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ABSTRACT: In order to understand the effects of molecular structure on the miscibility of polymer blends, 
we applied our polymer RISM theory to various athermal mixtures. For the case of athermal blends involv- 
ing differences in local structure in the components, we obtained an analytical approximation for the gen- 
eralized Flory-Huggins x parameter in terms of composition, density, and the molecular parameters mono- 
mer size, stiffness, and aspect ratio. Numerical calculations were performed for two “topological blends” 
involving differences in molecular structure on global length scales: the bimodal mixture and the chain/ 
ring mixture. In contrast to the mean-field, Flory-Huggins theory for which x is zero, we found that struc- 
tural asymmetry in the polymer components leads to a negative x parameter with an approximate linear 
composition dependence. Both local structure disparities, on a monomer scale, as well as global asymme- 
try on a radius of gyration length scale lead to significant noncombinatorial entropy of mixing effects. 
Furthermore, we find that this noncombinatorial entropy of mixing, which stabilizes the miscible mixture, 
increases when the structural asymmetry is increased. This stabilization is caused by spatially nonrandom 
packing, which is enhanced by structural differences. Our theory was also used to calculate the total and 
partial structure factors for athermal mixtures, and comparisons are made with the RPA theory. We find 
that the RPA theory becomes a poorer approximation when fluctuations in total density increase relative 
to concentration fluctuations. We also find that in some cases the generalized x parameter is weakly depen- 
dent on wavevector. 

Introduction 
There has been significant interest in the literature in 

recent years in the study of polymer mixtures. This is 
due not only to the technological importance of polymer 
blends but also to the fact that small-angle neutron scat- 
tering (SANS) has led to new insights into the molecu- 
lar factors that control miscibility in polymer mix- 
tures.1,2 According to the well-known Flory-Huggins 
t h e ~ r y , ~  polymer mixtures differ from small molecular 
weight liquids in that their combinatorial entropy of mix- 
ing per monomer, which is negative and hence favors mis- 
cibility, is much less important and approaches zero in 
the infinite chain limit. As a result, the conventional point 
of view is that specific attractive interactions between 
unlike polymers are required in order to obtain miscibil- 
ity in chain molecular liquids a t  high molecular  eight.^ 
This point of view has been brought into question, how- 
ever, as a result of recent studies on polymer blends, which 
reveal a surprising degree of miscibility, despite the fact 
that there is no obvious source of specific attractive in- 
t e r a c t i o n ~ . ~ - ~  The purpose of the present investigation 
is to show that the inclusion of off-lattice effects and con- 
centration fluctuations, not included in the Flory-Hug- 
gins theory, tends to stabilize the miscible mixture with- 
out invoking specific interactions. 

Recently, the present authors developed a new theo- 
retical approach to the study of polymer liquidsag-14 This 
theory is based on the “reference interaction site model” 
(RISM theory) of Chandler and Andersen,15J6 which has 
been successful in describing the structure of small mol- 
ecule liquids. We have also generalized our theory to 
the case of polymer  mixture^.'^-'^ Although the theory 
is quite general, in the present investigation, we apply 
this polymer RISM theory to the case of the athermal 
mixture, in which there is no net attraction between mono- 
mer units along the chains. In such a mixture, the free 
energy of mixing is entirely due to entropy of mixing effects. 

’ This work performed at  Sandia National Laboratories sup- 
ported by the U.S. Department of Energy under Contract No. DE- 
AC04-76DP00789. 
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As a result, this will allow us to isolate the effects of molec- 
ular structure and chain architecture on polymer misci- 
bility. 

A key quantity in the Flory-Huggins theory is the well- 
known x parameter,334 which is defined in terms of the 
nearest-neighbor exchange interaction between mono- 
mers. On the basis of this definition, one would expect 
that x - T’. It is well-known from experiment, how- 
ever, that the x parameter depends on variables such as 
composition, density, molecular weight, chemical struc- 
t~re,’,*,~-’ and even w a v e ~ e c t o r . ~ ~  In our polymer RISM 
theory, we have s h ~ w n l ~ - ’ ~  that the x parameter should 
be interpreted, not in terms of “bare” attractive interac- 
tions as in the Flory-Huggins theory, but in terms of the 
corresponding “direct correlation functions”. In this paper 
we will denote the Flory-Huggins x parameter based on 
the bare attractive interactions as xo, in order to distin- 
guish it from our more generalized interpretation. Since 
this bare x parameter, xo, is by definition energetic in 
origin, it is identically zero for athermal mixtures. In 
contrast, our theory predicts a nonzero, structurally depen- 
dent x parameter for athermal blends. In this paper we 
examine the effect of molecular structure asymmetries 
between monomers on the x parameter for the case of 
binary, athermal mixtures. In particular, we will numer- 
ically study blends exhibiting local structural asymme- 
try on the monomeric length scale due to monomers of 
different size and of different stiffness. In the case of 
athermal blends exhibiting local structural asymme- 
tries, we are also able to develop an analytical approxi- 
mation for x using a continuum limit model. In addi- 
tion, we also examine “topological blends” exhibiting glo- 
bal structure asymmetry on the radius of gyration length 
scale. The examples we have studied include the bimo- 
dal molecular weight blend and the chain/ring mixture. 
In this paper we will show how these asymmetries in molec- 
ular structure affect the miscibility of polymer blends. 
Furthermore, we will demonstrate that molecular asym- 
metries between polymers in a binary, athermal blend 
lead to significant nonrandom mixing effects on all length 
scales. These concentration fluctuations lead to a rich 
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dependence of miscibility on structure totally absent in 
the classical Flory-Huggins theory. 

Theory 

The Flory-Huggins lattice theory leads to the follow- 
ing well-known result for the Helmholtz free energy of 
mixing per monomer for the case of a binary polymer 
blend3 

where 4 is the volume fraction of monomers of type A, 
and N represents the degree of polymerization of A or B 
type monomers. Note that the combinatorial entropy 
terms become vanishingly small for large N A  and NB, 
and thus the Flory-Huggins x parameter, xo, must be 
negative in order to ensure miscibility for long chains. In 
the Flory-Huggins picture, xo is defined in terms of the 
bare, nearest-neighbor, attractive energies between mono- 
mers, tAA,  etc. 

