on the molecular
weight of the polymer chain [17].

The length r* of the end-to-end separation above which the reactive group sponta-
neously dissociates can be roughly estimated by the condition AE — fa ~0, and hence

na
3kgT
For the physical association, whose binding energy is comparable to the thermal energy,
the cutoff lies in the high extension region, i.e., r* ~[ =na.

Figure 9.4(a) shows the numerical calculation of the master curves for the exponential
B(r) on a logarithmic scale. The solid lines show the storage modulus, and the broken
lines the loss modulus. The degree of polymerization n is varied from curve to curve.
Both moduli shift to a lower-frequency region with the molecular weight, but because of

*

rox

(9.87)
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(a) Modulus—frequency master curve for the chain dissociation rate 8(r) = Bgexp(kr). The
number 7 of statistical units on a chain is varied from curve to curve. (b) Master curve for
B(r)=PBo+(3/2)p1 r2/1r2)0 for n =100. The parameter B is changed from curve to curve.
(Reprinted with permission from Ref. [18].)

the weak dependence of the chain dissociation rate on the molecular weight, any change
in n alters the master curves only a little.

Insensitivity to the molecular weight indicates that the viscoelasticity is caused by
conformational entropy change of the stretched active chains rather than monomeric
friction.

Power-law dissociation rate

In order to illustrate the insensitivity of the master curve to the detailed form of S(r),
we show in Figure 9.4(b) the result for the power-law model [17]

3 r2\"
ﬂ(r)=ﬁo+§ﬁ1 (m) , (9.88)
where m = 1,2,..., (r2)o =na®. (The factor 3/2 is for calculational simplicity.) The
frequency is scaled by the unit 81, while the modulus is measured in the unit of ve (T )k T .
The chain dissociation rate By is changed from curve to curve. As Sy is increased, both
moduli decrease in the low-frequency region, while they increase in the high-frequency
region. The entire form of the master curve, however, remains the same.

Figure 9.5 shows the numerical result with m varied for a fixed By. The figures beside
the curves show the values of the power 2m. As 2m is increased from 0.5 to 2.5, the
slope of G’ at low frequencies decreases from 2.0 to 1.0, while that of G” remains 1.0.
In fact, the lower bound of the integrals shown in (9.70b) controls the low-frequency
slopes of the moduli.

By making a scaling r = '/ x for the integral variables, one can easily find that
G/ (w) ~wB2M/2m for 2m > 5/3, while G'(w) ~ w? for 2m < 5/3. Similarly G” (w) ~
wO=2M/2M for 2m > 5/2, while G” (w) ~ w for 2m < 5/2.
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Master curve for the dissociation rate 8(r) = (3/2) (r2 /1r2)0)’". The figures beside the curves
show the value of 2m. The slope of the low-frequency tail of the storage modulus changes with
m. (Reprinted with permission from Ref. [18].)

Thus for sufficiently high powers m of B(r), the storage and loss modulus both turn
out to have low-frequency asymptotic tails behaving ~ w®=2")/2" This asymptotic
evaluation breaks down for 2m > 5/2, because the integrals diverge.

Coupling to the tension

To incorporate stretching of the chain beyond the linear regime, we consider the nonlinear
profile (1.30)
F =37 (1424 . 9.89

fr)= r< +§ m) (9.89)
of the tension—elongation curve discussed in Section 1.2. The nonlinearity of the chain
depends on the amplitude A; A =0 gives a Gaussian, while A =1 gives a Langevin chain
within a very high accuracy. The chain nonlinearity increases with the amplitude A. The
measurement by atomic force spectroscopy [31], and molecular dynamic simulation [32]
suggest that A= 5.0 for a PEO chain, and A & 1.0 for a PNIPAM chain in water at room
temperature.

We introduce the effect of chain tension on the dissociation rate in the form

B(r)=Bo(T)[1+gf(7)7], (9.90)

where Bo(T) is the thermal dissociation rate (9.82), and g the coupling constant between
the dissociation rate and the chain tension [33,23]. This form may be derived by applying
the conventional Kramers method [34] to calculate the first passage time required for a
trapped Brownian particle to overcome the barrier of the force potential. The coupling
constant g provides a measure for how easily the end chains are extruded from the
micelles. If there is no coupling (g = 0), the model reduces to the GT limit. If the chain
is Gaussian, the model reduces to the power-law (m = 1) in the previous section.
Figure 9.6 shows the calculated modulus of the nonlinear chain with A =10 with
a fixed coupling constant g =0.2. Although we are studying linear viscoelasticity, the
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Dynamic mechanical moduli of the nonlinear chain A =10 with tension-dissociation coupling
g =0.2. The dimensionless diffusion parameter € p is changed from O (affine network, broken
line) to 0.20 (solid lines). (Reprinted with permission from Ref. [23].)

effect of nonlinear stretching of the main chain turns out to be significant [23]. We
have included the effect of the diffusion (nonaffine effect) in this figure by changing
the diffusion constant D from curve to curve. There is a shift of the maximum point
in G’ (w) to the high-frequency region, leading to softening of the modulus in the low
w region and appearance of a tail in the high w region. This is because there are more
chances for the bridge chains to be highly stretched if the fluctuations of the junction
positions are large.

Stationary flows

We next consider the stationary solution under a shear flow along the x-axis with a
constant shear rate y. The average velocity is given by
vy
viy=| 0 |. (9.91)
0

The equation for the distribution of the bridge chains in a steady state takes the form

0
)?y% =—BIO)Y +vaa(r)®(r), (9.92)

where vq =vq(y) is the number of the dangling chains in a stationary state under the
steady shear flow. For the deviation £(r) from the equilibrium distribution defined by

¥ (r) = Yo(r)é(r), we find

d
7y [8— - )—CF(r)}E:—ﬁ(r)E+ﬂ(r)§(J>), (9.93)
X r
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where

) =va(y)/va(0) (9.94)

is the ratio of vy to its equilibrium value without shear.
Our starting equation is then written in a compact form as

(v P+B)E =B, (9.95)

by using the differential operator

ﬁzy[i_fF(r)]. (9.96)
aix r

The ij component of the stress tensor can be calculated by
Z e’ = [ e £)vomEm)
=c7) [ drtaf@+7 P B. ©.97)
from (9.39). The stationary shear viscosity is obtained from the shear stress by
n(y)=Zxy (/7. (9.98)
Hence, in the limit of high shear rate, we find

1) =c()/v2, (9.99)

by neglecting S in the inverse operator (8 + y Pyl
The normal stress differences are defined by

N =% — 5y, (9.100a)
Ny=3%,,— .., (9.100b)

and the normal stress coefficients W; are defined by
W, =N;/y>. (9.101)

GT limit and quadratic 8

In the GT limit, the steady-state number of active chains is independent of the shear rate.
It remains the same as the equilibrium value under no external forces

Ve (00) = ve. (9.102)
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The shear viscosity is given by

=GooTm, (9.103)

which is independent of the shear rate, where G, = vekgT is the linear elastic modulus.
Therefore an inequality

(@) <n*(®) <na(y) (9.104)

between linear viscosity and the stationary nonlinear viscosity holds, when compared at
w=y.

In ordinary polymer solutions in which polymers interact by nonspecific van der
Waals type potentials, it is known that the phenomenological relation n(w) = ng(y)
(the Cox—Merz rule) often holds [35]. Disagreement between the complex viscosity
and the stationary viscosity at finite frequencies is one of the common features of the
hydrogen-bonded networks.

The first normal stress difference coefficient can be similarly obtained from (9.101) as

2vekg T
1 =
B

which is a positive constant independent of the shear rate. The second normal stress

— 210Tm, (9.105)

difference coefficient vanishes
v, =0. (9.106)

To study the dependence on the shear rate, let us consider quadratic dissociation rate.
For the particular form (9.88) with m =1, we can find analytic solution of the integral
equation. Mathematical detail is given in Appendix 9.B. We show in Figure 9.7 the
complex viscosity and the stationary viscosity plotted against the frequency w, or the
same value of the shear rate y. Comparison is specifically made for the quadratic model

Deviation from the Cox—Merz rule. The frequency-dependent linear viscosity n(w) (solid lines)
is compared to the nonlinear stationary viscosity ns(y) (broken lines). The quadratic 8(r) is
assumed. The parameter S is varied from curve to curve. (Reprinted with permission from
Ref. [17].)
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(m =1) with By varied from O to 1.0. The stationary viscosity decreases with the shear
rate (shear thinning) due to the enhancement of the dissociation rate by chain stretching.
However, it is still larger than the linear viscosity n(w) at all frequencies, thus suggesting
a breakdown of the Cox—Merz rule.

Coupling to the tension

We next examine the stationary stresses of the tension—dissociation coupling model.
Typical numerical results for the affine transient networks are presented in Figure 9.8 for
the thinning case (a) g =1, and the thickening case (b) g =0.01 under shear flow [36].
The stresses and the shear rate are presented in the units of vkg7 and Bg. The shear
viscosity shows thinning in (a) and thickening in (b).

Roughly, the chain must be highly nonlinear (large A) and the coupling constant must
be sufficiently small (small g) for thickening (see Figure 9.8) [33,36]. In the thinning
case of the shear viscosity, the first normal stress coefficient W also shows thinning. The
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Stationary shear viscosity and normal stress coefficients for a polymer chain of n =100 as a
function of shear rate (a) in the shear-thinning regime (A =1,g =1), and (b) in the
shear-thickening regime (A =1, g =0.01). (Reprinted with permission from Ref. [36].)
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sign of the second normal stress coefficient W, remains always negative, and its absolute
value decreases with the shear rate.

In the thickening case as in Figure 9.8(b) for the viscosity, the first normal stress coef-
ficient W also shows thickening although the peak appears at a lower y. The second
normal stress coefficient W5 is positive in the small shear-rate region, and shows thick-
ening at y ~~ 1. For higher shear rates, W, rapidly decreases and changes its sign at y
where the viscosity shows a maximum. Therefore, the peak appears first in W5, then in
Wy, and finally in 5.

Let Ymax (1) and pmax (i) be their peak positions, and let y9(W2) be the shear rate
where sign inversion occurs in the second normal stress coefficient. Then, an inequality
10(¥2) <Vmax (W1) <Pmax (1) holds except for the small-A region (A < 0.15). The sign
inversion occurs at a larger shear rate than that of the viscosity peak.

Expansion in powers of the shear rate

To study the shear-rate dependence of the stresses at small y analytically, we first expand
& and ¢ in power series of y as

tN=¢V+ Wy @y 4., (9.107a)
EG)=EV+EWy 4@y 4. (9.107b)
The odd terms ¢V =¢® =... =0 vanish by symmetry. A simple calculation from

Appendix 9.A finds @ =£© =1, and

4F /
g<2>=%/drwor ﬁf . (9.108)

The numerical coefficient cyg appears from the angular integral, and is calculated in
Appendix 9.A. The explicit forms of & ¥ (i = 1 ~4) are also presented in Appendix 9.A.

Nonlinear viscosity
Since the even-order terms are zero due to symmetry, the shear viscosity is written as

1) =nQ+n@p2 ..., (9.109)

where the coefficients are explicitly given by the integrals as

4
F
,7<0>:C20/d,,¢0’ g , (9.110a)

6 / / / /
@ _ A A Y S R A Y
o =eu [ arye 7 (f AN R A

rOfF p F' 4 B 2.0
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Thickening—thinning diagram of the shear viscosity (solid line) and the first normal stress
coefficient (thin solid line). The line of the sign inversion for the second normal stress coefficient
(broken line) for the polymer chain of n = 100 also shown in linear scale. (Reprinted with
permission from Ref. [36].)

The first term 77(0) agrees with the zero shear viscosity 1o (9.73). The numerical coefficient
c40 1s given in Appendix 9.A.

The shear-rate dependence of the shear viscosity is determined by the sign of ®. In
order to show how the condition for shear thickening depends on the parameters g and
A, we draw in Figure 9.9 the thickening and thinning regions on the A—g plane (called
the thickening diagram) [33,36] by the criterion n® =0.

To understand the molecular mechanism of shear thickening, we focus on the two
factors, (f'/f —1/r) and g’ in n®. The first one can be written as

o 4Ar /31

T T A= 2AR3)(— ) G110

This is 0 for Gaussian chains (A = 0), and positive for nonlinear chains (A > 0). On the
other hand, 8’ =0 in the GT limit.

In the GT limit (g = 0) of Gaussian chains (A =0), ® is always 0, hence the network
lies on the boundary between the thickening and thinning boundaries (Figure 9.9). If
the coupling g increases for Gaussian chains (A =0), n® becomes negative, leading to
thinning. If the nonlinearity A increases in the GT limit (g =0), ¥ becomes positive
showing thickening. This indicates that shear thickening is caused by the stretching of
bridge chains into the nonlinear regime.

Normal stress differences
For the normal stress coefficients, we find
Wi =v® 4 u®Pplg (9.112)

(The odd terms vanish due to symmetry.)
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By the use of £ in Appendix 9.A, we find explicitly

4
0 i r fF
v )Z_C(()lz)/d“/’o B2

s , , (9.113)
—¢ [dryo—5— | = —-F—-—— ),
B F rop
for i =1,2. The coefficients c%) ,c(()zz) are given in Appendix 9.A.
For the first normal stress coefficient (i = 1), we have
p© 87 /d " rfF 9.114)
= — r 5 .
1 15 0 ,32

which is in agreement with the low-frequency slope (9.76) of the storage modulus.
For the second normal stress coefficient (i =2), we have

5 F ’ 1 5 FpB
\I,ém:c%)/dr%rﬂfz <f7_;>_c%>/dr%’ﬁf; % 9.115)

The first term is zero for a Gaussian chain (A = 0), while the second term is zero in the
GT limit (¢ = 0). Therefore, W” =0 in the GT limit of Gaussian chains.

If g >0,A=0, then \Iléo) < 0 by the second term. In the GT limit of nonlinear chains
(g=0,A>0), \Iléo) becomes positive by the first term.

In general, the sign of the second normal stress coefficient is determined by the com-
petition between these two terms. If the contribution from the nonlinear stretching is
dominant, \1150) is positive. Hence, the sign inversion of the second normal coefficient is
related to the thickening of the viscosity. In Figure 9.9, the line for the sign inversion of
W Jies close to the line of thickening for 7.

Figure 9.10 compares the theoretical calculation and the experimental data mea-
sured on C16 HEUR (M, =20000) [37]. The nonlinear amplitude A in the tension
curve is fixed at A =135 by fitting the direct measurement of the tension—elongation
profile by AFM [38]. Other model parameters used are By =9.5s"!, g =0.16, and
a=148s71.

Elongational flows

In other types of flow, polymer chains may behave in a different way and exhibit different
flow characteristics. In order to study sensitivity to the type of deformation and flow,
let us consider the elongational flow described in Section 4.2. The time-dependent
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Theoretical curves for the steady shear viscosity and the first normal stress coefficient fitted to
the experimental data (symbols) on HEUR in literature [37]. (Reprinted with permission from
Ref. [36].)

deformation tensor for a simple elongational deformation along the x-axis with constant
elongational rate € is given by

A1) 0 0
O R YN/G) 0 , 9.116)
0 0 1/VA@)

where
A(t) =exp(ér) (9.117)

is the deformation ratio. Apart from the geometry of the deformation, steady elongational
flow differs from steady shear flow in that the flow lines grow exponentially in time while
in shear they grow linearly in time.

We focus on a Gaussian chain with a constant recombination rate [17]. The number
of active chains in the stationary state is again given by (9.53), with 6(0) being replaced
by the one corresponding to the elongational flow

[ee} t
5(0):0:[ dt<exp[—/ ,B(r(t’))dt/]> , (9.118)
0 0 0
where the end-to-end distance at time ¢’ is given by
(i) =002 + 2 4+ D) a2, 9.119)

For small values of ¢, 6 (0) can be expanded as

6(0)=00+01€+ 026>+ . (9.120)
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In contrast to the shear flow, there is no symmetry between é and —¢; an elongational
flow changes to a compressional flow if the sign of € is changed. The 0-th order value
Op=a (B ™) is the same as for the shear. The first-order coefficient #; vanishes because
the chain dissociation rate is spherically symmetric. The coefficient of the second-order
term is explicitly given by

_afr , . 3rp?
92_—E<f?(4ﬁ +rp - >>0 (9.121)

which turns out to be negative for most physical forms of 8(r).
The equilibrium number of active chains then takes the form

S 0 o,
ve(E)_ve{1+a(ﬂ_1)0(1+90)6 + }, (9.122)

for small €, so that it is reduced by the increase of the elongational rate.

In the following we use the boundary condition such that the side of the sample is
free from external forces, i.e., Xy, = X, =0. Solving these conditions with respect to
the presssure P, and substituting the result into X, we obtain the normal stress in the
flow direction:

E”:ve&H(é), (9.123)

where

- 3keT [ 22_y2+z2} [_/f / D
0”(6)_<ﬁ—1>0na2f0 dt<[,\(r)x ETN exp Oﬁ(r(t))dt ) (9.124)

is the elongational stress supported by a single chain.
Elongational viscosity w(€), being defined by

w(é)=%)(t=00)/€, (9.125)
is therefore calculated by the formula
W(€) =07 (é)/€. (9.126)

In the GT limit, it is

Bo

)= 3vekpT—— 0
) = 3veke T (Bo—26)

(9.127)

The elongational viscosity increases with the increasing €, and eventually exhibits a
singularity at By = 2¢. This divergence in w(€) suggests that infinitely large stress is
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required to stretch the system at the rate faster than Sy/2. This artifact is caused by the
unphysical assumption of constant dissociation rate.
In general, the viscosity has a power expansion

[L(€) = o+ 1€+ 12é” + -, (9.128)

for small €, where the first two coefficients are given by

_ 3veksT <ﬁ(1_’_ﬁ’)> (9.129)
= o2 \ g2\ " 56 )]y '

_ BweksT [P2[ 2608 22 (B (B
MI—W<E[I‘£7‘§<T3(3) ;oo

The limiting value 1 for vanishing € is exactly three times as large as the shear viscosity
(9.73) no in the limit of small shear rate: ;.o =3n0. Hence, Trouton’s rule, .« =37, which
is known to hold at any elongational rate for Newtonian fluids, holds for our transient
network with arbitrary (r) in the limit of small strain rate.

Unlike the shear viscosity, the first coefficient | for the elongational viscosity starts
from a term that is independent of any derivatives of 8, hence giving a large positive con-
tribution. It is therefore clear that our network has a tendency to elongational thickening
irrespective of the detailed form of S(r).

