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The ability to predict polymer properties from a knowledge of the chemical architec-
ture of the chains is one of the main goals of polymer science, and achievement of
this can be very useful in the development of new polymeric materials. In this paper
the connection between dimensions of polyolefin chains and some of their most funda-
mental properties, such as the degree of entanglement and miscibility, are described.
The experimental and theoretical justifications of these relations are outlined in the
first sections, and then the ways these can be used to predict the performance of poly-
olefins are demonstrated. Finally, other areas where such connections may be found in
the future are suggested.
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Introduction

The chief way in which flexible polymers differ from other chemical substances is that
they are so long that, in order to fill the available space, the individual molecules
overlap with each other, that is, that they entangle (1). This entangled state is fundamen-
tally responsible for the properties that distinguish polymers from other materials: their
extremely slow dynamics (as seen in diffusion and viscosity), the fact that they are
generally in a non-equilibrium state (e.g., semi-crystallinity), their mechanical perform-
ance (e.g., viscoelasticity), and so on. In fact, a common definition of the transition
from “oligomers” to “polymers” is the molecular weight at which the chains begin to
entangle. Thus, in order to see how polymer properties are related to their chemical
makeup and so control the performance of polymeric materials, one needs to understand
how the state of entanglement is determined by the chemical architecture of the chains.
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In recent years, it has become apparent that the entangled nature of polymers is due to
the fact that there are two measures of how “large” polymer coils are in the liquid or melt
state (2–8). One of these is just the volume “occupied” by each chain, that is, the total
volume divided by the number of molecules. The other is some measure of the extent
of the space “pervaded” by the polymer chain. This can be related to the radius of the
smallest sphere to totally enclose the chain (called the “span” of the chain) (9), the
distance between the chain ends, R, or the radius of gyration of the chain, rg. For small
molecules, such as methane or n-hexane, the occupied and pervaded volumes are the
same. The advent of small angle neutron scattering in the 1970s confirmed Flory’s hypo-
thesis that, when the chains are long enough, the pervaded volume is much larger than the
occupied one (10). The part of the pervaded volume that is not occupied by the chain itself
is occupied by other molecules, which gives rise to the state of entanglement (due to the
fact that covalent chains cannot cross each other). The ability to relate chain dimensions to
chemical structures will then allow one to predict how performance can be derived from
the chemistry. This provides the roadmap to realizing the vision expressed by Flory in his
text: “Comprehension of the configurational statistics of chain molecules is indispensable
for a rational interpretation and understanding of their properties” (11).

In this review, I show how a great deal of progress has been made towards this goal,
especially for the class of saturated hydrocarbon polymers commonly called polyolefins
(12). Most of these are indeed products of the polymerization of one or more olefin,
such as polyethylene (PE), polyisobutylene (PIB), polypropylene (PP), and their copoly-
mers. But herein the term “polyolefins” is used more broadly to refer to all polymers that
are built up from just hydrogen and carbon, and for which all of the covalent bonds are
saturated. For instance, much of the work that has led to the results discussed here was
done on hydrogenated polydienes (such as polybutadiene), which have structures
identical to various olefin-derived polymers (13, 14). Indeed, since the goal is to relate
properties to chemical structure, it does not matter how this architecture was synthesized,
just the final result.

The interest in polyolefins has two sources. One is simply the practical importance of
these materials, which are the largest class of synthetic polymers. More than 60 million
metric tons are produced each year worldwide (12), or more than 10 kg for each citizen
of the planet! Moreover, because of the great utility of these materials their use continues
to grow on the order of 5% per year. So methods to improve the control of their performance
will clearly be highly beneficial to society. Beyond this, advances in synthetic chemistry
allow a wide range of saturated hydrocarbon polymers to be made with a great deal of
control over the architecture. By saturating anionically synthesized polydienes, many
well-defined polyolefin models can be made. Moreover, increasingly more sophisticated
control of polyolefin structure is possible through metallocene (15) and metathesis (16)
chemistries. These polymerization methods make it possible to study architecture-
property relations in polyolefins much more deeply than for other polymer systems, and
thus polyolefins can be used as models for all flexible polymers in this general program.

The focus of this review is to show that the objective of relating molecular structure to
properties has now largely been realized in two areas for polyolefins: rheology and misci-
bility. In the first section the packing length model for entanglement6 is described, and the
way this can be used to predict various rheological parameters from a knowledge of chain
size is shown. The second section outlines how the packing length can also be correlated to
polyolefin miscibility (17, 18), and so the prediction of this critical property for the
majority of blends. I finish with an outline of what remains to be done, particularly in
the challenging area of predicting chain dimensions directly from chemical architecture.
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Melt Rheology

Packing Length Model

A number of authors have developed models that relate the degree of entanglement of a
polymer to the size of its chains (2–8), and the reader is directed to these papers for
more details. Here I give some of the main results of this work, which shows how the
molecular weight between entanglements, Me, and the plateau modulus, GN

0 , are related
to a quantity called the packing length (19).