(2) 
where z is the coordination number of the lattice. I t  can 
be seen from eq 2 that, for the athermal mixture, in which 
there is no net attraction between monomers, the Flory- 
Huggins x parameter is identically zero. The Flory- 
Huggins theory is known to suffer from a number of seri- 
ous deficiencies, which include the fact that it is an incom- 
pressible, lattice model, in which all correlations in 
concentration and chain connectivity have been essen- 
tially ignored. It should be mentioned that Freed and 
co-workers20-22 have used field theoretic techniques to 
perturbatiuely calculate concentration fluctuation cor- 
rections to the Flory-Huggins lattice model. 

We have recently developed an off-lattice, nonpertur- 
bative theory for the structure and thermodynamics of 
polymer liquidsg-13 This theory, which is an extension 
to polymers oftheRISM the0ryl~9’~of l i q u i d s , ~ a s s h o w n ~ ~  
to work well for homopolymers when compared with molec- 
ular dynamics simulations of chain molecules at  liquid- 
like densities. This polymer RISM theory can be extended 
to polymer blends”-19 in a straightforward manner. As 
in the case of long-chain homopolymers, it is a good approx- 
imation to neglect chain-end effects. For the case of the 
binary blend of two homopolymers, there are three inde- 
pendent, intermolecular radial distribution functions 
{gAA(r),gBB(r), gAB(r)J between sites on different chains. 
We also introduce the intramolecular distribution func- 
tions {wA(r), wB(r)} defined according to 

x o  = -(z - 2 ) ( t A A  + E B B -  ~ € A B ) / ~ ~ B T  

(3) 
ij 

where wij(r; M) is the probability that a pair of sites i 
and j on a single chain of type Mare  separated by a dis- 
tance r. The subscripts M or M’ refer to the chain type, 
i.e., component A or B. Following the RISM theory, the 
corresponding intermolecular “direct correlation func- 
tions”, {CAA(r), cBB(r), cAB(r)}, are defined according to 
the three coupled Ornstein-Zernike  equation^'^ 

Q ( k )  = f i (k )&(k)* [O(k)  + Q ( k ) ]  ( 4 4  
written for convenience in matrix form where the caret 
denotes Fourier transformation with wavevector k. The 
symmetric 2 x 2 matrices H(r) and Q(r) are defined as 

HMw(r) = PMP,w[gMM’(r) - 11 

QMdr) = P . p M M ( r )  ~ M W  (4b) 
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C(r) is the corresponding direct correlation function matrix 
and pM is the monomeric or site density for species A or 
B. 

As in the case of the homopolymer liquid, for intuitive 
purposes the direct correlation functions can be thought 
of as an effective pair potential between intermolecular 
sites, renormalized by many-body structural effects.16 In 
order to have a solvable problem, we take advantage of 
the fact that the direct correlation function C , d ( r )  is a 
short-range function of intersite spacing r and make use 
of the Percus-Yevick mean spherical appro~ ima t ion ’~”~  

H M M h ’ )  = -PMPM~ r K ~ M M !  

cMMt(r) = - U M M t ( r ) / k g T  r > dMw ( 5 )  

where d M d  is the hard sphere distance of closest approach 
between monomers of type M and M’, and u M d ( r )  is an 
attractive potential defined for r > d M d .  For the ather- 
mal case considered in this paper, uMd(r) is identically 
zero. The Ornstein-Zernike equations in eq 4 plus the 
closure relations in eq 5 lead to a set of three, nonlinear 
integral equations for the radial distribution functions 
gAA(r), gBB(r), and gAB(r-1. In general one would expect 
that the intermolecular correlationsg,d(r) and the intra- 
molecular correlations wA(r) and wB(r) would have to be 
solved self-consistently. We circumvent this problem to 
first order by making use of Flory’s conjecture23 that the 
intramolecular structure of a chain in a melt is ideal; Le., 
long-range excluded-volume interactions are screened out. 
There is significant neutron scattering and computer sim- 
ulation evidence to support the accuracy of this conjec- 
ture in the homopolymer melt, and this has been dis- 
cussed previ~usly.”~~ The accuracy of the ideality assump- 
tion in polymer mixtures is, of course, more specula- 
tive.lg 

In order to make a connection with SANS experi- 
ments, we can also calculate dimensionless, “partial” struc- 
ture factors defined as” 

SMMt(k)  = ( K M M ( / ~ “ ~ )  1 (@dr1)6Pw(r2) ) exp(i~.ilZ) di1, 

K M w  = DMDM,/q(BADB)1’2 ( 6 )  
where uM is the average monomer volume for compo- 
nent A or B, q is the packing fraction 

17 = PADA + PBDB 

and 6pM(r) is the density fluctuation, p&) - pw From 
the Ornstein-Zernike equations in eq 4, it is possible to 
show that these partial structure factors can be written 
as” 

S B B ( k )  = K B B P B & ~  - P A ~ A C A A ) / A  

= KABPAPB;A;BCAB/i (7) 

where the denominator is given by 

A ( k )  = 1 - PAGAC‘M - PBGBCBB + 
PAPB;A&(~AA&B - CAB? (8)  

These partial structure factors, which probe the concen- 
tration (volume fraction) fluctuations, can be calculated 
once the RISM equations have been solved for the direct 
correlation functions in Fourier space. We can also define 
a total structure factor, S ( k ) ,  which is proportional to 
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the total specific volume  fluctuation^.'^ 
S ( k )  = S A A ( k )  + S B B ( h )  + 2SA, (k )  (9) 

For a hypothetical incompressible system, there is only 
one independent structure factor, S A A ( k )  = SBB(k)  = 
-SAB(k), and the total structure factor, S ( k ) ,  is zero. 

de Gennes has derivedz4 the well-known RPA expres- 
sion for the partial structure factor based on the Flory- 
Huggins free energy. Our structure factors in eq 7, on 
the other hand, are considerably more complicated than 
the RPA equation. We have shown previously,"~19 how- 
ever, that if we impose an incompressibility constraint 
on our theory, we recover the RPA equation (suitably 
generalized for the case of unequal monomer size) 

1 1 
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urations in the computation of ;&), as we have done 
previously," or to estimate the overlap fraction 
AM(NM),lZ a method which we will employ here. The 
consequence of this intramolecular overlap is to modify 
the average monomer volume uM according to 

(13a) 
where the overlap volume fraction AM can be approxi- 
mated by pairwise averaging the volume V J r )  of over- 
lapping hard spheres over the intramolecular distribu- 
tion. 