For a quadratic dissociation rate, we can find the exact solution [17]. Figure 9.11 shows
the calculated (a) number of elastically effective chains and (b) elongational viscosity as
a function of the elongation rate. It always shows a peak (thickening). The peak position
shifts to a lower rate and becomes sharper as the constant term Sy in the dissociation rate
is reduced. Detailed calculation is given in Appendix 9.B.

log v(g)v

w -

(a) Number of active chains, and (b) elongational viscosity, both plotted against the elongational
rate on a semilogarithmic scale. The viscosity exhibits a maximum at finite positive €. The
elongational rate giving the maximum decreases with decreasing B and eventually becomes
singular at ¢ =0 when S vanishes. (Reprinted with permission from Ref. [17].)
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Time-dependent flows

In the experiments, two main types of time-dependent flows have been studied: start-up
flows and stress relaxation. In the start-up flow experiments, shear flows with constant
shear rates and elongational flows with constant elongational rates are started in the
system in equilibrium under no external force, and the time-dependent stress build-up in
the system is measured. In the stress relaxation experiments, constant deformations are
applied to or removed from the system, and the time-dependent relaxation of the stress
is measured. In this section, we study these two types within the framework of transient
network theory.

Transient flows of Gaussian networks in the GT limit

We first study a shear flow with a constant shear rate y along the x-axis, which is
started at time # =0 in a transient network in equilibrium [19]. In the GT limit, we find
vo(t) = vee P! where v, is the unperturbed equilibrium number of the active chains,
which stays constant after a steady flow is started.
Similarly we find
6@ty =kgTA@) ‘At —1")e P!, (9.131)

for the stress propagator, and hence we have

t
Z(t)/kBTzveg(t)—i—avd/ g(hdt' — P(n)1, (9.132)
0
for the stress tensor, where a new tensor g is introduced by
s =h@) ' A)e P, (9.133)

It is proportional to the squared deformation tensor.
For a steady shear flow, we have specifically

Guy() = (pr)e PO, (9.134a)
Gux (1) — gy (1) = (1) 2e P, (9.134b)
8yy(t) —g::(1) =0. (9.134c¢)

The shear component of the stress then takes the form
Sy (1) /kpT = ve(y1)e P +avg % [1—(1+Bot)e Po']. (9.135)
0

Similarly the first and second normal stress differences obey

-2
Ni(1)/kgT = ve(yt)2e P! +avd% [1 - (1 —Bot + %(,Bot)2> eﬂof} . (9.136)
0
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(a) Stress overshoot of the transient network model under shear flow. The total number of active
chains, the shear stress, and the first and second normal stress difference are shown as functions
of time after a shear flow with the shear rate y =1 is started. The decay rate is fixed as Sg=1.
Each component of the stress shows an overshoot at a different time. (b) Number of active chains
and shear stress plotted against the time. The shear rate y is changed from curve to curve. The
overshoot time is almost independent of the shear rate. (Reprinted with permission from

Ref. [19].)

and
No(t)/kgT =0. (9.137)

It is easy to see that these stresses are steadily increasing functions; they exhibit no
overshoot for any large shear rate y. The coupling between the dissociation rate and the
chain tension brings about the stress overshoot.

To see the relation between chain stretching and stress overshoot, the quadratic cou-
pling (m =1 in (9.88)) is detailed. Figure 9.12 shows a model calculation (a) of the total
number of active chains, the shear and normal stresses as functions of time for a fixed
shear rate y =1, and (b) the shear stress for varied shear rate y. It turns out that the over-
shoot time is almost independent of the shear rate. A detailed calculation is presented in
Appendix 9.A.

The stress tensor of the elongational flow (9.116) takes the form (9.133) in the GT
limit. The component of the tensor g parallel to the flow direction is given by

g||(l)=[k(t)2—$} e~Por, (9.138)

and hence we have
(1) /kpT = 1,e(e—(ﬁo—Zé)f _ e—(}30+€')f)

N 1 —e—Bo=26)t 1 _ o= (Bo+é)t (9.139)
T Bo—2¢ Boteé

due to the free boundary condition on the side surface. This stress is again a steadily
increasing function without overshoot. However, any chain dissociation rate can lead to
the overshoot in the elongational stress, if it depends on r.
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ZivksT

Number of effective chains and longitudinal stress in the case of an elongational flow. The
elongational rate € is changed from curve to curve. (Reprinted with permission from Ref. [19].)

Figure 9.13 shows the numerical result for the quadratic model as discussed above.
We have fixed Bp =1 and o = 1. The fraction of the active chains in a quiescent state is
given by ve/v =0.326261 in this case. The elongational rate € is changed from curve
to curve. Large-scale variation of the curves is essentially the same as in the shear flow,
although it is different in minor quantitative details.

Start-up shear flows with tension—dissociation coupling

For a shear flow, the equation for the time development of the active chains takes the

form oy oy
E‘H}YE=—,3(1’)¢+Vd(l)0l(l‘)q’(l‘), (9.140)
with the initial condition (9.30). The deviation &(r,¢) from the equilibrium distribution

defined by ¥ (r,t) =¥ (r)&(r,¢) obeys [39]

0§

5 TP +AmIE=pmL(), (9.141)

where the operator P is defined by (9.96), and

¢(r)y=vq(t)/va(r=0) (9.142)

is the number of the dangling chains at time ¢ counted relative to its initial equilibrium
value vq (¢ = 0) without shear. The initial value vg(t =0) is vg(c0) in (9.29).

The formal solution of this equation with the initial condition &(r,0) =1 can be
written as

~ [N
é(nt):e_rt[l+l/ eF“ﬂaogahdﬂ], (9.143)
0

by using the time-development operator

[=yP+B(). (9.144)
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The i, j component of the stress as a function of time can then be calculated from the
relation (9.39) [16]

Ei,j(f)a3=/drtﬁo(lr)(mf,-)s(r,t). (9.145)
To study the short-term behavior, we find the solution in power series of time. The
formal expansion of the exponential in (9.143) in powers of ¢ leads to
12 3 4
£,y =1+1D +5$‘2>+§§(3) + 55(4) +oee, (9.146)

where the explicit forms of £ are given in Appendix 9.A.

Shear stress
We first study the shear stress X (¢) as a function of time. Since it is of the order of y,
the shear viscosity buildup function

Nt =Ty (0)/y (9.147)

is commonly used. Substituting the expansion (9.146) into the stress (9.145), and
integrating over all possible end-to-end vectors, we find

to=mO+ 0100l @ 9.148
()n+2+3 +4,+ (9.148)

After integration, the first term takes the form

1
iV =cao [ drin ) 9.149)
0

where the numerical coefficient ¢y 0 =4 /15 appears from the angular integral. The
high-frequency limit of the storage modulus is given by the same integral (9.75). Hence,
we confirm that the initial slope of the viscosity growth function is the same as the
high-frequency modulus
M= lim G (») =g, (9.150)
w— 00

as it should.
The second term takes the form

1
0¥ =20 [ drin) B ). ©.151)

The slope of the loss modulus (9.74) is the same integral in the limit of high frequency.
We thus find a new result

n® =— lim 0G"(w)=—g>. (9.152)

w—> 00
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The coefficient n® is negative definite and independent of the shear rate. The specific
values of g1 and g> depend upon the chain property (in particular the amplitude A), and
the coupling constant g through S(r).

The third term can be written in the form

1 = Qo+ 0272 (9.153)
where
1
Qo=c20 fo drio(r)(r*B* f F), (9.154a)
1 ! 1 F "
0)= §cz,2f0 dro(r)(r® fF) <F+ - 7) <f7 — ;) , (9.154b)

with c22 =4 /35.

Strain hardening
We have derived the power expansion in the form

2
8,2

Tty =g1t—
nT () =g >

~I—é(Qo+ 02y D)+, (9.155)
up to the third order. It is an alternating power series, so that the long-term behavior is
basically difficult to predict.

Let us first examine the sign of this third coefficient. If it is negative, the viscosity
decreases as time goes on. If it is positive, the viscosity may deviate upwards from the
baseline 7 () = g1t fixed by the linear modulus. In other words, it shows an upturn at
a certain time from the linear baseline. Such a stress growth beyond the linear baseline
caused by a large deformation is called strain hardening.

Figure 9.14(a) schematically shows the relation between strain hardening, stress over-
shoot, and the steady nonlinear viscosity in a shear-thinning regime. For a sufficiently
high shear rate, the viscosity first shows an upward deviation due to strain hardening,
followed by an overshoot peak, and then asymptotically decreases to the stationary
value. The stationary viscosity is plotted in Figure 9.14(b).

More precisely, the critical shear rate y at which strain hardening appears can be found
by the condition

1
—82+7(Qo+ 027H1 =0, (9.156)

for the cancelation of the second and third terms.

In Figure 9.15(a), we show the exact numerical integration. (The numerical values of
the stresses are presented in the unit of vkgT'.) The shear rate y is varied from curve to
curve. The DP of the chain is assumed to be n =20, and the coupling constant in the
dissociation rate is fixed at g =0.2.

In Figure 9.15(b), the linear baseline gt is subtracted from each curve, and shown
by broken lines. In order to examine the accuracy of the power series (9.155) up to the
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Concepts of strain hardening, stress overshoot, and nonlinear stationary viscosity shown by
taking the typical theoretical result of the stress buildup function. (a) Time development of the
viscosity for different shear rates. The initial slope is given by the linear storage modulus. The
linear baseline is defined by n* (r) = g; ¢ (dotted line). For large y, the viscosity shows hardening
and overshoot. (b) Nonlinear stationary viscosity plotted as a function of the shear rate.
(Reprinted with permission from Ref. [39].)
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n=20, A=10, g=0.2
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(a) Growth curves 5 (¢) of the viscosity numerically calculated for the affine transient network
equation (9.143). The shear rate y is changed from curve to curve for a nonlinear chain with

A =10. (b) Deviation 1 (t) — g1 of the viscosity from the reference baseline defined by the
linear modulus plotted against time (broken lines), and the same for the third-order
approximation (9.155). (c) Critical shear rate y, for the appearance of strain hardening found by
(9.156) plotted against the nonlinear amplitude A of the tension—elongation curve of a polymer
chain. The higher the nonlinearity of the chain, the easier the strain hardening. (Reprinted with
permission from Ref. [39].)

third order, we carry out the same procedure for (9.155), and show —g»1%/2+ (Qo +
0,72)13 /6 by solid lines in the same figure. We can see that the change of the sign in the
slope at around 7 >~ 0.1 decides the occurrence of hardening. Therefore, we put t = 0.1
in the hardening condition (9.156), and solve it for y to find the critical shear rate y,
for hardening. The result is plotted against the nonlinear amplitude A in Figure 9.15(c).



tmax

Fig. 9.16

9.4 Time-dependent flows 315

Gaussian chains (A = 0) show no hardening. For a nonlinear chain with A = 10, for
instance, the critical value obtained in this way is y, =6.3.

Stress overshoot

For polymer solutions and melts, it is often claimed that the deformation ymax = ¥ fmax
accumulated before the stress reaches the maximum is independent of the shear rate and
takes a value of order unity (1.0 in the literature [40]). In other studies [41,42], it depends
on the shear rate, and is approximately described by the formula ymax =alb+ (y 7)%/313/2,
where a and b are numerical constants of order unity, and 7 is the relaxation time.
In gelling solutions, ymax seems to depend on the system. For aqueous solutions of
Guar galactomannan [43] at 3 wt% has ymax 22, while in aqueous solutions of xanthan
polysaccharides [44] at 2 wt% it increases with the shear rate from 0.5 to 1.0.

For the transient networks under present study, it is highly probable that the stress
shows a maximum at a certain time #n,x in the regime where it shows a strain hardening.
But it may also show a maximum even in the regime where there is no strain hard-
ening (for instance, the curves for small y in Figure 9.15(a)). We therefore first carry
out numerical integration by using different values A of chain nonlinearity for a fixed
coupling constant g =0.2, and found #,,x as a function of y. The results are shown in
Figure 9.16. We can see that the accumulated deformation ypax is almost independent of
the shear rate for both Gaussian (A =0) and nonlinear (A = 10) chains (Figure 9.16(b)).
The viscosity fmax = 1) (fmax) at the maximum time decreases with the shear rate (Figure
9.16(c)).

The result can be interpreted physically by using the power series expansion

&3(y)

+ 82 » 3 gn—1(¥) 2n—1 g (y) on
H=git—=t"+—t"—  fp—m— ——t 9.157
T =s1t=73 6 Qn—1)! 2n)! ©-.157)
101
100 | ® m moEm
n = e ©°0
. 3 e 3
] e £
¢ on >-100 3 = °
’ 1071} .
(a) (b) (c)
101 : : :
100 107 100 107 100 107
¥ ¥ ¥
Numerical calculation of the affine network with coupling constant g = 0.2 for the chains A =0

(squares), and 10 (circles) with n =20. (a) Overshoot time #pyax, (b) accumulated deformation
Ymax, and (c) viscosity at the maximum time, all plotted against the shear rate. (Reprinted with
permission from Ref. [39].)
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which has alternating signs. For a high shear rate y, all intermediate terms cancel alter-
nately, and a peak appears when the first term is balanced by the last term, i.e., when the
condition

iz’; 2l g) (9.158)

is fulfilled. Because g, ~ 2"~ for large y, the peak time is roughly estimated to be
e 2 A (9.159)

for large n. Hence we expect that the accumulated deformation is asymptotically inde-
pendent of the shear rate, and is given as a function of the coupling constant g and the
nonlinearity A.

Normal stress differences
Normal stress coefficients have the power expansions

\p;r ()= w(z) 1#6) 1ﬁ(“) . (9.160)

by (9.146). They start from O(r2).
Upon substitution of & we find for the first coefficient

¥P =2G" (w=00)=2g1, 9.161)

i.e., twice as large as the plateau modulus. After straightforward but tedious calculation,
we find 1//(3) —4g, for higher terms.
Similarly, we find for the second normal stress coefficient

Yl = C;Z(;/ drio(r)(r [ F) <——F—|—6> (9.162)

It incidentally vanishes by cancelation between the positive and negative regions if the
chain is Gaussian and the upper limit of the integral is extended to infinity. Even with
an upper cutoff, it is as small as 10~°. For a nonlinear chain, however, it changes sign
with A, so that the sign of the initial slope in the second normal stress changes its sign
depending upon the nature of the chain.

Nonlinear stress relaxation

This section treats the time evolution of the stress after a sudden deformation is given
to an equilibrium state of the network. The deformation, being followed by a constant
strain, creates a stress which gradually relaxes with time. The long-term behavior of stress
relaxation following a large stepwise deformation is frequently measured in rheological
experiments. It is known as the nonlinear stress relaxation.
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Let us consider a stepwise deformation [19]
M) =20(1), (9.163)

which starts at 7 =0 with a constant strain tensor A. Within the affiness assumption of
the active chains, the end-to-end vector r of an active chain in equilibrium configuration
before the deformation (t <0)is deformed tor; o= -ratlater time ¢ after the deformation
is given (¢ > 0). Similarly, if the end-to-end vector of an active chain is r at time ¢'(> 0),
it will remain active in later time, because the strain stays constant for 7 > 0. Hence we
have ;7 =r for 0 < <¢”. Under such assumption, the chain survival function takes
a simple form

0(1;t) =ta(r)e POy for 0<t <1, 9.164)

while the number of chains that were active in the initial equilibrium state decays
according to

ve(t) =

(@p=1) \B(r)  B(r)

The integral equation (9.41), together with the specific forms of 0(z;¢") and vg (1),
determine the time developement of ve (7).
Due to the affineness assumption, the stress propagator reduces to an isotropic form

ve  [a(r) e Bl
for O<t. (9.165)

6(t:t) =00t —t)1, (9.166)

whose diagonal element takes the form

o) =(a(n) [ 5 (e ). (9.167)
The stress supported by the chains that are initially active decays according to the law
. . —Blirhe\
o) = —e A (20 rip) L. (9.168)
(=) \B(r) B(r)

Shear deformation
We focus on Gaussian chains with a constant recombination rate « in this subsection.
Consider a shear deformation

1
=10 (9.169)
0

S = X
=]

with constant shear . The number of active chains in the network, which are initially
active and stay active until time ¢, is written explicitly by

Ve

1
<5—1>o<%

V2(1) = Pl (X+7y)2+}'2+z2)l‘> , (9.170)

0
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o (1= —veknT <(x+yy)ye—ﬁ(~/m>’> (9.171)
w (B~Nona?\ B(r) 0

Ni(t)= 2:x)c(t)_zyy(l‘)

_3veksT X<[(x+yy)2—y2]e_ﬁ<m)l> (9.172)
(B~Nona? B(r) o
Na(t) = By (1) = B2 (1)
_ dvcknT x<(y2—zz>ewm>,> ©9.173)
(B~"ona? B(r) o

In the GT limit of a constant Sy, the number of initially active chains decays
exponentially as
VS (1) = vee PO, (9.174)

The total number v(#) of the active chains, however, remains constant at the equilibrium
value ve. Stresses are given by

Yoy =vs()kpTy, (9.175)
Ni(t) =v3 (ks Ty, (9.176)
Na(2)=0. (9.177)

In all these stresses, time dependence can be separated from the strain. For instance,
we have

Yoy (v, =h(y)G (), (9.178)

for the shear stress. Thus, time—strain separability holds in the limit where there is no
coupling between the chain conformation and the dissociation rate. The measurement of
the stress ratio Xy () / Xy (0) therefore gives the fraction vg (1) /ve of the network chains
that remain active after deformation until time 7, as in conventional theories [11, 12].

The first normal stress difference after a step shear deformation is related to the shear
stress by the equation

Ni(y,t) =y Zyy(y,1). (9.179)

This proportionality relation is called the Lodge—Meissner relation [45,46].

Figure 9.17 shows the results of numerical calculation for the power-law dissociation
rate (9.88), plotted on a logarithmic scale. Reduced values of the number of chains
relative to the stationary value v, are plotted against the time, and stresses are measured
in the unit of vk T'. The unit of time is ,Bfl. The amplitude of the strain s fixed as y =0.5
in both figures, while By (the chain dissociation rate at r =0) is given by (a) o =0 and
(b) Bo=1.

As shown in the figures, the number v¢ (7) of initially active chains steadily decreases.
The total number v, (t), however, restores the stationary value ve, although it initially
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2
log(t 1) log(t 1)
(a) (b)

Nonlinear stress relaxation of the transient network model with a quadratic chain dissociation
rate under a constant shear deformation for y = 0.5. The decay rate is fixed as (a) By =0 and
(b) Bp = 1. The total number ve of active chains and the number v¢ of chains that remain active
from the initial state are shown on a logarithmic scale. These are normalized by the stationary
value of ve. The shear stress Xyy, the first normal stress difference Ny, and the second normal
stress difference N, are shown in the unit of vekg 7. (Reprinted with permission from

Ref. [19].)

decreases. The first normal stress difference is proportional to the shear stress at arbitrary
time (Lodge-Meissner relation) [45, 46], although their relative magnitudes change
with increase in the shear strain y. One of the remarkable results of the numerical
demonstration is that the absolute value of the second normal stress difference shows
a maximum at the time at which the number v, (#) shows a minimum. In the particular
case where B =0, stress relaxation obeys a power law rather than an exponential one.
More specifically, Xy, N1, and N> all decay as ~ 173/2 for sufficiently large 7.