The packing length can be derived from a comparison of the occupied and pervaded
volumes of a chain, and arises naturally in theories of polymer blend interfaces (20) and
block copolymers (19), as well as entanglements and rheology (6). Consider first the
occupied volume, Vocc, which again is simply the volume per polymer molecule. This
can be directly determined from the polymer density, r, Avogadro’s number, NA, and
the molecular weight of the chain, M:

Vocc ¼
M

rNA
ð1Þ

As stated above, the volume that is pervaded by a polymer chain is related to a
measure of the chain size such as its radius of gyration, rg, or the distance between the
chain ends, R. The Flory hypothesis that polymer chains in the melt have the dimensions
of ideal chains is now well confirmed by experimental evidence (10, 11). This means that
the average of rg

2 is proportional to M (in the limit of large M):

r2g ¼ KM ð2Þ

The value of K depends on temperature and the chemical structure of the polymer, which
control factors such as the probability of trans vs. gauche rotations of the backbone bonds.
Moreover, R2 ¼ 6rg

2. Since both Vocc and rg
2 are proportional toM, their ratio is a parameter

independent of molecular weight and thus is a constant characteristic of the chemical
structure of the polymer. This is called the packing length, lp:

lp ¼
Vocc

r2g
¼ M

r2grNA
ð3Þ

In previous work I have used a definition (19) of packing length based on R2,

p ¼ M

R2rNA
ð4Þ

Clearly, lp ¼ 6p. Herein I have adopted the use of lp, which was first defined by Graessley
(21), for two main reasons. First, rg is the quantity actually measured by scattering experi-
ments (10). Secondly, as will be seen below, the relations between lp and Me or GN

0 have
more natural units than those with p, having numerical coefficients of order 1.

The packing length is directly related to the statistical segment length of a polymer, b
(11). This quantity is also related to the size of the chain and is given by

b2 ¼ 6r2g
m0

M
¼

6r2gNArv0

M
¼ 6v0

lp
ð5Þ

where m0 is the molecular weight of a monomer repeat unit, and v0 its volume. Note that
the definition of b requires the specification of a repeat unit, which is often problematic,
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especially for copolymers. Moreover, when comparing a number of different polymers,
one needs to define a constant value of v0 as a reference volume, meaning that it will
be arbitrary and so have no relation to the structure of the polymers. (Here I use a
value of v0 ¼ 0.1 nm3.) For this reason the packing length formulation is more straightfor-
ward and more closely related to the actually measured parameters. Another parameter
often used to show how much larger the chain dimensions are than those expected from
an unrestricted random walk model (R2 ¼ [M/mo]lo

2) is the characteristic ratio, C1 (11).
This is given by

C1 ¼
6r2gm0

Ml20
¼ 6m0

lpl20rNA
ð6Þ

Here l0 is the length of the repeat unit bond (0.154 nm for C–C single bonds).
As mentioned above, successful models (2–8) have been developed to relate the

entanglement molecular weight to chain dimensions. The relevant result is that Me is
proportional to rlp

3. The coefficient of proportionality is independent of polymer type
and temperature. This has now been shown to hold for a wide range of flexible
polymers, including polydienes, styrenic polymers, acrylics, and even polymeric sulfur.

Me ¼ 1:98NArl
3
p ð7Þ

If one uses r in units of kg/m3, lp in nm, and Me in g/mol, then Me ¼ 1.19r lp
3. Experi-

mentally,Me is found from the measurement of the plateau modulus through the definition
of Me ; rRT/GN

0 . (See Ref. 22 for a discussion of the definitions used for Me.) Thus, for
the packing length model this means that

G0
N ¼ kT

1:98l3p
ð8Þ

Here k is Boltzmann’s constant. With T in units of K, lp in nm, and GN
0 in kPa,

GN
0 ¼ 6.97T/lp

3. The utility of such a simple expression for a fundamental property like
plateau modulus is clear, as I will demonstrate below.

There are several other parameters that can be used to describe the state of entangle-
ment for flexible polymers. One of these is the volume per entanglement, Ve, which is the
volume occupied by a chain of molecular weight Me. By Eq. (1) we have

Ve ¼
Me

rNA
ð9Þ

Combined with Eq. (7) this gives

Ve ¼ 1:98l3p ð10Þ

The reptation model of polymer rheology was first discussed by deGennes (23) and
fully developed by Doi and Edwards (24). In this theory the restrictions on the motions
of an entangled chain are modeled by confining it to a tube of diameter dt formed by
the surrounding molecules. This is defined by the relation

d2t
Me

¼ R2

M
ð11Þ
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From the packing length model (6) one gets

dt ¼ lpnt=6 ¼ n1=3t V1=3
e ð12Þ

The numerical coefficient in Eq. (12), nt, is the number of chain segments (3) of molecular
weight Me that can be found in a cube of edge length dt. This is a constant for polyolefins
(and indeed for all flexible polymers) at a value of nt ¼ 20.6+ 1.8.