= (xdMM3/6) (1 - AM) 

where s,,, = SA, = S B B  and R reflects the difference 
in average monomer size; R = 0,/8,. Furthermore, we 
are able to identify a generalized x parameter having the 
formlg 

z c A B ( k ) l  (11) 
where the subscript "s" emphasizes that xs refers to scat- 
tering rather than thermodynamic experiments, and p is 
the total monomeric density. When x depends on com- 
position, the thermodynamic and scattering x parame- 
ters are not equal but are related by derivatives with 
respect to compo~it ion. '~  It  can be seen from eq 11 that, 
in general, we find that the x parameter is wavevector 
dependent; however, for most purposes, where we are inter- 
ested in long-wavelength properties, we can take the limit 
of h - 0. Note the striking similarity of our generalized 
x parameter xs and the Flory-Huggins definition for xo 
in eq 2. In our generalized x parameter, the bare attrac- 
tive interactions, t,,, etc., are replaced by the correspond- 
ing zero wavevector part of the direct correlation func- 
tions, t ( 0 ) .  This fits with the intuitive notion that the 
direct correlation functions play the role of effective pair 
interactions, which reflect many-body correlational effects. 
We can, therefore, calculate x for any chain model by 
solving the RISM equations. Unlike the Flory-Huggins 
case, our generalized x parameter will depend on com- 
position, molecular weight, and molecular structure. 

In this initial work on athermal mixtures we will use 
an ideal Gaussian model for each of the polymer compo- 
nents in order to calcu!atel2 the intramolecular struc- 
ture factors OJ,(~) and u B ( k ) .  From eq 3 using a Gaus- 
sian distribution between intramolecular sites, we ob- 
tain" the following result for linear chains 

For Gaussian rings, the summations in eq 3 cannot be 
performed analytically, and we rcsort to numerical sum- 
m a t i ~ n ~ ~ ' ~  in order to compute uM(h) .  For the case of 
fully flexible chains, the statistical segment lengths, u, 
and uB, are taken for simplicity to be equal to the hard- 
sphere diameters d,, and d,,, respectively. These 
intramolecular structure factors are then used in the Orn- 
stein-Zernike equations, eq 4. One of the difficulties in 
using an ideal, Gaussian model is the fact that  some 
unphysical intramolecular overlap can occur.1z This can 
be dealt with by explicitly removing overlapping config- 

ij  

Equation 13b can be easily expressed in terms of incom- 
plete y functions for the case of the Gaussian distribu- 
tion used here" 

0.5biY31*y(3, bij)] (13c) 
where bij = 3/21i - j l  for linear chains and 3/2[)i - jl(l - 
NM-l)i - j l)]  for the Gaussian ring polymer. For small 
N M  the overlap fraction depends on molecular weight, 
but this dependence saturates above about 2000 chain 
units for flexible, Gaussian chains, as can be seen from 
Table I1 of ref 12. 

The RISM equations defined by eqs 4 and 5 lead to a 
set of three coupled, nonlinear integral equations for the 
case of the binary mixture. These equations can be solved 
numerically using the same techniques as for small mol- 
e c u l e ~ ~ ~  and homopolymer l i q ~ i d s . ~ - ' ~  These tech- 
niques, developed by Lowden and Chandler,25 make use 
of the fact that the RISM equations are equivalent to a 
variational principle involving a functional I R I s M  defined 
by" 

Functional differentiation of I,,,, with respect to each 
of the direct correlation functions leads to a set of three 
equations 

Following Lowden and Chandler,25 we represent the direct 
correlation functions by a third degree polynomial in r 

valid for r C d M d .  Substitution of eq 16 into eq 15 leads 
to a set of 12 couple , nonlinear algebraic equations for 
the coefficients aiM'. These nonlinear equations can be 
solved using standard numerical techniques. 
Local Structural Asymmetry 

In our theory of polymer blends outlined above, the 
polymer molecular structure enters only- through the 
intramolecular structure factors, uA(k)  and w B ( k ) ,  for each 
of the components. Any asymmetry in structure which 
leads to differences in these intramolecular structure fac- 
tors will lead to concentration correlations and a non- 
zero x parameter, even for athermal mixtures. In this 
paper we will examine the effect of both local and global 
structural asymmetries on miscibility. In this section we 
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interesting to note that x remains negative, even in the 
infinite chain limit. This implies that there is a noncom- 
binatorial contribution to the entropy of mixing, prima- 
rily of local packing origin, which persists for long chains 
and enhances miscibility. The composition dependence 
seen in Figure 1 is approximately linear such that xs 
decreases when the volume fraction of the smaller mono- 
mer size component is increased. For an asymmetry ratio 
of y = 1.2, the composition dependence is about a 20% 
effect. 

In Figure 2 we examine the effects of total monomeric 
packing fraction and local structural asymmetry on the 
x parameter. We can see from this figure that x decreases 
(becomes more negative) as the total packing fraction 
increases. Again this can be attributed to correlation hole 
effects, which decrease, thereby resulting in less intramo- 
lecular screening and enhanced intermolecular order, as 
the density increases. We also see in Figure 2 that the x 
parameter of the tangent hard-sphere chain blend decreases 
rather strongly when we increase the asymmetry. This 
implies that the noncombinatorial entropy of mixing is 
enhanced when the asymmetry in local structure is 
increased. 

We can obtain insights into the extent of nonrandom 
packing by examining the individual intermolecular radial 
distribution functions. We have previously shown’g that 
for the tangent hard-sphere blend, the radial distribu- 
tion functions very nearly obey the simple scaling rela- 
tions 

gAA(r/ uAA) = gBB(r/uBB) = gAB(r/ uAB) 

One measure of the “nonrandomness” of the mixing is 
given by 

&(r) gAA(r) + gBB(r) - %AB(r) 

Ag is plotted for the tangent hard-sphere mixture in Fig- 
ure 4. Note that significant positive correlations occur 
locally and approach zero near the radius of gyration. 

Analytical Approximation. For Gaussian, hard- 
core homopolymer melts we have recently shown13 that 
the polymer RISM equation can be solved analytically 
within a so-called “continuum limit model”. Besides the 
theoretical appeal of an analytic solution, the availabil- 
ity of simple formulas offers qualitative physical insight 
into the numerical polymer RISM results. In this sec- 
tion, we consider a continuum limit model of a local ather- 
mal blend for which the three coupled RISM integral 
equations can be exactly solved in closed form. 