In order to study the asymptotic decay of the stresses more generally, let us assume that
the chain dissociation rate behaves B(r) ~ 2™ in the high stretching limit, where m is
an arbitrary number. For large y, B (|X -r|) can be approximately replaced by (|)A» -r|)~
(yy)?™, so that the space coordinate must be scaled as y ~~!/2"" /_ This scaling gives
an asymptotic form

—5/2m
Exy(t)’\“ y > (9.180)

for the shear stress.

Elongational deformation
In order to study how the nonlinear stress relaxation depends on the type of deformation,
we next consider an elongational strain for which the strain tensor is given by

A0 0
A=0 1//2 0 |, (9.181)
0 0 1/Va



320

Fig. 9.18

Rheology of thermoreversible gels

where A is a constant elongational ratio. Since (or)2=22x2 4 ( y2+2z%) /2, the general
formulae (9.165) and (9.168) lead to

N —B( A2x2+(yz+zz)//\)t>
= , 9.182
and
_ BuekpT [V — (P +20)/20 g im0
Z”(t)— (,31>()I’la2< B e > s (9.183)

where the free boundary condition on the sample side parallel to the elongational axis
has been used to derive the elongational stress Xj,.
In the GT limit, where B(r) = By, we find v () = voe P’ again, and

E||(t)=v§(t)kBT<)\2—%>, (9.184)

which is in agreement with the force—deformation relation (4.23) for rubbers. Stress is
supported by the initially active chains only, the number of which decays exponentially.

From the analytic solution for the quadratic 8(r) detailed in Appendix 9.B, we can
find the numerical results. In Figure 9.18, the number vg of the initially active chains, and
elongational stress are plotted against time on a logarithmic scale for fp =0 and By =1.
The elongational ratio is fixed as A =2 as a typical example. Since this model has a finite
probability of dissociation for any active chains irrespective of their configurations, they
must eventually dissociate. Hence, there is no residual stress at t = 0o.

If the dissociation rate 8(r) has a region of r in which B(r) =0, the chains with an
end-to-end distance lying in this region survive to f = 00.

For example, the cutoff model, for which 8(r) =0 (0 <r <r*) and B(r) =00 (r* <r)
hold, allows the residual stress to remain finite in a deformed equilibrium state.

log t

Nonlinear relaxation under an elongational deformation with the elongational strain A =2 for
quadratic B(r) model. (Reprinted with permission from Ref. [19].)
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9.A Expansion in powers of the shear rate and time

For the stationary flows (9.107), we find the following relations for each order of y:

pE@ =pc®,
PE© +pe =pc'h,
ﬁ&-(l) +,BE(2) =‘3§(2)’
ﬁg(Z) +[35(3) =‘3§-(3)’
ﬁ&-@) +,3§(4) =‘3§(4)’

and so on.
By solving these equations order by order, we obtain

O =¢0=1,

o) =®rF

V=0,

s<2><r):—%[d>2+®2<ﬁ—2)] —’;+;<2h
1 rp R rF

3) _ 2 208

V=0 [P +67 (-]

_olleries—mlp_nE_ @
@ﬁ[scb +OXp 4)](p D —erFe®.

The angular factors ®(0,¢) = sin? @ sin ¢cos¢p and O (0,¢) =sin6 sin ¢ are separated as
the prefactors of the radial differential operator

4,
P=V|:d—— (r):|,

r

in the spherical coordinates.
Similarly, for the start-up flows (9.146), each order in the time expansion is given by

£V =y00F),
§Xm =y |0p+7(0?+0 (-1} ),
EO=5pm) +7 |08 +7 81 +7701302 + 02 (5415 -2] ¢ F),

EDM) =CoB) — V(OB +7Ex+72Es
— B 62O (p—4)+ O (H—6)(p—D](p—2)}(r F).
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Definitions of the operators 21 ~ 23 are

ol

2028+ 0°[(p—2)B+B(H—2)],

OB +0%[(h—2 B +B(h—2p— B (H—2)].
OP*[3(p—2)B+(p—2)B—B(H—2)]

+O {(p—H (P -BUH—DHB—BH—H(p—2)}.

1

63K

2

ap

3

Upon such decomposition, we are led to the three types of angular integrals. They are
defined by

Clm = / sinfdod¢ O o™,
e, = / sinfdfdp©;0™ d",
= / sinf0d0dp©,0™ d",

where ©1 =sin”6(1 —2sin’ ¢) and ©; =sin?6(1 +sin’¢) — 1.
The numerical constants arising from the angular integrals are

47 47 4
_ cao= 2.
07105

m_ m_ 8t o 81 o 8r

=0, Co,z—_g’ Czo—ﬁ’ Coz—g’
87 167

(0 (€8 (1)

=0 = 315 04T 735

C(z) _ 167 C(z) _ 167 C(z) _ 167

071557 223157 04 35

After carrying out all angular integrals, we are left with the radial integrals.

Solvable model of the quadratic dissociation rate

In this appendix, we study in detail a specific form of the chain dissociation rate

3. 2
,3(V)=ﬂ0+§,31r .

For a Gaussian chain, the tension—dissociation coupling model (9.90) reduces to this
quadratic rate. The quadratic »-dependence allows rigorous calculation of the viscoelastic
properties of the network by using Gaussian integrals, and thus presents a result from
which a great deal can be inferred.
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For a constant recombination rate «, a similar calculation was done by Fuller ef al. [47]
to study the effect of entanglements in the polymer melts. They found that the number
density of entanglement junctions is a decreasing function of the flow rate, and that shear
thinning and elongational thickening are two major characteristics shared by all transient
networks that fall into this category.

Start-up and stationary flows

We first consider a shear flow. By carrying out the Gaussian integral, we find that the
chain survival function of this model network is explicitly given by

eiﬂot

b(1)= 2,1 17+3.5271/2°
A+0[A+0)2 431+ 30)3p21/2

Similarly, the stress propagators turn out to be

oxy(t) YO+ 1nePor
ksT  (14+0V2[(1+02+ (1 + $0)e3p2P/2

for the shear component,

ni(r) _ G2+ 21+ Le2)eFor
ksT — (1+032[(1+02+ 11+ 1y’

for the first normal stress difference, and

na(t) LD+ e por
ksT — (1+032[(1+02+ 11+ 1B yp2pe’

for the second normal stress difference.
Similarly, for the initial terms we carry out the coordinate Gaussian integrals, and find
Ve
1

o — d/A,/,
) <ﬁ*>o/o rAen

for the number of active chains, where the function A(z,1’) is defined by

o Polt+)

A= @b

in terms of the two functions a (¢, )=1+¢+¢', and b(¢t,t") = (1+1+1)* + %(1 + %t—i—
t/ )t()}t)z. By the use of this function, we can write the chain survival function in the
simple form 6(r) = A(¢,0).
In a similar way, we find
vekg T

° ()= dt' Sy, (t,1),
£y () (ﬂ_%fo (5
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for the shear component of the stress, where

S (1= (W)(l+%t+z/)e—ﬁo(t+z’)
xy( )= a(t,t/)l/zb(l,l‘/)3/2

is another new function. Similar integration leads to

NP (t)=

kT [
e / dr'sie,r'y for i=1.2,
(B0 Jo

for the first and second normal stress difference, where

Si(t,1) = (PO (1+ 51+ 3124 1+ 20 1) P+
R la(t,t)b(t,1)]3/2 ,

and
(J?t)z(%t)(l + é—l‘t +1")ePolt+i)

SH(t,t) = [a(t,[’)b(l‘,l‘/)]3/2

are the corresponding integrals.

The stress propagators can be expressed as oy (1) =kpT Syy (¢,0),n1(t) =kgT S1(z,0),
and n1(t) =kpT S2(¢,0) in terms of these functions in a similar way as above.

In the case of an elongational flow with a constant flow rate €, a similar procedure
leads to the same form for the time evolution of the number of active chains vg () that
have been active from the initial stage, but the function A(z,¢’) must now be replaced by

e—Bot+1)

N—
A= G
where two newly introduced functions are defined by ¢ (¢, ) =1+ (1 — e~y /é+1', and
d(t,t') =14 (¢*' —1)/2é +1'. The chain survival function is again given by 6(¢) =
A(t,0).

Quite analogously, the elongational stress supported by the initially active chains can
be found by

Zﬁ(t):veli_linoodt/S”(t,t/),
(B~ Jo

where

, , e2ét 1
Si@.1) = A1) [b(z,ﬂ) B eé’a(t,t’)] ’
The ' =0 component of this function gives the stress propagator for the elongational
flow o (t) =k T S)(¢,0).
We have now reached the explicit form of the coupled equations for ve(#) and fi(t),
the solution of which can be found numerically. Some typical results are shown in the
text.
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To study the stationary state, we find the Laplace transform of the chain survival

function. It takes the form
x 1 7 s+ Bo
G(s)=—¢ (1, P )
B \B1 B

where the function ¢ (x,y) of the two variables is defined by the integral

e !

sn=[ .
0 S0l +n2+ L+ o)

The number of chains that remain active in the stationary state is then given by

ve(y) __ a¢(y/B1.Po/B1)
v Bi1+ap(y/B1.Bo/B1)

Upon integration we get the expression

n(y) ay(y/Bi.Bo/B1)

vkgT /B Pi+ap(y/B1,Bo/B1)’

for the reduced viscosity, and

Vily) _ _ayn(y/Bi.bo/BD)
vkgT /B Bi+ap(y/B1.Bo/B1)’

Wa(y) aya(y/B1.Bo/B1)

vksT /B> Bi+po(7/B1.Bo/B1)’

for the reduced first and second normal stress difference coefficients. The new functions
¥, Y1, and Y, are defined by the integrals

o= (1t e
= A+ +02+ 1A+ 103x213/2

- /00 21+ 31+ 3tHe ™!

1(X, = s
' (+03P[(A+02 4 11+ 30)Bx2P2
%0 A+ 50!
1/fz(x,y)E/ 5 - 5 i ey

0 (I4+032[(14+0)24 31+ 301323/

The number of active chains for the shear flow is plotted in Figure 9.19(a) as a function
of the shear rate on a logarithmic scale. The recombination rate « is chosen to be unity
as a typical example and the chain breakage rate f at the vanishing end-to-end distance
is varied from curve to curve. Both the shear rate y and the chain breakage rate By are
measured in the unit of the coefficient S, or equivalently, 1 is set to be unity. For all
Bo the number of active chains decreases steadily as a function of y.
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(a) Number of active chains, and (b) nonlinear shear viscosity, plotted against the shear rate on a
logarithmic scale. @ = 1. B is varied from curve to curve. The curves have a common
asymptotic slope in the high shear region. (Reprinted with permission from Ref. [17].)

log y

First and second normal stress differences plotted against the shear rate on a logarithmic scale,
using o =1 as a typical example. The second coefficient is negative and its ratio is virtually
constant over a wide range of shear rates. (a) o =0, (b) Bp=1. (Reprinted with permission from
Ref. [17].)

Figure 9.19(b) shows the shear viscosity plotted against the shear rate. The network
exhibits shear thinning for all By. The increase in By physically corresponds to the
increase in temperature. Calculation for other values of o shows that the viscosity curve
is insensitive to a change in «.

The asymptotic slope of the tail of the viscosity curve is approximately —0.98 for all
Bo in the highest y region shown in the figure.

Figure 9.20(a) and (b) show the two normal stress coefficients Wi and —W, (solid
lines) and their ratio —W, /W (broken line) as a function of log y. The ratio turned out
to be virtually constant over a wide range of y, though we have no specific analytical
reason for this. Both coefficients are monotonic functions of y and show only a minor
quantitative difference.

Since the time variable in the integral is scaled as t ~ y

the viscosity behaves as 2~y ~*/3 in the limit of high shear rate. Similarly ¥ a2y~

1/2 as y — 00, we expect that

2and
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W, ~ p~8/3 are expected for the normal stresses. Because the index 4/3 is larger than
unity, it can lead to mechanical instability (as noted by Doi and Edwards [48]); the shear
stress 1y passes a maximum as the shear rate is increased. The flow may take either value
of the two shear rates giving the same value of the shear stress (shear banding) [48].
The same remark holds also for the normal stresses.

The calculation given above allows us to find the asymptotic behavior of a network
with the more general form of B(r), which increases as B(r) ~r" at high stretching. For
large y the integral in the exponent of the decay factor can be replaced by the dominant
term

t t
f BUA) -yt ~ / dr(yry" =y
0 0
so that the time variable must be scaled as

t~ -L—)}m/(m'i'l)
where 7 is a dimensionless time. From the definition of the functions we find ¢ (x,y) &
x 7t and g (x, y) &2 x 72/ D as x — oo for any fixed y. The shear viscosity
turns out to take an asymptotic form
n(y) ~ nym/(m+])

at high shear rate. Smaller values of m, and hence slower variation of B(r), give smaller
values of the exponent of 1 under high shear. For instance 1(y) ~ y ~2/3 for m =1/2
causes no mechanical instability. Similar dimensional analysis leads to W; a2y —3m/(n+1)
and Wy ~ —p—4m/ 1),

Studies can be carried out for elongational flow. The quadratic form of () leads to
the same form for the survival function, but y is replaced by €, and the function ¢ (x, y)
is now defined by a different integral

=)t

_ san [T
¢(x7y)—\/§x /0 dt[(1+x)ext_l](62xt+2x_1)1/2'

The elongational viscosity also takes the same form as before:

n(é) ay(€/B1,Bo/B1)

vkgT/B1 Bi+ad(E/Br,Bob1)’

but the function ¥ (x, y) here is defined by

© (1 4x)ed =362 —(2x —1) .
=Vt [Car el
¥(x,y) X 0 [(l—}—x)exz—1]2(62“”-}-2)6—1)3/28

Because an elongational flow is changed to a compressional flow when the flow rate ¢
goes negative, both the number of active chains v(é) and the viscosity wu(€) have no
symmetry between € and —é. The functions ¢ (x, y) for shear and elongational flow take



328

9.B.2

Appendices to Chapter 9

the same value at x =0, while the function ¥ (x, y) for the elongation is three times as
large as that for the shear at x =0.

Figure 9.11(b) shows the elongational viscosity plotted against the flow rate. The most
remarkable feature of the nonlinear viscosity for elongational flow is that it exhibits a
maximum at finite positive flow rate. The network therefore undergoes elongational
thickening for smaller values of €, followed by thinning. The case By = 0 is rather
exceptional: the viscosity shows a singularity at € =0, as in a number of active chains,
and steadily decreases for either compression or elongation. The elongational rate at
which the viscosity shows a maximum increases with increasing Sy (or increasing the
temperature), although the viscosity itself is lowered.

Stress relaxation

In order to express the bilinear form (A-1r)? as a sum of three independent coordinate
variables, let us first find the eigenvalues of the matrix t% - A. For a shear deformation
(9.169), they are given by

2
14 14
M=1+— L [y244,
2 V2 Y
=144 y2+4,
p=l4 S+

2
M3=1.

Hence we can decompose as (hr)?= Z?:] X%éiz, where &; are the principal coordinates.
Upon moving onto these coordinates, the average over a Gaussian chain distribution can
be explicitly carried out by performing Gaussian integrals.

In order to do this, we first use an identity using the identity

00 /
p =[P

and then carry out the Gaussian integrals. We find

Ve o] , e*ﬂQ(H»t/)
Ve(t) == T df 3—,
(B~ Jo (T, A2

for the number of active chains, where the three functions A;(¢,t')(i =1,2,3) are
defined by
A, )Y =14+ (A3t +1).
Similarly, for the stress components we find
ks T o0 ~fol+") A3
Sy = ——B2 P (s -
(B Novy?+4do (Lo A2\ A Az
Ni(1) =y Zyy (1),
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vekp T ood , e*ﬂo(H»t/)
e t e —
sovy2+4Jo (T A2
8 (\/J/2+4—V +\/y2+4+y VY +4)

2
2A 2A; A3

No(t) =

The Lodge—Meissner relation is automatically fulfilled.
In a similar way, the three eigenvalues of the strain tensor (9.116) in the case of
elongational deformation are given by )\% =22 and A% = A% =1/)\. Hence we have

A =14B1 (A%t +1),

t
Ar=A3=1 +'31(X +1').

The number of active chains is given by the same formula as above, but the A;s must
be replaced. The elongational stress takes the form

() — vekp T ‘X’d , e—Polt+1) A2 1
O=0dy T a2 & am)
0Jo (L= A 1 2
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10.1

Some important
thermoreversible gels

This chapter applies the thermodynamic and rheological theories developed so far to the specific
important network-forming associating polymer solutions. The topics include modification of
the phase separation and gelation of associating polymers by added surfactants, transition from
intramolecular association to intermolecular association, competitive and coexisting hydration and
hydrophobic association, and thermoreversible gelation strongly coupled to the polymer confor-
mational change. With an increase in the number of components, or the degree of freedom in the
system, phase transitions and flow properties become complex. However, the basic ideas to treat
them stay within the fundamental theoretical framework presented in the preceding chapters. All
systems are modeled from a unified point of view.

Polymer-surfactant interaction

The problem of the interaction between polymers and surfactants was laid initially in
the study of proteins associated with natural lipids, and later extended to their asso-
ciation with synthetic surfactants [1,2]. More recently, the interaction of water-soluble
synthetic polymers such as poly(ethylene oxide) with ionic and non-ionic surfactants [3—
7] has attracted the interest of researchers because of its scientific and technological
implications.

Adding surfactants to polymer solutions, or vice versa, followed by the formation of
a polymer/surfactant complex, can substantially alter the original physical properties
substances involved. The effects can be summarized in the following four categories:

o Conformational transition of polymers such as coil-globule transition [8, 9] and
coil-rod transition [10, 1 1] induced by surfactant binding.

o Expansion and shift of the phase separation region on the polymer/solvent phase
plane [12].

o Formation of microphases [13], and gels [14].

o Shift of the sol-gel transition line [15-17] accompanied by modification of the
rheological properties [18-20].

e Viscoelastic synergy of wormlike surfactant micelles with hydrophobically modified
associating polymers [21-26]

When polymers carry a small fraction of hydrophobic groups, the effects are dra-
matically enhanced. Such hydrophobically modified polymers (associating polymers)
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X n=r+2r,

Network junctions mixed with surfactant molecules, and pure micelles consisting of surfactant
molecules only.

show a tendency towards self-assembly, eventually leading to gelation caused by the
aggregation of hydrophobes, as studied in Section 7.4.

The ability of surfactant binding is enhanced through the hydrophobic interaction
between polymer hydrophobes and surfactant hydrophobes. Typical model polymers
such as hydrophobically ethoxylated urethane (HEUR), ethyl hydroxyethyl cellulose
(EHEC), and hydroxypropyl methyl cellulose (HPMC) have been the focus of study.