Application to Polyolefins

Table 1 summarizes the data that exist to relate entanglements and chain dimensions for
polyolefins (see Appendix for descriptions of the polymers). These are plotted in Fig. 1 as
Ve vs. lp

3. From both the table and figure, one can see that Eq. (10) and Eq. (8) works very
well to describe polyolefin rheology over several orders of magnitude in plateau modulus.
The quality of the fit in Fig. 1 is more impressive when one considers that these two par-
ameters are derived from separate sets of data, lp from SANS-derived chain dimensions,
and Ve from rheology.

The success of the packing length model for explaining the degree of entanglement of
a polymer can be very useful in the design of new materials. This is because the plateau
modulus andMe are the key to many of the basic performance aspects of polymers, such as
processability, adhesive strength, and crystallization kinetics. For instance, this model can
be used to explain the effects of tacticity on the plateau modulus of propylene polymers.
The observation that syndiotactic polypropylene (s-PP) has a much higher value of GN

0

than isotactic (i-PP) or atactic polypropylene (a-PP) was first made in 1995 (25). This is
due to the significantly larger chain dimensions of s-PP (26), which is presumably due
to a larger probability of trans over gauche bond rotations in s-PP as opposed to i-PP
or aPP. We are now able to make a good prediction of the plateau modulus for polyolefins
even before they have been synthesized, as long as we have a way to make a reasonable
estimate of their chain dimensions (11). This can be a very powerful tool for modeling
polymer material performance; an example is given below for adhesive performance.

Other Rheological Properties

Several other rheological properties have also been related to the packing length (7, 8).
One of these is Mc, the critical molecular weight at which the zero-shear viscosity of a
polymer begins to rapidly increase (generally from a linear dependence on M to a
power law function, usually on the order of M3.4) (1). An empirical fit to the data that
exist on Mc (about a dozen polymers) gives

Mc ¼ Me½l%p=lp&
0:65 ð13Þ

In Eq. (13), lp
% is a constant of value !6 nm. Similarly, Graessley has predicted (27) that at

some large value of M, polymer viscosity should show the M3 dependence expected from
the Doi-Edwards model (24). This phenomenon has been seen for several polymers now,
and this molecular weight, Mr, is given by

Mr ¼ Me½l%p=lp&
3:9 ð14Þ

Equations (13) and (14) can be used to estimate these technologically important critical
molecular weights to model performance in, for instance, extrusion.
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Table 1
Chain dimensions and rheological properties of polyolefins

Polymer
Comonomer
(mol %)

mb

(g/mol)
T
(K)

rg
2/M

(nm2mol/kg) C1

r
(kg/m3)

lp
(nm)

ba

(nm)
GN
0

(MPa)
Me

(kg/mol)
Ve

(nm3) nt

dt
(nm)

PE — 14.0 413 2.08 7.37 784 1.02 0.77 2.60 1.04 2.19 21.18 3.59
EBR04 4 14.6 413 2.02 7.44 785 1.05 0.76 2.21 1.22 2.58 22.03 3.84
EBR09 9 15.3 413 1.92 7.41 788 1.10 0.74 1.90 1.42 3.00 22.15 4.05
EBR14 14 16.0 413 1.75 7.07 789 1.20 0.71 1.55 1.75 3.68 21.38 4.28
EBR19 19 16.7 413 1.75 7.38 791 1.20 0.71 1.40 1.94 4.07 22.58 4.51
EBR21 21 16.9 413 1.77 7.59 792 1.18 0.71 1.30 2.09 4.39 23.88 4.71
EBR23 23 17.2 413 1.59 6.93 793 1.32 0.68 1.20 2.27 4.75 21.20 4.65
alt-PEP 50 17.5 298 1.54 6.82 856 1.26 0.69 1.15 1.84 3.58 19.67 4.13
alt-PEP 50 17.5 413 1.39 6.15 790 1.51 0.63 0.95 2.86 6.00 19.37 4.88
EBR28 28 17.9 298 1.54 6.98 860 1.25 0.69 1.12 1.90 3.67 20.07 4.19
HPI-07 7 18.1 373 1.45 6.65 812 1.41 0.65 1.1 2.29 4.68 18.99 4.46
EBR35 35 18.9 298 1.54 7.36 860 1.25 0.69 1.12 1.90 3.67 20.07 4.19
EBR35 35 18.9 413 1.52 7.27 797 1.37 0.66 0.90 3.04 6.33 23.05 5.27
HPI-16 16 19.0 373 1.36 6.54 812 1.50 0.63 0.88 2.86 5.85 19.28 4.83
HPI-20 20 19.4 373 1.31 6.44 812 1.56 0.62 0.79 3.19 6.52 19.24 5.01
HPI-29 29 20.5 373 1.22 6.32 812 1.68 0.60 0.58 4.34 8.88 20.18 5.64
EBR49 49 20.9 298 1.33 7.02 864 1.44 0.64 0.69 3.10 5.96 20.66 4.98
EBR49 49 20.9 413 1.33 7.02 799 1.56 0.62 0.67 4.09 8.51 21.95 5.72
s-PP — 21.0 463 1.72 9.14 762 1.27 0.69 1.35 2.17 4.73 22.43 4.74
alt-PEB 50 21.0 298 1.21 6.43 861 1.59 0.61 0.58 3.68 7.09 19.46 5.17
HHPP — 21.0 298 1.15 6.11 878 1.64 0.60 0.52 4.18 7.91 19.60 5.37
a-PP — 21.0 298 1.11 5.90 852 1.76 0.58 0.48 4.40 8.57 18.50 5.41
HHPP — 21.0 413 1.15 6.11 810 1.78 0.58 0.52 5.35 10.96 20.45 6.08
a-PP — 21.0 348 1.12 5.95 825 1.80 0.58 0.48 4.97 10.01 19.30 5.78
alt-PEB 50 21.0 413 1.15 6.11 800 1.80 0.58 0.52 5.28 10.96 20.07 6.04
i-PP — 21.0 463 1.16 6.16 766 1.87 0.57 0.43 6.86 14.86 22.18 6.91