The basic model binary blend of interest consists of 
ideal Gaussian chains of equal degrees of polymeriza- 
tion, N ,  component molecular densities p A  and pB., sta- 
tistical segment lengths uA and uB, and spherical site or 
segmental diameters d, and d,. The continuum limit 
description of this model blend corresponds to taking the 
limits N - m, piK- 03, d, --* 0,  and U, - 0, where M 
= A, B. The limiting procedure is done under the restric- 
tions that the total segment density, p ,  is finite. In addi- 
tion, the continuum limit is performed such that the struc- 
tural asymmetry ratios y, 8, and r are also finite. In this 
continuum limit the system can be thought of as consist- 
ing of flexible, infinitely thin and long Gaussian “threads” 
or “strings”. 

The mathematical virtues of this limiting model are 
2-fold. The first simplication is that since the hard-core 
diameters approach zero, the direct correlation func- 
tions “inside the core” for the athermal polymer RISM 
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Figure 1. Numerically computed x parameter as a function of 
volume fraction of the small component for a binary, tangent 
hard-sphere blend with y = 1.2. The packing fraction is held 
fixed a t  0.45. The curves are at different degrees of polymer- 
ization N.  The curve labeled “analytic” was computed from eq 
28 with p = 1.31. This “analytic” curve is incorrectly plotted; 
the correct value of x is obtained by multiplying the analytic 
curve by approximately 2.5. 
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Figure 2. Same as in Figure 1 but for fixed degree of polymer- 
ization ( N  = 2000) and several values of the local structural 
asymmetry parameter, y,  and monomer packing fractions, 7. 

will focus on local structural effects. A t  the local or mono- 
meric level we can have differences in structure due to 
either the monomer size, d, (=dMM), or the statistical 
segment length, a,. The asymmetry in local structure 
can be specified in terms of three ratios: 

’)’ a g / U A  8 E d , / d ~  r E aA/dA 
y is the relative segment length or “stiffness” ratio, 8 is 
the relative segment diameter or “size” ratio, and r is 
the “aspect” ratio, which is a measure of the stiffness of 
chain A relative to its thickness. 

Numerical Results. The simplest athermal mixture 
is the case for which y = 8, r = 1, and N A  = N B  = N .  
This represents a mixture of fully flexible, tangent hard- 
sphere, Gaussian chains. The RISM equations, eqs 4 and 
5, were solved numerically for this case using the method 
described above in order to obtain the 12 “a-coeffi- 
cients” in eq 16. Thedirect correlation functions, t M d ( 0 ) ,  
were then computed and used in eq 11 to obtain the gen- 
eralized x parameter. The results for the x parameter 
of this tangent hard-sphere blend are shown in Figures 
1 and 2 as a function of composition. 

In the Flory-Huggins theory, x is zero by definition 
for all athermal mixtures. In our case, however, it can 
be seen from Figure 1 that x is negative and increases 
with chain length. This chain-length dependence is due 
to increased “correlation hole” e f f e c t ~ , ’ ~  which tend to 
reduce the direct correlation functions at  k = 0. I t  is 
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theory must be of a &function form 

CMM,(r) = C,,(O) 6 ( i )  C,,,’~(P) 

c M M , ( k )  = CMw for all k (17) 
where C,M/ are the integrated strengths of the species- 
dependent direct correlation functions. The second sim- 
plification is that since N is diverging and the statistical 
segment lengths are approaching zero, the “intermedi- 
ate” wavevector regime, defined as RG-’ < k < u-’, expands 
to cover all values of wavevector. Therefore, the intramo- 
lecular structure factors defined by eq 1 2  reduce to the 
simple Debye scaling forms: 

j , ( k )  = 1 2 ( k ~ , ) - ~  for M = A, B (18) 

Mathematical solution of the athermal binary blend 
polymer RISM theory (eqs 4 and 5) requires choosing 
the direct correlations functions such that the intermo- 
lecular pair correlations functions vanish inside the hard- 
core diameter. For the continuum limit model these “core 
conditions” apply a t  a single point, i.e. 

lim gMM,(r) = 0 (19) 
F O  

When eqs 4, 17, and 18 are used, the core conditions of 
eq 19 can be written as three coupled nonlinear alge- 
braic equations for the direct correlation function p a r a m -  
eters defined in eq 17. When the dimensionless wavevec- 
tor variable, K = kuA is introduced, straightforward anal- 
ysis yields 
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where i ( K )  in eq 8 can be rewritten using eqs 17 and 18 
as 

1i(K) = 1 - 12 (PACAA + pBcBBy-2)K-2 - 144y-’pAPB(cAB2 - 

cAAcBB)K-4 (21) 
Remarkably, these equations are solved by the simple 
“scaling” relations 

CAACBB = CAB2 (22) 

CBB = ’?4cAA CAB = y2cAA (23) 
and where C,, is given as the solution of the single tran- 
scendental equation: 

Equation 24 is easily solved with the result 

There are several interesting features of this exact solu- 
tion: (1) Equation 22 is analogous to a geometric aver- 
age “combining law”, or “Berthelot rule”, often employed 
in the theory of atomic mixtures for the Lennard-Jones 
energy parameters.26 For the present purely repulsive 
force blend system, i t  is the direct correlation function 
that plays the role of an effective, or renormalized, poten- 

tial. (2) The “scaling” relations of eq 23 are a direct result 
of the purely power law intramolecular correlations 
described by eq 18. (3) The intermolecular pair correla- 
tion functions obey the “random mixing” relation: gAA(r) 
= g,&) = gBB(r)  g(r ) .  Therefore, this purely repul- 
sive continuum limit model is structurally “mean-field”, 
in the same way that the infinitely weak, but infintely 
long-ranged, attractive Kac-potential model2’ is. Never- 
theless, the repulsive continuum limit does have nontriv- 
ial thermodynamic consequences in the sense that the 
effective x parameter is nonzero (see below). (4) The 
intermolecular pair, correlation function, g ( r ) ,  is of the 
identical f o r m  as for the homopolymer melt case,13 the 
only difference being the effective screening length. Sim- 
ple analysis yields the analytic result: 

where 

The effective x parameter for the continuum limit blend 
model is rigorously independent of wavevector and is 
obtained by substituting eqs 22,23, and 25 into the gen- 
eral formula given in eq 11. Simple manipulations yield 
the explicit result: 

The most general features of the effective x parameter 
are that it is negative (implying complete miscibility from 
repulsive forces and structural asymmetries) and a lin- 
ear function of composition. The latter behavior implies 
that the corresponding “thermodynamic” x parameter will 
also be a linear function of concentration but with a 
reduced quantitative dependen~e.’~ Both the absolute 
magnitude and the size and direction of the composition 
dependence depend sensitively on the value of the quan- 
tity y2K3. This quantity is a ratio of two ratios: the seg- 
mental surface area ratio relative to the segmental vol- 
ume ratio. Equation 27 also predicts that the effective 
x parameter becomes more negative with increasing total 
monomer density and/or aspect ratio, although the rel- 
ative composition dependence is unaffected by these quan- 
tities. Finally, although the present model has assumed 
ideality and constant volume, deviations from this limit 
can be incorporated in a “post facto” manner by simply 
inserting a composition-dependent total density, p(4), and f 
or segment length (or equivalently radius of gyration), 
crM(4), in eq 27 if known experimentally or from inde- 
pendent theoretical calculations. 