To model the polymer—surfactant system, we consider a mixture of polymers and
low-molecular weight surfactant molecules in a solvent. Each polymer is assumed to
carry the number f (> 2) of associative groups of the volume ry along its chain, which
is composed of r statistical units. Each surfactant molecule is modeled as a molecule
of a volume r; carrying a single hydrophobe connected to the hydrophilic head (see
Figure 10.1) [1].

The hydrophobe on a surfactant molecule may be different from that on a polymer
chain, but we assume that they are the same to maximize the mixing properties within
the micelles. The difference of the hydrophobes could be included easily by considering
the phase separation within the formed micelles (intramicellar phase separation) [27]
at the network junctions.

The total number of statistical units on a polymer is then given by ny =ry+ fro,
and that of a surfactant molecule is n| =rj +rg. Such a mixture of f-molecules and
f =1 molecules in a solvent is a special case of the general model solution studied in
Section 7.4.

The volume fraction of each species is given by ¢; =n;N;/Q (i =1, f), and the
number of hydrophobes carried by each species is V; =i¢;/n; =iv;(i =1, f), where
v; = ¢; /n; is the number density of molecules of type i.

Since the total number of hydrophobes in the solution is given by ¥ =1 + v, the
weight distribution p; of associative groups on the species i is given by p; = Vi /¥,
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whose number- and weight-average functionalities are given by

=Y pili=01+vp)/¥, (10.1)

fu=Yipi=i+ fPvp)/v. (10.2)
In equilibrium, hydrophobes on the polymers and on the surfactants aggregate into
mixed micelles that serve as cross-link junctions of various multiplicity k. Let py be the
probability for a randomly chosen hydrophobe to belong to a junction of multiplicity & at
a certain given temperature and polymer and surfactant concentration. Then p;=1—«
is the probability for a hydrophobe to remain unassociated, where « is the extent of
reaction in the conventional meaning.
If we use the reduced concentration c y =A(T') f¢ ¢ /n s instead of v for polymers,
and ¢; = A(T)¢1/n, for surfactants, the relation (7.98) can be transformed into

cr(1+n)=zu(z), (10.3)

where
n=ci/cyr (10.4)

is the ratio of the surfactant concentration to the polymer concentration. Solving this
relation with respect to z, we find z, and hence the reactivity «, as a function of a given
temperature and concentration.

By using the ratio 1, we can write the weight distribution p; as

p1=n/(14+n) (for surfactant),
pr=1/(1+n) (for polymer). (10.5)

Modification of the gel point by surfactants

For the polymer/surfactant system, the sol—gel transition condition (7.116) is explicitly
given by
(f =Dzt (z)/(L+n)i(z) =1. (10.6)

Combining this condition with the relation (10.3), we find the sol-gel transition curve
on the temperature—concentration plane.

To describe the observed nonmonotonic behavior of the mechanical modulus and
viscosity of the polymer—surfactant mixtures, we introduce a mini-max model of the
junctions (7.127), for which

km
i) =1+ =1+ =y -2), (10.7)
k=ko

where kg is the minimum multiplicity and &y, the maximum multiplicity allowed. We
have neglected any possible contribution to the free energy from the micellar surface,
and set all yx =1 for ko <k <kp,.
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Small micelles whose aggregation numbers are less than kg and large micelles with
aggregation numbers larger than ky, are assumed to be unstable and dissociate. In fact,
sufactant molecules are known to form micelles of a very narrow size distribution.
The upper and lower bounds here are determined by the geometrical suitability of the
hydrophobes for spatial packing, the flexibility of the polymer chains, and other factors.

When the polymer concentration is so low that the number of hydrophobes is
not enough to form junctions, the addition of surfactants combines the unassoci-
ated hydrophobes until their aggregation number exceeds kg and stabilizes them. The
surfactant works as a cross-linker.

However, when the polymer concentration is sufficiently large and many junctions
are already formed, some of the polymer hydrophobes in the junctions are replaced
by surfactant hydrophobes. The path number (connectivity) of the network junctions is
reduced.

Figure 10.2(a) shows how junctions are formed and destroyed by added surfactants
in the special case where the multiplicity is fixed at ko =k, = 5. The average branching
numberis (545)/2=5 (top figure), (5+5+2)/3 =4 (middle figure), 2+2+141)/4=
1.5 (bottom figure). It decreases monotonically with surfactant concentration.

From these considerations, we expect that there is no surfactant-mediated process if
the minimum multiplicity is kg =2, i.e., if there is no gap in the size distribution. Under

N T \
1

e A0
2 ~2 1 L 1 L 1
SUK L e
AN ¢y = Agy/ny
(a) (b)

Cr= f).¢/l7

(a) Formation of a junction with the help of surfactant molecules (surfactant-mediated
association) and destruction of a junction by excess surfactant molecules. The allowed
multiplicity is fixed at k =5. Numbers near the junctions indicate their branching numbers.

(b) Polymer concentration at sol—gel transition as a function of the concentration of added
surfactant. The minimum multiplicity k( is varied from curve to curve under a fixed maximum
multiplicity k. A minimum appears at a certain surfactant concentration for kg > 3. (Reprinted
with permission from Ref. [1].)
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such conditions, hydrophobes form stable junctions with any aggregation number less
than kp,. The addition of surfactants therefore merely destroys the existing junctions.

To demonstrate these ideas, we calculate from (10.6) the sol-gel transition concentra-
tion as a function of the concentration of the added surfactant. Figure 10.2(b) shows the
result for telechelic (f =2) polymers. To clarify the effect of the minimum multiplicity,
ko is varied from curve to curve, while the maximum multiplicity is fixed at kp, = 8.
It is clear that the sol-gel concentration c} monotonically increases with the surfactant
concentration for kyp =2 (no lower bound). Gelation is blocked by the surfactant. But
if there is a gap between k = 1 (unassociated) and k = kg, a minimum in c? appears
where gelation is easiest, as can be seen for kp > 3 in Figure 10.2(b). The surfactant
concentration at which c? becomes minimum, referred to as the surfactant-mediated
gel point (SMG), increases as the gap becomes larger.

Surfactant binding isotherms

The clusters consisting of surfactant molecules only are indicated by I =0, so that we
have 1 ={/,0} in the distribution function (7.95). There are junctions of multiplicity
k =1y only in such pure surfactant micelles. We then have j; =1 for k =1/, otherwise
Jk =0. The distribution function becomes

MW@ D =y, (), (10.8)

where x1 =A(T)v(jo,1:1o,1) is the concentration of unassociated surfactant molecules.
The total number density of pure surfactant micelles (including unassociated molecules)
is then given by

xvfsxzu(j;l)=/ i, (10.9)
0

L>1

while the total volume fraction of pure surfactant micelles is given by

M7 /mi=a Y LD =xi(x) (10.10)

L>1

(The symbol ° indicates clusters that are made up of surfactant molecules only, including
unassociated ones.)
Since

xi=ci(l—a)=cy/u(z), (10.11)

by definition, we find
Ay /ny =xyii(xy) = cyi(xy) /i (2), (10.12)

and hence

o7 =Tlu(x1)/u(2)p1. (10.13)
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0.0 1.0 2.0 3.0
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Isotherm of surfactant molecules bound by bifunctional ( f =2) polymers. The fraction 6 of the
adsorbed surfactant molecules is plotted against their total concentration. The minimum
multiplicity kg of the junctions is changed from curve to curve with fixed ky = 8. The curve
starts from a finite value and shows a peak at the SMG concentration. (Reprinted with
permission from Ref. [1].)

The fraction (x)/u(z) out of the total volume fraction ¢; of surfactants remains
unassociated to the polymers. The rest

0=¢"% /o) =1—ii(x1)/ii(z) (10.14)

is the fraction of surfactant molecules that are adsorbed into the network junctions. The
fraction 6 as a function of ¢ is the binding isotherm of surfactant adsorption.

Figure 10.3 shows the binding isotherm 6 of the adsorbed surfactant molecules as a
function of the total surfactant concentration. The maximum multiplicity is fixed at 8§,
while the minimum multiplicity is varied from curve to curve. The polymer concentration
is fixed at ¢y = 0.8 at which polymers are in the postgel regime for ko =3,4,5,6, but
in the pregel regime for kyp =2,7,8, as can be seen from Figure 10.4(a). The fraction 6
changes continuously across the sol—gel transition point, and takes a maximum value at
the surfactant concentration where gelation is easiest (the micellization—gelation point,
MGP, defined below), except in the case for kg =2, for which there is no gap in k.

CMC of the surfactant molecules

It is known that surfactant molecules form micelles above a certain concentration (see
Section 6.7). The concentration at which micelles appear is referred to as the critical
micelle concentration (CMC). For mixed solutions of associating polymers and sur-
factants, the concentration at which mixed micelles starts to form is referred to as the
critical aggregation concentration (CAC). To see how the CMC of the surfactant is
affected by the presence of polymers, let us consider the surfactant molecules that are
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(a) Polymer concentration (solid lines) at the sol—gel transition, and the critical pure micelle
concentration (broken lines) plotted as a function of the concentration of added surfactant for a
fixed multiplicity kg =km = 8. (b) Sol—gel transition and CPMC lines drawn on the ternary phase
plane of the polymer/surfactant/solvent system. The minimum gelation point (SMG point) is
indicated by a black circle. The white circle shows a special point at which gelation and
micellization take place simultaneously (MGP). (Reprinted with permission from Ref. [1].)

not associated to any polymers, and define the CMC by the surfactant concentration
at which micelles consisting only of surfactant molecules appear. This concentration is
referred to as the critical pure micelle concentration (CPMC). By definition CPMC
lies above CAC.

One conventional criterion for CMC is to find the concentration at which the osmotic
pressure changes its slope most rapidly [28]. The contribution to the osmotic pressure
from the surfactant molecules that are not connected to the polymers is proportional to
(10.9) at low concentrations. Their volume fraction is given by (10.10). If we try to solve
(10.10) for x1 as a function of ¢7, we will fail to find the solution whenever the condition

d(xii(x))/dx =1u(x)+xi' (x)=0 (10.15)

holds. This equation is an algebraic equation for x, and has its roots on the complex
x-plane. These roots are the branch points of the inverse function. When the concentration
x1 of the unassociated surfactant passes near the root that lies closest to the real x-axis,
the osmotic pressure (10.9) due to surfactant molecules changes its slope most rapidly.

To study the relative positions of CPMC and SMG concentration, we consider a fixed
multiplicity model in which the multiplicity is fixed at a single value kg = ky, =k. The
function i (x) in this fixed multiplicity model takes the form ii(x) = 1 +x*~!, and leads
to a set of equations

AP =x1 +xk/k, (10.16)

APS /ny = x1 +xf. (10.17)
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The equation (10.15) now gives the roots
xj =k Y  Vexpari(j+1/2)/(k—1)] (j=0,1,2,...,k—2), (10.18)

which lie on a circle of radius r = k~!/*=1 on the complex x-plane.
Now setting x; =7 in (10.11), we find the CPMC by

c/(+5"YH=r, (10.19)

where the parameter z is expressed in terms of ¢ s and ¢y by solving (10.3), which now
takes the form
crter=z(1+7h. (10.20)

Figure 10.4(a) shows the sol-gel transition concentration (vertical axis) as a function
of the surfactant concentration (horizontal axis) (solid lines), and the CPMC (hori-
zontal axis) as a function of polymer concentration (vertical axis) (broken lines). The
multiplicity is changed from k =3 to k =8.

There is an intersection between the solid broken lines for each multiplicity k. This is
a special point where the sol—gel transition and the CPMC take place simultaneously. We
call this special point the micellization gelation point (MGP). For instance, for k =8
this point is located at a surfactant concentration that is nearly twice as large as the SMG
concentration.

To see the situation more clearly, we draw these two lines on the ternary phase plane.
Figure 10.4(b) shows the sol-gel transition (solid line) and CPMC lines (broken line)
on the triangular plane of the polymer/surfactant/water system. SMG and MGP are
indicated by the black and white circles. Their relative positions may change if we allow
the binding free energy of polymer hydrophobe and surfactant hydrophobe to change.

High-frequency elastic modulus

In the experiment on the HEUR/SDS system [ 18], the addition of surfactant resulted in
several effects. (1) The moduli are no longer described by the simple Maxwell element
with a single relaxation time, but a shoulder appears on the loss modulus at higher fre-
quencies. (2) The high-frequency plateau in the storage modulus reveals nonmonotonic
dependence on the SDS concentration. At low polymer concentration, it initially rises,
and reaches a peak and then decreases monotonically, falling eventually to zero at a
higher SDS concentration (Figure 10.5(a)). With an increase in the polymer concentra-
tion, the height of the peak decreases and its position shifts to a lower SDS concentration.
Above a certain polymer concentration, the peak disappears. (3) The average rheological
relaxation time also shows a peak for all polymer concentrations measured.

To see how these new rheological features appear, we calculate the number piegr of
elastically effective junctions in a unit volume from (8.3 1), and the number of elastically
effective chains vegr from (8.32).

Figure 10.5(b) shows the number ve¢s (¢1) of elastically effective chains plotted against
the surfactant concentration c¢1. The number is normalized by the value vt (0) under the
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(a) Experimental data on the high-frequency storage modulus as a function of the surfactant
concentration. The polymer concentration is changed from curve to curve. (Reprinted with
permission from Ref. [18].) (b) Theoretical calculation of the number of elastically effective
chains plotted against the ratio of the surfactant concentration and the polymer concentration. The
polymer concentration is varied from curve to curve. (Reprinted with permission from Ref. [1].)

absence of the surfactant. This ratio therefore gives the relative strength G (c1)/G oo (0)
of the high-frequency plateau value in the storage modulus. Polymers are assumed to
carry two functional groups (f =2). The allowed multiplicity of a junction ranges from
3 to 8. The polymer concentration is changed from curve to curve.

As expected, the curves for low polymer concentrations first increase to a peak and
then monotonically decrease to zero where the gel network is broken into sol pieces by
the surfactant. For higher polymer concentrations, however, the curves do not show any
peak because the junctions are well developed without surfactant molecules. The added
surfactant only destroys the junctions.

These calculations reproduce, at least qualitatively, the experimental observations
HEUR/SDS reported by Annable et al. [ 18] (Figure 10.5(a)), apart from that in the theory
all curves cross each other at a certain surfactant concentration, whereas the experimental
data reveal the same tendency only for relatively higher polymer concentrations. The
maximum in the modulus appears as a result of the existence of a forbidden gap (from
k=2 to ko — 1) in the multiplicity of the network junctions.

Loop-bridge transition

Polymers carrying many hydrophobes undergo the simultaneous formation of
intramolecular micelles with a dense core of hydrophobic groups surrounded by a
corona of small loops (flowers) and interchain micellar cross-links (Figure 10.6). A
subchain connecting two junctions on different micelles is called a bridge chain. This



340

Fig. 10.6

Some important thermoreversible gels

petal

interchain
flower

intrachain
flower

bridge

Intra- and intermolecular flowers formed by hydrophobically modified associating polymers.
(Reprinted with permission from Ref. [29].)

section studies the transition from intramolecular association (closed association) to
intermolecular association (open association) by changing the polymer concentration.

In general, the CMC of the flower micelles is very low; it can be as low as 1073
polymer wt%. At low concentrations, intramolecular flowers dominate. With an increase
in the polymer concentration, loops dissociate and have more chance to form an open
association with many bridges, thus eventually leading to gelation. The sharpness of
the transition depends on the association constant and the aggregation number of the
micelles.

If we can assume association to be an entire equilibrium and reversible, it can
be decomposed into intra- and intermolecular association. In intramolecular associa-
tion, each chain has a conformation carrying several intramolecular flowers along the
chain [29]. The hydrophobic cores are regarded as composite associative groups. In
intermolecular association, such composite chains are connected with each other by
intermolecular association. Thus, the system is modeled as a polymer solution in which
polymers carry many associative groups of different sizes that may form junctions of
variable multiplicity. The functionality of each chain is not fixed, but is controlled by
the thermodynamic requirement.

Let us specifically consider telechelic polymers. The intramolecular association of
telechelic polymers is unique, namely, they form a single loop (petal). The probability
to form such a loop is decided by the thermodynamic equilibrium condition. It is given
by the cyclization parameter introduced in Section 6.2 [30]

0 (T) = BA(T) /n’/?, (10.21)
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where A(T) is the association constant, n the total number of statistical units on a chain,
and B is some numerical constant that may depend upon chain flexibility, the chemical
species of the polymers, and solvent quality.

Strictly, the power 3/2in (10.21) should be replaced by dv +y — 1 for swollen polymers
in a good solvent, where d =3 is the space dimension, v =3/5 Flory’s exponent (Section
1.6), and y =7/6 the critical exponent for the total number of self-avoiding random
walks [31]. However, we neglect the excluded-volume effect since both our solution
theory and gelation theory are based on the mean-field treatment.

The loop parameter (10.21) is a new parameter that depends on the association
constant. It may also be written as

{n(T) =exp(—BAA), (10.22)

where AA = A — A is the difference in the conformational free energy between the
reference conformation (an open chain with two unassociated groups indicated by the
subscript 2) and the excited conformation (a loop with a single composite associa-
tive group indicated by the subscript 1). Thermoreversible gelation driven by such an
intramolecular conformation change can be treated more generally for the functional
groups that are activated by the conformational change (see Section 10.5).

Apetal is regarded as a monofunctional molecule carrying a single composite associa-
tive group formed by the doublet of the original associative groups (see Figure 10.7). We
have the model solution in which bifunctional telechelic polymers are mixed with mono-
functional loops, which is mathematically equivalent to the mixture of the associating

Mixture of petals and telechelic chains. A petal can be regarded as a monofunctional composite
chain. (Reprinted with permission from Ref. [29].)
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polymers and surfactant molecules studied in the preceding section. The only differ-
ence lies in that the population of loops (corresponding to surfactants) is automatically
controlled by the thermodynamic equilibrium condition.

Let ¢ be the volume fraction of the loops (f =1), and ¢, be that of the open chains
(f =2). The total volume fraction ¢ of the polymers in the solution is ¢ = ¢| + ¢>. The
total number density of the associative groups is ¥ = (¢ +2¢7)/n. Their ratio is decided
by the equilibrium loop parameter as

V2 /v§ =, (T), (10.23)

where the superscript o indicates that the chains remain isolated in the solution.
By definition, we have v =v (1 —a)f = Vf/ﬁ(z)f for f =1,2, where « and i (z)
are defined in the usual way. Hence, the relation

d1/d2 =0, (T) /i (z) (10.24)

holds. On substitution into (7.99), we find

A\ G (D +2i()
<Z¢) GDrae (1029

so that the number-average functionality f, of the loop/chain mixture turns out to be
Jo =1 +2i(2)]/[5n +ii (2)]. (10.26)

By definition, the weight-average fi is
fow = (1201 +2202) /(01 +2v2) = [ +4i(2)1/ [ + 200 (2)]. (10.27)

The gel point can be found by (7.115). Putting (7.115) and (10.27) together, the
parameter z* at the gel point is found to be the solution of the equation

2zu'(2) /[Ln +20i(2)] = 1. (10.28)

To calculate the gel point concentration, we introduce the reduced polymer concen-
tration ¢ =21 (T )¢ /n, the total number density of the associative groups. From (10.25)
for z =z*, the concentration ¢* at the gel point for the fixed multiplicity model takes
the form

=K (148, /2K [T+ (1 42K") 8 /2K 1/ (K" (1 ¢, /2)K 7 (10.29)

where the abbreviated notations k' =k — 1 and k” =k — 2 have been used.

