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ABSTRACT Analytic PRISM theory with the new molecular closures is applied to determine the effective 
chi-parameters and spinodal instability curves for structurally asymmetric polymer alloys. Compressibility 
effects are found to be very important, and the use of a literal incompressible RPA-like approximation is 
shown to incur qualitative errors in most cases. A rich and nonadditive dependence of phase transition 
temperatures and apparent SANS chi-parameters on backbone stiffness asymmetry, attractive interaction 
potential asymmetry, and thermodynamic variables is found for binary homopolymer blends. A novel strategy 
for designing miscible mixtures based on a cancellation, or “compensation”, of the relevant asymmetries is 
identified. The influence of chain stiffness asymmetry in blends characterized by specific interactions is also 
studied. Generalization of the analytic PRISM theory to mixtures of random copolymers and periodic block 
copolymer melts is presented. All the rich behavior predicted for phase-separating homopolymer mixtures 
is again found for these systems, plus additional non mean field effects associated with random copolymer 
composition and block architecture. The theory is applied semiquantitatively to interpret recent experiments 
on polyolefin blends, diblock copolymers, and random copolymer alloys. Theoretical predictions are made 
which qualitatively account for recent experimental observations of a strong influence of stiffness asymmetry 
on phase separation temperaturea, and the breakdown of the mean field random copolymer approach. 
Anomalous behavior is also predicted for deuterated mixtures due to an interference between the consequences 
of stiffness asymmetry and enthalpic interactions. The physical mechanism for the many non-Flory-Huggins 
effects predicted by the compressible PRISM theory is local, scalar density correlations, which appears to 
be different than the “nematic fluctuation” mechanism suggested by recent field theoretic work. 

I. Introduction 
Real polymer blends generally do not satisfy the 

“symmetric” criteria with regard to the intramolecular 
structure of the different components nor the attractive 
intermolecular potentials. The literal use of an incom- 
pressible RPA approximation’ to compute thermody- 
namics and phase diagrams is expected to represent a poor 
approximation due to the importance of “compressibility” 
and local density correlation effects associated with the 
structural and interaction potential asymmetries. A 
rigorous analysis of the binary homopolymer blend leads 
to three independent partial structure factors, SM&Z), 
and three distinct measures of mean interactions, the direct 
correlation parameters Cmt(0) C”, not a single chi- 
parameter.2 The exact spinodal condition is given by2 

1 - P A N A C ~  - PBNBCBB + PAPBNANB(C~CBB - CAB2) = 
0 (1.1) 

Deviations between the spinodal boundary predicted by 
the literal incompressible RPA approximation and eq 1.1 
reflect the explicit influence of density and coupled 
density/concentration fluctuations. If one insists on 
expressing the spinodal boundary in terms of a single 
“effective chi-parameter”, XEW, defined by the incom- 
pressible spinodal condition 

(1.2) 

then by comparison of eqs 1.1 and 1.2 the effective chi- 
parameter is 

(1.3) 

PA + PB have been 

P[c,cBB - c,21 [$ANA + 4BNB] 

~ANACAA + ~BNBCBB ~ X E F F  = 

where the relations 4~ = p d p  and p 

* Abstract published in Advance ACS Abstracts, October 1,1993. 

employed which is appropriate when the elementary sites 
of the model chain are of the same volume. (Note that 
this effective chi-parameter is generally not the same as 
the apparent SANS chi-parameter x8.) Since the species- 
dependent direct correlation parameters consist of an 
athermal packing part plus an enthalpic contributions (see 
eq 1.3.8 of paper 13), the effective chi-parameter cannot 
generally be decomposed into additive contributions from 
different physical effects nor potentials. Note also that 
eq 1.3 is nonperturbative in inverse temperature and 
attractive potential strength. This contrasb strongly with 
the form of the effective x parameter deduced from a literal 
incompressible approximation (see eq 1.2.11). 

The primary focus of this paper is to establish the role 
of asymmetries on the spinodal phase boundary of simple 
model polymer alloys using analytic PRISM theory with 
the R-MMSA and/or R-MPY/HTA cl~sures .~J  For a 
binary blend of Gaussian thread homopolymers the 
structure of each chain is specified by ita statistical segment 
length, CTM, segmental hard core diameter, dM E d, degree 
of polymerization, N M ,  and the attractive “tail” potentials, 
U M ~ ( T ) ,  of eq 1.3.3. The blend is also characterized by the 
thermodynamic variables: total segmental density p = PA 
+ p ~ ,  or equivalently a dimensionless total packing fraction 
T =  7rpd3/6, volume fraction of A segments, 4 = pdp,  and 
temperature T. 

The remainder of the paper is structured as follows. In 
section I1 the analytical predictions for the reference 
athermal blend are reviewed and discussed. The effect of 
stiffness asymmetry on the spinodal of symmetric attrac- 
tive blends is determined in section 111. Section IV derives 
spinodal instability conditions for blends characterized 
by both stiffness and attractive potential asymmetries (of 
the Berthelot form), while specific attraction mixtures are 
treated in section V. Analytic predictions for the apparent 
SANS chi-parameter are derived in section VI. Gener- 
alization of the analytic PRISM theory to blends composed 
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of random copolymers and periodic block copolymers are 
presented in sections VI1 and VIII, respectively. A 
comparison of the theoretical results with experimental 
studies on polyolefins is presented in section IX. The 
PRISM theory predictions are contrasted with recent 
phenomenological field theoretic work in section X. The 
paper concludes with a summary and discussion in section 
XI. The present paper has been written under the 
assumption that the reader is familiar with the preceding 
paper3 which is referred to as paper I. Equations from 
paper I will be quoted using the prefix notation I. 

11. Athermal Reference Blend 
The "athermal reference blend" is defined6J as the 

hypothetical limit of vanishing interchain attractive 
potentials, i.e. flUMM'(r) = 0. Contrary to recent state- 
ments: in the d - 0 thread limit the properties of the 
athermal reference blend predicted by PRISM theory have 
been analytically determined in the long chain limit.7 In 
three dimensions for Gaussian chains the results are 

= - Lrlr3[4 + y2(i - 4)1 (2.2) 

where y = UB/UA, and I' = uA/d is the aspect ratio of the 
Achain. Analogous results have been obtained as a general 
function of polymeric fractal and spatial dimensionalities? 
The "scaling" form of eq 2.1 for the repulsive force direct 
correlation parameters arises from the simultaneous 
influence of a pointlike hard core impenetrability condition 
plus the connectivity-induced power law correlations of 
long Gaussian chains. The factor of y2 could be thought 
of as a "segmental surface area" ratio as suggested by 
empirical approaches,1° but in PRISM theory i t  arises from 
the fact that random walks are characterized by a mass 
fractal dimension of 2. 