(continued )
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Table 1
Continued

Polymer
Comonomer
(mol %)

mb

(g/mol)
T
(K)

rg
2/M

(nm2mol/kg) C1

r
(kg/m3)

lp
(nm)

ba

(nm)
GN
0

(MPa)
Me

(kg/mol)
Ve

(nm3) nt

dt
(nm)

a-PP — 21.0 413 1.12 5.95 791 1.87 0.57 0.47 5.78 12.13 19.95 6.23
HPI-34 34 21.1 373 1.17 6.24 812 1.75 0.59 0.5 5.04 10.30 20.41 5.95
EBR64 64 23.0 298 1.07 6.22 863 1.80 0.58 0.44 4.86 9.35 18.64 5.59
EBR64 64 23.0 413 1.15 6.68 802 1.80 0.58 0.43 6.40 13.26 22.16 6.65
PI-50 50 23.3 298 1.06 6.26 861 1.82 0.57 0.35 6.10 11.75 20.53 6.23
HPI-50 50 23.3 373 1.05 6.20 812 1.95 0.56 0.35 7.19 14.71 20.74 6.73
EBR79 79 25.1 298 1.04 6.59 864 1.85 0.57 0.38 5.63 10.83 19.25 5.93
EBR79 79 25.1 413 1.08 6.85 805 1.91 0.56 0.30 9.21 19.00 24.28 7.73
EBR82 82 25.5 413 1.01 6.51 805 2.04 0.54 0.29 9.53 19.66 22.33 7.60
EBR82 82 25.5 298 0.912 5.88 864 2.11 0.53 0.30 7.14 13.71 17.79 6.25
HPDMBd-55 45 27.1 298 0.718 4.92 838 2.76 0.47 0.16 12.98 25.71 16.26 7.48
PIB — 28.0 298 0.950 6.73 918 1.90 0.56 0.32 7.11 12.86 20.06 6.37
PIB — 28.0 413 0.950 6.73 849 2.06 0.54 0.32 9.11 17.82 21.00 7.21
HPI-75 75 28.0 413 0.882 6.25 810 2.32 0.51 0.22 12.64 25.91 21.12 8.18
a-PB — 28.0 298 0.808 5.72 866 2.37 0.50 0.18 11.92 22.85 19.22 7.60
a-PB — 28.0 413 0.845 5.99 807 2.43 0.50 0.20 13.86 28.51 20.65 8.38
HPI-75 75 28.0 298 0.773 5.48 878 2.45 0.50 0.19 11.45 21.65 17.87 7.29
HPI-75 75 28.0 373 0.827 5.86 812 2.47 0.49 0.2 12.59 25.75 19.18 7.90
s-PPEN — 35.0 303 0.930 8.23 850 2.10 0.53 0.2 10.71 20.91 22.08 7.73
HPMyrc-03 3 35.5 298 0.723 6.50 853 2.69 0.47 0.14 15.10 29.38 18.04 8.09
i-PHEX — 42.0 273 0.927 9.85 872 2.05 0.54 0.14 14.14 26.92 25.90 8.87
s-PHEX — 42.0 273 0.785 8.34 872 2.43 0.50 0.13 15.23 28.99 20.95 8.47
PCHE — 42.0 413 0.538 5.72 920 3.35 0.42 0.07 46.46 83.84 21.90 12.25
HPMyrc-36 36 42.7 298 0.682 7.36 849 2.87 0.46 0.10 21.04 41.14 19.41 9.28
s-POCT — 56.0 273 0.655 9.28 872 2.91 0.45 0.0757 26.15 49.78 20.92 10.14

aStatistical segment length (Eq. (5)) with reference volume v0 ¼ 0.1 nm3.
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The degree of entanglement, as represented by Me or GN
0 , is one of two basic