Figure 10.8(a) shows ¢* as a function of the loop parameter for the min-max model
(ko =5, km =8) of the junction multiplicity. Two of X, ¢, and n are independent variables.
In other words, A and ¢, can be independently changed only through a change of n (for a
given prefactor B). The two axes in this figure (and also in Figure 10.8(b)) must therefore
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(a) Six association categories of the chains in the solution of telechelic polymers. (b) Their
relative population plotted against the polymer concentration for ¢, =5. (Reprinted with
permission from Ref. [29].)

be understood as the variables changed in this context. The gel point concentration is
monotonically increasing function of ¢, because loop formation prevents gelation.

To see how closed association changes into open association, we first summarize all
possible types of chain association. There are six categories altogether (Figure 10.9(a)):
isolated open chain, isolated loop, cluster consisting only of loops (called flower micelle),
bridge chain, dangling chain, dangling loop in a cluster. In particular, the concentration
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at which the flowers appear is referred to as the critical flower micelle concentration
(CFMO).

Figure 10.9(b) shows the relative population of each chain category as a function of
the total polymer concentration. These results are calculated within the theoretical frame-
work for the model mixture of f =1 and f =2 associative molecules. The multiplicity
of the junctions is allowed in the range between ko and k, = 8 for a fixed loop param-
eter ¢,(T)=>5. These curves are normalized to give unity when summed up. Isolated
loops and isolated chains start with a ratio of 5 to 1, but both decrease with the polymer
concentration, because they are adsorbed into the mixed clusters.

Dangling chains, adsorbed loops, and bridge chains increase with the concentration,
but bridge chains eventually dominate at high concentrations. Flower loops appear in
a certain range of the concentration. Their curve exhibits a single maximum near ¢ =
1.5. Since the gel point concentration for this solution is given by ¢* =2.2, flowers
appear before the gel point. The fraction of the free ends as functions of the polymer
concentration and temperature was experimentally measured for fluorinated telechelic
PEO solutions by using '’F NMR relaxation method [32].

The reactivity o used so far is the superficial degree of association calculated under
the assumption that the composite group on a loop is regarded as one associative group.
The real reactivity o is defined by the number of associated functional groups divided
by the total number of groups. Therefore the relation

L _2p1 ) _at gl —a)
T 2p1+d) 1+ —a)

(10.30)

holds. As a function of the loop parameter ¢, it starts from « and monotonically increases
to unity.
The volume fraction ¢q of the flower micelles is written as

i) — 11

= — —, (10.31)
[¢n+u(z)]u(z)

oa=Lad

from the probability Lg for the loops to attach to the junctions. Since the parameters z
and x; are functions of the total polymer concentration, ¢y is regarded as a function of
the concentration. By differentiation, the concentration at which the volume fraction of
flowers becomes maximum satisfies the condition dx /dc =0, but since this is equivalent
to the condition for the gel point, we find the concentration of flower micelles reaches a
maximum value at the gel point.

Figure 10.8(b) shows the volume fraction ¢g of flower micelles plotted against the
total polymer concentration. The loop parameter is varied from curve to curve for the
multiplicity in the allowed range 5 <k < 8. The concentration at which ¢jg rises from zero
is CFMC. Since it slowly increases in the figure, the conventional method to identify
CMC (the population curve of the micelles bends most sharply) is not directly applicable.
As arough estimate, we here employ a simple criterion that the concentration where the
absolute value of ¢q reaches a certain threshold value is CFMC. The actual value of the
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CFMC obtained in this simple method depends sensitively upon the chosen threshold
value. We have fixed this value at ¢g =0.001, although it is somewhat arbitrary.

Competing hydration and gelation

Solutions of natural polymers often gel on heating. A typical example that has long been
studied is methylcellulose with a nearly full degree of substitution by methoxyl groups

[33, 34]. Substitution by large side-chain groups prevents polymers from undergoing
hydrogen-bonding crystallization.

In an aqueous solution at low temperatures, polymer chains are hydrated with water
molecules attached by hydrogen bond (p-w H-bond), so that direct association between
polymer segments is prohibited by the bound water molecules. As the temperature
is raised, chains gradually lose bound waters, and polymer—polymer association (p-p
H-bond), which is initiated by hydrophobic force, being stabilized by direct hydrogen
bonds, begins to take place. As dehydration proceeds, the number of direct interchain
associations increases, and eventually reaches a critical value for gelation. This sol—gel
transition is signaled by a sharp rise in viscosity. It is reversible in the sense that the gel
liquefies to the original constituents on cooling [33].

Because the hydrophobic segments on polymer chains are partly exposed to water
in the postgel regime, the solution tends to separate into two macroscopic phases by
hydrophobic association. Thus gelation and phase separation compete as the temperature
goes up. The solution reveals an interesting multi-critical phase behavior [33].

Models of competitive hydration and gelation

The model we study is the polymer solution in which each primary polymer chain carries
f reactive groups attached along the chain backbone. Each reactive group is assumed
to be capable of forming pairwise hydrogen bond with either solvent molecule (water
molecule in an aqueous solution) or other reactive group on a different chain.

To specify the type of the clusters, we use a set of numbers (/,m) for a cluster consisting
of [ cross-linked polymer chains which are hydrated by a total m of solvent molecules
(Figure 10.10). Specifically a free solvent molecule is described by (0, 1).

The total free energy of the solution is given by the sum of the general form (5.13).
The chemical potential of an (/,m)-cluster is

BAWm =1+ At +I0 ¢y — (nl +m)vS + x [0l (1 — @) +m — (nl +m)$ (1 — )],
(10.32)

where
V5= v (10.33)
Lm

is the total number of clusters per unit cell.
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Competing hydration and association. If polymers carry associative groups at or near the
hydration sites, polymer—polymer association is prevented by hydration. The solution gels after
dehydration upon heating.

By the multiple-equilibrium condition
Aprm=IAp10+mApo,, (10.34)
for arbitrary / and m, we find the volume fraction of the (/,m) clusters as

G1m = Kim(p10) (d0.)™, (10.35)

where
Kim=exp(l+m—1—A7A;n) (10.36)

is the equilibrium constant.

Now, as usual, we split the free energy of cluster formation into three parts:

Apn = AJOP 4 AFOIT - APOM (10.37)

An (I,m)-cluster has / — 1 cross-links connecting / constituent polymer chains, and
f1—2l+2 unreacted functional groups, m of which are hydrated by solvent molecules.
The combinatorial factor is given by faj; for the connection of the f-functional polymers
into a tree, where w; = (f1 —1)!/1!(f1 — 21 +2)! is the Stockmayer factor (3.19). For each
type of the polymer tree, m attaching sites must be chosen from fI — 2/ + 2 open sites
for hydration. This selection gives a binomial factor f;2;42Cy,. The total combinatorial
free energy change then takes the form

AP = —1n (p1-2142Cm fon). (10.38)

Im
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To find the configurational entropy, we employ the conventional lattice-theoretical
formula for the entropy of disorientation (2.90)

_ 1ynl+m=2
(nl+m)¢ (¢ —1) } ’ (1039

Sais(lom) =kg1
dis(l,m) Bn[ oexp(l+m—1)

where ¢ is the lattice coordination number, and o the symmetry number of the polymer
chain. The configurational free energy is then given by

A = —BT[Sais(I,m) —1Sais(1,0) —m Sis (0, 1)]

I,m
12 I+m—1
——In {(nl—i—m) ["@g—el)} /nl}. (10.40)

Finally the free energy of bond formation is given by

AP =BII— 1A fo+mAgol, (10.41)
where A fj is the standard free energy change of p-p bond formation, and Agy is that of
a p-w bond.

Combining all these results, we are led to

f [f)»(T)

-1
Kim=(nl +m)f1_21+2Cm w] ; " ] /L(T)m, (10.42)

for the equilibrium constant, where a temperature-dependent association constant

MT) =0 (¢ —1)?/celexp(—BA fo) (10.43)

depends on the strength of a single p-p pairwise bond. The p-w association constant is
similarly defined by

w(T)=[o (¢ —1)?/¢elexp(—BAgo). (10.44)

A variety of phase diagrams appear depending on their relative strengths, some of
which correspond to the actually observed phase diagrams of the solutions of cellulose
derivatives.

Upon substitution of (10.42) into (10.35) and rearranging the result, we find that the
number distribution of clusters is given by

1 1
=—— f1_242C M e ———98108m.1, 10.45
Vim A(T)fl 21+2Cm WXy +/,L(T)y 1,00m,1 ( )

where § is the Kronecker’s delta. We have introduced two variables

x=fAMT)pro/n and y=u(T)po,1, (10.46)



348

Some important thermoreversible gels

each corresponding to the number density of the isolated molecules, acompanied by the
temperature shift factor A or u.

When there is no p-w coupling (i = 0), the model reduces to the simple gelation
by pairwise cross-linking studied in Section 7.1. On the contrary, when there is no p-p
coupling (L =0), it reduces to the random hydration in aqueous polymer solutions studied
in Section 6.4.

Our next step is to express x and y in terms of the total concentration ¢ of the
polymer. This is most conveniently carried out by calculating the moments of the cluster
distribution. For instance, the volume fraction ¢l§ of the polymers belonging to the finite
clusters is found to be

pp=n Y lm=n1+y)281(z)/, (10.47)

I>1,m

by the use of a combined variable
z=x(1+y)/ 2. (10.48)

The reactivity « is defined by the equation z =« (1 —a)/ 2. It gives the degree of p-p
reaction, i.e., the number of associating groups cross-linked to the groups on different
chains divided by the total number of groups.

In the pregel regime ¢1§ agrees with the total volume fraction ¢ of polymers, but it
can be smaller than ¢ in the postgel regime.

Quite similarly, the volume fraction of the solvent is given by

1—p=¢p+y/1, (10.49)

where the first term ¢>§I is the volume fraction of the solvent molecules bound to the
polymer chains, and the second term gives that of the free solvent. The hydration part is
given by
pr= Y mum=y(1+y)S@)/%, (10.50)
I,m>1

with S(z) defined by S(z)=(f —2)S1(2) +2S0(z) = /(1 — ).

Solving the coupled equations (10.47) and (10.49) with respect to y and z, we can
express them in terms of the total volume fraction ¢. The explicit forms of the coupled
equations in the pregel regime are

(1+y)’a/(1—a)*=cy, (10.51a)
ty(l+y)a/(1—a)+y=ci, (10.51b)

with the variables ¢y = fA(T)¢/n and ¢ = (1 —¢). The ratio ¢ = /A is the relative
strength of the p-w and p-p H-bonds.
The second equation gives

a=(1—y)/[Cyd+y)+c1—yl, (10.52)
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for the reactivity. Substituting this relation into the first equation, we find
¢y = (1= =ep+ceny’ +@=0)ery —cf =0. (10.53)
The volume fraction y of the free solvent is the one solution of this algebraic equation

that tends to ;£ (1 — ¢) in the limit of small ¢.

Degree of hydration and the gel point
The chemical potential of each species is
BAup=(1+Inx)/n—vS(x,y)+x(1—)% (10.54)
for the polymer segment, and
BApo=1+1Iny—v5(x,y)+ x¢>%, (10.55)

for the solvent molecule, where the total number of clusters is

V30, =) v =1+ a(l= fa/2) /A f(1—a) +y/u. (10.56)
I,m

Since these chemical potentials are now given as functions of the temperature and
concentration through the parameters x and y, we can find the solution properties.
For instance, the second virial coefficient is found to be

YNV AT R
Az-a(”m) ‘5(@) X (1057

The gel point can be found by the divergence of the weight-average Iy of the clus-
ter size, which leads to the usual condition ¢ = 1/(f — 1) = ™. We find the gelation
concentration as a function of the temperature as

MT)¢* = A(T){1+ B(T)—[14+2B(T)]"/?}, (10.58)
where
AT = fF(f"0— w21 (f + £ In)? (10.59)
and
B(T)=2napu(1+0)(f + ff"/n) ) f O f" = w)? (10.60)

are functions of the temperature only. To simplify the notation, we have used condensed
notations f'=f—1and "= f —2.

Since A and B are complex functions of the temperature, (10.58) suggests that it is
experimentally impossible to find the standard enthalpy A Hy of cross-linking—which is
contained in the factor A(7T")-by the conventional Eldridge—Ferry method, which plots
In¢™* against 1/kgT.
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In the postgel regime we follow Stockmayer’s treatment, and assume that the degree
of reaction « in the sol part remains at constant «*. The corresponding value of z is given
by z* = (f —2)/72/(f — 1)/ ~1. The polymer volume fraction of the sol part

¢p =n(1+y)*S1(2*)/ (10.61)
then becomes smaller than the total volume fraction ¢. The excess fraction

s =¢—op (10.62)

gives the polymer volume fraction of the part that is forming the gel network.
The volume fraction of the solvent molecules that are bound to the gel network is
similarly given by
$i=1-0—ofi—v/n, (10.63)
where
pi=y(1+y)SE")/2 (10.64)

is the volume fraction of the solvent molecules that are attached to the finite clusters in
the sol. The total volume fraction of the bound solvent molecules is given by

pu=di+oi=1-¢—y/u. (10.65)
The osmotic compressibility takes the form (7.64), where the function o is given by

kp(@) Ko@)
ne 1—¢

o (¢, T) = 2x. (10.66)

The general relations (5.47a) lead to

_ o SAyd - tap—y/un)
@) =1 [1 f a(1+y)[x(1—¢)(1+a)—ay2]}’ (10.67a)
KO(¢):Ay(l—¢)(l+aqb—y/u) (10.67b)

Plr(1=¢)(1+a) —ay?]’

In the limit of no hydration (u =0), they reduce to kp = (1 — ') /(1 +a) and kg =1 as
given in Section 7.1. The function «p therefore gives the reciprocal of the weight-average
cluster size Iy, = (14+a)/(1 — f’«) in this limit. In the limit of no gelation [35] (A =0),
kp=(1—¢+y)/(1—p+y*/p) and ko= (1 —$)(1+y)(1 —y/w)/p(1 —p+y*/ 1),
which agrees with the result in Section 6.4.

The association constants are assumed to take the forms

MT)=nroexp(=y17), w(T)=poexp(=y21), (10.68)

by splitting the standard free energy changes into the entropy part and the energy part,
where y| =|A€1|/kp® (Ae; <0) is the p-p bond strength relative to the thermal energy.
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The p-w bond y» is similarly defined. Effect of the entropy change on bonding is included

in the prefactors.

We confine our argument in the special case y; = y» = 3.5 for simplicity to restore the
the phase diagram of polyethylene oxide in Section 6.4. We regard it as a prototype and
see how the phase diagrams change as the relative strength of Ao and 1o is changed.

Figure 10.11(a)—(c) shows how the sol-gel transition line passes through the mis-
cibility gap and interferes with phase separation as the p-p association constant ¢ is
increased. Broken lines show the sol-gel transition, solid lines the spinodals, and dotted
lines the binodals. The parameter A is changed from figure to figure ((a) Ao =0.001,

(b)

(c)

Sol—gel transition line (thick broken line), binodal (thin dotted line), and spinodal (solid line)
shown on the reduced temperature—concentration plane. The amplitude A of the association
constant is changed: (a) Ao =0.001, (b) 0.01, (c) 0.05.
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(a) Theoretical phase diagram for methyl cellulose in water. Sol—gel transition line (broken line),
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binodal (solid line), and spinodal (dotted line) are shown on the reduced

temperature—concentration plane. Gelation and phase separation compete on heating the

solution. (b) Experimental phase diagram of methyl cellulose (My = 9.36 x 105,DS = 1.78)

constructed from DSC and SAXS data [36]. (Reprinted with permission from Ref. [36].)
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(b) 0.01, and (c) 0.1), while other parameters are fixed at n = f = 100, uo=0.05, and
Yr=1.

As Ao becomes larger, two miscibility gaps come closer to each other, and the sol—gel
line shifts to the low-concentration region. As the temperature becomes higher, some
of the bound solvent molecules are dissociated from the chains, and the chance to form
direct bonds becomes higher, thus resulting in gelation on heating.

Figure 10.12 shows our theoretical description of what we see in the experiments of
methyl cellulose in water. The upper half of the miscibility loop is beyond the range of
the experimental observation, so that we see the binodal of the LCST only. The sol-gel
line intersects the binodal from below. However, there is no lower critical solution point.
Instead a new inverted tricritical point (TCP) exists.

Coexisting hydration and gelation

In some aqueous polymer solutions, hydration is noncompetitive with association. For
instance, in solutions of telechelic polymers, main chain hydration only indirectly affects
the end-chain association. There is interference only in the region very close to the chain
end. Dehydration and chain collapse start near the core of the flower micelles in the
form of heterogeneous nucleation. The solutions with such coexisting hydration and
association turn into gels on cooling (low-temperature gelation), while they phase
separate at high temperatures.

Experimentally, the effect of end-chain association is evidenced by the lower shift of
the LCST line and its inverted molecular-weight dependence. Experimental values of
the LCST and maximum temperature (collapse transition) recorded in the endotherm
by differential scanning calorimetry (DSC) for solutions of telechelic C18-PNIPAMs
of various concentrations [37] are presented in Figure 10.13(b) for various molecular
weight of polymers. The data of the homopolymer are also presented as reference data.

In the solutions of homopolymers, the onset temperature of phase separation coincides
with the coil-globule transition temperature. In contrast, telechelic PNIPAM solutions
have a cloud-point temperature that is several degrees lower than the collapse tempera-
ture. The solution becomes turbid by the scattering of the light due to the formation of
aggregates (of flower micelles) whose size is comparable to the wavelength of the light.
Thus, the LCST splits from the collapse transition temperature.

Existence of the aggregates can be seen from the molecular weight dependence of the
LCST lines. In the usual polymer solutions, the phase separation region expands with
the polymer molecular weight, but for hydrated associating polymers, it shrinks; shorter
chains have a lower LCST. The shift AT from the homopolymer LCST is as large as
10K for the shortest chain (M, = 12000 gmol~!) measured. There are more end chains
for the shorter polymers when compared at the same weight concentration, and hence
the average molecular weight of the aggregates may become higher, and solubility is
reduced.