Comparison with Numerical RISM Calculations. 
The numerical calculations presented in the preceding 
section were for finite length and nonzero thickness Gaus- 
sian, tangent hard-sphere chains characterized by equal 
statistical segment length and hard-core diameters; Le., 
uM = d,. In order to access the realism and limitations 
of the analytic continuum limit model, it is of interest 
to compare its predictions with the exact numerical RISM 
results. For the case studied numerically (6 = y and r 
= 1) the analytic result becomes 

The qualitative prediction of a negative, linearly concen- 
tration-dependent x parameter, which becomes more neg- 
ative with increasing small monomer species volume frac- 
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tion, is in excellent agreement with the numerical results 
of Figures 1 and 2. 

To quantitatively compare predictions of relative trends, 
we consider the N = 2000 calculations of Figures 1 and 
2. To compare the dependence of x on the structural 
asymmetry parameter, y, note that for 4 = 0.5 the con- 
tinuum model predicts that the absolute magnitude of x 
increases by the factor of 3.68 when y is increased from 
1.1 to 1.2. The numerical RISM calculations for a total 
effective packing fraction of 0.45 (corresponding to a p 
= 1.31) yield a factor of 3.67 increase, in exact agree- 
ment with the analytic model! The numerical results for 
the structural asymmetry dependence of x are virtually 
independent of density p a t  high densities, in agreement 
with eq 28. The magnitude of the (linear) composition 
dependence predicted by the analytic model is simply 
given by xs($ = l) /xs(0) = y. From Figure 2 the numer- 
ical calculations yield for this ratio 1.093 (for y = 1.1) 
and 1.188 (for y = 1.2), which agree with the continuum 
model predictions to within 10%. We have also found 
that the magnitude of the composition dependence of x 
as calculated numerically is a very weakly increasing func- 
tion of density, again in excellent agreement with eq 28. 
A t  fixed 50% volume fraction composition and a y = 
1.2, the numerical RISM calculations show that x increases 
in absolute magnitude by a factor of 1.33 when the pack- 
ing fraction is increased from 0.45 to 0.5 (density increased 
from p = 1.331 to 1.479). The corresponding continuum 
model prediction is a factor of 1.235 increase, which is 
somewhat weaker. The underestimation by the analytic 
model of the density dependence of x is consistent with 
our previous f i n d i n g ~ ’ ~  for the homopolymer Gaussian 
melt and is easily understandable as a natural quantita- 
tive limitation of continuum type models. Finally, one 
can compare the absolute magnitude of x predicted by 
the analytic model relative to the numerically deter- 
mined, extrapolated N - a result for 4 = 0.5 and y = 
1.2 displayed in Figure 1. As can be seen from this fig- 
ure, x from the analytic model is underestimated by a 
factor of approximately 3. This is again consistent with 
the quantitative discrepancies found for the homopoly- 
mer melt case of ref 13. Thus the analytic continuum 
model appears to be remarkably accurate for the rela- 
tive structural asymmetry and composition dependence 
of x for Gaussian, athermal blends. A more sophisti- 
cated analytical approach, which explicitly accounts in 
an approximate manner for the nonzero hard-core seg- 
mental volume, has also been developed and extensively 
applied elsewhere.28 

Special Cases. In addition to the special case dis- 
cussed above, there are several other limiting regimes of 
the structural parameters of particular physical interest. 
Consider first a “monomer size” blend for which the chain 
“stiffnesses” are identical; Le., y = 1. In this limit, eq 27 
becomes 

Clearly, the absolute magnitude of x is a strongly increas- 
ing function of the deviation of the monomer volume ratio 
from unity. x becomes more negative with increasing 
volume fraction of the smaller segment species and for 0 
> 1 is a factor of O 3  larger in magnitude for the pure 
smaller segment component limit compared with the neat 
larger monomer case. A second special case of interest 
is a “flexibility or stiffness” blend for which the segmen- 
tal volumes are identical; i.e., I9 = 1. In this limit, eq 27 
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becomes 

Interestingly, for this case the composition dependence 
of x is in the opposite direction to that for the monomer 
size blend and is relatively weaker. The effective x param- 
eter becomes more negative as the volume fraction of the 
“stiffer” (large (r) component increases. A third interest- 
ing case of eq 27 is when the inequality y2K3 << 1 or >> 
1 is obeyed. For this situation the relative composition 
dependence is very large, although still linear of course. 
Such a limiting case is realizable physically if, for exam- 
ple, the B-monomer volume is much larger than for the 
A-monomer and the B-species has a smaller statistical 
segment length. In practice, this may be an unlikely com- 
bination unless, possibly, aromatic groups are present along 
the backbone. Finally, inspection of eq 27 immediately 
suggests that a truly “ideal” athermal mixture state is 
possible even if the two blend components differ struc- 
turally. That is, if y2K3 = 1, then x is identically zero! 
This special point can be though of as the local ather- 
mal blend analogue of a Boyle or I9 point in polymer solu- 
tions. Obviously, if y2K3 is very close, but not equal, to 
unity the effective x parameter will be very small and 
nearly composition-independent. 

Experimental Application. PMMA/PEO Blends. 
Using small-angle neutron scattering (SANS), Ito, Rus- 
sell, and Wignal16 have recently determined the effec- 
tive x parameter of high molecular weight blends of poly- 
(methyl methacrylate) (PMMA) and poly(ethy1ene oxide) 
(PEO). Since there are no obvious “specific” interac- 
tions between these two polymers, it is somewhat sur- 
prising that they found this mixture to be miscible with 
a negative x parameter of the order of -0.002 (for 50% 
PMMA monomer fraction). Moreover, when the tem- 
perature was increased from 25 to 80 O C ,  no change in 
the measured x parameter was detected. This implies 
that miscibility is not associated with favorable attrac- 
tive intermolecular interactions but rather derives from 
a stabilizing noncombinatorial entropic contribution to 
the free energy of mixing. Within the context of the clas- 
sical Flory-Huggins theory, these observations have no 
explanation. In addition, the so-called “equation-of- 
state” or compressibility effects in polymer can- 
not be playing a major role since they always destabilize 
the mixture, resulting in a positive entropic x parame- 
ter. Hence, the miscibility of PMMA and PEO repre- 
sents an intriguing and unexplained observation. 

