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ABSTRACT: Wecompute fluctuation corrections to the Flory—Huggins theory for athermal or nearly athermal
polymer mixtures. These excess free energy contributions arise from architectural and flexibility differences
between components, are quasi-universal, and are generally positive, favoring demixing. Specific cases
considered are binary blends of linear homopolymers, homopolymer/block copolymer mixtures, and blends
of branched and linear homopolymers. We identify invariant parameters and mixing rules for such systems
that may facilitate the design of miscible polyolefin blends.

I. Introduction

The Flory-Huggins theoryl?2 has proven to be an
extremely versatile and convenient framework for de-
scribing the thermodynamic properties of molten polymer
mixtures. This theory, which is a natural extension of
regular solution theory for simple liquids, is based on the
following expression for the free energy density of mixing
of a binary system:

aF _ __Q - -

kBT N1 . ——ng¢+ 1n(1 ¢+ ap(l-¢) (L.1)
where ¢ is the volume fraction of component 1 and volume
changes on mixing are neglected. The total molecular
volume of the ith species, N;v;, has been decomposed into
the volume of a statistical repeat unit, v;, multiplied by
the average number of segments per macromolecule, N,
The first two terms in eq 1.1 represent the translational
entropy of an ideal solution of macromolecules. The final
term is an approximation for the excess free energy density
of a binary mixture and was originally assumed to derive
from purely enthalpic origins, namely, from differences in
potential energy of close interactions between segments
of the two species. It is common in the polymer literature
to express the interaction energy density a in dimensionless
form as a “Flory x parameter” defined by34

X = a(v,vp)/? (1.2)

although this procedure is unfortunate, because «a is an
invariant (1ndependent of how statistical segments are
defined),?#4 while x is not.

Equation 1.1, with a treated as a phenomenological and
adjustable parameter, is capable of reproducing a large
number of phase diagrams for binary polymer blends.
However, significant composition dependence must often
be ascribed to «. Moreover, the temperature dependence
is usually not consistent with a purely enthalpic excess
free energy; a can often be parameterized as a = A(¢)/T
+ B(¢). The second term in this expression indicates an
entropic contribution to AF/kgT that evidently depends
on the local liquid structure, at and below the length scale
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of a statistical segment. Flory,® and later Sanchez and
Lacombe,’ suggested approximate but useful methods for
incorporating local corrections to Flory-Huggins theory
associated with finite compressibilities and thermal ex-
pansivities. In more recent years, Dudowicz and Freed’
have developed systematic methods for correcting Flory-
Huggins theory to include details of monomer shape and
tobetter capture local monomer correlations. Recognizing
that related issues of miscibility in simple liquid mixtures
are best resolved in terms of continuum liquid state
theories,? Schweizer and Curro®1® extended the highly
successful reference interaction site model (RISM)!!
approach to polymer blends.

Except in close proximity to a critical consolute point,
mixtures of simple molecular fluids rarely have density
and composition correlations that persist over distances
that exceed a few molecular diameters. Hence, in such
systems the local liquid structure plays an integral role in
determining the thermodynamics of mixing and we expect
approximate parameterizations such as a to be highly
dependent on the details of molecular shapes and sizes.
In polymer blends, however, due to the intramolecular
connectivity, there naturally exist correlations in species
density over arange of length scales between the monomer
size and the radius of gyration. (Near a critical point,
even longer ranged correlations are possible.) Indeed, the
correlation hole effect!? is a direct and measurable
consequence of this nonlocalliquid structure, i.e., segment
density correlations on scales that can greatly exceed the
segment length or monomer size. Although this point is
generally not appreciated, there may also be significant
contributions to the excess free energy of polymer mixtures
associated with such nonlocal liquid structure. The
polymer RISM approach®10 naturally incorporates these
contributions due to its simultaneous treatment of intra-
and intermolecular correlations. Indeed, predictions®10
of an N; dependence of o under certain conditions is a
manifestation of nonlocal correlation effects. The lattice
approach of Dudowicz and Freed may also be capable of
including such longer ranged correlations, although to our
knowledge this has not been explicitly demonstrated.

Contributions to the excess free energy (or o) for polymer
mixtures arising from nonlocal correlations are of great
interest because they may possess partial or complete
universality. Complete universality would imply, for
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example, that all polymer mixtures, when prepared with
the same values of measurables such as radii of gyration
and withidentical architectures, would have have identical
values of o independent of the chemical details of the
monomers employed. Partial universality might imply
that a contribution to the excess free energy could be
factored into a part with complete universality and asecond
part that depends on the local liquid structure. As we
shall see below, even such partial (or quasi) universality
can have important implications for the design of miscible
polymer blends.

While nonlocal contributions to the excess free energy
can in principle be studied by computer simulation
methods or numerical approaches, such as RISM, it is
often the case that universal or quasi-universal contribu-
tions can be more easily extracted by using field-theoretic
methods that coarse-grain or smooth out chemical details
below the statistical segment length scale. These methods
have the virtue that simple analytical expressions can
often be obtained. In a recent communication,!® we
reported on the results of such a calculation for an athermal
binary blend of homopolymers with unequal statistical
segment lengths. We found a nonlocal contribution to a
for this system arising from correlated composition
fluctuations on intermediate length scales between the
segment scale and the radius-of-gyration scale. Although
the result exhibits only partial universality in the sense
described above, it does suggest a combination of invariant
pure-component parameters that should be closely matched
for the two components in order to promote miscibility.
To our knowledge, these parameters have not been
previously associated or correlated with polymer-polymer
miscibility, and it is our belief that this recognition could
have profound commerical implications.