Experimental cloud points of telechelic PNIPAM with My, =37000gmol ! recorded
for solutions of various concentrations are presented in Figure 10.13(a) together with
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(b) Experimental cloud points (black symbols) of aqueous telechelic PNIPAM solutions
determined from temperature-induced changes in the light scattering intensity of polymer
solutions, and temperatures of maximum intensity (open symbols) of the endotherms recorded
by DSC for aqueous solutions of telechelic PNIPAMs of four different molecular weights. (a)
Magnification of (b) for My =37000 gmol_1 . The coil-globule transition temperatures detected
by DSC are also plotted (open circles). The cloud points (onset of phase separation) lie below the
coil-globule transition temperature due to hydrophobic end-association. (Reprinted with
permission from Refs. [37,38].)

the theoretical spinodal line. Because their spinodal lines are expected to lie above the
binodal lines (cloud points), the comparison is only qualitative. The discrepancy between
the binodal and spinodal becomes larger at lower concentrations.

Let us consider a model solution consisting of N telechelic polymer chains (main
chain of DP=n) carrying two end groups of DP n*. The total DP of the polymer chains
is n; =n+2n*. The chains are mixed with a number N, of water molecules. To describe
the hydration of the main chains by water, let i = {i},i>, ...} be the index specifying the
hydration type carrying the number i, of sequences that consist of a run of ¢ consecutive
hydrogen-bonded water molecules, and let N (i) be the number of such p-w complexes
of type i (Figure 10.14) [38]. In particular, we have iy = (0,0,...) for a bare polymer
chain with no bound water. The total number of water molecules on a chain specified
by i is given by Zc i, and the DP of a complex is given by n(i) =n[140@{)]+2n",
where

G(i)zzg‘ig/n (10.69)

c=1

is the fraction of the bound water molecules relative to the total number of H-bonding
sites (DP of a polymer).
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Pictorial representation of a telechelic polymer network made up of hydrated polymer chains.
The polymer chains are cross-linked by the micellar junctions formed by hydrophobic
association of the end chains. Chain association and hydration are expected to be independent
except in the region near the junctions.

We define a cluster type (j;m) if it consists of j; junctions of multiplicity k (k =
1,2,3,...) and m(i) molecules of the hydration type i. The bold letters j= {1, j2, j3,.--}
and m= {m(i)} denote the sets of indices. The multiplicity is equivalent to the number
of hydrophobes in a micelle. A (j;m) cluster is a connected cluster consisting of the
number m (i) of hydrated chains of type i. An isolated molecule of the type i, for instance,
is indicated by the labels jo={f,0,0,...} (the first element is j; = f, in particular for a
f =2 telechelic chain), and mg (i) = 1 (for the type specified by i), = 0 (for others).

Let N(j;m) be the number of (j;m)-clusters in the system. Their number density is
given by v(j;m) = N (j;m)/ €2, and their volume fraction is

¢(j;m) =n(m)v(j;m), (10.70)

where i(m) =), n(i)m(i) and n(i) =n(1 +6() +2n*/n) is the total DP of a p-w
complex of type i. It is approximately given by n (i) ~n (146 (i)) for a polymer in which
the main chain is much longer than the end groups. This gives the volume of a cluster
including the bound water. The total volume fraction of the p-w complexes is then given
by Zj,mfﬁ(j;m)‘

In the postgel regime where hydrated gel networks exist, one needs consider the
number N (i) of polymer chains of type i involved in the network. Their number density
is given by v9(i) = N9 (i)/ 2, and their volume fraction by ¢% (i) =n(i)vS@).

The total number of polymer chains in the solution is

N=Z|:Zm(i)] N@Gm)+ Y NOG). (10.71)
jm L i i
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In particular, the number of polymer chains of hydration type i that remain unassociated
in solution is given by N (jo;mgq(i)). Similarly, the number of bound water molecules is

Nipw = Z |:Zn0(i)m(i):| N(j;m) + Zn@(i)NG(i), (10.72)

jm L i

and the number of free water molecules is
Niw = (1 — )2 — Npy. (10.73)
The total volume 2= Ny +nN of the solution is now given by
Q=>"AmNGm)+ Y n@ON@)+ Npy. (10.74)
jm i

To study the interaction, let us consider the number of contacts between polymers and
water. Since the volume fraction of the main chain is ¢, = (n/n;)¢®, and that of the end
chain is ¢ = (2n* /n;)¢, the number of main chain—water contacts (m-w) is ¢.(1 — @),
and the end chain—water contacts (e-w) is ¢e (1 — ¢). We introduce the conventional x
parameter for each contact type, and find that the enthalpy of p-w interaction per lattice
cell is given by x (T)¢ (1 — ¢), where

X (T) = xmw(T)(n/n1) + Xew (T) (20" /n;). (10.75)

For linear alkyl chains in water near room temperature, a detailed study [39] of
hydrophobic interaction finds

n* xew(T)=2.102 ncy, +0.884 nen, /kg T [kcal mol_l]. (10.76)
In particular, for the octadecyl group, for which ncyy =1,ncn, =17, we find
n* Xew(T)=2.102+0.884 x 17 /kgT. (10.77)

It is approximately 28.5kcalmol ! at room temperature.
When we can neglect the length n* of the end chain compared to n, the effective
contact interaction parameter is approximately

X(T) = xmw(T) 4+ x1(T) /n, (10.78)

where x| >~ 2n* xew is the effective interaction parameter between the end chain and
water. The direct interaction between the hydrophobic groups and water gives an O(1/n)
correction, and is stronger for shorter chains.

At this stage, we realize that we can study monofunctional polymers (f = 1) and
telechelic polymers (f =2) (and also their mixtures) from the unified point of view
described above. Important examples of the monofunctional case are amphiphilic diblock
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copolymers made up of a hydrophilic block and a hydrophobic block, such as PEO-PPO
diblock copolymers, PEO-PNIPAM diblock copolymers [40], etc. Another common
example is that of the nonionic surfactants C;E;, made up of a short alkyl chain and an
ethyleneoxide chain [41]. The LCST phase separation depends sensitively on the number
of ethyleneoxide units [41]. The phase separation and mixing law of the end-chains in
the mixtures of telechelic PEO and semi-telechelic hydrophobic PEO have been studied
in detail in the literature [42]
The free energy of the model solution has three contributions:

AF = Apix F + Apyg F + Ay F. (10.79)
The free energy of mixing is given by

BAmix F = Npy 1n¢fw+ZN(j;m) Ing(;m) + x Qe (1—¢), (10.80)

jm

as in Section 5.2, by applying the Flory—Huggins mixing entropy for polydisperse
polymer solutions [43].
The free energy of hydration is

BAnyaF = Z [ZﬁAA(i)m(i)] N(j;m)+ Z,BAA(i)NG(i), (10.81)
jm L i i
where AA(i) = A(i) — A(ig) is the free energy of hydration to form a complex of type i
starting from a bare polymer of reference conformation ip = {0,0,...}.

The free energy of hydrophobic association is

BAwF =) AGmNGm)+) si(@)N), (10.82)

j.m i

where A(j;m) = B[p°(G;m) — Y ; u°(josmo(i))m(i)] is the free energy change upon
formation of a cluster of type (j;m) from separated chains of type i, and where §;j(¢) is
the dimensionless free energy gain when a polymer chain of type i is connected to the
network (see Section 5.2). The terms that include the number NS (i) of polymer chains
of type i in the gel network need to be introduced only in the postgel regime.

The free energy per lattice cell of the solution becomes

F (¢, T)=Fru+ Fas, (10.83)

where
«?FHE§1H¢+(1—¢)1H(1—¢>)+X(T)¢>(1—cb), (10.84)

and

7 _9 ¢_)» _ Prw
JAs=n1n<¢)+(l ¢)ln<1_¢>+Av, (10.85)
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with
Av=1—¢p+¢/n—v° (10.86)

being the loss in the degree of center of mass translational motion as a result of
intermolecular association; ¢, is the volume fraction of unhydrated and unassociated
chains.

We follow the general theoretical procedure described in Section 5.2 and find the
following set of equations to relate z and ¢, to the polymer concentration:

MDY =zi(z), (10.87a)
¢ =i(2)" $5, Go(drw), (10.87b)
1 — ¢ = ¢y + DO (D). (10.87¢)

The spinodal condition is

k(@) Ktw(P)

" —¢ —2x =0, (10.88)

where the «-functions take the form
k(@) =[1—(f =D (w — DI/ ftw, (10.89a)
K (9) = [1+0 ()12 (1 — )/ [1+ 00 (Pr)], (10.89b)

in the pregel regime. Here, u is the weight-average multiplicity of the network junc-
tions. Because the gel point in multiple tree statistics is given by the divergence condition
(7.116), we find that k;_ vanishes at the gel point.

For cooperative hydration, the equilibrium constant for the hydration part is most
generally written as

n
Ku@=o0) [ [n*, (10.90)
c=1
as was shown in Section 6.5, where w(i) is the number of different ways to select
the sequence specified by i from a chain, and is given by (1.90). In the one-mode
approximation, the most probable type is found by minimizing the free energy .#as
by changing i.

For numerical calculation of the phase diagrams, we fix the necessary parameters
in the following way. For the interaction between the end-chains and water, we have
X122 x28.5kcalmol~! /kg T. To have the sol-gel transition lines in the observed con-
centration range near 2%, we tried two fixed values of x;(7)=3.0 and 10.0. The
association constant of the hydrophobic aggregation of the end chains is then given
by A(T) =roexp(|A€|/kpT) = Agexply (1 — 7)] in terms of the reduced temperature,
where y =|Ae€|/kp® is the association energy in a unit of thermal energy at the reference
temperature.
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Comparison of the phase diagrams of telechelic associating polymers: (a) random hydration

(o =1.0) for telechelic PEO, (b) cooperative hydration (¢ = 0.3) for telechelic PNIPAM.
Spinodal lines (solid lines) and sol—gel transition lines (broken lines) are shown. The various
curves correspond to polymers of different molecular weights. Other parameters are fixed at the
values obtained from the single-chain study. (Reprinted with permission from Ref. [38].)

Similarly, the association constant for hydration is expressed as u(7) = poexp(|eq +
Aey|/ksT)=poexp[ya(l —7)] in terms of the reduced temperature, where 11 gives the
entropy part of the binding free energy, and yyy = |eg + A€y |/kp® is the dimensionless
binding energy.

The reference temperature ® is not the true theta temperature at which the second
virial coefficient of the osmotic pressure vanishes. The latter lies far below ® due to
H-bonding and hydrophobic interaction in addition to the van der Waals interaction in
the background. The parameters related to the strength of hydration, such as wg, yu,
were taken from Section 6.4 for PEO, and Section 6.5 for PNIPAM.

In Figure 10.15 we compare the calculated phase diagrams of aqueous solutions of
telechelic associating polymers undergoing random hydration ((a) o = 1.0) or cooper-
ative hydration ((b) o0 =0.3). The spinodal lines (solid lines) and the sol—gel transition
lines (broken lines) are shown over a wide concentration range up to 25 wt%. The molec-
ular weights of the polymers vary from n =150 to 1000. For the polymer concentrations
higher than 2 wt%, the LCST moves upwards and the UCST moves downwards with
increasing molecular weight.

For the solutions of concentration lower than 2 wt%, however, the opposite trend is
observed; the shorter the polymer chains, the higher the spinodal temperature. In such
a low-concentration region, intermolecular end chain association is so limited that the
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average molecular weight of the aggregates of shorter chains remains smaller than that
of longer chains. Hence, the tendency for phase separation is stronger for longer chains,
as in homopolymer solutions. For a higher concentration, however, open association
develops to such an extent that the average molecular weight of the associated shorter
chains exceeds that of the longer chains. As a result, shorter chains show a more profound
tendency for phase separation. Such an inversion in the molecular weight effect takes
place at the point where the LCST curves for different molecular weights meet each
other.

For random hydration, the LCST and UCST merge at a molecular a weight between
n =50 and 100, and the phase separation region turns into an hourglass. For cooperative
hydration, the LCST curves are very flat up to high polymer concentration. Molecular
weight effect is weak.

Since the critical micelle concentration is reported to be extremely small (¢ <
1073wt%), the spinodal curves for solutions of telechelic polymers with concentra-
tion lower than 1 wt% are expected to be substantially modified due to the formation of
flower micelles. Within the present tree approximation, however, it is not sufficient to
study the formation of flower micelles; the critical point is identical to the crossing point
of the spinodal curve and the sol-gel transition curve.

Thermoreversible gelation driven by polymer conformational change

Most natural polymers undergo conformational transition preceding to gelation. Acti-
vation of the particular functional groups on a polymer chain accompanied by a
proper three-dimensional conformation change is a necessary prerequisite for interchain
cross-linking.

For instance, water-soluble natural polymers, such as agarose and k-carrageenan, first
change their conformation from a random coil to a partially helical one. The helical parts
then aggregate into network junctions (Figure 10.16(a)) [34,44,46-48].

A similar two-step mechanism of gelation through coil-helix transition was con-
firmed for synthetic polymers with stereo-regularity. For instance, in solutions of
syndiotactic poly(methyl methacrylate) (PMMA) in toluene, a fast intramolecular con-
formational change is followed by the intermolecular association leading eventually to
gelation [49, 50].

Gelation accompanied by polymer conformation change can also be found in polymer
solutions where the coil-globule transition of polymer chains plays a dominant role
(Figure 10.16(b)). Upon cooling, globular nuclei are randomly formed on a random coil
polymer chain due to van der Waals attraction. Some of them associate to similar globular
nuclei on different chains in the spatial neighborhood, and form cross-links of densely
packed submolecular aggregates. Networks thus take structure in which random coil
subchain sequences are connected to each other by the junctions of compact globular
aggregates [51,52].

Other important examples are globular proteins. Proteins, such as ovalbumin and
human serum albumin, are believed to form gels after some of the intramolecular bonds



360

Fig. 10.16

Fig. 10.17

Some important thermoreversible gels

(b)

(a) Coil-helix transition of polymer chains followed by the aggregation of helices leading to
gelation. (b) Cross-linking by association of globular segments.
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(a) Dissociation of intramolecular bonds, and (b) dissociation of intramolecular flower micelles,
by changing the temperature, concentration, pH, etc. (Reprinted with permission from Ref. [57].)

in the native state are broken during denaturation, with their functional groups being
exposed to the water in the bulk (Figure 10.17(a)), followed by intermolecular recombi-
nation of the groups (intra—inter transition studied in Section 10.2) [53-55]. A certain
degree of unfolding to expose functional groups is a neccessary condition for gelation
in these examples.
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Important synthetic polymers whose gelation is strongly coupled to the polymer
conformational change are the associating polymers studied in Section 10.2. At low
polymer concentrations, intramolecular association (flower micelles) is dominant, but
with increase in the concentration, or by raising temperature, some hydrophobic
groups are exposed to water (Figure 10.17(b)), and open association (inter-micellar
bridging) increases. Bridge chains eventually form networks with multiple cross-link
junctions.

Models of conformational transition

The diverse types of gelation may be summarized as follows.

(1) Intra—inter transition

The functional groups hidden inside a polymer molecule are activated by achange in envi-
ronmental conditions, such as temperature, polymer concentration, pH, concentration of
another component, etc., and this leads to gelation by the formation of intermolecular
bonds. This transition is often referred to as loop—bridge transition or flower-bridge
transition [56]. In the case where functional groups are thermally activated, this type of
conformational transition leads to high-temperature gels.

(2) Coil-helix, coil-rod, or coil-globule transition

Polymers in random coil conformation first partially form helices (or rods or globules)
as the temperature is lowered (or raised), and then helices (rods, globules) aggregate into
network junctions. This mechanism results in low-temperature gelation as complex cross-
linking regions are formed by the attractive interactions. At extremely low temperatures,
however, the helix sequences become so long that the total number of helices on a chain
decreases. Hence, helices tend to form dimers, trimers, etc., and prevent gelation.

(3) Two-state transition

Each monomeric unit A along a polymer chain can take either an active state A* or an
inert state A (two-state model) [57, 58]. The active monomeric units form cross-links
of type (A*); with multiplicity k (k=2,3,4,...) (Figure 10.18). This type may also lead
to high-temperature gelation.

At this stage, it should be remarked that the equilibrium polymerization of sulfur [59,
60] is a special case of the above intra—inter transition. A ring polymer Sg (called -
sulfur), which is inert at room temperature, first opens its ring to form a linear chain
carrying reactive groups on both its ends (called p-sulfur) as the temperature is raised,
and then polymerized through interchain bonding at 160°C. Since the reaction takes place
pairwisely, and the functionality f (number of active sites on a molecule) of p-sulfur is
two, the molecules form linear chains instead of three-dimensional networks.

In analogy to sulfur polymerization, we may therefore generally call amolecule staying
in the inert state “A-molecule,” and one in the active state “u-molecule” for our gel-
forming polymer solutions. The A / u-transition described above in an extended meaning
is schematically summarized in Figure 10.19.
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Model two-state polymer chain whose repeat units can take either an inert state (A) or an active
state (A*). Repeat units in the active state can form junctions of variable multiplicity. (Reprinted
with permission from Ref. [57].)

A-molecule

f=3 f=4 f=1

A3 A4 Afmax

u-molecule (active)

A/ transition followed by gelation. Inactive primary molecules called A-molecules are activated
to molecules carrying variable numbers of functional groups, and then form a network with
junctions of variable multiplicity. Figures in circles show their functionalities.
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Theory of gelation with conformation change

To study the equilibrium gelation strongly coupled to the polymer conformational
change, we consider a polydisperse mixture of primary polymer chains carrying variable
numbers of functional groups in a solvent. A molecule is distinguished by the number f
of active functional groups it carries, which is a variable that depends on the temperature
and polymer concentration, as well as other environmental parameters [57].

Let N, be the number of A-molecules, and ¢; =n N, / 2 be their volume fraction. The
subscript A indicates f =0. The volume fraction of p-molecules is then given by

$u=¢p—$r=) o/, (10.91)
f=1
where
¢r=nNy/Q=nvy (10.92)

is the volume fraction of the f-functional molecules. The total number density of the
functional groups is

w:Z.fuf. (10.93)
f=1
The weight distribution p ¢ of the functional groups is
pr=rfvely. (10.94)

The number-average functionality f; of the u-molecules is then given by

h=YY vr, (10.95)

f=1

and the weight-average functionality f,, by

fu=)_ fPvr/v. (10.96)
f=1

These depend on the temperature and the concentration, and play a central role in the
following analysis of the sol—gel transition.

The free energy change on passing from the reference states to the final solution, at
equilibrium with respect to cluster formation, consists of three parts:

AF =Acont F+ Area F' + Anix F (10.97)

where Aconf F' is the free energy for the change in molecular conformation, A, F' the
free energy of reaction required to connect p-molecules into clusters, and Apix F' the
free energy produced on mixing all clusters with the solvent.