The intermolecular site-site pair correlations are799 

18 

where [EFF is a concentration-, total density-, and stiffness 
asymmetry-dependent effective screening length given by" 

Note that for the constant volume athermal thread blend 
the intermolecular packing correlations are independent 
of species label M,M', which is reminiscent of the "van der 
Waals I" conformal solution model.12 

Several features of the athermal reference blend need 
to be emphasized. Within the context of incompressible 
Flory-Huggins theory a purely athermal blend is taken to 
be an ideal mixture, i.e. the mean field enthalpic chi- 
parameter vanishes xo = 0. However, if one adopts the 
incompressible RPA idealization of eq 1.2.11, in conjunc- 
tion with the PRISM results for the athermal direct 
correlation functions of eqs 2.1 and 2.2, then as previously 
shown by Curro and Schweizer719 a negative effective chi- 
parameter is obtained 

This result implies that structural asymmetry (y # 1) 
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always stabilizes the constant volume athermal blend in 
the sense that pure concentration fluctuations are reduced 
relative to  the y = 1 melt. Moreover, within this 
incompressible description and the R-MMSA and/or 
R-MPY/HTA closure the effective chi-parameter in the 
presence of attractive potentials is given from eq 1.2.11 as 
the sum of the (negative) athermal and (positive) mean 
field enthalpic contributions 

(0) 
XINC = XINC + xo 

Equation 2.6 predicts that statistical segment length 
asymmetry will always decrease the effective chi-pa- 
rameter and help solubilize the blend. Such an inter- 
pretation of the PRISM theory predictions was recently 
employed by Bates et al.l3 Unfortunately, as emphasized 
by both Dudowicz andFreed,ldand Curro and Schweizer,7ts 
the athermal reference blend is not an adequate model of 
any real phase separating system (since f l v W 0 )  = 0). 
Prior comparisons by Curro and Schweizer of the PRISM 
theory predictions for this model with experiment were 
deliberately limited to negatiue chi-parameter mixtures. 
Moreover, an incompressible idealization, and hence a 
single chi-parameter, for an inherently miscible blend is 
a quantitatively poor approximation since concentration 
fluctuations are small. This point was numerically dem- 
onstrated by Curro and Schweizer for the asymmetric 
stiffness blend where the individual compressible partial 
structure factors a t  k = 0 were found to be much larger 
than their incompressible RPA counterpartP 

An analytic demonstration of the inadequacy of the 
literal incompressible RPA follows from a comparison of 
the long wavelength partial structure factors of the blend 
relative to the melt behavior. The concentration fluctu- 
ations of the latter are describable by the RPA formula 
with a zero chi-parameter, i.e. fiw~(0) = N4(1 - 4). 
Introducing the ratio 

[SMM(~=O)I BLEND 
R M M  (2.7) 

[fiMM(k=O)IMEL'l' 

and using the "effectively incompressible" relation 
-~NMCMM~ >> 1, eqs 1.2.3, and the analytical results of eqs 
2.1 and 2.2 yields in the large N limit 

Alternatively, if the literal expression for the melt structure 
factor is employed (with a presumed statistical segment 
length of UA), one obtains 

(2.9) 
From either perspective, the correct conclusion from 
PRISM theory when compressibility effects are included 
is that the more flexible component will exhibit larger 
long wavelength fluctuations (less stable) in the blend 
relatiue to the melt, while the stiffer polymer will behave 
in the opposite manner. Hence, although the constant 
volume reference athermal blend is completely miscible, 
conclusions for real phase-separating blends based on a 
literal incompressible approximation incur qualitative 
errors in the sense that the prediction of eq 2.6 that stiffness 
asymmetry will always stabilize the mixture is not valid. 
This is not a failing of the PRISM theory, but rather only 
the RPA definition of an incompressible chi-parameter. 
The predictions of PRISM theory for athermal, struc- 
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turally asymmetric blends a t  constant pressure, not 
constant volume, remain to be determined. 
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111. Structurally Asymmetric Blends with 
Symmetric Attractions 

Although not directly relevant to real materials, polymer 
alloy models which assume the interchain attractive 
potentials are “symmetric” [as defined in eq 1.3.91 have 
been the subject of considerable study by computer 
~ i m u l a t i o n s . ~ ~ ~ ~  phenomenological field theories, and prior 
PRISM t h e ~ r y . ~ ~ ~ ~ ~  In the thread limit the direct corre- 
lations for this model binary mixture in the presence of 
stiffness asymmetry are given in their most general form 
by18 

where z and q are numerical constants, and the attractive 
energy scale variable ku is given by 

@,I = ID,(O)( R-MMSA (3.2a) 

= lD,(O)v- R-MPY/HTA (3.2b) 
a + EEFF 

for the R-MMSA and R-MPY/HTA closures of present 
interest. A positive (negative) “bare” enthalpic chi- 
parameter corresponds to q > z (q < z) .  Substituting eq 
3.1 in the general spinodal eq 1.1, and using eq 2.1, yields 

kBTS (1 + y4)q - 2272 

6 + y4(1 - 6) 
(3.3) 

where the “effectively incompressible” limit has been 
invoked since it is essentially exact for the symmetric blend 
problem.5~~ For simplicity I have considered the equal 
degree of polymerization case. The above result should 
be contrasted with the Flory-Huggins-like result (i.e., y 
= 1) and the literal incompressible description based on 
eqs 2.5 and 2.6: 

-- - N4(1 - 6) 
P@,l 

The incompressible theory predicts stiffness asymmetry 
strongly promotes miscibility relative to the structurally 
symmetric case. This result is very different than the 
“correct” compressible result of eq 3.3 which predicts that 
the influence of stiffness asymmetry is a nonuniversal 
question. For the R-MMSA closure the ratio of the 
compressible PRISM and Flory-Huggins spinodal tem- 
peratures is 

while for the R-MPY/HTA closure one obtains using eqs 

2.4 and 3.2: 

where a is the spatial range parameter of the attractive 
Yukawa potential defined in eq 1.3.3. The above epinodal 
temperature ratios can be either greater or less than unity 
depending on the detailed values of the structural asym- 
metry ratio, attractive interaction potential parameters, 
blend composition, aspect ratio, and packing fraction. Thus 
the literal incompressible RPA based analysis is not 
generally reliable. 

Prior numerical and analytical PRISM studies which 
employed the atomic “mean spherical approximation” 
(MSA) c 1 0 s u r e ~ ~ ~ ~ ~ J ~  have considered the special attractive 
potential case of q = 0 and z = 1. For the R-MMSA 
molecular closure one obtains from eq 3.6 for this potential 
choice: 

(3.8) 

For 4 = l/2 blends this ratio is slightly less than unity for 
modest values of stiffness asymmetry ratio. For example, 
if y = 1.1, then one obtains avalue of 0.982. Recent studies 
by Binder and co-worker~~~ of structurally symmetric 
blends using lattice Monte Carlo simulations have focused 
primarily on two specific symmetric choices: (q = 1, z = 
0) and (q = 1, z = -1). If such studies were generalized 
to include stiffness asymmetry then eq 3.6 predicts 

which again implies a weak stabilization of the blend by 
the stiffness asymmetry. At  high densities where the 
effective density correlation length, tm, is small compared 
with the spatial range parameter of the attractive Yukawa 
potential, a, the R-MPY/HTA predictions based on eq 
1.3.7 would be very similar to the above results. 

I now consider the more physically realistic case of 
attractive potentials obeying the Berthelot scaling rela- 
tions. The consequences of stiffness asymmetry on phase 
behavior are found to be dramatically different. 

IV. Structural and Interaction Potential 
Asymmetric Blends 

The statistical segment length asymmetry enters via 
the ratio y = U ~ U A ,  with the Berthelot attractive potential 
scaling defined in eq 1.4.2. The density and asymmetry 
ratio are treated as if they were independent of temper- 
ature. In reality there are (generally small) corrections to 
this assumption, and hence one can view the equations 
derived below as transcendental equations for the spinodal 
temperature. For structurally asymmetric mixtures char- 
acterized by monomer shape differences, the Berthelot 
asymmetry parameter X contains (in a crude average sense) 
information concerning the influence of monomer level 
packing correlations on the local attractive energy. 