parameters that is critical to modeling polymer rheology. The other one is a measure of
the basic process involved in moving one monomer repeat unit past another (1, 24).
This can be represented by a so-called friction factor, z, or an equilibration time, te.
One can use the values ofMe and z for a polymer and predict the rheological performance
of a linear sample just from a knowledge of the molecular weight distribution (28, 29).
Unfortunately, there is only a small amount of data for friction factors on polyolefins
from rheology (30–33) or diffusion experiments (34). As of this date there has been no
correlation of these values with the chemical structure of the polymers, unlike the case
for plateau modulus or entanglement density. As more data are recorded, developing
such relationships will become more likely, and will clearly be a focus of research.
Until such understanding is developed, one will need to rely on the few published
values or on directly measured numbers for friction factor to further the use of these
models.

Miscibility

The wealth of data on polyolefin blends generated over the last several years has been
compiled in a number of reviews (35, 36). One of the most interesting features of poly-
olefin miscibility that has been discovered in this work is the great range of phase
behavior shown by these systems. Most polyolefin blends display UCST (upper critical
solution temperature) phase diagrams with phase separation occurring upon cooling, but
many are characterized by LCST (lower critical solution temperature) behavior by
phase separating when heated. Some show both an LCST and a UCST. This great
diversity in phase behavior may be regarded as surprising from saturated hydrocarbon
polymers that interact only through dispersive, van der Waals forces.

Figure 1. Plot of Ve vs. lp
3 for polyolefins. Solid line is from Eq. (10).
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The second interesting feature is that the great majority of these data can be explained
by regular solution theory (37). That is, interaction energy densities for most of these
blends can be determined from the square of the difference between the solubility para-
meters of the two components, and that these solubility parameters are simply the
square roots of the cohesive energy densities of the pure polymers. This is not universally
true for polyolefin blends, and in fact several blends, especially those involving polyiso-
butylene (38), show negative values of the interaction energy density. As a general rule,
we have seen that regular solution theory nearly always explains the miscibility of two
saturated hydrocarbon polymers when one or both components are copolymers, but
only rarely does so for mixtures of two homopolymers. Regular solution theory does
describe the miscibility data of around 80% of the blends that we have studied so far,
and since almost all blends involve at least one copolymer, it should work for nearly all
blends of commercial interest. Moreover, for most of the irregular blends the difference
of the data from the regular solution predictions can be used to characterize the
anomalies (39). So an understanding of the origins of polyolefin solubility parameters
provides a foundation for understanding polyolefin miscibility.

As mentioned above, a large number of polyolefin solubility parameters have now
been compiled (35). Some of these values are shown in Table 2. These are polyolefins
for which we have direct measures of density, melt chain dimensions (10), and solubility
parameters derived from interaction energies measured on polyolefin blends by small
angle neutron scattering. A significant hurdle in developing the solubility parameter
model of polyolefin miscibility is that the cohesive energies of the polymers cannot be
directly measured (see below) (37). However, the solubility parameter values in Table 2

Table 2
Polyolefin solubility parameters, d, in units of MPa1/2

T (8C)

Polymer 27 51 83 121 167

HPI-75 18.00 17.59 16.91 16.53 15.70
EB97 18.17 17.76 17.08 16.69 15.86
EB88 18.40 17.98 17.29 16.89 16.04
a-PP 18.39 17.98 17.33 16.95 16.11
EB78 18.66 18.24 17.54 17.13 16.27
HPI-50 18.68 18.26 17.56 17.14 16.29
EB66 18.90 18.48 17.77 17.35 16.48
alt-PEB 18.89 18.48 17.79 17.38 16.52
HHPP 18.99 18.55 17.84 17.41 16.53
EB52 19.18 18.74 18.03 17.60 16.72
alt-PEP 19.09 18.67 17.98 17.58 16.74
EB38 18.96 18.24 17.80 16.91
EB35 18.98 18.25 17.82 16.93
EB32 19.10 18.36 17.91 17.01
EB25 18.45 18.00 17.09
EB17 18.06 17.16
EB08 18.23 17.29
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have been corroborated by measurements of the internal pressure of pure polyolefin
components, which have been determined by the response of the polymer density to temp-
erature and pressure (PVT data). The reader is directed to reference 35 for a fuller discus-
sion of the relation of internal pressure to cohesive energy density, but it is worthwhile to
point out that this relation for polyolefins is very similar to that seen for low molecular
weight alkanes (40) for which both cohesive energy density and internal pressure can be
directly measured. There is thus a great deal of confidence in these numbers, and as will
be shown below, they can be used to predict the miscibility of polyolefin blends quite well.