In the present paper, we provide the derivation of the
result announced in this recent communication and extend
the approach to mixtures of components that differ in
architecture as well as in conformational properties. We
also discuss mixtures of copolymers and homopolymers,
but to simplify the analysis, we restrict consideration to
athermal blends in which the enthalpic contribution to o
is either identically zero or negligible compared to the
entropic contributions identified below. It appears that
a number of important polyolefin mixtures may fall in
this category.!#1® Finally, we note that Olmsted and
Milner!® have recently followed a similar approach to
explore the role of block size on the miscibility of block
copolymers and homopolymers, although in their study
the segment lengths and volumes were precisely matched
so that the conformational asymmetry effects identified
below vanish identically. Also closely related is some
recent analytical work by Schweizerl” on a new closure
scheme for the polymer RISM equations. Although he
did not consider mixtures of architecturally different
polymers, his results for conformationally asymmetric
athermal blends appear to be similar and complementary
to our findings in section IIL.A.

II. Free Energy of an Athermal Binary Blend

A. General Approach. In the present section we
outline a theoretical approach to computing excess
contributions to the free energy density for a general binary
mixture of athermal polymers. The two componentsunder
consideration, which will be labeled 1 and 2, could be
homopolymers, either branched or linear, or copolymers
of arbitrary sequence distribution and architecture. Our
primary restriction is that the various branches, or blocks
in the case of copolymers, must be long enough for Gaussian
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statistics to apply in the pure component melt. Thus, our
analysis may not apply to certain copolymers that lie
intermediate to block (or graft) and random architectures.
The binary melt is further assumed to be athermal and
the local liquid structure is ignored in our model and
replaced by a constraint of local incompressibility, In a
canonical ensemble in which a total of n; + ny chains fully
occupy a volume V, the configurational partition function
can thus be written as

1
7=

J DR expl-H,R)/k5T1 [ 006,00) + §,0)]

n,'n,!
112 k=0 @1

where [DR denotes integration over the positions of
all statistical segments of each species and Hy(R) is a
Hamiltonian for a collection of n; + ny noninteracting
chains of the two species. We assume Gaussian statistics
for the pure components, so that for example in the case
of a blend of two linear homopolymers, Hj is given by

3 ! N, de)z
H,R)/kgT = — 'ds (——— +
TR gy ; J ds

where b;,bp and Ni,N; denote the statistical segment
lengths and numbers of statistical segments per chain,
respectively, of the two pure components. The notation
Ri(s) is used to represent the spatial position of the sth
statistical segment on the ith chain. Similar expressions
can be easily written for copolymers or branched molecules.
The only interactions between chains included in eq 2.1
are due to the last factor, which incorporates the constraint
of local incompressibility. The quantity ¢;(k) is the kth
Fourier coefficient of the microscopic volume fraction of
species i ({ = 1 or 2) and has explicit dependence on the
configuration of the segments, R. Again, precise expres-
sions depend on the system of interest, but for example
in the case of linear homopolymers ¢; is given by

n
Bk) =,y [ ds explik-R;(5)] 2.3)

=1

where v; denotes the volume of a type i statistical segment.
It should be emphasized that the k = 0 component is
excluded from the product in eq 2.1 because the k — 0
limit of eq 2.3 is proportional to the overall volume fraction
of species i, which does not fluctuate in the canonical
ensemble.

Our analysis of eq 2.1 proceeds with the replacement of
the terminal product of é functions by a functional integral
over a conjugate field J with Fourier components J(k).
This leads to the expression

Z = Z, DJ expln,G,(J) + nyGy D] (2.4)

where Z; is the partition function for the noninteracting
system

1

Z. =
0 n,lny!

AV (2.5)

and the functional G;(JJ) (j = 1 or 2) is defined by
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G{(J) = In(exp[i V! Z Ik,  (26)
=0

withi =+v/-1. On the right-hand side of eq 2.5, Z; denotes
the noninteracting, partition function of a single type j
chain, i.e., { DR exp[-Ho(R)/kpT]. Similarly, the average
denoted by (...)oon the right-hand side of eq 2.6 represents
asingle-chain average with Boltzmann weight exp[-Hy(R)/
kgT], and ¢,(k) in that expression is to be interpreted as
the contribution of a single chain of type j to the total 4,
given for example by an expression like eq 2.3.

Equation 2.4 is a representation for the partition
function of our model binary polymer melt that naturally
separates ideal and nonideal (excess) contributions to the
free energy of mixing. The Helmholtz free energy arising
from the first factor,

FO = _kBT ln Zo (2-7)

after separation of terms linear in the volume fractions of
the two species and division by the total volume, exactly
reproduces the first two (ideal) terms in the Flory-Huggins
expression eq 1.1. The logarithm of the second factor in
eq 2.4 (involving the functional integral over the chemical-
potential-like field J) thus represents the excess contri-
bution to the free energy. Because we have assumed an
athermal blend, this excess contribution is purely entropic
in origin, when expressed in the form of the last term of
eq 1.1., corresponds to a temperature-independent, but
composition-dependent interaction parameter a. (In
practice, we note that the pure component parameters b;
and v; are found to vary with temperature, so our
expressions for o will acquire a T-dependence when
experimentally determined values of these parameters are
employed.)

The functional integral over {J(k)} in eq 2.4 unfortu-
nately cannot be performed exactly. Moreover, the field
theory is actually ill-defined because the integrand of eq
2.4 does not sufficiently penalize fluctuations in Fourier
coefficients of the J field with very large values of k = |k|.
This deficiency is due to our neglect of the local liquid
structure and is critical for fluctuations with wavenumbers
k that exceed the reciprocal of the segment size. Fortu-
nately, we can cure the problem (i.e., eliminate divergences)
by simply introducing a large-k cutoff into all sums or
integrals over k that emerge from the theory. However,
it should be noted that all free energy contributions that
ultimately depend on the value of the cutoff, and hence
on the local liquid structure, are at best only quasi-
universal.