From our very simple continuum athermal model per- 
spective, an obvious difference between PEO and PMMA 
is that both their monomer volumes and statistical seg- 
ment lengths are quite different. Equation 27 predicts 
a negative, entropic x parameter contribution which 
depends sensitively on the quantity y2F3, which can be 
expressed in terms of experimentally known parameters 
as 

PI m ._. 

where L M  is the effective bond length, C,” is the char- 
acteristic ratio, and O, is the monomer volume of spe- 
cies M.23 The monomer volume for PMMA is 140.4 A3 
and 65.8 A3 for PEO, while the corresponding character- 
istic ratios are 6.9 (atactic PMMA) and 4.0, respec- 
tively.6 The effective bond length ratio is very close to 
unity. Using these numbers, an aspect ratio of 1 for PEO 
and a typical total packing fraction of 0.5, one obtains 
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the following estimate from eq 27 for a 50% volume frac- 
tion blend: xs = -0.004. As discussed in the previous 
subsections, the continuum model is expected to under- 
estimate the absolute magnitide of x. On the other hand, 
for a PMMA with a mixture of tacticities one knows that 
the characteristic ratio increases.23 A reasonable upper 
limit is roughly 9, which then yields a x parameter of 
approximately -0.0004. These theoretical estimates are 
qualitatively consistent with the observed values of x and 
provide a zeroth-order rational basis for the entropic mis- 
cibility of PMMA and PEO. The predicted linear com- 
position dependence is in qualitative agreement with the 
experimental trend but is much smaller in magnitude 
than observed. Of course, the coarse-grained theoretical 
model of the polymer structure is very crude and does 
not take into account the fact that the degrees of poly- 
merization of PMMA and PEO were very different in 
the experimental system nor the quenched randomness 
along the PMMA backbone associated with tacticity vari- 
ations. On general grounds we expect both the latter phys- 
ical effects to make negative, entropic contributions to 
the effective x parameter and also to introduce addi- 
tionl composition dependence. Whether a realistic 
accounting for these multiple structural features will 
explain the observations awaits a detailed numerical the- 
oretical study. I t  is interesting to note that on the basis 
of eq 27, we would predict a negative x and miscibility 
even in the limit of infinite molecular weight of both spe- 
cies. The molecular weight dependence was not stud- 
ied, however, by Ito, Russell, and Wignall; and it is pos- 
sible that equation-of-state effects, not considered here, 
would force phase separation at  sufficiently high molec- 
ular weights in this mixture. 

Topological Blends 
We have seen in the previous sections that asymme- 

try in local structure, on a monomeric length scale, leads 
to significant noncombinatorial entropy of mixing effects 
which favor miscibility.* Since the intramolecular struc- 
ture factors w,(k)  and wB(k) are also sensitive to struc- 
ture on a radius of gyration length scale, we anticipate 
that global structural asymmetry will also lead to inter- 
esting entropy of mixing effects. We denote blends that 
exhibit such global asymmetry as topological blends. In 
this study we examined the miscibility characteristics of 
two topological blends: the bimodal chain blend and the 
chain/ring mixture. 

Let us first consider the case of an athermal bimodal 
mixture of Gaussian chains having identical local struc- 
ture (y = 8,  r = 1) but with unequal chain length ( N A  > 
NB) and, of course, unequal radii of gyration (RG2 = NAg2/ 
6 and N,n2/6). The polymer RISM equations, eqs 4 and 
5 ,  were solved using the numerical techniques discussed 
above with intramolecular structure factors given by eq 
12 for Gaussian chains. The results for the x parameter 
are shown in Figure 3 as a function of concentration for 
various ratios NB/NA. I t  can be seen that, like the case 
of local asymmetry, the bimodal blend exhibits a nega- 
tive x parameter with a linear composition dependence. 
The composition dependence is modest, with x decreas- 
ing from the pure short-chain (4 = 0) to the long-chain 
(4 = 1) system. Furthermore, xs decreases nonlinearly 
(-xs - [NA/NB - 11') with the relative asymmetry ratio 
NA/NB. The behavior of x in the limit where both com- 
ponents become large was not studied here. I t  should 
be mentioned that although we studied blends differing 
in molecular weight by as much as a factor of 10, in real- 
ity the ideality assumption must break down as the dis- 
parity in chain length increases. In order to account for 

i -0.0002 

Figure 3. x parameter calculated for bimodal blends as a func- 
tion of the volume fraction of component A. The computa- 
tions are at fixed NA = 2000 and the various values of the ratio 
NBJNA shown on each curve. The packing fraction is held fixed 
at 0.50. 
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Figure 4. Structural correlation parameter, & = g A A  + .gBi 
= 2gAB, as a function of interchain site distance r normalize 
by the statistical segment length uA. For completely random 
mixing, Ag = 0. The dashed curve is for the tangent hard- 
sphere blend as in Figure 1 for @ = 0.50 and N = 2000. The 
solid curve is for the bimodal blend as in Figure 3 for NB/NA 
= 0.10 and 4 = 0.50. The arrow refers to the radius of gyration 
of a 2000 unit chain. 

this effect, the intermolecular and intramolecular struc- 
ture must be solved self-consistently, which is beyond 
the scope of the present investigation. We do not expect, 
however, that the nonideality corrections will qualita- 
tively change the present findings. 

Although the x parameters for the bimodal mixture 
and the local blends exhibit similar behavior, the struc- 
tural correlations are quite different. This can be seen 
in Figure 4 where we compare the nonrandomness of the 
mixing for the tangent hard sphere and the bimodal mix- 
tures. I t  can be observed that the structural correla- 
tions for the bimodal blend are of opposite sign and much 
longer range, persisting well beyond the radius of gyra- 
tion of the long chains. Thus nonrandom mixing is seen 
on all length scales. This difference in behavior is to be 
expected since, in contrast to the tangent hard-sphere 
blend, the bimodal mixture has intramolecular asymme- 
tries on a radius of gyration length scale. 