It is well known that a chief distinguishing feature of polymer blends is that
the entropy of mixing is very small, due to the large size of macromolecules (41). This
can be seen in the Flory-Huggins-Staverman (42–44) expression for the free energy of
mixing:

DGm ¼ RT
f1r1
M1

lnf1 þ
f2r2
M2

lnf2

! "
þ X12f1f2 ð15Þ

In Eq. (15), R is the gas constant, ri is the density of polymer i, fi is the volume fraction of
component i, and X12 is the interaction energy density between the two polymers. The
interaction energy density is directly related to the more commonly used Flory interaction
parameter, x12, by the relation:

X12 ¼
x12
v0

RT ð16Þ

where v0 is a reference volume to normalize the value of x12. When comparing the
interactions for many different blends, the choice of v0 becomes arbitrary, as it is for
the statistical segment length (Eq. (5)). So herein the interaction energy density formu-
lation of Eq. (15) will be used.

The power of regular solution theory is that it provides a way to predict miscibility in
blends from parameters that are determined for the individual components. This basic
parameter is the so-called solubility parameter for polymer i, di, which is just the
square root of the cohesive energy density of the polymer (37). The cohesive energy is
that which holds the molecules of a substance together in the condensed (liquid) state,
and so is given by the heat of vaporization (40). Obviously, this cannot be directly deter-
mined for most polymers, since they degrade at temperatures well below those at which
they would boil. But one can get reasonable estimates of di from PVT measurements
and values can also be derived by redundancy from a large set of values for X12 when
the number of blends is significantly greater than the number of component polymers
(35). One caution for the reader is that values of di from group contribution schemes do
not work for polyolefins, as explained in reference 35.

Given the values of solubility parameters, it is quite simple to estimate the interaction
energy density, since:

X12 ¼ ðd1 ( d2Þ2 ð17Þ

On the other hand, by measuring X12 for many pairs of polymers, one can extract values of
di for the components, given the value for just one of them. (Herein, the reference value is
taken to be that for atactic polybutene, determined from PVT evaluation of internal
pressure.) Such an assignment becomes more well founded the greater the number of
blends measured, and the greater the redundancy of assigning solubility parameters.
The values for the 17 polymers in Table 2 come from measuring X12 for 42 blends over
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a range of temperatures. Note that the derivation of d’s from X12 needs to be performed at
each temperature separately. Cohesive energy density, and so d, generally decreases as T
increases, but at different rates for each polymer. Thus, even under regular solution theory,
all kinds of phase behavior (LCST and UCST) can be seen.

In Fig. 2, the values of d/r are plotted vs. lp, showing that there is a clear correlation of
solubility parameter with chain dimensions, as reported by several authors (35, 45). To
enable the prediction of miscibility, the question then arises as to how to translate this
observation into a formula for determining d directly from data or calculations of chain
dimensions. It has recently been shown (18) that a reasonable answer can be found in
the PRISM theory of Schwiezer and Singh (17). This is based on a theory of liquids
that has been successfully applied to many polymer problems. A quite simple expression
for the dependence of d on temperature and chain dimensions comes from this model:

d ¼ rNA

m0

2p1a3

1þ ðlp=2paÞ
# $

" #1=2

ð18Þ

In Eq. (18), a and 1 are parameters that represent the length and energy scales of the inter-
actions between the polymers. Fitting the values in Table 2, we find that a ¼ 0.80 nm and
1 ¼ 6.53 ) 1024 eV, or 1/k ¼ 7.6K (taking m0 ¼ 14 g/mol for a methylene unit), which
are reasonable values for the van der Waals potential typical of polyolefin blends. The
power of Eq. (18) is that it allows the prediction of polyolefin miscibility from simply
knowing chain dimensions, as will be demonstrated in the last section.

Models of Chain Dimensions

Equations (8) and (18) give us powerful tools to allow the prediction of some basic
physical properties of polyolefin melts (i.e., their degree of entanglement and their misci-
bility with other polyolefins) if we know the dimensions of the chains that comprise these
materials. While many of these dimensions are known (see Table 1), this predictive power
becomes all the more useful if ways to estimate the sizes of polyolefin molecules can be
found, especially for those that have not yet been synthesized. Direct measurement of melt
chain dimensions by neutron scattering (10) is the surest way to such data, but this generally

Figure 2. Plot of d vs. lp for polyolefins. Solid line is Eq. (18) with a ¼ 0.80 nm and 1/k ¼ 7.6K.
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requires access to deuterated polymers and a neutron source. Estimates of the bulk melt
dimensions are sometimes possible from dilute solution, theta-state values, but this only
gives a qualitative idea of chain size, and not a numerical value (6). One method that
often works to calculate polymer dimensions from first principles is the rotational
isomeric state model (11), but for many polyolefins this has given results at odds with
experiment (6). A promising new correlation of polyolefin chain dimensions with
chemical structure has recently been found, and this is described in the rest of this section.