B. Gaussian Approximation. The functional G;(J)
that enters the integrand of eq2.4 hasaquite comphcated
dependence on J but can in principle be computed
systematically in powers of J by evaluating multipoint
correlation functions of single-chain density.181? In the
present paper we restrict consideration to the simplest
possible approximation for the mtegral in eq 2.4, which
results by truncating the expansion of G;(J) at second
order in J. The resulting integral is therefore Gaussian
and can be performed analytically. A similar approxi-
mation for polymer solutions is discussed in section 5.2 of
the text by Doi and Edwards.!®

It appears to be very difficult to rigorously justify the
Gaussian approximation for the most general type of binary
blend treated here. Indeed, the field theory defined above,
when applied to the blend of linear homopolymers
considered in section IIL.A, is particularly ill-behaved and
higher order free energy contributions (so-called “loop”
corrections) are apparently of the same order as the
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Gaussian corrections retained here.?0 Nevertheless, the
Gaussian approximation yields physically reasonable
answers, gives corrections to Flory-Huggins theory that
are arbitrarily small as conformational and architectural
differences between components vanish, and identifies
some very useful invariant combinations of parameters
that control miscibility. Moreover, for the linear/branched
blends treated in sections III.C. and III.D, the Gaussian
approximation is apparently the first of a series of
systematic approximations and provides the leading-order
excess free energy contribution for low densities of branch
points. Thus, in the present paper we explore the
implications of the Gaussian approximation without
concerning ourselves with its justification. The latter will
be deferred to future work.

Invoking the Gaussian approximation, the functional
integral in eq 2.4 can be reduced to

Z=2,{ DJ expl-1/2V) ; I(k) Ik 6,5,k +
#0

$,S,(k))1 (2.8)

where S;(k) is proportional to the structure factor of a
noninteracting type j chain:

Sik) = %(&,-(k) $,(-k))q 2.9)

In the above equations, V; denotes the total volume of a
type j molecule and ¢; = n;V;/V is the average volume
fraction occupied by speciesj. Because of our assumption
of incompressibility, ¢2 = 1 — ¢;. The final step is simply
to perform the Gaussian integral over J and take minus
thelogarithm of the result. This gives an excess free energy
density that can be written compactly in the thermo-
dynamic limit as

FE/k,T = 2(211r . (B) + 6,5,(]  (2.10)

where we have disregarded terms linear in ¢;. The total
free energy density of mixing in the Gaussian approxima-
tion is thus

AF/kgT = i;-‘ Ing, + %“1 In ¢, + F¥/kgT (2.11)
1 2

Finally, because we will be particularly interested in
studying the spinodal curves predicted by eq 2.11, it is
convenient to give a special name to the second derivative
of FE with respect to ¢ = ¢;:

-1 FF_
B 2kBT a¢2
]_ Ab S1(k) - Sz(k) 2

2.12
8x* ¢S (R) + (1 - ¢)8,(k) @12
In this equation we have incorporated a high-& cutoff at
a value Ay ~ (b1by)-1/2 as discussed above. Moreover, we
have chosen the symbol «, for the second derivative of FE
because it plays the same role in the spinodal equation as
the interaction density « in the Flory-Huggins theory (cf.
eq 1.1), so in this sense can be thought of as an entropic
contribution to the interaction density or x parameter.
Nevertheless, a, is composition dependent and thus
confusion may arise unless one keeps the definition eq
2.12inmind. Inparticular, an effective interaction density
might be defined by comparing the last terms in eqs 1.1
and 2.11: a.y = FE/[kgT¢(1 - ¢)1. Finally, we note that
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with the above definition, the spinodal equation (32AF/
d¢? = 0) can be written simply as

1 1

1 i1  _9=0 2.13
Vie Vyl-¢) (2.13)

II1. Applications

A. Binary Blends of Linear Homopolymers. Asa
first application of the Gaussian approximation outlined
above, we reproduce the expression for a. reported
previously by Bates and Fredrickson for a binary mixture
of two homopolymers.1® Specifically, we consider a blend
of type A homopolymers, each chain consisting of Na
statistical segments of segment length bs, with type B
homopolymers, each with Ng segments of length bg. The
molecular volumes of the two species can be expressed as
Vi = Njv; i = A or B). The structure factors for a single
chain of the two pure components are well-known!? and
can be expressed as

S;(k) = Npyg(x) (3.1)

where x; = (kR))? and R = N;b2/6 denotes the mean
squared radius of gyration of species i. The function g(x)
is the familiar Debye function

g(x) = 2x72[x + exp(~x) - 1] 3.2)

which has the limiting behaviors g(x) ~ 2/x — 2/x2 for x
» land g(x) =~ 1 ~x/3 for x «< 1.

Substitution of eq 3.1 into eq 2.12 leads to an integral
over k that can be broken into two intervals, (0, Ag) and
(AR, Ap), where Ap is a wavenumber that is of order the
reciprocal of the smaller of the two pure component radii
of gyration. Unless the conformational properties of the
two species are extremely closely matched (as defined
below), it is generally the case that the contribution to the
integral from the second interval, which is of order A3,
greatly exceeds the contribution from the first interval,
which is O(Ag%). Inserting the asymptotic form g(x;) =
2/x; into eq 2.12, it follows that «, is given approximately
by

AS 1- B/ T
a, = ”2[ /P 2] (3.3)
2472 ¢ + (1 - $)(8,/Bp)
where
b-2
2_ ¢
Bl =5 (3.4)

i

are the invariant (independent of segment definition)
parameters introduced by Helfand and Sapse.?