Another topological blend of interest consists of an ather- 
mal mixture of linear chains and rings. Considerable inter- 
est exists in the literature on chain/ring mixtures from 
the standpoint of obtaining insights into the dynamics 
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Figure 5. x parameter calculated for a chain/ring mixture as 
a function of the volume fraction of linear chains. The compu- 
tations were performed at equal degrees of polymerization of 
both species resulting in &(chain) = d2RG(ring). The pack- 
ing fraction was held fixed at 0.50. 
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of polymers. Here we will focus on the equilibrium prop- 
erties and the x parameter. As in the previous cases we 
will take the intramolecular structure of the compo- 
nents to be ideal and Gaussian. Justification for this 
assumption is somewhat tenuous since, to our knowl- 
edge, neutron scattering experiments have not yet been 
performed on polymer ring liquids. Recent computer sim- 
u l a t i o n ~ ~ ~  and intuitive arguments3' suggest the exist- 
ence of nonclassical scaling exponents in pure ring liq- 
uids. These simulations also suggest that, in mixtures 
of rings with chains, ideal behavior of both rings and chains 
exists on long length scales, although some local chain 
expansion was seen. We consider a chainlring blend with 
identical local structure (y = 8, I? = 1) in which ~ , ( k )  is 
determined by eq 12 for linear chains, and &(k) for the 
ring is found n~merically.~~' '  

Numerical solution of the polymer RISM equations leads 
to the prediction of a negative x parameter, implying com- 
plete miscibility of chainlring mixtures. Furthermore, 
it can be seen from Figure 5 that xs is essentially inde- 
pendent of composition for the equal molecular weight 
blend ( N ,  = NB). It can also be seen from Figure 5 that 
x increases with molecular weight; in fact, we find that 
-xs - N-'. Thus, in contrast to the case of the local 
structural asymmetry blends where x remains nonzero, 
x approaches zero in the infinite chain limit in this topo- 
logical blend. This is not surprising since the intramo- 
lecular structure factors for linear chains and rings 
approach each other a t  large N. 

The nonrandomness of mixing is shown in Figure 6 
where Ag is plotted for both the equal molecular weight 
mixture (RG2 = NAa2/6 for chains and NBa2/12 for rings) 
and the case of NA = 2NB (equal radii of gyration). The 
structural correlations are seen to be 1 order of magni- 
tude smaller in amplitude than the bimodal blend but 
persist well beyond the largest radius of gyration. It can 
also be observed from Figure 6 that qualitatively differ- 
ent behavior is seen in Ag depending on whether the radii 
of gyration are equal or not. In both cases we observe a 
negative x parameter since both positive and negative 
correlations stabilize the miscible mixture. 

Discussion and Conclusions 
As we have seen, the polymer RISM theory we have 

developed reduces to the RPA expression for the partial 
structure factors of the blend when we impose an incom- 
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Figure 6. Structural correlation parameter, Ag = gAA 
2g,,, as a function of interchain site distance r n o r m a i z f f f ,  
the statistical segment length u. For completely random mix- 
ing, & = 0. The upper curve is for N ,  = NB = 2000 with R, 
= 12.9 (18.3) for the ring (chain) shown by the upper arrows. 
The lower curve is for a blend of 2000 unit chains and 4000 
units rings with RG = 18.3 for both species shown by the lower 
arrow. The calculations were performed at fixed 4 = 0.50 and 
7 = 0.50. 
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Figure 7. Reciprocal partial structure factors versus (ku)' for 
three binary blends: A, tangent hard-sphere mixture, 4 = 0.50, 
7 = 0.45, N A  = N ,  = 2000; B, bimodal blend, C#J = 0.50, = 0.50, 
N ,  = 2000, N ,  = 200; C ,  chain/ring mixture, C#J = 0.50, 7 = 
0.50, N A  = N B  = 2000. Note that the vertical axis has been 
displaced for clarity for each set of curves. M and M' refer to 
species of type A or B. The solid lines refer to the RPA re 
dictions, the dashed lines to AB,, and the dotted lines to lAA: 
For curve A CT is to be interpreted as C T ~ .  

pressibility constraint on the system. Our theory does 
not require this imcompressibility constraint and, there- 
fore, is more general than the RPA theory. I t  is of inter- 
est then to compare the RPA result in eq 10 with the 
more exact predictions for the partial structure factors 
from eqs 7 and 8. Such a comparison is shown in Figure 
7 for the three athermal blends studied numerically. When 
plotted as in Figure 7 ,  the RPA expression, which is of 
the Lorentzian form in the intermediate scaling regime, 
predicts straight line behavior. The exact structure fac- 
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Figure 8. Relative wavevector dependence of the x parame- 
ter for three binary blends. The mixtures A-C are the same as 
in Figure 7 .  

tors are also seen to be almost Lorentzian in shape, how- 
ever, departures can be noticed from the approximate 
RPA prediction. 

Since the RPA formula is exact only in the incompress- 
ible limit, we expect that it will become progressively poorer 
as the total compressibility of the system increases rela- 
tive to the concentration fluctuations. One measure of 
the importance of these compressibility effects is given 
by the ratio S(O)/S,,(O). For the three blends plotted 
in Figure 7 this ratio of total density to concentration 
fluctuations was 0.014 for mixture A (tangent hard- 
sphere chains), 0.0035 for mixture B (bimodal blend), and 
0.0008 for mixture C (chain/ring). As expected the higher 
the ratio s(O)/s,,(O), the poorer the RPA theory predic- 
tion for the partial structure factors. We have seen that, 
for athermal mixtures, complete miscibility (negative x) 
was predicted in all the cases studied. This implies that 
the composition fluctuations are small compared to those 
in mixtures having a positive x. We anticipate that the s(O)/s,,(O) ratio will be much smaller in immiscible mix- 
tures, and the RPA theory should be a much better approx- 
imation in such systems. 

We see from eq 11 that the generalized x parameter is 
wavevector dependent through the direct correlation func- 
tions. For thermodynamic purposes we are interested 
in long-wavelength properties; hence, we have taken the 
zero wavevector limit. For scattering predictions, how- 
ever, the wavevector dependence of x may be important. 
In fact Brereton31 et al. have proposed that x must be 
wavevector dependent in order to explain their SANS 
data on the poly(tetramethy1 carbonate)/deuterated poly- 
styrene blend. In Figure 8 we have plotted the wavevec- 
tor dependence of x, for the same three blends as in Fig- 
ure 7 .  It can be seen that for these athermal blends that 
x is weakly dependent on k in the intermediate wavevec- 
tor regime. Furthermore, the sign of the k-dependence 
is opposite for the local and topological blends. It should 
be mentioned that the increase of xs with wavevector, as 
found in the local blend of tangent hard-sphere chains, 
is qualitatively similar to the behavior observed by Brere- 
ton and co-workers. Their system was certainly not ather- 
mal however. 