A. Liquid-Liquid Phase Separation. Generalization 
of the compressible PRISM/R-MMSA and/or R-MPY/ 
HTA analysis to include stiffness asymmetry is straight- 
forward on the basis of the analysis of Appendix A of paper 
I. For the N A  = NB = N case the spinodal is given by18 
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(4.2) 

where the “attractive energy scale” variable fiu is given 
by eq 3.2. Note that the only difference between the 
R-MMSA and the R-MPY/HTA closure predictions is the 
presence of the temperature-independent, but density, 
composition-, and aspect ratio-dependent, length scale 
ratio a / ( a  + &F). Since this ratio is always less than 
unity, the R-MPY closure is predicted to decrease the 
spinodal temperature relative to the value obtained using 
the cruder R-MMSA approximation. The reduction is 
larger for lower polymer densities (or shorter tail potential 
range) due to the deeper local correlation hole.ll The shape 
of the spinodal envelope is also not of the classic symmetric 
inverted parabola form due to both stiffness asymmetry 
and explicit compressibility corrections. The composition- 
dependent effective chi-parameter deduced from the 
spinodal condition using eq 1.3 is 

Note that the effective chi-parameter is of an “enthalpic” 
nature but with multiple correlation corrections. The 
“collapse” of the independent asymmetry variables X and 
y into the positive difference variable (A - y2)2 is a 
mathematical consequence of the precise “scaling rela- 
tions” of eqs 2.1 and 1.4.2. The second, “explicit com- 
pressibility correction” term in the braces of eqs 4.1 and 
4.3 is positive definite and hence will always destabilize 
the blend. Its dependence on polymer density is in general 
very different than the leading “concentration fluctuation” 
contribution. The latter monotonically increases with 
polymer density, while the former decreases with density 
since the fluid becomes less compressible. This aspect 
may often result in a complex and subtle dependence on 
polymer density of the critical temperature of binary 
blends diluted by a nonselective solvent. 

If the explicit compressibility contribution is ignored, 
then simpler expressions are obtained 

Equations 4.4 and 4.5 can be viewed as enforcing an 
“effective incompressibility” constraint in a thermody- 
namically post facto manner. It differs enormously from 
the spinodal predicted on the basis of the literal RPA 
incompressibility approach of eqs 1.2.11 and 2.7 which is 
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given by 

kBTSJNC = 
pJiiAAI(A - 1I2N4(1 - 4){1 -t ( v ~ I “ / ~ ) ( T ~  - 1)’ X 

N4(1- $114 + ~ ‘ ( 1 -  (4.6) 
This result incorrectly predicts that increasing stiffness 
asymmetry monotonically stabilizes the mixture. 

For the high Nand density conditions of primary interest 
the inequality in eq 4.4 will be violated only for the very 
special case of X = y2. However, if one does have this 
“accidental cancellation”, or “compensation”, of the at- 
tractive potential and structural asymmetry factors, then 
a large stabilization of the blend is predicted since the 
spinodal temperature from eq 4.1 now obeys the law Ts 
a NO. This suggests an interesting and novel ”strategy” 
for molecular engineering of miscible polymer blends or 
increasing the interfacial region in phase-separated alloys. 
The calculation of the critical volume fraction for such a 
“compensated blend” is straightforward but results in 
algebraically complex formulas which are not particularly 
illuminating and hence will not be presented here. It has 
also been suggested by one of the reviewers that for real 
experimental blends the “unusual” 7’s a NO behavior may 
occur due to the fact that polymer blends tend to exhibit 
a much wider “critical regime” than expected from the 
incompressible RPA. 

The difference between the PRISM plus literal incom- 
pressible approach and the more general compressible 
PRISM analysis becomes particularly striking in the limit 
that the intermolecular attractive potentials become 
identical, i.e. h - 1. Such a situation might be realized 
in blends of polymers of different tacticities. From eq 4.6 
one sees the incompressible prediction is that the spinodal 
temperature vanishes! That is, the blend behaves as a 
purely miscible athermal system. Moreover, for the thread 
model eq 2.3 implies that a t  the R-MPY/HTA level the 
constant volume heat of mixing also vanishes. However, 
in the presence of compressibility effects phase separation 
is predicted by eq 4.4 which is driven by the stiffness 
asymmetry factor (y2 - 1)2, even though there is no “pure 
enthalpic driving force” (i.e. xo = 0). The monotonic nature 
of the destabilization of the miscible phase by stiffness 
asymmetry for this case occurs since there is no energetic 
bias between like and unlike contacts. 

Returning to the more general, but effectively incom- 
pressible, case of eq 4.4, the critical composition, &, can 
be determined by maximizing the spinodal temperature. 
For the simpler R-MMSA closure the analytical result is 

2 
I 4c=- 

1 + y2 (4.7) 

which implies that the blend composition at  criticality is 
rich in the more flexible chain to a degree which increases 
with stiffness asymmetry. Substituting this result into 
eq 4.4 yields the critical temperature 

(4.8) 

which becomes extremely high if y2 >> X but does approach 
a limiting value. This prediction is consistent with the 
physical expectation that blends of chains of greatly 
disparate aspect ratios (e.g. “rods and coils”) will phase 
separate a t  very high temperatures, very low N ,  and/or 
very low total polymer densities, due to packing-induced 
“frustration”. Of course, the present theory is not strictly 
applicable to the rod-coil mixture due to the use of a 
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incompressibility approximation) but represents an ap- 
proximation in the one-phase region. Integrating eq 4.12 
and subtracting off the appropriate pure component limits 
yields the free energy of mixing 

N/3AFM = 4 In(@) + (1 - 4) ln(1- 4) + 5;‘k (4.13) TC 

Gaussian chain model and the neglect of possible liquid 
crystalline nematic order. Note that even if the “chemical 
energetic” effects are dominant, i.e. y << A, structural 
asymmetry can still significantly influence both the critical 
temperature and volume fractions. Moreover, if the 
energetic and structural asymmetries are comparable, then 
their consequences are neuer separable since the “cross 
terms” are always significant. 

The asymmetry of the spinodal envelope can be quan- 
tified by computing, for a fixed value of reduced tem- 
perature 0 p TsIT, 5 1, the ratio of the corresponding 
compositions minus the critical value, i.e. 

(4.9) 

Here, 4+ ($-) denotes the composition greater (less) than 
the critical value, &, which defines the spinodal curve at 
asubcritical temperature Ts. For NA = NB = Nsymmetric 
blends, or for Flory-Huggins mean field theory, this ratio 
is unity for all values of 0. Within the PRISM/R-MMSA 
theory in the effectively incompressible limit eqs 4.4 and 
4.7 predict 

The spinodal curve is broader toward the direction of larger 
concentration of flexible chains. Typical results for Rg 
and a value of 8 = 0.8 are 1.22, 1.93,4.59, and 21.55 for 
y-l = 1.25, 2, 4, and 10, respectively. Two limiting cases 
are of interest (a) weak segment length asymmetry, 11 - 
y) << 1, where 6 = (1 - y ) ( l  - 0)1/2, and (b) small 
“undercooling”, (1 - 0) << 1, where 6 = [(l - y2)/2y2](1 - 
0)1/2, Such asymmetries in the spinodal curve may be 
very important for the kinetics of phase separation and 
in determining the morphology (e.g. droplets, percolating 
bicontinuous structure) of the phase separating structur- 
ally asymmetric blend. 