Equation 3.3, because of the dependence of the factor
Ap® on local liquid structure and hence on the chemical
details of the segments, is only quasi-universal. Never-
theless, the second factor in eq 3.3 is universal for all
homopolymer blends with the same ratio of 3’s and average
volume fraction ¢ = ¢o. Thus, an obvious path to
identifying miscible polymer blends (in the absence of
specific interactions) would be to find components for
which

€= (B4/8p)* (3.5)
is as close to unity as possible, thereby minimizing the

second factor in eq 3.3. Indeed, Bates et al.l4 have
demonstrated that this approach can successfully correlate
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the experimental phase behavior of a number of polyolefin
mixtures and block copolymers. The beauty of this method
is due to the simplicity of eq 3.3 and the fact that the
“conformational asymmetry” ratio e depends only on pure
component determinations of radii of gyration and mo-
lecular volumes (note that 8;2 can be expressed as R;2/ V).

A few more comments regarding eq 3.3 are in order.
First of all, we note that the parameters 8; would seem to
be local quantities, because they define lengths that are
of order the segment size. However, these parameters
arose naturally by summing the contributions of chemical
potential (i.e., J) fluctuations to the free energy density
on a broad range of length scales between the segment size
and the radius of gyration. Thus, they truly reflect
nonlocal packing and conformational effects; the univer-
sality of the second factor in eq 3.3 is indeed a consequence
of thisnonlocality. A second pointisthatthe 8; parameters
emerge from theories of nonuniform systems, like the
asymmetric polymer—polymer interfaces studied by Hel-
fand and Sapse,’ at the mean field level of calculation. In
the present case of a uniform, homogeneous blend, an
assessment of fluctuation corrections to mean field theory
(Flory—Huggins) was required to uncover the 8; dependence
of the excess free energy. Another important prediction
made by eq 3.3 is the explicit composition dependence of
a,, which influences the spinodal though eq 2.13. If ¢ =
(84/BB)? > 1, implying that component A is conforma-
tionally more extended in pure form than B, then . is a
monotonically increasing function of the volume fraction
of A, ¢ = ¢a. This implies that adding a small amount of
a low-3 component to a high-8 melt is less likely to lead
to miscibility than the addition of a small amount of a
high-8 component to a low-8 melt. Indeed, such asym-
metry in phase behavior has been observed in one of our
laboratories for several different polyolefin blends.2!
Finally, we note that expressions similar to eq 3.3 have
been recently derived by Schweizer!” on the basis of a new
closure scheme for the polymer RISM equations. Although
the relationship between the present approach and
Schweizer’s more ambitious study will require further
investigation, it is evident that they provide complemen-
tary information on the quasi-universality of conforma-
tional asymmetry effects in polymer blends.

In practice, eq 3.3 must be used cautiously since o may
contain additional local excess free energy contributions
as described earlier.’® Moreover, the usual parameter-
ization a = A(¢)/T + B(¢), which ascribes entropic excess
free energy to B(¢), will not properly account for the
temperature dependence of the 8;’s. For most hydrocarbon
polymer melts,!42 g In v;/3T =~ 6.5(%1.5) X 104, leading
to a 5-8% increase in segment volume per 100 degrees
centigrade of temperature elevation. In contrast, the
thermal expansion factor for the polymer coil dimensions
can be either positive or negative;22 representative values
are d In Rpg/dT = —0.6 X 1073, 3 In Rpgp/dT = 0.6 X 10-3,
and 9 In Rpgp/dT = 2.0 X 10-3, where PE, PEP, and PEE
denote poly(ethylene), poly(ethylenepropylene), and poly-
(ethylethylene), respectively. Thus, 3may havesignificant
and interesting temperature dependence; 8 In 8pr/dT ~
-1.8 X 103, 631n Brep/dT =~ —1.8 X 103, and 3 In Bprr/dT
~ —0.4 X 103,

A particularly interesting aspect of this thermal effect
isthat a, may either decrease or increase with temperature.
For example, if 84 > Bp, but 8 In 84/3T < dIn Br/3T, then
increasing temperature would initially decrease «.. How-
ever, if 84 and Sp are sufficiently closely matched to begin
with, then after reaching the ideal mixing condition (e =
1), further increases in temperature will lower the mis-
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cibility since (1 —¢) in eq 3.3 will change sign. This implies
that we can anticipate lower critical solution temperature
(LCST) behavior for certain combinations of nonpolar
hydrocarbon polymers, a result that runs counter to
classical arguments.

B. Binary Mixtures of Homopolymers and Copoly-
mers. On the basis of the above results for a blend of two
homopolymers, a very promising scheme for designing
miscible blends (in athermal, or nearly athermal, systems,
e.g., polyolefins) would be to try to design a copolymer
whose “mean” 3 closely matches the 8 of some homopoly-
mer of interest. Infact, this approach has been successfully
implemented in the literature.! However, the appropriate
“mean” to employ in such applications is not obvious. An
important application of the present theory is thus to
establish the appropriate (hopefully universal) mixing rules
necessary to compute an effective value of 8 for a copolymer
component.

To begin our analysis, we consider a binary mixture of
a type A linear homopolymer (N4 segments of length by)
with a B-C diblock copolymer (Ng segments of length bg
linearly connected to N¢ segments of length b¢c). For the
purpose of applying the formulas of section II, we will
subsequently refer to the homopolymer as species 1 and
the copolymer as species 2. The statistical segment
volumes of the three types of segments will be denoted by
va, U, and ve. It also proves convenient to define a
compositional parameter for the diblock species, namely,
the volume fraction of type B segments:

f = Ngvg/(Ngvg + Ncvg) (3.6)

With these definitions, we simply require the scattering
functions of eq 2.9 for each component. For the homo-
polymer component 1, the appropriate expression is again
given by eq 3.1. For a diblock copolymer, the scattering
function Sy(k) has been worked out by Leibler.1® (Actually,
we have generalized Leibler’s result to allow for unequal
segment lengths and volumes.) Asinthe previoussection,
however, only the intermediate k asymptotic behavior of
the two scattering functions is required to extract the
leading-order contribution to a. [The corrections are
smaller by (Ag/Ap)3 with the scale of Az determined by
the smallest of the three radii of gyration, R4, Rp,and Rc.]
We find the simple result that at intermediate k, i.e., Ag
< k < Ap, both structure factors can be written in the form