The first term is introduced to study conformational change of polymer chains. It is
written as

Acont F=ANu+ Y | Y Aty | NGD+ D AfNS, (10.98)
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where N (j;1) is the number of clusters of the type (j;1), N? is the number of primary
molecules in the gel network in the state with f active functional groups, A, the con-
formational free energy in the reference A-state, and A  the same for a ;-molecule with
f active groups.

The free energy required for activation of a molecule is therefore given by

AAr=Ar—A,. (10.99)

The second term Ay F in (10.97) is the free energy required to form N (j;1) clusters
of the type (j;1) from the primary chains, and also to form a gel network containing N ?
polymer chains of functionality f. It is written as

BAwaF = AGDNGD+Y 6,@)NY, (10.100)

f=1

where A(j;1), as in (7.80), is the free energy change accompanying the formation of
a (j;D) cluster in a hypothetical undiluted amorphous state from the separate primary
molecules with partially activated states.

The second term on the r.h.s. of (10.100) is necessary only after the gel point is passed;
it contains the number N ? of f-functional primary molecules connected to the network.
The free-energy change J 1 (¢) is the free energy required to attach an isolated primary
f-molecule to the network.

Finally, the last term Apix F in (10.97) gives the free energy for mixing the above
clusters and the networks with the solvent

BAmix F =Nolngo+ Ny Ing+ > N(i:DIng (1) + Qx (T) o, (10.101)
il

asin (7.79), where y is Flory’s interaction parameter for the van der Waals interaction.
First let us consider the activation equilibrium, i.e., the equilibrium between
A-molecules and f-molecules in the p-state (A/p equilibrium)

Apx = ApGogilop), (10.102)

from which we find that the volume fraction of f-molecules in the solution is uniquely
related to the volume fraction of A-molecules by

¢ Gosiloy) =¢rexp(—BAAY). (10.103)

Let us next consider the equilibrium cluster formation

ApGsh =Y "1 AuGosslog). (10.104)
f>1

These conditions lead to the most probable distribution of clusters for which the volume
fraction of the type (j;1) is connected to the power products of the isolated p-molecules as
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¢ =K G [ eGosilop), (10.105)
fz1
by the reaction constant
K(G;D=expll—1—-A@;D]. (10.106)

Finally, an isolated f-molecule should also be in equilibrium with an f-molecule
attached to the gel network in the postgel regime. Hence we have

ApSG =ApGosslop), (10.107)

which leads to the relation

dGoslos) =exp(ds—1). (10.108)

With the help of all these relations, the volume fraction of molecules or clusters of any
type can be expressed in terms of a single unknown, for which we choose the volume
fraction ¢, of the A-molecules.

The total number density of chains can be split into sol and gel:

vp=v}+09. (10.109)
The total concentration Y of associative groups is related to that of unassociated

groups z=A(T)y p1 by
A =zu(z), (10.110)

as in (7.98).
The number density of functional groups carried by the unassociated p-molecules is

fr .
Xf= 7‘17(.]0‘)‘,10]")- (10.111)
By definition, x 7 is given by
xp=rporp! =przfi()?, (10.112)
where f’ = f — 1. The equilibrium condition (10.103) leads to
xyp=fxiexp(—BAAy), (10.113)

where x; is the scaled number density of A-molecules

MT)
Xy =

.. (10.114)
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Thus, we have

- f
py="2 fxxe“gAAf:i_?ﬂ(Z)fe‘ﬁ“f, (10.115)
Z

for the distribution function of the functional group. By the normalization condition
> pf =1, the parameter x;, is expressed by

X =AY/ F1(2) =zu(2)/ F1(2), (10.116)

as a function of z, where the new functions F,(z)(m =0,1,2,...) are introduced by the
definition
Fu()=)_ fMi(z) e PA4. (10.117)
f=1
Substituting this result into (10.115), we find

pr = fii(z)! e P2 /F (). (10.118)

Thus the weight distribution p ¢ of associative groups is expressed in terms of the con-
formational excitation free energy AA y and the number density z of associative groups
that remain unreacted in the solution.

On substitution into (10.95), we find

fo=F1(2)/Fo(2). (10.119)
Similarly, the weight-average functionality is
fw=F2(2)/F1(2). (10.120)

The volume fraction of p-molecules is

$u=nY vi=ny/fo. (10.121)
f=1

Hence we find for the total volume fraction of polymers

Yomot Y — 14 R@ln = 9 g, (10.122)
n Jn Fi(z)
or equivalently,
@tﬁzzﬁ(z), (10.123)
where
Jav(2) = F1(2)/[1+ Fo(2)]. (10.124)

This is arelation that enables us to find the number density z of unassociated functional
groups as functions of the total polymer concentration. By solving this relation, we find
z, and hence x;, as a function of ¢.
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The sol-gel transition point is given by the condition

(fw=Duw =D =1, (10.125)

or equivalently,

[fw(z) —1zid' (z)/a(z) = 1. (10.126)
Here, the average functionality f, is given by (10.120) as a function of z, which is
related to the total polymer concentration through (10.123).

Simple models of excitation

Independent excitation model
In this model a polymer chain is assumed to carry a fixed number f of associative
groups, each of which may independently take either an active or inert state. The energy
difference between the two states is assumed to be given by AAj.

Then the functions F,(z) in (10.117) take the form

/ 1 ¢ d\"
Fm(z)=2g’"u(z)gm(e—ﬂ“1) =<xa> +x)/,  (10.127)
par ! !

where x = nii(z) with n =exp(—BAA;). The average functionalities are given by

fav=Fx/(+2),  fo=0+f)/A+x), and fo= fx(I+x)71/[(1+x)] 1],
The fundamental relation (7.98) now takes the form

fr N
7¢=Zu(z) [1+ ] (10.128)

nit(z)
and the sol—gel transition point is found by the condition

fnzit' (2)/ [1+nii(z)]=1. (10.129)
The reduced concentration of A-molecules is given by

xo=z/fnll+ni@)]" . (10.130)

In the postgel regime, the variable z in these equations must be replaced by the smaller
root z’ of Flory’s condition x; (z) = x;(z’). The parameter z refers to the conversion of
the entire system, while z’ refers to that of the sol part only.

The weight fraction of the sol is obtained by the ratio

wS =2 [1+ni()] /{z[1+ni ()]}, (10.131)

and that of the gel is given by wS =1—wS.
The association and excitation constants are assumed to take the following form:

AM(T)=xroexp[r1(1-1)], n(T) =noexplni(z —D]. (10.132)
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Sol—gel transition line on the temperature—concentration plane. Functionality f = 10, with
maximum allowed multiplicity ky =8, and minimum multiplicity varied from kg =2 to 8. The
minimum concentration for gelation is indicated by circles. (a) Independent excitation model
with multiple junctions: Ao =2.0,A1 =1.2,n9 =1.0,n1 = 1.3. (b) All-or-none excitation model:
f =3,km =8,kg varied from 2 to 8, A,y =5.0,A1 =1.0,n9 =4.0,n1 =2.0. (Reprinted with
permission from Ref. [57].)

Figure 10.20(a) shows the effect of junction multiplicity on the sol-gel transition. The
functionality is fixed at f = 10. The association constants are fixed at Ao =2.0,A] =
1.2. The excitation constants are fixed at no = 1.0,1n7 = 1.3. The junction multiplicity
between ko and k, =8 is allowed. The minimum multiplicity ko is varied from curve
to curve. The gel region shrinks as ko approaches kn, because the allowed multiplicity
range becomes smaller. Most of the curves have temperature 7. at which the gelation
concentration becomes minimum. This is the optimal temperature of gelation. Under a
fixed concentration, the solution gels on heating, but goes back to sol on further heating
(reentrant sol). Such nonmonotonic behavior was theoretically pointed out by Higgs
and Ball [47], and experimentally reported in [46].

All-or-none model

This model assumes that all associative groups are either active or inactive simultane-
ously. We have functionality f for the excited state and O for the ground state, so that
fav=fni! J(L+nul), fo=fw=f, where n =exp(—BAAy). When f =2 and associ-
ation is restricted to pairwise connection, this model reduces to Scott’s theory of sulfur
polymerization [60]. The fundamental relation in this model takes the form

fro o
7¢=zu(z)[l+l/nu(z) ] (10.133)
and the sol-gel transition point is found by the condition

[z (2)/iu(z) =1. (10.134)
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Phase diagrams of low-molecular weight primary molecules (rn = 1) with triple associative
groups (f = 3). Independent excitation followed by triple association (k = 3) is assumed.
Association constant and excitation constant are fixed at (a) A9 =0.49,1; =2.50, ng=1.00,
n1=2.50; (b) A9 =0.73,11 =2.50,179 = 1.00, 71 =2.80; (c) Lo =1.48, A1 =2.00,

no = 1.00,1n1 =3.00. (Reprinted with permission from Ref. [57].)

In the postgel regime, z’ must be found by the condition
2/i@) =7 ja@)! . (10.135)
The sol fraction is then given by
w5=[1+nﬁ(z’)f]/[1+nﬁ(z)f]. (10.136)

Figure 10.20(b) shows the transition lines for the all-or-none excitation model with
varied multiplicity for a functionality of f =3. Though the detailed shape of the curves
is different, the overall behavior is the same as that of the independent excitation model.

Figures 10.21(a)—(c) shows how the phase behavior changes depending upon the
relative strength of the association constant A and the excitation constant 7. All phase
diagrams are calculated for trifunctional ( f =3) low-molecular weight molecules (n =1)
with triple junctions (k =3). All-or-none excitation of the functional groups is assumed.
In all three diagrams, solid lines show the binodal, broken lines the sol-gel transition,
and the shaded areas are unstable regions.

When the association constant is large as in Figure 10.21(a), the solution exhibits
UCST-type phase separation intersecting with the low-temperature sol—gel transition line
at the top of the phase separation region. With a decrease in the strength of the association
constant (Figure 10.21(b)), or an increase in the excitation constant (Figure 10.21(c)),
association in the low-temperature region becomes less favorable, and the lower part of
the sol—gel line tends to shift to a higher-concentration region. The unstable region around
the sol—gel transition line moves upwards following the shift of the sol—gel transition line.
In Figure 10.21(c), the two-phase region splits into two parts. This diagram resembles
that of the equilibrium polymerization of sulfur in a solution [60], but the polymerization
line is replaced by the gelation line.
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Tobitani and Ross-Murphy [55] confirmed the existence of a similar gelation line in
their study of heat-induced gelation in an aqueous solution of a globular protein (bovine
serum albumin).

Thermoreversible gelation driven by the coil-helix
transition of polymers

We focus on the polymer solutions in which polymers in random-coil conformation
(reference conformation A) form partial helices on cooling, and then aggregate into
multiple network junctions (Figure 10.22). Helical sequences are regarded as functional
groups.

If a chain carries many short helices, its functionality is high, but the association
energy is small because the energy is proportional to the helix length. If a chain carries a
small number of long helices, its functionality is low, but the association energy is large.
Therefore, there is a competition between helix growth and helix association.

This competition is described by the relative magnitude of the probability for the
formation of a helix of length ¢

ne(T)=exp(—=AA; /kgT), (10.137)

where A A, is the free energy of a helix measured relative to the random coil, and the
association constant
re(T)=exp(=Af; /ksT) (10.138)

where A f is the free energy change for binding a helix of length ¢ into a junction. In
the following study, we assume that the time scale of helix growth is sufficiently fast
compared to that of helix association, so that the helix distribution on a chain reaches an

unassociated helix perfect size matching

(a) (b)

Two fundamentally different types of networks cross-linked by helices: (a) multiple association
of single helices, (b) association by multiple helices. (Reprinted with permission from Ref. [67].)
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equilibrium before association. Both strong association (1, > 1, ) and weak association
(A; <n¢) are possible.

Let us distinguish between two fundamentally different cases: the multiple associ-
ation of single helices and association by multiple helices (Figure 10.22). These are
fundamentally different in the following ways:

(1) Unassociated helices remain in the networks in the single-helix case; while there are
no isolated helices in the multiple-helix case. In the former the helix content is not
necessarily proportional to the elastic modulus of the network.

(2) In the multiple-helix case, there is by definition perfect size matching among the
sequence lengths joining in a junction; while in the single-helix case, small helices
may associate with longer ones, so that the helix length in a junction is not necessarily
uniform.

(3) In the single-helix case, two neighboring helices on the same chain may merge into
one when they grow; while in the multiple-helix case they collide and never merge.

In most biopolymer gels, experimental distinction between pairwise association of
single helices and interwined double helices is very difficult, so that the more general
term helical dimer is used in the literature [61, 62]. We treat them in a different way,
but, for simplicity, assume perfect size matching when single helices associate. Helices
of different length are regarded as different functional groups.

In addition to the double helices formed in biopolymers such as k-carrageenen, gellan,
etc., we can treat other types of junction zones, such as hydrogen-bonded ladder type
junctions as seen in polyacid—polybase complexes [63, 64], or association by forming
stereocomplex eggbox junction zones [65,66] in which metalic ions are captured (Figure
10.23). For such pairwise association of polymer chains, Higgs and Ball [47] suggested

D O O & O O O &4
Double Helix

Loops

Sesefffiyecacaffffyecas

---------- y Hydrogen-Bonded Ladder

N

Three examples of zipper type junction zones: double helix, hydrogen-bonded ladder (with small
loops), and eggbox junction. (Reprinted with permission from Ref. [67].)

Ca2+

VAVAYAVAVAYAYAYAS
0,.0,0,0,0,0,0,0

Eggbox Junction
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the occurrence of pairing transition, where the mean length of bound sequences reaches
the total polymer chain length. We will study this transition in detail using the theory of
associating polymer solutions.

Models of helix association

We extend the single chain coil-helix transition studied in Section 1.8 to many-chain
problems [67]. In a solution, polymer chains carry helices whose length distribution
along the chain is specified by j;. A polymer chain is regarded as a functional molecule
carrying jr of functional groups specified by the length ¢ of helices (Figure 10.24).
Helices of different length are regarded as different functional groups.

We can apply the model of thermoreversible gelation of functional molecules whose
functionality is not a fixed number but varies depending on the temperature.

We are then led to

T =Tru(@) + Fas(@), (10.139)

for the free energy per lattice cell, where Zrp (¢) (5.38) is the Flory—Huggins free energy
in the absense of association, and

1 Z
%s(qb)z%ln (%)JFXE:E/O {zﬁ/(z)dz (10.140)

is the free energy due to the conformational change and association [57]. Here, ¢;, is the
volume fraction of A-molecules (polymers that remain in the random coil with no helix).

We need the parameters z and A for each ¢, so we have introduced the suffix. The
temperature-dependent parameter A, (7') is the association constant (10.138) for helices
of length ¢ . The parameter z; is related to the polymer volume fraction through (10.123),
which takes the form

re{jedd/n=zeu(ze), (10.141)

for each ¢.

Schematic picture of a functional molecule carrying different species of functional groups Ay,
Ay, .... (Reprinted with permission from Ref. [67].)
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The function u(z) refers to the multiplicity of the junction. It is defined by (7.99). For
k-ple association of single helices, it is

i(z)=1+7" (10.142)
For association by k-ple helices, it is
i(z)=z"""1 (10.143)

The first term for k =1 doesn’t exist in the latter because there is no isolated helix.
Minimizing the free energy(10.140) by changing the helix distribution function {;}
leads to the most probable distribution function

Je/n=(1—0—v)neii(zo)tt, (10.144)

where the parameter 7 is defined by the relationt =1—v/(1 —0) (1.98) as before,! but
now depends upon the polymer concentration. The distribution function {j} can also be
written as

Je/n=1—0)nei(ze)e* (10.145)

Comparing this result with the single-chain helix distribution (1.95), we find that
interchain association is included in the front factor junction function u(z).
The parameter ¢ is related to the volume fraction ¢, by

¢n/p=t". (10.146)

Therefore, it gives the probability for a randomly chosen monomer on a chain to belong
to a random-coil sequence.
The parameter z; is related to the polymer concentration by (10.122), which now
produces the relation
2t =(1—0)prrne s, (10.147)

for the most probable distribution found above.

Upon substitution of the junction function (10.142) for ii(z) into the distribution func-
tion, we find that the helix content 6 per chain is given by 6 =) ", .. | 6k, and the number
of helices v per chain by v=7,_ | v, where -

n
Or=ye(1=0)0t Y rnez e (10.148)
=1
is the total helical monomers in the junctions of multiplicity &, and
n
we=y(1—=0) Y neze e (10.149)

=

' The solution z of the ZB equation (1.146) is denoted as 7 to avoid confusion with z;.
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is their number.
Since the average multiplicity for the helices of length ¢ is given by (see Section 7.4)

e =142l (20) [ii(zo), (10.150)

the gel point condition is found by the condition

- ﬁ(Zg) .
E ———jr=nv—1. 10.151
= ﬁ(z;)+zcﬁ’(z;)]§ " ( )

Multiple helices

We first study the formation of multiple helices with a fixed multiplicity k. For such
k-ple helices, the junction function takes the form

i(z)=7"1 (10.152)

Let us focus on the double helices k =2, for which € and v turn out to be [67]

0=(1-02¢>W> (), (10.153)
and
v=(1-0)%> WP %), (10.154)
where
n n
W(gk)(x)EZ)Lgk_lngkx{, Wfk)(x)zzgkgk_lngkx; (10.155)
¢=1 =1

are defined as before.
For the statistical weight of a double helix with sequence length ¢, we assume ZB
form
ne =1, de =oah(T)E. (10.156)

The first equation of (10.156) ensures that a chain doesn’t form helices by itself.
The second equation is described by the weight o, for the initiation (nucleation) of
a double helix, i.e., the probability for an arbitrarily chosen pair of monomers on dif-
ferent chains to start winding. This is the counterpart of o7 of a single-chain helix
nucleation. The cooperativity parameter o is expected to be small, but o7 can be of
order unity if there is no strict restriction on monomer conformation in starting chain
winding.

The weight A(T'), associated with a monomer belonging to a helix, originates in
the hydrogen bond between the monomer pair in a helix, and can be regarded as the
association constant. It is written as

InA(T) = As/kg —ea /kpT, (10.157)

in terms of the entropy and energy of association.
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We then have

W2 (12) = oot wo (M), (10.158a)

W2 (12) =oart?wi (M), (10.158b)
where functions wg and w; are defined by (1.107). The equation to find # becomes

wi (M) (1—1)
wo(A?)

(1-1) {1+ }zozwt“womz). (10.159)
In the limit of infinite dilution, the solution is 7y = 1. At finite concentration, t
monotonically decreases as temperature is lowered.

Figure 10.25(a) shows the helix content, number of helices, and average helix length
as functions of the temperature for polymers with n = 100 repeat units. The temperature
is measured in terms of InA >~ |e4|/kg T . The polymer volume fraction is changed from
curve to curve. The coil-helix transition takes place at around In A =0, and shifts slightly
to a higher temperature with the polymer concentration. The helix initiation parameter
is fixed at oo = 1.0 by assuming the simplest case where there is no restriction for a pair
of chains to start winding.