For most of the X,y parameter space the correlation 
effects result in a critical temperature higher than 
predicted by the simple y = 1 Flory-Huggins theory. 
However, there are “windows” of parameter space where 
stiffness asymmetry stabilizes the blend. The criteria for 
such stabilization are 

Y 2 >  [ h - q [ l + u ]  2 2 if X > y 2  

y2 < [ A  + u]/[ 2 1 - 2 if X < y2 (4.11) 

Whether the theory predicts relative stabilization or 
destabilization due to an increase of the stiffness asym- 
metry depends crucially on the sign of the quantity y - 

Since for many amorphous blends the asymmetry 
parameters may not deviate from unity by large amounts, 
the latter quantity may be close to zero in many polymer 
mixtures of interest. 

By integrating the partial structure factors, one may 
also determine the free energy of mixing and thereby the 
binodal curve. For simplicity, I consider here only the R- 
MMSA closure and invoke an effectiuezy incompressible 
approximation whence the osmotic compressibility 
is given by 

where the effective chi-parameter is given by eq 4.5. Use 
of the latter in eq 4.12 is exact a t  the spinodal (within the 

Note that the nonideal part of the free energy does have 
the mean field temperature dependence but depends on 
both the enthalpic interactions and structural asymmetry 
and is an “infinite-order” (not bilinear) function of blend 
composition. Hence, it contains features which are both 
enthalpic and entropic like. This point re-emphasizes the 
nonseparability of energetic and athermal structural 
asymmetry effects. By equating the above nonideal 
contribution to the standard mean field Flory-Huggins 
form, an empirical effective “thermodynamic” chi-param- 
eter can be defined 

(4.14) 

which is strongly composition-dependent. Note that this 
thermodynamic chi-parameter is not the same as either 
the effective chi-parameter of eqs 4.3 and 4.5, or the 
apparent SANS chi-parameter discussed in section V of 
paper I and section VI below. The binodal can be easily 
constructed from eq 4.13, and as noted above, its shape 
and relation to the spinodal will play an important role 
in determining the nature of the phase separation dynamics 
and morphologies. Generalization of the above results to 
the case of the R-MPY/HTA can also be done analytically 
but the formulas are considerably more complex and will 
not be presented here. 

Another question particularly relevant to SANS ex- 
periments is how deuteration of one component changes 
the critical temperature.20 Let the B-component be the 
deuterated species (which will experience a lowering of 
the effective dispersion interaction). On the basis of eq 
4.8, there are three general cases depending on the values 
of the asymmetry ratios of the fully hydrogenated mixture. 
(i) Tc will increase if X < 1 and y > 1 [Le., the deuterated 
species is stiffer but more weakly interacting]. (ii) Tc will 
decrease if A > 1 and y < 1 [i.e., the deuterated species 
is more flexible but stronger interacting]. (iii) The effect 
of deuteration on the critical temperature depends on the 
“sign” of 1 - y2 when X > 1 and y > 1, or A < 1 and y < 
1 [Le., the deuterated species is both the stronger (weaker) 
interacting and stiffer (more flexible) chain]. These 
situations are directly relevant to recent “deuteration 
swap” experiments on polyolefins21*22 which appear to 
display the type of nonintuitive complexity described 
above (see sections VI and VI1 for more a detailed 
discussion). Note that only for the case of y = 1 
corresponding to the structurally symmetric, isotopic-like 
blend does the energetically repulsive deuteration pro- 
cedure invariably lead to a less stable mixture. 

In summary, the above results show that the influence 
of statistical segment disparity on phase separation 
predicted by PRISM/R-MMSA theory is not separable 
from the enthalpic interactions and is a manifestly 
nonuniversal process. Moreover, predictions of phase 
behavior based on the literal incompressible aproximation 
produce qualitatively incorrect results. Thus suggestions 
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be obtained although numerical analysis is trivial. For 
moderate and long chains a t  meltlike densities, the 
corrections associated with explicit compressibility effects 
or local density correlations contained in the R-MPY/ 
HTA closure are relatively small [since << a and 
-NpCQ(l  - y2I2 >> 11, and hence the critical properties 
and shape of the spinodal envelope are expected to be 
weakly modified from the above R-MMSA results. 

As a minor caveat note that in all the analytic calcu- 
lations of this section the total site number density, p,  has 
been treated as a constant. For constant pressure con- 
ditions of relevance to most experiments, the total density 
is (weakly) temperature and composition dependent due 
to "equation-of-state" effects. However, the qualitative 
trends with regards to the influence of composition, N ,  
interaction potential asymmetry, and stiffness asymmetry 
on the spinodal and effective chi-parameter are generally 
not expected to be significantly changed. On the other 
hand, the persistence length of polymers is temperature- 
dependent and, possibly, composition-dependent due to 
"nonideality" effects. In some cases this feature could 
significantly influence in a complex manner the effective 
x parameter and spinodal temperatures via the y param- 
eter. 

The predictions of analytic PRISM for the spinodal 
temperatures and effective chi-parameter derived in this 
and the preceding section display a very rich dependence 
on the single chain structural asymmetry variables (y, r, 
and RN = NB/NA) ,  the interchain attractive potential 
asymmetry variable A, the ratio of interaction potential 
length scales, ald,  and the thermodynamic state variables 
Q and 4. Moreover, these dependences are intimately 
coupled. Hence, the answer to a question such as "does 
chain stiffness asymmetry favor or disfavor miscibility" 
cannot be generally given independent of the values of 
the other system variables. This coupling or "nonaddi- 
tivity" aspect mathematically arises within the compress- 
ible PRISM theory from "cross terms" between the 
repulsive (athermal) and attractive potential contributions 
to the k = 0 direct correlations in the instability condition 
of eq 1.1. The effective chi-parameter deduced from the 
spinodal is fundamentally enthalpic in origin (it vanishes 
if vu - 0) but contains multiple correlation corrections, 
Moreover, within a compressible theory local density and 
coupled density-concentration fluctuations strongly mod- 
ify the long wavelength concentration fluctuation corre- 
lation length, ts, due to the influence of enthalpic inter- 
actions on packing and vice-a-versa. Such correlation 
effects are not entirely embodied in the heat of mixing. 

B. Low Temperature Liquid-Gas Transition. The 
isothermal compressibility, KT, of a binary homopolymer 
blend is given by eq 1.2.6. Employing this equation for 
the equal degree of polymerization case, plus the analytic 
results of the previous sections for the k = 0 direct 
correlation functions, yields the explicit result 

that phase behavior can be described in terms of a single 
chi-parameter which includes different physical effects in 
an independent, additive manner are not generally valid. 

Incorporation of degree of polymerization asymmetry, 
N A  # NB, is straightforward. The result for the spinodal 
temperature is 

(4.15) 

In the effective incompressible limit [as employed when 
passing from eq 4.1 to 4.41 this expression simplifies to 

The literal Flory-Huggins theory predicts 

which displaysa different dependence on the chain degrees 
of polymerization due to the segment length asymmetry. 
Hence, the apparent molecular weight dependence is 
influenced by the chain stiffness difference even in the 
effectively incompressible limit. The effective chi-pa- 
rameter deduced from the spinodal of eq 4.15 via the 
definition 2XEFF = ( 4 N ~ l - l  + ([l - ~ ] N B ) - '  is given by 

(-pc$4(1- 4)(r2 - A)2)-'[4N~-' + (1 - ~ ) N B - ' ] )  (4.18) 
Note that in this degree of polymerization asymmetric 
case the effective chi-parameter is molecular weight- 
dependent. The second term in curly braces vanishes in 
the effective incompressible limit. 