S;(k) ~ 2(kB)2 (3.7

where 8 = 84 for the type A homopolymer and the effective
B for the B~C copolymer component is given by

B2 =fBg+ (1- B (3.8)

Thus, the appropriate “mean” 8 parameter for a diblock
copolymer component is not a simple volume fraction
weighted arithmetic mean of 85 and 8¢, but is given by the
more complicated expressionineq 3.8. The corresponding
expression for the “entropic” interaction density . of the
homopolymer/diblock blend is strictly analogous toeq 3.3:

_ Al [ 1-(B,/8,)* ]“’
247!'2 ¢ + (1 - ¢)(B1/.32)2

where ¢ = ¢, is the volume fraction of homopolymer.
It turns out that eqs 3.8 and 3.9 have more general
applicability than to just homopolymer/diblock copolymer
blends. If we extend the above analysis to binary mixtures
of type A homopolymers with other types of B-C block

(3.9)

@,
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copolymers, e.g., triblock or multiblock copolymers, we
find precisely the same expressions for the effective
copolymer 8 and for o asgiven above. Thisfollows because
the scattering function of a B-C block copolymer in the
intermediate k regime (i.e., length scales between the
segment size and the smallest block size) is independent
of the sequence distribution, degree of polydispersity, and
architectural arrangement of the B and C blocks. In this
regime, which provides the dominant contribution to «,,
only the copolymer composition f is relevant and the
effective 8 for the copolymer is given in terms of pure
component §’s by eq 3.8, regardless of architecture.

The above conclusions continue to hold until the mean
block size becomes so small that Gaussian statistics no
longer apply for individual blocks within the pure copoly-
mer melt or until the corrections to eq 3.9 become
significant, i.e., when Ar/A, becomes O(1) with the scale
of Ap! set by the mean of the block size distribution
function. Thus, eqs 3.8 and 3.9 would not be expected to
hold for “ideal” statistical copolymers; in such cases the
effective value of 8 can generally not be expressed as a
universal function of the pure component 8’s and should
be determined by experimental measurement of R; and
V.

For statistical copolymers that are “ideal” or that have
a tendency for alternation, and in spite of the fact that
universality is not expected, a different mixing rule for 8
is probably more accurate than eq 3.8. If, for example, we
model the copolymer component as a freely jointed chain
with randomly distributed links of fixed lengths b and
bg, then it is easy to demonstrate that

B2 =R}V, = fBg? + (1 - PBE (3.10)

This expression is a good starting point for trying to design
arandom copolymer with an effective value of 3 that would
closely match the 8 value of a second component. Indeed,
experimental results obtained previously4 for a mixture
of PEP with a model PE-PEE random copolymer are in
quantitative agreement with eq 3.10.

C. Blendsof Chemically Identical Linear and Star
Homopolymers. In the previous two sections we have
investigated entropic corrections to Flory-Huggins theory
associated with conformational asymmetry effects, i.e.,
due to a mismatch in the backbone flexibilities and packing
characteristics of the two types of chains. However, our
Gaussian approximation for the free energy of mixing,
summarized by eqs 2.10~2.12, also predicts entropic
corrections associated solely with architectural asymmetry
between components. To investigate such effects, we have
analyzed two idealized types of binary homopolymer
mixtures: ablend oflinear and p-arm star homopolymers
composed of identical monomers, and a blend of linear
and branched (chemically identical) homopolymers with
the architecture depicted in Figure 1b.

In the present section, we discuss the linear/star blend
shownin Figure 1a. Component 1isalinear homopolymer
consisting of N statistical segments, each of length b and
volume v. Component 2 is a star homopolymer of the
same chemical constitution and has p arms with equal
numbers of segments, N2, The segment length b and
volume v are taken to be the same as for component 1, The
molecular volumes of single molecules of the two com-
ponents are thus given by V1 = Nyv and Vo = pNgv. To
evaluate the excess free energy density or o, in the Gaussian
approximation, we again require the single-chain structure
factors of the two pure components. For component 1, we
have from eq 3.1
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Figure 1. Schematic of the architecturally asymmetric blends
considered in the present paper. (a) A linear/star blend.
Component 1 is a linear homopolymer, consisting of V; statistical
segments, each of length b and volume v. Component 2 is a
p-arm star homopolymer, constructed from the same monomers
as component 1, with N, statistical segments per arm. (b) A
linear/branched blend. Component 1 is the same linear homo-
polymer as in (a). Component 2 is a graft polymer, again
constructed from the same type of monomer, with M statistical
segments per graft and L statistical segments between grafts.
The total number of repeated units of volume v(L + M) is denoted

by Q.
S,(k) = N,vg(x,) 3.11)

where g(x) is the Debye function of eq 3.2 and x; = (kR;)?
with R;2 = N;b?/6 as before. For the star homopolymer
component it is a simple matter to work out the corre-
sponding scattering function,?? assuming Gaussian sta-
tistics for each arm:

Sy(k) = Npwlgxy) + (0~ Dh* ]  (3.12)

In this expression, h(x) is a second Debye-like function
~ defined by

h(x) = x7[1 - exp(~x)] (3.13)

When the above expressions for S;(k) are substituted
intoeq 2.10 or 2.12, the contributions from various intervals
of the k integration can be investigated independently.
Provided that p > 1, it is possible to show that the
dominant contribution to the & integrals comes from the
interval (A, Ap), where A-!is a length scale determined by
the smallest of R, (linear homopolymer radius of gyration)
and R, (star arm radius of gyration). In this interval, the
S;(k) can be approximated by asymptotic expressions for
large k; however, it proves necessary to retain terms of
order k4 as well as the leading-order k-2 terms. Substi-
tution of these approximate expressions into eq 2.12 for
a, yields the following integral:

[2+ (p - 3)(R/R)™*
= 8r? %

2
§ dk - & — (3.14)
A [2(R1k) - 2¢ + (1 - ¢)(.D - 3)(R1/R2) ]

€

This integral, however, converges for A, — «, so we can
safely extend the upper limit to infinity. On rescaling,
the resulting integral can be written

[2+ (p - 3)(R,/Ry)*1®
o, =~ X
87%(2R,H¥*[(1 - ¢)(p - 3)(R,/Ry)*? - 2¢1'/*

[Cdx—E— (3.15)
oo (1+x9
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where

[ 2R %A%
%o

1/2
3.16
(1- )@ - 3)(R,/Ry)* - 2¢] (©.16

Evidently, the largest contribution to a. is possible when
(p - 3)(Ri/R2)? » 1, i.e., for large numbers of short arms
or large homopolymers. When this conditionis met (except
at compositions extremely close to ¢ = 1), we can set x¢
— 0 in the lower limit of integration and reduce eq 3.15
to the universal form

o~ 1 (p_3)3/2
© 647V2 (L-¢)'/2R,}?

From this expression it is clear that the entropic contri-
bution to the interaction density for a linear/star blend
grows (for large p) as the 3/; power of the number of arms
of the star and is inversely proportional to the cube of the
arm radius of gyration.

Next, we consider the implications of eq 3.17 for phase
separation of our model linear/star blend. Forthe present
purposes, it will prove sufficient to analyze the spinodal
equation, eq 2.13. By combining egs 2.13 and 3.17, the
condition for the stability limit of the homogeneous phase
of alinear/star blend can be written in dimensionless form
as

3.17)

_a8/2 V.
1. 1 1 _®-9""1_ 4 (319

¢ (V/VDA-9) 320V (1- )R,

where the V;denote the total molecular volumes of a chain
of each species as before. The first two terms in this
expression represent the ideal solution entropy of mixing
and are evidently smallest, i.e., O(1), when Vy/V; 2 1, The
last term on the left-hand side of eq 3.18 (the excess
contribution) thus must be of order unity for phase
separation to occur. Formally, this term scales as (p —
3)3/2N1N,~3/2(v/ b), although it is multiplied by a numer-
ically small coefficient, 3V/3/(167) ~ 0.1034. Asa prac-
tical matter, it is difficult to synthesize well-defined star
polymers with more than ~20 arms and, for the present
theory to apply, each arm must be long enough to be
Gaussian, requiring Ny = 10. Thus, the factor [(p - 3)/
N3]13/2is at best of order unity. Itisalsogenerally the case
that v/b? is significantly smaller than unity, often of order
10-1-10-2. Maintaining N1 =~ pNj, so that Vy/V; = 1, we
therefore conclude that phase separation may be possible
for p = 10-15 arm stars of arm length Ny ~ 10, mixed with
a N; =~ 100 linear homopolymer. This is of course an
extreme situation and depends sensitively on v/b3 not being
too small for the material selected.

For more conventional mixtures of linear and star
polymers with modest numbers of truly polymeric (N >
100) arms, the above considerations suggest that phase
separation due to architectural differences alone is un-
likely. Nevertheless, there may be a signature of the
nonideal thermodynamics described by eq 3.17 in the one-
phase region of such blends that is manifested, for example,
in scattering measurements. In particular, the composi-
tional asymmetry of eq 3.17 is pronounced, as in the case
of linear blends. It is apparent that addition of a low
concentration of stars to a linear melt is less favorable
thermodynamically than addition of a low concentration
of linear chains to a star melt.

We are not aware of published experiments dealing with
the thermodynamics of linear and star homopolymer
mixtures composed of a single type of repeat unit.
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However, there have been at least two reports describing
the phase behavior of linear poly(vinyl methyl ether)
(PVME) and star polystyrene (PS) with®® p=4andp =
222 In both cases the effects of the star architecture on
the phase diagram were small, in qualitative agreement
with our calculations.

D. Blends of Chemically Identical Linear and
Branched Homopolymers. From the above arguments
leading to eq 3.17, it is apparent that the value of a,in the
case of a linear/star homopolymer mixture is limited by
the fact that there is only one branch point per star
molecule and by synthetic constraints that restrict p tobe
less than ~20. A way to increase the nonideality of a
mixture of linear and branched, but otherwise identical
polymers is evidently to increase the concentration of
branch points on each branched macromolecule. To
explore this effect, we have studied a second athermal
mixture of chemically identical chains in which the linear
species is again a homopolymer of molecular volume V;
= UNj, but the branched species 2 has the architecture
shown in Figure 1b. The graft (comb) architecture of the
second component has grafts of M statistical segments,
spaced evenly along the linear backbone every L statistical
segments. The periodically repeated unit, with molecular
volume v(L + M), isrepeated @ times, for a total molecular
volume per polymer of V, = vQ(L + M). Of primary
interest will be cases of short, but frequent branches, such
that the following conditions are satisfied: 1 « L, M «
QL, Ni. We note that the left inequality is required to
ensure Gaussian chain statistics.