This correlation comes from an observation of how the dimensions of chains depend
on a simple feature of the chemical architecture, which is mb, the molecular weight per
backbone bond (46). In Fig. 3, lp is plotted vs. mb at 1908C. While there is not yet a
clear physical model for these relations, it has been found that the dimensions of most
polyolefin chains obey the following relations with mb at 1908C (for lp in units of nm):

lp ¼ 0:0333m1:30
b 14 g=mol , mb , 28 g=mol ð19aÞ

lp ¼ 0:627m0:42
b mb . 28 g=mol ð19bÞ

Of course, the values of lp depend on temperature, but this dependence is fairly small and
of secondary importance to that on mb. Moreover, the temperature dependence of lp is
quite similar for most polyolefins, so the relative rankings are fairly consistent at all
temperatures. Therefore Eq. (19) satisfies the main objective of a reasonable estimate of
entanglement and miscibility attributes. It is clear from Fig. 3 that the relations in
Eq. (19) work quite well for most cases. The clearest outlier is s-PP, followed by PIB.

As explained in reference 46, the variation of lp with mb is mostly due to changes in
the “thickness” of the chain (i.e., how much of the chain is in the side branches instead of
in the backbone), but also is partly a result of differences in chain stiffness (i.e., the
tendency for trans vs. gauche rotations). A good way to separate out the effects of
stiffness is to look at how C1 depends on mb. This is shown in Fig. 4, and from
Eqs. (6) and (19) we have, at 190 8C:

C1 ¼ 16:1m(0:30
b 14 g=mol , mb , 28 g=mol ð20aÞ

C1 ¼ 0:859m0:58
b mb . 28 g=mol ð20bÞ

Figure 3. Dependence of lp on mb at 1908C. Solid line is from Eq. (19).
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Another representation of this is to plot C1 vs. f, the fraction of carbons that are in the
backbone. For polyolefins f is given by 14/mb. This gives the corresponding dependence
of C1 depends on f, which is shown in Fig. 5:

C1 ¼ 7:29f 0:30 0:5 , f , 1:0 ð21aÞ

C1 ¼ 4:14f(0:58 f , 0:5 ð21bÞ

In Fig. 5, one can see that C1 reaches a minimum of about 5.9 at f ¼ 1/2, that is, when half
of the polymer is in the backbone and half is in the branches. This applies to both atactic
polybutene, with an ethyl branch for every two backbone carbons, and an ethylene-octene
copolymer with 33mol% octene, with a hexyl branch for every six backbone carbons.
One might speculate that this is the point at which the presence of the branches is most
effective at changing the bond rotations of the backbone, that is, at increasing the
proportion of gauche rotations. For f . 1/2, there are significant long stretches of
methylene segments that will favor trans rotations. For f , 1/2, the branches are longer
than the spacings between them, and so the chain cannot twist enough to avoid

Figure 5. Dependence of C1 on f at 1908C. Solid line is from Eq. (21).

Figure 4. Dependence of C1 on mb at 1908C. Solid line is from Eq. (20).
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eclipsing of the branches with each other. However, it would be good to put this empirical
observation on a firmer foundation of understanding. Moreover, it is important to point out
the exceptions to this rule, such as sPP and PIB, as the utility of such materials depends on
their special values of chain dimensions. However, the relations shown in Eqs. (19), (20),
and (21) can be used to give a rough estimate of the dimensions of most polyolefins, and so
an estimate of their melt properties. Some examples of these predictions are given in the
next section.

Predictions

Plateau Modulus

The applications where a particular polymer will be useful depend to a large degree on its
plateau modulus. For example, the tensile modulus of crosslinked elastomers depends not
only on the level of curing that is present, but also on the entanglements that are trapped by
the chemical crosslinks (47). For this reason, ethylene-propylene elastomers have a higher
level of tensile strength than other rubbers (see ref. 47, Fig. 24, and Table 8). On the other
hand, for adhesive applications, a low plateau modulus is desired, as captured in the well-
known Dahlquist criterion (48). The low modulus is needed to ensure that the adhesive
will flow over all of the asperities on a surface and so provide a large bonding area and
good adhesion. So there is a need to provide polyolefins with a wide range of plateau
modulus, and to show how this is controlled by chemical architecture.

An example is given in Fig. 6, where the predictions of Eqs. (8) and (19) for the
plateau moduli of ethylene- and propylene-copolymers are shown. For the available
data, these descriptions work well (as discussed above), but most of the copolymers
indicated in the figure have never been made. As a class, it is clear that propylene copo-
lymers have a much lower plateau modulus than ethylene copolymers. The influence of the
amount and length of the short braches is also apparent. The Dahlquist criterion is also
shown in Fig. 6, showing where one might expect good adhesive behavior. It is clear

Figure 6. Plateau moduli of ethylene and propylene copolymers.
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how the kind of information contained in Eqs. (8) and (19), and Fig. 6, can be used to
define promising areas in which to explore new product opportunities that depend on
rheological performance.

Miscibility

The solubility parameters of polyolefins can be estimated from Eqs. (18) and (19) in a very
direct way. For instance, the variation in d with comonomer content can be derived for
various ethylene copolymers. This is shown in Fig. 7 for T ¼ 1678C. There is a regular
drop in d as the amount and length of the short chain branches increase. (Note that such
a dependence of solubility parameter on comonomer could never be predicted by any
group contribution scheme.) As mentioned above, these relations are well founded on
neutron scattering and PVT measurements (35). The predictions of Eqs. (18) and (19)
as seen in the curves in Fig. 7 can be used to predict the miscibility of blends for which
there are no direct data on the thermodynamics. For example, these relationships
explain very well the miscibility behavior shown by various ethylene-octene copolymers
with each other (49).