The critical properties in the effective incompressible 
limit for the R-MMSA closure are given by 

(4.19a) 

(4.19b) 

Note that the critical composition can be close to the 
symmetric value of '/2 by an accidental compensation of 
the structural and molecular weight asymmetries. 
For the "solvent limit", defined as N A  >> NB, eqs 
4.19 reduce to 

4c g r2&xA kBTc Z ~lO,(O)l(r - AY-')~NB 
(4.20) 

In the limits y = NB - 1, mean field Flory-Huggins 
predictions are obtained from the PRISM/R-MMSA 
theory. 

In the presence of explicit compressibility corrections, 
and/or for the R-MPY/HTA closure of eq 3.2b, closed 
form analytic expressions for the critical properties cannot 

and its large N, athermal reference system analog 

I define a liquid-gas spinodal temperature, TLG, by the 
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divergence of KT, which yields23 
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The liquid-liquid spinodal temperature, Ts, for the same 
model is given by eq 4.4 in the effective incompressible 
limit. In the 1argeNregime the ratioof these two spinodal 
temperatures is 

Since Ts a N for dense, high polymer blends, one clearly 
has the inequality Ts >> TLG unless the quantity N(X - 
y2I2 is of order unity. If the latter condition holds, then 
the explicit influence of density fluctuations on liquid- 
liquid phase separation and the explicit compressibility- 
related errors incurred by Flory-Huggins theory will be 
maximized. 

so that ( A  - y2I2 = 0 precisely, 
eq 4.24 does not hold since terms of order N-’ in eqs 4.1 
and 4.23 cannot be ignored. Simple algebraic analysis 
yields the qualitative result that TS a W and 

In the limit that y = 

(4.25) 
Hence, in this very special case liquid-liquid phase 
separation still precedes the liquid-gas transition but is 
suppressed to much lower temperatures. In the asymptotic 
N - m limit the liquid-liquid and liquid-gas spinodal 
temperatures become identical. 

Returning to the large Nregime, and excluding the very 
special N(X - y2P 5 1 case, eq 4.1 can be combined with 
eq 4.23 to yield 

kBTs = N4(1 - 4)pJfiAAI(X - r2)’[4 + y4U - $)I-’ + 

which displays the N-independent contribution to the 
liquid-liquid spinodal temperature associated with density 
fluctuations. Generalization to the degree of polymeri- 
zation asymmetric case is immediate. 

V. Blends with Specific Interactions 
Generalization of the structurally asymmetric analysis 

to the case of the interchain attractions consisting of a 
nonpolar part which obeys the Berthelot scaling relations 
plus an extra “specifif’ A-B attraction (characterized by 
a parameter J = A H / H u  > 0 as in eq 1.5.6) is easily carried 
out on the basis of the results of section V and Appendix 
A of paper I. For simplicity, I consider a blend with N A  
= NB and shall only briefly summarize the results in order 
to point out the influence of a y # 1 structural asymmetry. 
The liquid-gas transition for this model is given by 

Comparing eqs 1.5.4 and 5.1, one sees that structural 
asymmetry only weakly influences the liquid-gas spin- 
odaltemperature. As before, liquid-liquid phase separa- 
tion due to concentration fluctuations divergence falls into 

two general cases. In the “effectively very strong” specific 
interaction case, defined as 2 y 2 J  >> ( A  - y2I2, the analog 
of eq 1.5.11 is 

15.2) 

This result implies an N-independent phase separation at 
very low temperatures. The presence of structural asym- 
metry can increase or decrease the phase separation 
temperature depending on blend density, composition, 
and the magnitude of y relative to unity. 

The second general case corresponds for moderate and 
large N to the inequality 2 y 2 J  C ( A  - y2I2. There are two 
extreme subcases depending on the size of the dimen- 
sionless quantity 

relative to unity. Obviously, for very large N one has Y 
>> 1, and this is the most probable case even for moderate 
chain lengths. For this situation, a classic UCST process 
occurs and the analog of eq 1.5.14 is 

(5.4) 
The presence of structural asymmetry can increase or 
decrease the phase separation temperature depending on 
the magnitude of y relative to the intermolecular potential 
parameters and blend composition. The opposite subcase, 
Y << 1, is much less likely but might be realized for very 
strong specific interactions (large J) and a special choice 
of nonpolar attractive potentials and stiffness asymmetry 
( A  and y) such that the factor - 2 r 2 J  + (A - y2)2 is small. 
For this situation the analog of eq 1.5.15 is 

(5.5) 
Since the predicted spinodal temperature goes to zero if 
either the compressibility vanishes or J = 0, this thermally- 
induced phase separation process is intimately related to 
the presence of a specific interaction and density fluctu- 
ations. 

Generalization of the specific interaction blend calcu- 
lation to the J C 0 case, and the LCST “toy m ~ d e l ” , ~  is 
easily carried out on the basis of the analysis of Appendix 
A and section VB of paper I but will not be presented 
here. 

VI. SANS Chi-Parameters 

In this section the apparent SANS chi-parameter for 
the Berthelot potential model is determined by following 
the analysis given in section VI of paper I.3 Generalizations 
to treat the “purely athermal” blend and the “specific 
interaction” or “symmetric“ potential cases are straight- 
forward to derive but are not presented here. 

Using eqs 1.3.8 and 1.4.2 in eq 1.6.1 yields the empirical 
SANS chi-parameter based on a k = 0 extrapolation of the 
scattering intensity: 
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m m 

(6.2) 

The common BQ factor is given by 

( b A  - bBl2 

(y2bA - bBl2 + (@flfi(/C$)[AbA - b$2 
BQ E (6.3) 

where bM denotes the neutron scattering lengths. The 
above general result (within the Berthelot potential model) 
can be employed to compute the effective SANS chi- 
parameter for any values of temperature, composition, 
chain lengths, and microscopic parameters. However, 
further analytic simplification can be obtained for two 
limiting cases which are of particular interest: (i) T >> Tc 
corresponding to the high temperature limit; (ii) (T - Tc)/ 
Tc << 1, corresponding to temperatures close to the critical 
point. 

As discussed in paper I, straightforward algebra yields 
(in leading order) an effective chi-parameter of the stand- 
ard empirical form: 

XS = A + @/T) (6.4) 
Introducing the positive parameters 

one obtains in the high temperature limit 

In general, the A and B factors are sensitive functions of 
molecular weight, composition, density, structural and 
potential asymmetry variables, and the neutron scattering 
lengths. The influence of stiffness and interaction po- 
tential asymmetries on the B factor of the apparent SANS 
chi-parameter is very similar to that predicted to occur 
for the spinodal temperatures (see section IV). Note that 
the qualitative nature of the apparent composition de- 
pendence, and even the sign of A and B, depend on all the 
system parameters. In the effective incompressible limit, 
the second explicit compressibility term in the braces of 
eq 6.7 vanishes. 

A case of particular experimental interest is an isotopic 
mixture. This is just a special case of the present analysis 
corresponding to X = 1.02. For a 4 = l / 2  and equal degree 
of polymerization blend eq 6.6 yields 

(6.8) 
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where 

The second approximate equality in eq 6.8 applies for 
small stiffness asymmetry, Iy - 11 << 1. With the convention 
that component A is deuterated, and using values of the 
scattering lengths appropriate for polystyrene (see ref 2 
of paper I), eq 6.8 predicts a value of the product AN 
which varies from -0.45 (y = 0.95) to 0 (y = 1) to 0.31 (y 
= 1.05). Thus, for an isotopic blend composed of chains 
with N = 1000 statistical segments, with deuterated 
polymers having a statistical segment length roughly 5 7% 
larger than their hydrogenated analog, eq 6.8 predicts A 
zz -4.5 X 10-4, Such a negative value is typical of many 
isotopic m i ~ t u r e s , ~ * ~ ~ ~ ~  although the precise magnitude 
and sign predicted by eq 6.6 is sensitive to blend com- 
position, molecular weight, neutron scattering lengths, and 
7. 