In the present investigation we have found for ather- 
mal mixtures that x always appears to be negative, which 
implies complete miscibility of these systems. Further- 
more, we find that x becomes more negative; Le., the mis- 
cible mixture becomes more stable, as the asymmetry in 
structure (both locally and globally) increases. At first 
sight this may appear to be counterintuitive; however, it 

should be recognized that in athermal mixtures the mix- 
ing free energy is entirely entropic. Thus structural asym- 
metry on any length scale increases the packing oppor- 
tunities of the chain segments leading to nonrandom mix- 
ing and noncombinatorial entropy effects. This can be 
visualized easily for the case of the athermal mixture of 
hard spheres of different sizes. In this case it is well- 
known that the small spheres preferentially pack between 
the large spheres. In the connected polymer chain these 
nonrandom-packing effects are more subtle but, never- 
theless, important. Furthermore, a continuous space the- 
ory of the type presented here, as opposed to a lattice 
description, is much better suited to capture these sub- 
tle effects. It, therefore, appears that one possible strat- 
egy for “molecularly engineering” miscible polymer blends 
would be to make the polymers more dissimilar in order 
to take advantage of these noncombinatorial entropy of 
mixing effects. Of course in reality most mixtures are 
not athermal and it is difficult, if not impossible, to change 
the polymer structure without also influencing the ener- 
getic interactions between chain segments and unfavor- 
able compressibility effects. 

The miscibility of most real polymer mixtures is con- 
trolled by both structural or athermal, as well as, ener- 
getic effects. In many cases a x parameter of the form 

can satisfactorily be used to fit experimental data. The 
leading term A would be expected to contain the ather- 
mal effects of the type discussed here. Thus we would 
predict A to be negative with an approximate linear com- 
position dependence. I t  should be pointed out, how- 
ever, that the theory presented in this paper assumes that 
mixing occurs a t  constant volume and, hence, there are 
no equation-of-state  effect^.^^,^ These equation-of-state 
effects, which can be included within the context of our 
theory, will always destabilize the miscible mixture and 
can lead to LCST Thus A can be positive 
or negative depending on the relative importance of equa- 
tion-of-state versus structural asymmetry effects. 

In this paper we have studied the athermal blend in 
an attempt to isolate the effects of structure on the mis- 
cibility of polymer blends. The opposite case, the “iso- 
topic blend” consisting of a mixture of structurally iden- 
tical polymers with dissimilar attractive interactions, has 
also been s t ~ d i e d . ~ ~ , ’ ~ , ~ ~  The B term above will origi- 
nate from these energetic effects and, in general, con- 
tains both enthalpic and noncombinatorial entropy con- 
tributions. The more general case in which both struc- 
tural and energetic effects are present at the same time 
can be handled in a straightforward manner using the 
numerical techniques discussed earlier. One can antici- 
pate that there may be cross terms in x such that A and 
B can no longer be thought of as purely structural and 
purely energetic contributions. We are currently study- 
ing this general polymer blend. 

Finally, it should be pointed out that, for the calcula- 
tions presented in this investigation, we have ignored the 
intramolecular/intermolecular self-consistency problem 
by assuming that both types of chains in the mixture are 
ideal, Gaussian chains. We know, however, that the ide- 
ality approximation breaks down on sufficiently short 
length scales,14 resulting in localized chain expansion 
(“localized stiffness”). As mentioned above, equation-of- 
state effects due to nonconstant volume of mixing are 
also not included in these calculations on athermal mix- 
tures. While both of these important refinements to the 
model can and will be incorporated a t  a future date, we 
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ant ic ipate  that the qualitative effects we have demon- 
strated in this paper will be unchanged.  
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ABSTRACT: The Moynihan model was used to simulate enthalpy relaxation of a series of blends of poly- 
(methyl methacrylate) (PMMA) with poly(styrene-co-acrylonitrile) (SAN). The optimized Moynihan param- 
eters for each blend composition were obtained from the best fits of specific heat data in the glass transi- 
tion region measured in the rate-heating approach experiments, whereby samples were reheated immedi- 
ately after being cooled through the glass transition region. Optimization was carried out by using the 
Marquardt algorithm. The optimized parameters were then used in simulations of experiments following 
the isothermal approach, in which a period of isothermal relaxation was introduced between cooling and 
heating steps. Calculated values for the isothermal enthalpy relaxation agreed with previously reported 
experimental data within the margins of experimental uncertainty. The discrete formulation of the Moy- 
nihan model was meticulously constructed to ensure an accurate representation of that model. 

Introduction 

In the past 3 decades, researchers have devoted much 
effort to studying relaxation of glasses in the region which 
encompasses the glass t ransi t ion and extends well into 
the glassy state. In that region, a change in  temperature 
or  the application of a small  external  mechanical load 
will cause t ime-dependent  changes, o r  relaxation, i n  t h e  
s t ructure ,  with concurrent changes i n  the propert ies  of 
the material. Relaxation that leads to changes in  the struc- 
ture  is referred to as s t ructural  relaxation, while t h e  effect 

* To whom correspondence should be addressed. 

of relaxation under stress on properties of mater ia ls  is 
one of the topics of viscoelasticity.' 

S t ruc tura l  relaxation i n  polymers has been s tudied  b y  
following either volume relaxation2p3 or en tha lpy  re- 
l a ~ a t i o n . ~ - l '  In Kovacs' classic ~ o r k , ~ , ~ . ' ~  volume relax- 
a t ion i n  organic glasses was found to be characterized b y  
nonlinearity and nonexponentiality. Since volume relax- 
ation is one of the many manifestations of structural relax- 
ation, those two characteristics should also mark  the struc- 
tura l  relaxation of glasses i n  general. Moreover, 
Struikl 'has recently demonstrated that creep compli- 
ance of glasses also exhibits those characteristics. In a 
previous communicat ion from our  l a b ~ r a t o r y , ' ~  we have 
shown that the entha lpy  relaxation of blends of poly- 
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