We can also use it to understand which ethylene copolymers will be miscible with
polypropylene (50). This can be seen in Fig. 8, where scanning electron micrographs of
blends of several ethylene copolymers with polypropylene are shown. All of the blends
were 80 wt% PP and 20 wt% of the copolymers. The copolymers have been extracted
with hexane to produce these samples, so the holes seen are where the copolymer used
to be. For the two ethylene-propylene copolymers, it is perhaps not surprising that the
90 wt% propylene EP is miscible with PP while the one at 54 wt% is not. However, it
is revealing that this situation is reversed for ethylene-octene copolymers, as can be
seen in Fig. 8c and 8d. This surprising result is a direct consequence of chain dimensions
of the copolymers, and how they compare with PP. It can be reconciled using Fig. 7, where
the predicted solubility parameters for the four copolymers shown in Fig. 8 are indicated
by the four boxes. The shaded box marked “miscibility region” shows the range of
solubility parameters for polymers to mix regularly with polypropylene when both
components have Mw ¼ 100 kg/mol (at 1678C). The blends with the two copolymers

Figure 7. Solubility parameters of ethylene copolymers at 1678C. The four boxes correspond to the
four copolymers in Fig. 8.
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that were predicted to fall into this miscibility region (the 90 wt% propylene EP and the 56
wt% octene EO) did indeed show a single-phase morphology, while the other two mixtures
were clearly immiscible. There is thus a good correlation of the predictions with exper-
imental miscibility. Again, let me caution that this model will not predict all of polyolefin
miscibility, and that the behavior of some important systems such as polyisobutylene
blends is irregular (38). However, the great majority of polyolefin blends obey these
relations, and this simple scheme gives us a very good way to begin to estimate the
thermodynamics of these important materials.

Future Areas of Work

In this paper I have shown how we now have some basic understanding of the way two of
the most important parameters that determine the properties of polyolefins, the degree of
entanglement and mutual solubility, are related to the chemical nature of the chains.
This understanding has translated into some highly useful tools for designing new
materials based on either existing or novel polyolefins. The fact that we have found
success for GN

0 and X12 should give one confidence that a similar degree of understanding
can also be achieved for other basic properties. It is known that some mechanical
properties, such as yield stress (51) and tensile performance (52) can be related to
entanglement. We might also hope to relate other basic properties, such as glass transition
temperature, monomeric friction factor, crystallization kinetics, and crystal structure back
to the chemistry of the chains. If this can indeed be done for polyolefins, then such work
could serve as a model for doing so for polymers in general. I believe that the results
outlined herein represent just the first step toward realization of Paul Flory’s dream of
directly relating the performance of polymeric materials back to the configurations of

Figure 8. SEM micrographs of 80/20 PP/copolymer blends. Samples were extracted with hexane
at room temperature to reveal location of soluble copolymer domains.
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the chains from which they are made. But they do show that such a path can be traveled
and point the way to the next steps.

Appendix

Name Description
alt-PEB essentially alternating poly(ethylene-co-1-butene)
alt-PEP essentially alternating poly(ethylene-co-propylene)
a-PB atactic poly(butene-1)
a-PDEC atactic poly(decene-1)
a-PHDEC atactic poly(hexadecene-1)
a-PHEX atactic poly(hexene-1)
a-POCT atactic poly(octene-1)
a-PP atactic polypropylene
a-PPEN atactic poly(pentene-1)
EBRx ethylene-butene random copolymer with x mole percent butene

incorporation
EHRx ethylene-hexene random copolymer with x mole percent hexene

incorporation
EODRx ethylene-octadecene random copolymer with x mole percent octade-

cene incorporation
EORx ethylene-octene random copolymer with x mole percent hexene

incorporation
EPRx ethylene-propylene random copolymer with x mole percent propylene

incorporation
HHPP head-to-head polypropylene; HPDMBd-100
HPDMBd-x hydrogenated poly(dimethyl butadiene) containing x% 1,4 units
HPI-x hydrogenated polyisoprene, x ¼ 3,4 content of parent polyisoprene
HPMyrc-x hydrogenated poly(myrcene) with x% 3,4
i-PHDEC isotactic poly(hexadecene-1)
i-PHEX isotactic poly(hexene-1)
i-PPEN isotactic poly(pentene-1)
PCHE atactic poly(cyclohexylethylene); via the hydrogenation of polystyrene
PE polyethylene
PIB polyisobutylene
PPT poly(pentenamer)
s-PHEX syndiotactic poly(hexene-1)
s-POCT syndiotactic poly(octene-1)
s-PPEN syndiotactic poly(pentene-1)
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