In the (T-  Tc)/Tc << 1 low temperature case the analysis 
of paper I can be easily repeated. In the hypothetical 
effective incompressible limit, defined as -Cz - m, the 
high temperature forms of eqs 6.6-6.8 are recovered. More 
generally, the effective incompressibility limit will apply 
if the inequality in eq 4.4 or 4.19 is obeyed at the critical 
composition &. In practice, this condition is much more 
likely to be obeyed for structurally asymmetric blends as 
compared with the isotopic-like mixtures considered in 
paper I, unless an accidental cancellation of asymmetry 
effects occurs, i.e. (y2- A)2 = 0. Hence, the general algebraic 
analysis of the low temperature situation seems of less 
interest and will not be presented here. 

It is also of interest to consider the alternative approach 
to calculating an apparent SANS chi-parameter based on 
fitting the k-dependent scattering profiles, i.e. eq 1.2.22. 
In the effective incompressible regime one easily obtains 
for the stiffness asymmetric Berthelot thread model the 
result 

Again, for the R-MMSA and R-MPY/HTA closures this 
prediction is of the general form found in many SANS 
experiments, i.e. xs = A + (B/Z‘). Note that B is always 
positive for the Berthelot thread model, but the molecular 
weight dependent A factor can in general be positive or 
negative depending on the precise values of the stiffness 
asymmetry ratio, blend composition, and degrees of 
polymerization. Equation 6.9 predicts a rich variety of 
composition dependences. 

VII. Random Copolymer Blends 
Many polymers have some degree of randomness in their 

structure, such as atacticity, microstructure variations (e.g., 
1-2 and 1-4 in polybutadiene), and random branching 
(e.g., polyolefins). Even “regular homopolymers” often 
consist of a monomeric structure which contains chemically 
distinct groups and hence, strictly speaking, is an alter- 
nating copolymer (e.g., polystyrene). In applying PRISM 
to these systems a “multisite“ model is most realistic but 
results in a proliferation of nonlinear integral equations. 
An approximate alternative, which I adopt in this paper, 
is to “preaverage” the chemical inhomogeneities into a 
single site “effective homopolymer” description. Such an 
approach is routinely used by experimentalists when 
analyzing SANS data,% in random copolymer mean field 
theory26 and Landau theory of liquid crystalline blends.% 
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equation 7.3 one obtains in the simpler effective incom- 
pressible limit 

This preaveraging should be adequate as a first approx- 
imation within a coarse-grained thread model for statis- 
tically random copolymers, or periodic copolymers when 
the "block size" is of the order the statistical segment length 
and microphase separation is not relevant. If these 
conditions do not hold, then an explicit accounting for the 
sequence quenched disorder is required.27 

A. General Analysis for the Bertholet Potential 
Model. Consider a binary alloy of two thread copolymers. 
Copolymer no. 1 consists of elementary units A and B 
with N1 total segments of which a fraction x are of type 
A. Copolymer no. 2 consists of elementary units C and D 
with N2 total segments of which a fraction y are of type 
C. The volume fraction of type 1 molecules is denoted $1, 
and the total segmental density of the liquid is p. The 
chains are taken to be Gaussian with mean statistical 
segment lengths al(x) and a&) and stiffness asymmetry 
ratio y,&,y), all of which in general depend on temper- 
ature. 

The attractive potential contributions to the direct 
correlation parameters are taken to obey the Berthelot 
relations at the elementary unit level, i.e. 

JRMMt( = d E  M,M' = A,B,C,D (7.1) 

This immediately implies that a t  the effective segment 
level the Berthelot relation again applies, i.e. 

El21 = dKz 
Within this model the copolymer alloy is treated as an 
effective homopolymer binary blend. Hence, all the 
analysis of the previous sections which employed the 
Berthelot attractive potential model is directly applicable 
once the appropriate mapping of variables is determined. 
The effective attractive potential asymmetry variable is 

R12 y + (1 -Y)ADC 
XEFF T = (7.3) 

Hll x + (1 - x ) A B ,  

where the three independent attractive potential asym- 
metry variables associated with the elementary units are 

AM,, E ~ R M M / R M , W  (7.4) 
The quantity R M M  and the effective screening length follow 
from eqs 3.2 and 2.4 as 

(7.5b) 

With the notational identification that A - 1 and B - 
2, the results of section IV for the spinodal temperature 
and effective chi-parameter directly apply to the random 
copolymer alloy. Equations 4.15 and 4.18 include degree 
of polymerization asymmetry and explicit compressibility 
contributions and are thus the most general results. Using 

Of course, for modest degrees of polymerization, solutions, 
and/or asymmetry variables near unity explicit compress- 
ibility effects may be important in determining the phase 
boundary. The spinodal temperature and effective chi- 
parameter are then increased by amounts given by 

(7.9) 

where C11 is given by eq 2.2 with the appropriate mapping 
of variables described above. If the explicit compressibility 
effects are not important and the R-MMSA closure is 
employed, then the critical volume fraction and temper- 
ature are given by the direct generalizations of eqs 4.19. 
Note also that if the structural asymmetry vanishes, i.e. 
Teff = 1, then eqs 7.7 and 7.8 reduce to the well-known 
incompressible mean field random copolymer formulas,25 
excgpt for the local density correlation correction embodied 
in HAA for the R-MPY/HTA closure. 

The ratio of the predicted spinodal temperature of eq 
7.7 and its mean field yeff = 1 analog can be greater or less 
than unity depending on the parameters characterizing 
the blend. Thus stiffness asymmetry, deuteration of one 
of the chains, and/or any other chemical or physical 
modification of microstructure can either promote or 
hinder miscibility depending on the subtle interplay of all 
the factors in eqs 7.7 and 7.9. 

B. Special Cases. I briefly consider two special cases 
of particular experimental interest. The first is a random 
copolymer "composition" blend. For this system the 
elementary units on both chains are identical, but the 
relative proportion of the two monomers differs. Thus, 
assuming no deuteration, in my notation A = C and B = 
D. There is only one independent attractive potential 
asymmetry parameter, XBA, associated with the energy of 
interaction differences of A and B units. For this case eq 
7.7 becomes 

CY - x )  + ( Y E F ~  - l)[x + ABA(1- ~ 1 1 ) ~  (7.11) 

The analog of eq 4.19, and also eqs 7.8-7.10, is easily 
obtained and not written down here. If the structural 
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asymmetry vanishes then eq 7.11 reduces to 

kBTs = &fiI(hAB - 1l2[x -y12&(1 - 41) 
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The second special case of present interest is an alloy 
of an AB random copolymer and a homopolymer C. 
Equation 7.7 then reduces to 

which displays the classic mean field i.e. 
the AB homopolymer blend result multiplied by the square 
of the difference composition variable, x - y. A necessary 
condition for this simple law to be accurately obeyed is 

Recall that since for random copolymers TEFF is generally 
a function of x and y (an also temperature and/or blend 
composition), the validity, or lack thereof, of the above 
inequality may depend strongly on the absolute values of 
the individual composition variables and not just their 
difference. More generally, the ratio of the predicted 
spinodal of eq 7.13 and the corresponding mean field 
random copolymer theory result is 

which clearly shows that deviations (either positive or 
negative) from random copolymer mean field theory can 
arise from three distinct factors (although the leading 
factor is unity in the R-MMSA closure; see eq 7.5a). 