As before, we proceed in our analysis by determining
expressions for the single-molecule structure factors of both
species. For the homopolymer, the required expression
for Si(k) is again given by eq 3.11. It is relatively
straightforward to derive an expression for the structure
factor of the graft polymer depicted in Figure 1b, assuming
that both backbone and grafts obey Gaussian statistics.
Because the largest contributions to o, arise from chemical
potential fluctuations with values of k-1 that are smaller
than either the linear polymer radius of gyration R; or the
branched polymer backbone radius of gyration Rrq =
b(LQ/6)!/2, the expressions for the S;(k) can be simplified
for this restncted range of k. For such k, we find, for the
linear polymer,

2
(kB)*

where 32 = b?/(6v), while for the branched species,

S, (k) ~ (3.19)

Sytk) ~ 5 M{ng(x,) + M?g(x,y) + 2LMh(x;) h(x,) +

2L xL'lh(xL) + 2LMxL'1h(xM)[1 + exp(~x;)] +

ep( %)

2M?h*(x )T )} (3.20)

P2,

In this expression, we have again used the notation x; =
(kR,)2 with radii of gyration B12 = Lb%/6 and Ry = Mb?/

Substltutmn of the above expressions into eq 2.12 leads
to a rather complicated integral for «.. Neglecting the
contributions from k < R-1, where R is a large length scale
corresponding to the smaller of R and R1g, and rescaling
the integral according to x = kRy, o, can be written

_ w(e,L/M)

a, = 3.21)
TZRMs (
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Table 1. Values of w{g,L/M)
LIM
¢ Ol 0.2 0.5 1.0 20 5.0 10.0

0 02171 0.1274 0.056870 0.02033 0.01275 0.003304 0.001017
0.1 0.2386 0.1379 0.06173 0.03028 0.01300 0.003337 0.001022
0.2 0.2671 0.1505 0.06620 0.03133 0.01327 0.003370 0.001028
0.3 0.3020 0.1659 0.06920 0.03247 0.013556 0.003404 0.001034
0.4 0.3473 0.1851 0.07386 0.03374 0.01385 0.003440 0.001040
0.5 0.4085 0.2098 0.07938 0.03515 0.01417 0.003476 0.001046
0.6 0.4950 0.2427 0.08603 0.03673 0.01451 0.003513 0.001052
0.7 0.6261 0.2885 0.09419 0.03852 0.01487 0.003552 0.001068
0.8 0.8462 0.3565 0.10446 0.04055 0.01526 0.003591 0.001064
0.9 1.2856 0.4677 0.11782 0.04290 0.01568 0.003632 0.001071
1.0 2.5580 0.6821 0.13596 0.04563 0.01613 0.003674 0.001077

where w(¢,\) is the following dimensionless function of
blend composition ¢ and the ratio of graft spacing tolength,
A= L/M:

201+ M) - SN

2
5 ] (3.22)
21+ Mg + (1-$)SE°N)

The function S(y,\) appearing in the integrand of the above
expression is defined by

w(g,\) = % ogdx x2[

Myg(\y) + y8() + 2\yh(y) h(\y) + 2Mh(Ny) +

exp( AY)
— (3.23
Xp(-Ay) (823

In Table 1 we have collected values of the function w(¢,L/
M) for a range of compositions and values of the archi-
tectural ratio L/M. In all cases we see that «, scales as
Ry3, is positive, and increases monotonically with in-
creasing ¢. This composition dependence is most pro-
nounced for small values of the ratio L/M, i.e., cases of
frequent long branches. Thus, as in the previous section,
we obtain the prediction that it is thermodynamically less
favorable to mix a small amount of a branched component
with a linear melt than to mix a small amount of linear
component with a branched melt.

The spinodal equation for the linear/branched blend
can be written in dimensionless form as

1 1
g 20V, =0 3.24
o WyVad-g) o @24

S\ =
2h(y)[1 + exp(-\y)] + 2yh2cy)

If the two components have roughly the same overall
molecular volumes, i.e., Vi =~ V,, then the homogeneous
mixed phase will lose stablhty for values of o, that are of
order V1. Based on the above estimates of «,, this will
occur when Ry ~ V1, or when the graft length M (assumed
to be of the same order of magnitude as the mean spacing
between grafts, L) is of order N,%/3. For grafts that are
shorter and more closely spaced than this critical value,
the present analysis based on the Gaussian approximation
predicts phase separation of the linear and branched
components. Inthe moregeneral case of L = M, as treated
explicitly in Table 1, it is possible to show that an
approximate criterion for phase separation is

1 b
L+M"™ V2/3

(3.25)

where ¢ is the fraction of branch points on species 2 and
Vg is defined as the minimum of Vy and V,

It is important to emphasize that phase separation of
branched/linear mixtures of chemically identical polymers,
according to the above criterion, should be easy to realize
in practice. Indeed, an extreme example (for which the
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Gaussian assumption is inapplicable) would be a blend of
linear polyethylene (PE) with poly(ethylethylene) (PEE).
PEE can be thought of as a branched polymer of the type
shown in Figure 1b, with L ~ M ~ 1. The fraction of
branch points ¢ is thus of order unity for PEE and greatly
exceeds the quantity on the right-hand side of eq 3.25 for
even modest molecular weights. Thus, PE and PEE would
not be expected to mix, and this proves experimentally to
be the case. Of course, the proper approach to modeling
this specific blend, where the branches are not sufficiently
long and dilute for Gaussian chain statistics to apply, is
todescribe both components as linear homopolymers with
different values of 3, following the procedure outlined in
section IILA. Indeed, based on experimental measure-
ments of pure component statistics, the asymmetry
parameter ¢ = (Bpg/Bprrr)? turns out to be ~3.1 for this
binary blend. By applying eq 3.3, this is again consistent
with the observed immiscibility of the PE-PEE blend.

A more practical example of this class of mixtures is the
controversial case of linear and branched polyethylenes
(i.e., high and low density). Recent experiments by Hill,
Barham, and co-workers??” have led to the authors to
conclude that mixtures of these compounds will phase
separate under certain conditions of temperature, com-
position, molecular weight, and branch content. However,
their results have been questioned by Alamo et al.,?8 who
find complete miscibility under all melt conditions for
similar blends. A comprehensive discussion of these results
is beyond the scope of our presentation. Furthermore,
certain experimental complications, most notably the
influence of isotope effects on some of the measurements,
should be evaluated before a quantitative assessment is
undertaken. It should also be noted that the branched
polyethylenes do not conform to the model architecture
depicted in Figure 1b; a treelike structure is probably more
appropriate. Nevertheless, we can comment on certain of
the trends reported.