The total helix content in the solution is proportional to 6 X ¢, and is an increasing
function of the polymer concentration for all temperature regions (Figure 10.25(b)). It
is expected to be proportional to the rotation angle of the polarization plane in optical
measurements.

Near the transition temperature, many short helices are nucleated. Atlow temperatures,
helices grow longer and longer, so that there are only a few long helices on a chain. For

1.0 T T T T 0.6 T T T T T T T T
— 5.66 %
n =100 2 \0
08F & =10 0 i 05 \-carrageenan |
. o,=1. - = <n> =50
g S 04 ,=0.001 i
06k g €,/k.T=3.0
- =
> 8 0.3
® 0.4 &n
o 0.2
&
0.2+ S o1
0.0 0.0

10
TEMPERATURE [C]
(a) (b)

-3 90

TEMPERATURE In A

(a) Theoretical helix content 6 (solid lines), number of helices v (dotted lines), mean helix length
Z per chain (broken lines) plotted against the temperature. Temperature is measured in terms of
Ink=const+|e4|/kpgT. Polymer volume fraction is changed from curve to curve. The total DP
of a polymer is fixed at n = 100. The helix initiation factor is fixed at oo = 1.0. (b) Comparison of
the experimentally measured optical rotation angles (circles) and theoretically calculated total
content of helices in a solution (solid lines). Experimental data were obtained from degraded
t-carrageenan solution with 0.1 mol salt. Polymer concentration is varied from curve to curve.
(Reprinted with permission from Ref. [67].)
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instance, their length reaches about 80% at In A = 2. The double helices with 80% long
are practically rod-like rigid pairs of polymers. Hence they form various anisotropic
liquid-crystalline mesophases [68—70].

Figure 10.25(b) compares the experimentally measured optical rotation angle for the
degraded (-carrageenan aqueous solution with 0.1 mol of added salt [71] with theoreti-
cally calculated total helix content in the solution. The molecular distribution of degraded
carrageenan was measured in the experiment and the average chain length was estimated
to be 47 residues. The optical rotation was measured at four concentrations by chang-
ing the temperature. The (-carrageenan with such a small molecular weight (47 residues)
does not form gels in this temperature—concentration region. DSC measurement on cool-
ing and heating process in the same temperature range was also carried out together with
optical measurement. The result on cooling and on heating did not show any significant
difference, and gave a unique value for the enthalpy of coil-helix transition. Therefore,
the solution was treated as in thermal equilibrium.

The proportionality constant between theoretical helix content and optical rotation is
found by fitting the data at the highest concentration of 5.66% measured. Then, theoretical
results at other concentrations automatically fit the experimental data with high accuracy.
It turned out that, for (n) = 50, the helix initiation parameter o» should be as small as
0.001 to obtain good fit. One of the main reasons why t-carrageenan does not form gels
is the smallness of this helix initiation probability. The coil-helix transition temperature
at dilute limit is fixed at T =65°C.

Figure 10.26(a) summarizes the theoretical results in the form of a phase diagram.
The solid line shows the sol—gel transition line as decided by the condition (10.151)
for k =2. Broken lines show the contours with a constant helix length. Along the right
most line with ¢/n = 0.8, for example, double helices have average length of 80 % of
the total length. The sol—gel transition concentration is not a monotonic function of the
temperature.

100x1073 , . 80x1073 -
. 80 n =100 <
% -o,=1.0 S 60 i
5 eof 5
= = 40 -
w40} b
< soL s 2
> 20t 3 PAIRED |
o) o
> >
0 1 L 0 1 I 1
-3 2 3 2 -1 0 1 2
TEMPERATURE In A TEMPERATURE In A

(a) (b)

(a) Temperature—concentration phase diagram of a polymer solution forming networks by double
helices. The solid line shows the sol-gel transition line. The broken lines show the contour along
which the average helix length takes a fixed value. (b) Molecular weight dependence of the
sol—gel transition line. (Reprinted with permission from Ref. [67].)
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Helices grow so long at low concentrations that the number of network junctions
becomes insufficient for gelation. The phase plane is roughly divided into four regions:
a sol region with separate chains in the high-temperature dilute regime; a gel region
with type I networks (long random coils cross-linked by short helices) in the high-
temperature side of the postgel regime; a gel region with type II networks (long double
helices cross-linked by short free joints of random coils) in the low-temperature side of
the postgel regime; and a pairing region in the low-temperature dilute regime (pairing
transition) [47].

Figure 10.26(b) shows the molecular weight dependence of the sol—gel transition line.
The upper branch of the transition line significantly shifts to the high-temperature and
low-concentration region with the molecular weight, while the lower branch remains at
almost the same position. Such a general tendency was predicted by Higgs and Ball [47]
by a simple kinetic analysis in which the helix initiation parameter (o in the present
notation) was assumed to be proportional to the polymer concentration. Their result is
justified by the present more precise calculation on the basis of equilibrium statistical
mechanics.

Figure 10.27 shows the structure of a type II network (the almost pairing phase)
found in the Monte Carlo simulation using bead—spring model chains [72]. In addition
to the H-bonding energy €, the simulation incorporates the interaction Ae =0.3¢ between
neighboring H-bonds.

Figure 10.28 shows more snapshots of the Monte Carlo simulation at three different
temperatures along the fixed polymer volume fraction ¢ =0.05 [72]. At the highest tem-
perature € /kgT =0.2 (¢ is the H-bonding energy), it is a uniform molecularly dispersed

Snapshot of the Monte Carlo simulation on H-bonding polymers using bead—spring model
chains. The interaction between neighboring H-bonds is incorporated for the cooperativity in the
bond formation.



378

Fig. 10.28

10.6.3

Some important thermoreversible gels

(a) (b) (c)

Typical snapshots of MC simulation at temperature € /kg T = 0.2 (a), 2.2 (b), 4.0 (c). (a)
High-temperature solution with separated flexible chains. (b) Type I network where random coils
are cross-linked by short zippers. (c) Pairing state where most of chains are paired by zippers.
(Reprinted with permission from Ref. [72].)

solution (Figure 10.28(a)). The chains are separated from each other. As the temperature
goes down, short zippers start to form. A type I network is formed at this temperature
€/kpT =2.2 (Figure 10.28(b)). As the solution is cooled further, zippers grow, and the
network turns into a type II where long zippers are cross-linked by short random coils.
At the lowest temperature € /kgT = 4.0 outside the gel region, most chains are paired.
Long ladders are formed, most of which are separated from each other (pairing phase)
(Figure 10.28(c)).

Multiple association of single helices
For the multiple association of single helices [67], the junction function is
i(z)=1+z"" (10.160)

By the assumption of the perfect size matching, the helix content and number of helices
are then decomposed into two terms

v=(1=0)1Vo(t)+ (1 —0)F g 1k w P (b, (10.161)

0 =(1—0)tVi(1)+(1—0) gk 1tk w® ). (10.162)
The existence of the first terms in v and 6 discriminates single helices from multiple
helices. The equation for 7 takes the form

(L=t =tV {1+tVi) + L1 —t — Vo)1) T =¢* 1w by, (10.163)

Two cooperativity parameters are necessary: o for helix formation, and o> for helix
association. We can study the weak association case (e4/€y << 1), and the strong
association case (€4 /ey >>1).
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In weak association for pairwise association (k =2), most helices are short and unas-
sociated at high temperatures. Helices grow and association starts to take place near
the coil-helix transition temperature. The elastic modulus of the network in this region
is not related to the total helix content. Pair formation is sharply enhanced around the
transition temperature, and paired helices dominate below this temperature. Networks
formed around this temperature are basically type II in which short unassociated helices
(20% of the total length) are connected by long paired helices (70% of the total length) at
junctions via short random coils. At lower temperatures, the helices condense into long
paired ones; the system becomes a concentrated solution of rod-like molecules of helix
pairs.

In strong association, there is a sharp rise in 8>, where the total helix content 6 =61 +6,
shows a sudden increase (except for infinite dilution, where ¢ — 0). Type I networks
exist just above this temperature, but they disappear at a certain temperature. In the
special case of infinite dilution, where ¢ — 0, all curves reduce to those predicted by ZB
theory for a single chain.
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binodal, 170 concentrated region, 91
binodal curve, 77 concentration blob, 90
biopolymer gel, 97 concentration diffusion coefficient, 68
biphasic region, 185 connectivity correlation function, 267
bivariant, 47 connectivity function, 3
block copolymer, 183 cooperative adsorption, 192
bond percolation, 262 cooperative diffusion, 94
bond vector, 3 cooperative diffusion coefficient, 94
branch point, 252 cooperative hydration, 201
branching coefficient, 114 cooperative hydrogen bond, 102
branching number, 98 cooperativity of hydration, 35
branching process, 122 cooperativity parameter, 26, 204
bridge chain, 282, 339 correlated adsorption, 192
correlation length, 89
canonical distribution function, 10 coupling constant, 298
cascade theory, 122 Cox-Merz rule, 301
Catalan’s constant, 86 critical aggregation concentration, 336
Cayley tree, 104, 224, 268 critical endpoint, 232
central limit theorem, 11 critical exponent, 93
chain dissociation rate, 285 critical flower micelle concentration, 344

chain recombination rate, 285 critical index, 266
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Index

critical line, 93

critical micelle concentration, 214, 336
critical phase, 51

critical point, 51

critical pure micelle concentration, 337
critical volume fraction, 276
cross-link, 97

cross-link index, 113

cross-link length, 99

crossover, 21

crossover index, 93

crossover temperature, 20
crystallization, 85

cycle, 98

cycle rank, 98

cyclization parameter, 340

dangling chain, 98, 282

Daoud radius of gyration, 91
Debye function, 13

degree of swelling, 151

des Cloizeaux’s scaling law, 92
diffusion constant, 66
diffusion equation, 67

dilute solution, 57

directed lattice, 86

double critical point, 199

dual lattice, 264

duality, 264

dynamic mechanical modulus, 274

Ehrenfest’s definition of the order of the phase

transition, 85
Einstein relation, 67
elastically effective chain, 139
elastically effective junction, 251
elastically effective junctions, 140
Eldridge—Ferry method, 247
elongational flow, 305
elongational thickening, 308
end branch, 252
end group, 252
end-to-end vector, 3
energetic elasticity, 129
entangled networks, 281
entropic elasticity, 129
entropy catastrophe, 85
entropy of disorientation, 72
equilibrium constant, 166
eutectic point, 48, 185
excluded volume, 17
excluded-volume parameter, 18
expansion factor, 18
extensitivity, 10
Eyring formula, 14

Fick’s law, 66
filling factor, 276

finitely extensible nonlinear elastic potential, 4

first Mooney constant, 148
Fisher index, 267, 270

fixed multiplicity model, 244
Flory exponent, 19

Flory theorem, 91

Flory’s x-parameter, 73
Flory’s 3/5 law, 19

Flory’s treatment, 109
Flory—Huggins theory, 74
flower, 339

flower micelle, 343
flower—bridge transition, 361
fluctuation theory, 142
fractal dimension, 270

free chain end, 98

free energy of reaction, 164
free rotation, 6

free swelling, 152

free volume, 81, 84

frequency—temperature superposition principle, 295

fringed-micellar crystallite, 247
frozen variable, 98

functional group, 97
functionality, 100

gauche position, |

Gaussian assumption, 134
Gaussian chain, 9, 10

gel, 97

gel fraction, 108

gel mode, 94

gel point, 100

gelation, 103, 214

Gibbs matrix, 50

Gibbs’ phase rule, 47

glass transition, 2

glass transition temperature, 85
good solvent, 18
Gough-Joule effect, 132
Green—Tobolsky limit, 295
group contribution method, 75

Hamiltonian path, 85

hardening effect, 8

helical dimer, 371

helical order, 192

helical structure, 23

helix, 23

helix initiation parameter, 26
hetero-dimerization, 180
heteromolecular association, 161

heteromolecular condensation reaction, 114
high-frequency plateau modulus, 294, 338

Hooke’s law, 9
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Huggins coefficient, 63

hydration, 33

hydrodynamic interaction, 63
hydrodynamically equivalent sphere, 64
hydrogen-bonded liquid crystal, 208
hydrophobic interaction, 355
hyperecritical point, 199

ice model, 86

ideal chain, 6

incomplete relaxation, 286
incompressibility condition, 171
independent internal rotation, 6
internal coordinates, |

internal rotation, |

intermolecular association, 340
intra—inter transition, 360
intramicellar phase separation, 332
intramolecular reaction, 186
intracluster scattering function, 172
intramolecular association, 340
intrinsic viscosity, 62

invariant, 47, 276

inverted theta temperature, 199
inversion in the molecular weight effect, 359

jamming gel, 98

Kelvin’s relation, 129
KM series, 160
Kratky—Porod chain, 15
Kuhn step number, 15

Lagrange theorem, 125

Langevin chain, 158

Langevin function, 8

Langmuir adsorption, 193

lattice model, 5

Lifshitz point, 184, 195

limiting viscosity number, 62

local interaction, 6
Lodge—Meissner relation, 318, 319
long-range interaction, 6

loop, 282

loop-bridge transition, 361
low-mass gel, 97

low-temperature gelation, 352
lower critical solution temperature, 80, 198

Manhattan walk, 86
Mark—-Houwink—Sakurada relation, 63
marker diffusion constant, 67, 68
master curve, 295

matching relation, 264

maximum flexibility, 71

maximum multiplicity, 333, 335
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Maxwell element, 338

Maxwell fluid, 295

Maxwell’s rule of equal area, 23
Mayer function, 17

Mayer’s method, 277

mean radius of gyration, 12
metastable region, 57

micellar shape transition, 216
micellization gelation point, 338
microphase separation transition, 183
mini-max junction, 244

minimum multiplicity, 333, 335
miscibility chimney, 212

miscibility dome, 198

miscibility gap, 185

miscibility hourglass, 199

miscibility square, 200

modified Eldridge-Ferry procedure, 249
molar attraction constant, 75
molecular field approximation, 71
monovariant, 47

Mooney constant, 139
Mooney—Rivlin empirical formula, 137
Mooney—Rivlin plot, 137

multiple equilibrium condition, 166
multiple helix, 371

multiple hydrogen bond, 185
multiple junction, 235

multiplicity, 99, 119

mutual diffusion coefficient, 69

negative diffusion, 77

nematic order parameter, 209

Newtonian region, 62

nonlinear stationary viscosity, 61
nonlinear stress relaxation, 316
number-average aggregation number, 165
number-average cluster size, 165
number-average molecular weight, 55

Oka formula, 14

one-mode approxiamtion, 203

open association, 212, 340
orientational distribution function, 11
orientational free energy, 208
orientational order parameter, 11
osmotic pressure, 52

overlap concentration, 87

overshoot peak, 313

pair correlation function, 12
pairing phase, 378

pairing transition, 372, 377
particulate gel, 97

path, 253

path number, 139, 250
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percolation model of gelation, 262
perfect network, 99

persistence length, 2, 15

phantom network theory, 142
phase diagram, 48

physical clusters, 277

physical gel, 98

pitch of a helix, 23

planar zigzag conformation, |
Poisson ratio, 155
poly(N-isopropylacrylamide), 154
polymer globule, 21

polymer network, 99

polymeric gel, 97

polymerization, 214

poor solvent, 18

postgel regime, 162

pregel regime, 162

principle of equal reactivity, 103
probability generating function, 120, 122
pure surfactant micelle, 335

quasi-chemical approximation, 82
quasi-static process, 49

random flight model, 3

random phase approximation, 172
random system, 98

Raoult’s law, 54, 58

reduced concentration, 333
reduced equation of state, 93
reduced stress, 148

reduced viscosity, 62

reel-out region, 39

reentrant coil-globule—coil transition, 40
reentrant microphase, 185
reentrant phase separation, 161
reentrant sol, 368

regular solutions, 160
renormalization of the interaction parameter, 169
reptation, 94

reversible chemical reaction, 285
rigidity percolation, 274

rotational isomeric state, 3
rotational isomeric state model, 13
rotational isomeric states, 1, 3

Sakurada constant, 63

scaling assumption, 89

scaling function, 267, 271

scaling law, 267, 270

scaling laws of critical phenomena, 94
Scanlan—Case criterion, 140
scattering function, 12

screening, 91

second Mooney constant, 149

self-avoiding random walk, 5
self-consistent potential, 176
self-diffusion constant, 67
self-similarity, 269
semiconcentrated region, 91
semipermeable membrane, 52
shear banding, 327

shear rate, 61

shear stress, 61

shear thickening, 62

shear thinning, 62, 302
short-range interaction, 6
Shultz plot, 205
Shultz—Flory formula, 75
Shultz—Flory plot, 78

sign inversion, 303

single helix, 371

single loop, 340

site percolation, 262

size matching, 371

skeleton, 98

slide-ring gel, 98

smectic order parameter, 209
sol fraction, 122

sol—gel transition, 103
solubility parameter, 75
spatial neighbor, 133
specific viscosity, 62
spinodal, 51, 170

spinodal point, 183

spinodal condition, 77
spinodal decomposition, 57, 68
stability limit, 51

standard reference state, 163
Starling’s formula, 71
start-up flow, 309

statistical repeat unit, 3
stepwise deformation, 317
Stockmayer’s treatment, 109
stoichiometric concentration, 195
Stokes’s law, 67

strain hardening, 313

stress overshoot, 313

stress relaxation, 309

stress upturn, 156

strong association, 371
strong gel, 97

subchain, 98

surface contact, 81
surfactant-mediated gel point, 335
Sykes—Essam relation, 264
symmetry number, 70

telechelic polymer, 102, 186, 281, 340
temperature blobs, 19

temperature coefficient of chain tension, 10
temperature coefficient of tension, 130
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temperature quenching, 57

temperature shift factor, 193

thermal expansion, 10

thermal expansion coefficient at a constant pressure,
141

thermal polymerization, 186, 189

thermodynamic degree of freedom, 47

thermodynamic equivalent sphere, 60

thermodynamic factor, 69

thermoelastic inversion, 131

thermoreversible gel, 98

theta temperature, 17, 60

thickening diagram, 304

thickening solution, 62

time—strain separability, 318

topological constraint, 94

topological neighbor, 133

trance position, |

transient gel, 98

transient network theory, 282

trapped entanglement, 98

tree approximation, 104

tricritical point, 232

trivariant, 47

Trouton’s rule, 308

Truesdell functions, 188

two-dimensional deformation, 149
two-state model, 361
type I networks, 377
type II networks, 377

unentangled network, 281

uniaxial elongation, 154

unimer, 166

upper critical solution temperature, 80, 198

vacancy, 84

van Laar form, 73
van’t Hoff’s law, 55
variance, 47

vertex, 253

virial coefficient, 55
virial expansion, 55
VLBW theory, 81

weak association, 371

weak gel, 98

weight-average helix length, 32
wormlike chain, 15

Zimm-Bragg equation, 36
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