Generalization of the above formulas to explicitly treat 
deuteration swap experiments is straightforward. For 
concreteness, I adopt the labeling convention that copol- 
ymer no. 2 (with units C and D) is the deuterated species. 
With regards to the X ratio quantities, I assume that if the 
two interacting species are both deuterated, then the 
corresponding X parameter is the same as for the hydro- 
generated case, i.e. XDC = XBA in eqs 7.7-7.10. On the 
other hand, XCA = l/ho, where Xo “= 1.016 is the standard 
isotopic parameter for the fully deuterated case.2o For 
the partially deuterated case of fraction XD one has 

where the standard Berthelot model for the isotope effect 
has been adopted. Assuming deuteration does not change 
polymer stiffness (an apparently controversial assumption 
at present21@), then for fixed chain compositions, x and 
y, blend composition, 41, and degrees of polymerization, 
eq 7.7 predicts the change in the phase separation 
temperature in the effective incompressible limit is pro- 
portional to 

kBTS/lf?lAA) a (~,SO-’[y + (1 -Y)’BAl - ym:(x,y)[x + 
(1 - x)kBAl )2  (7.16) 

The opposite case corresponding to (partial) deuteration 
of copolymer no. 1 is simply given by 

k , T S / @ f i (  OE x ~ S O - 2 ~ X ~ S O b  + (l -YIXBA1 - YEFF2(x,Y)[x + 
(1 - x)kBAl)2  (7.17) 

Incorporation of the explicit compressibility contributions 
is straightforward but will not be given here. 

YEF:[x + (1 - x)XBA])’ (7.18) 

where the effective stiffness asymmetry ratio now depends 
only on the compositional variable x and there are two 
independent attractive potential asymmetry variables. The 
corresponding mean field result is 

(1 - X)hBAl)2 (7.19) 

There are many reports of the failure of eqs 7.12 and 7.19 
for random copolymer blends.28pm Recent work has 
postulated that these deviations arise from a “sequence 
distribution effect”, i.e. the interactions between two given 
monomer units are assumed to be dependent on the nature 
of respective intramolecular nearest neighbors.30 This 
elaboration, even at the simple “triad” level, results in a 
proliferation of phenomenological x parameters (e.g., five 
for an AB/C random copolymer/homopolymer mixture, 
and nine for a AB/CD blend where A = C and B = D are 
chemically identical). The present theory suggests de- 
viations from mean field random copolymer theory may 
have an entirely different physical origin, i.e. stiffness 
asymmetry induced correlations and/or explicit com- 
pressibility effects. 

The results of this section for random copolymer alloys 
display an even richer and more nonadditive range of phase 
diagram behavior than found for homopolymer blends. 
The extra nonuniversal complexity arises from both the 
additional attractive potential asymmetry variables as- 
sociated with the single chain chemical inhomogeneities, 
and the microstructural dependence of the effective 
stiffness ratio. These features can give rise to windows of 
effective miscibility, nonlinear (and possibly nonmono- 
tonic) dependence of the effective x parameter on inverse 
temperature, and LCST type phase diagrams. 

VIII. Block Copolymers 

In this section I briefly consider a simple periodic class 
of “2M-block copolymers”, (A,B,)M, which consist of 
alternating sequences of A and B segments of length x 
and y, respectively. Generalization to treat an odd number 
of blocks (e.g. triblock copolymers) is immediate. The 
following variables are defined concentration of A site f 
= x / ( x  + y), N = M(x + y) which is the total degree of 
polymerization, NA = xN, NB = yN, and p = number 
density of copolymer molecules. A detailed presentation 
of the formal theory and numerical and analytical pre- 
dictions of PRISM for block copolymers is given elsewhere 
by David and S~hweizer.~’ 

A. General PRISM Theory for Block Copolymers. 
As for the homopolymer case, a tractable theory requires 
“preaveraging” chain end effects. In addition, an extra 
zeroth order approximation enters corresponding to ne- 
glecting “junction effects”. That is, the direct correlation 
functions associated with a pair of sites of type M and M‘ 
are assumed not to depend on the precise location of the 
M and M’ segments in the molecule. The resulting PRISM 
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equations in Fourier space are given by31p32 

A(k) = b ( k ) C ( k ) [ Q ( k )  + A(k)l (8.1) 

where the intermolecular site-site pair correlation function 
matrix is defined as &Mf(k) pwMfhm’(k), CMM)(k) is 
the site-site direct correlation function, and the intramo- 
lecular partial structure factor matrix is 
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where WaMyM’(r) is the normalized probability distribution 
function that a site a of type M is a distance r from site 
y of type M’. It is convenient to introduce a related set 
of intramolecular correlation functions defined as 

The collective partial structure factors are given by 

$(k) = h(k) + A ( k )  = [ l  - b(k)C(k)l-’Q(k) (8.4) 

In an approximate theory of block copolymers, finite length 
scale spinodal instabilities may be present corresponding 
to SMM@ = k*) = 03. From eq 8.4 this is equivalent to the 
condition 

A E det(1- b(k )C(k ) )  = 0 for k = k* (8.5) 

where the most unstable wavevector is determined by the 
requirement that A(k*)  is a minimum. Using eqs 8.1-8.4 
in this relation yields 

(8.7) 

where ps = Np is the total site number density. Since 
microphase separation is a finite length scale ordering 
phenomena akin to crystallization, a critical point is not 
expected to exist in physical reality. 

B. Connection with the Leibler Mean FieldTheory. 
The mean field Landau theory of block copolymers 
developed by Leibler33 is based on an incompressible RPA 
treatment of the liquid correlations. PRISM theory, 
however, includes both density and concentration fluc- 
tuations and the incompressibility constraint cannot be 
rigorously enforced. However, Schweizer and Curro have 
previously shown for polymer blends that contact can be 
made with the RPA approach by implementing the 
incompressibility constraint in a post facto manner using 
a straightforward free energy functional expansion meth- 
od.2 The identical procedure can be applied to the 
copolymer problem. The result for an AB block copolymer 
for which the A and B site volumes are equal (=V) is3’ 

SRpA-’(k) = ( ~ / V ) [ S f i - l ( k )  + S B B - ’ ( k )  - 2Sm-’(k)l (8.8) 

which is of the identical form as for a binary homopolymer 

blend. Using eqs 8.2-8.4 in (8.8) yields 

fj&) + (1 - f)&& + 2j,(k) 
SRpA-’(k) = - &c(k) 

f(1- f i j f i ( k ) j B B ( k )  - ;m2(k) 

(8.9) 

where the effective chi-parameter is given by k-dependent 
generalization of eq 1.2.11. 