Overall, the findings of Alamo et al.2® are much more
consistent with our theoretical predictions than the phase
separation behavior reported by Hill, Barham, and co-
workers.2827 In particular, the reported two-phase region
above the crystallization temperature occurs for mixtures
rather highly enriched in the branched component,
opposite to what we anticipate on the basis of the above
model calculations. Moreover, the finding? that this two-
phase region shrinks in size as the branch content is
increased is not in accord with the present theory.
Obviously, more experimental and theoretical attention
should be paid to this important class of architecturally
asymmetric mixtures.

IV. Discussion and Conclusions

In the present paper we have demonstrated how a
relatively simple field-theoretic approach can be used to
identify universal and quasi-universal features of the
thermodynamics of nearly athermal polymer blends.
Specifically, we have uncovered entropic corrections to
the Flory-Huggins theory that reflect differences in
conformational and packing properties of the pure com-
ponents and differences in gross architectural features such
as degree of branching. The universal nature of these
corrections results from the fact that they are associated
with intra- and intermolecular correlations of species
density on length scales intermediate between the sta-
tistical segment size and the radius of gyration scale. In
principle, corrections such as these that are independent
of local chemical details, but sensitive to mesoscale
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conformational and architectural properties, are contained
in more microscopic approaches such as those based on
classical liquid state theory.8-1117 However, their universal
character is frequently masked by the inclusion of complex
local liquid structure in such approaches. The present
work provides an explicit demonstration of the power of
coarse-grained field-theoretic methods for elucidating
corresponding-states-like principles in polymer—polymer
thermodynamics.

Our model of polymer blends, while highly simplified,
should prove useful for decribing certain classes of nearly
athermal mixtures, most notably polyolefins. By assuming
an athermal reference state and enforcing incompress-
ibility, we implicitly restrict consideration to blends in
which the entropic contributions to the excess free energy
associated with nonlocal conformational or architectural
differences between components dominate heat of mixing
contributions or purely local entropic effects. For a
number of binary polyolefin mixtures containing PE, PEE,
PEP, poly(vinylcyclohexane), and various copolymers
constructed from these components, we have demon-
strated!4?? that a strong correlation exists between the
observed phase behavior and the predictions of the present
work. Inother blends for which enthalpic effects are likely
more important, the effective interaction parameter a will
generally have significant entropic and enthalpic com-
ponents. Although there is no reason to believe that these
effects are purely additive,!% a rough method of assessing
their relative importance in a particular blend would be
to estimate the nonlocal entropic contributions, i.e., a., by
means of the present theory and then compare the result
with an estimation of « by traditional (enthalpic) methods
based on solubility parameters.

A very important outcome of the present work is a set
of molecular design criteria for developing new miscible
polymer blends. Based on the above discussion, we
anticipate that these criteria will prove most useful for
polyolefin mixtures, where heats of mixing are small and
specific, highly directional local interactions are absent.
In particular, we have established the appropriate mixing
rules for designing a linear copolymer component, either
block or random, that will prove miscible with a desired
polyolefin homopolymer. Implementation of thisstrategy
simply requires measurements (or empirical estimates) of
pure component radii of gyration, densities, molecular
weights, and copolymer compositions. Fortunately, the
experimental datarequired to calculate the pure component
conformational parameter 8, which plays a prominant role
in our design strategy, are available in the literature!41622,29
for a substantial number of important polyolefins. Thus,
it is possible without additional experiments to identify
several homopolymer/copolymer pairs as candidates for
partial or complete miscibility. Indeed, successful im-
plementation of the above scheme to match the effective
B’s of the two components has been demonstrated in one
of our laboratories!4 for a mixture of PEP homopolymer
with a PE-PEE random copolymer. Further experiments
on other model homopolymer/random copolymer and
homopolymer/block copolymer mixtures would prove
extremely valuable in testing our design strategy.

The theory presented in the above sections is in an early
stage of development, yet has already yielded valuable
insights into polyolefin phase behavior. Future studies
will be concerned with establishing the accuracy and
validity of the Gaussian approximation for the functional
integral employed here. Moreover, it is desirable to relax
the assumptions of incompressibility and vanishing en-
thalpic contributions to a. The assumption of Gaussian
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statistics in parameterizing the single-chain structure
factors S;(k), while simplifying, is not crucial to the
application of the theory. In particular, if the Si(k) are
known from experimental scattering measurements on the
pure components, eq 2.10 or 2.12 can be numerically
evaluated to analyze phase behavior. Such a procedure
may prove to be particularly important for highly branched
systems, where deviations from Gaussian statistics can be
significant. We also plan to investigate extensions of the
theory to other architectures and to include effects
associated with polydispersity, random branching, and
chemical disorder. Particularly obvious and important
extensions are to consider mixtures of two or more
copolymers and mixtures containing branched molecules
designed to mimick the low-density polyethylene archi-
tecture, Furthermore, we intend to use the present
approach to treat conformational asymmetry effects on
the order—disorder transition of block copolymer melts.

From an experimental standpoint, a high priority is to
confirm the predicted trends with varying conformational
asymmetry (¢) and blend composition for a large number
of well-characterized polyolefin blends. Recent experi-
ments by Gehlsen and Bates?®® on a series of three
symmetric, unsaturated (diene) diblock copolymers and
their fully hydrogenated counterparts conclusively dem-
onstrate that the location of the order—disorder transition
in block copolymers can be rationalized in terms of
arguments similar to those used in section IT1.A based on
the value of ¢ Much less data is available on the
thermodynamic properties of well-characterized linear/
branched mixtures, such as those treated in sections II1.C
and IIL.D. Scattering measurements on blends of chem-
ically identical, but partially deuterated, linear and star
molecules would be invaluable in testing our predictions
for the dependence of o, on the arm number, arm molecular
weight, and blend composition.
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