If a small angle approximation that jlIN&) is a constant 
is invoked, then eq 8.9 is identical in form with Leibler’s 
RPA result. In this case the spinodal condition is far 
simpler than eq 8.6. For example, for a fully symmetric 
( x  = y) Gaussian diblock copolymer the well-known RPA 
result33is XIN&= 10.495. However, the “RPA-like” result 
of eq 8.9 is more general than the conditions associated 
with the standard derivation, since only post facto 
incompressibility has been assumed within the PRISM 
formalism and not any “weak segregation” restrictions. 
Since the true chi-parameter is a wavevector-dependent 
correlation function, not a phenomenological number, it 
is functionally related to all the other intramolecular and 
intermolecular pair correlations in the system. This results 
in k* becoming a collective, many chain p r ~ p e r t y . ~ ~ ~ ~ ~  
Finally, except for the highly idealized symmetric (both 
structurally and attractive interaction potential) copol- 
ymer case, eq 8.9 is expected to incur significant errors 
since explicit compressibility effects are neglected.% 

C. Molecular Closures and Analytic Predictions. 
The same molecular closures proposed for homopolymer 
blends415 apply to copolymers but the nondiagonality of 
the intramolecular structure factor matrix introduces 
additional complexities. Equation 1.2.27 becomes 

In this paper we consider only the analytically tractable 
thread polymer model. Since the hard core exclusion 
region reduces to a point of measure zero the R-MMSA 
and R-MPY/HTA closure equations entirely determine 
the direct correlation functions, i.e., they are not func- 
tionally related to the interchain pair correlationsgMM!(r) 
of the fully interacting copolymer melt.3*5 For long chains 
the direct correlation function parameters are precisely 
the same as found for a polymer blend, i.e. eq 1.3.5 for the 
R-MMSA closure and eq 1.3.7 for the R-MPY/HTA 
approximation. 

For the symmetric block copolymer all the reference 
direct correlations are identical, which immediately implies 
that the effective chi-parameter is identical to that found 
for symmetric blends in eqs 1.3.16 and 1.3.17. Hence, for 
the R-MMSA closure the mean field result XINC = xo holds, 
and thus within the incompressible approximation of eq 
8.9 one obtains precisely Leibler theory for all compo- 
sitions and block architectures. It appears that the 
combination of the R-MMSA or R-MPY/HTA closure, 
the symmetric model, and the idealized thread limit 
correspond to the conditions required within the PRISM 
integral equation formalism to obtain a RPA-like mean 
field theory. 

I consider only the simple Berthelot potential model 
and the present goal is solely to demonstrate that the rich 
nature of the predictions for blends derived in section IV 
also apply to block copolymers. Substituting eqs 1.3.8, 
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1.4.2, and 2.1 into (8.6) yields the spinodal temperature 

[-psCEl-l&k*,f,r,h) (8.11) 
where the block architecture-dependent ( x  and y variables) 
functions F and G are given by 

The functions F and G are both independent of N in the 
long chain limit. For stiffness symmetric f = ‘/2 diblock 
copolymers in the N >> 1 limit the quantity F = 2/10.495. 
The ordering wavevector, k*, is (numerically) determined 
by maximizing the right hand side of eq 8.11 and is a 
function of all the variables in the problem. In the effective 
incompressible limit the second contribution on the right 
hand side of eq 8.11 vanishes, although one expects in 
general its magnitude will be very similar to what is found 
for the analogous binary blend. Note that the mathe- 
matical structure of eq 8.11 is qualitatively identical to 
the blend case of eq 4.1. Thus, for example, statistical 
segment asymmetry is predicted to strongly increase the 
asymmetry of the spinodal boundary of diblock copoly- 
mers. Another point is that since the concentration 
fluctuation driving force for phase separation in block 
copolymers is weaker than in blends (e.g. the critical value 
of X ~ N  is larger), the N-independent explicit compress- 
ibility, or equation-of-state, contributions to the spinodal 
temperature are expected to be relatively more important. 

Application of the PRISM theory of block copolymers 
to compute effective SANS chi-parameters, the properties 
of nonthread models, and the predictions of the full 
R-MPY closure is discussed elsewherea31 However, there 
are some features of this work which are important to 
briefly mention here. For the R-MMSA and R-MPYI 
HTA closures taking the thread limit results in a theory 
where the hard core exclusion condition is not relevant 
(except for determining the reference fluid CE$. This 
great simplification does not occur for any nonzero hard 
core diameter. Numerical calculations by David and 
Schweizer31 for symmetric diblocks have shown that 
PRISM with the R-MMSA closure for nonthread sym- 
metricdiblocksdoes not exhibit a criticalpoint orspinodal 
instabilities i f  either the temperature or inverse degree 
of polymerization are nonzero. The destruction of the 
critical point is a ”finite size” fluctuation effect, as in the 
Brazovski-Fredrickson-Helfand but the mech- 
anism is entirely different. A host of “fluctuation effects” 
with regard to the dependence of the scattering maximum 
and intensity on T and N are also found. There remains 
the question of whether “fluctuation phenomena” in 
diblock copolymers are a critical-like finite size effect, or 
an intrinsic process which survives in the N - m limit as 
suggested recently by several workers.36*37 Numerical 
PRISM calculations for the symmetric diblock model 
based on the most sophisticated R-MPY closure31 support 
an approximate “intrinsic” behavior for low and inter- 
mediate values of N .  However, in the long chain limit 
global concentration fluctuation effects appear to become 
irrelevant in a manner which is qualitatively consistent 
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with the Brazovski mechanism although the physical origin 
of the finite-size fluctuation process is very different.3I 

IX. Experimental Comparisons 

Several groups have recently carried out SANS and/or 
cloud point studies of the phase behavior of nonpolar 
polyolefin alloys. These materials include blends and/or 
diblock copolymers13 of polyethylene (PE), poly(ethy1- 
ethylene) (PEE; which is structurally equivalent to atactic 
polybutene-1), poly(ethylenepropy1ene) (PEP), and com- 
positional blends21s2tw of random copolymers of ethylene 
and butene-1 (PE/PEE random copolymers). In this 
section analytic PRISM theory is applied to semiquan- 
titatively interpret many of the intriguing observations 
seen in these hydrocarbon alloys. 

A subtle theoretical question is what is an adequate, 
but tractable, molecular model for these polymers. The 
explicit treatment of the chain branching aspect is difficult 
and certainly not directly describable within the thread 
or similar8 coarse-grained models. One consequence of 
branching is variations in the effective backbone stiffness 
of different polyolefins. This aspect is naturally contained 
in the thread model via the parameter y. However, one 
must keep in mind that  the direct consequences of 
disimliar monomer shape may be even more important, 
both with regard to noncombinatorial entropy consider- 
ations and shape-dependent packing influences on the 
effective enthalpic interactions between the hydrocarbon 
units. In addition, the dispersion interactions between 
CH, groups, where x = 1, 2, or 3, are not exactly equi- 
valent,4l and hence there are small differences in the bare 
attractive interaction potentials between polyolefins of 
different microstructures. Such differences are not nec- 
essarily negligible since all the “asymmetries” in polyolefms 
are quite small. These latter aspects enter the analytic 
PRISM theory only indirectly (or in an average sense) via 
the attractive contribution to the species-dependent direct 
correlation functions. Within the simple Berthelot ap- 
proximation such effects are described solely by an 
effective value of the scaling parameter A. 

A. Compositional Blends of Polyolefin Random 
Copolymers. The analytic PRISM predictions for this 
system were derived in section VII. In order to semi- 
quantitatively apply these formulas to the experimental 
alloys the parameters of the thread model must be 
determined in terms of the properties of the real molecules. 
This is an inherently nonunique problem due to the many 
ways a statistical segment can be defined. I adopt the 
common choice of a C4H8 group as the elementary repeat 
unit. This group has an effective volume of roughly 107 
A3for the PE-PEE copolymers of corresponding 
to an effective segmental hard sphere diameter of d = 6 
A. Calculation of an effective statistical segment length 
based on an equal volume criterion is essentially required 
by the nature of the present analytic thread model which 
cannot realistically describe monomer shape and space- 
filling volume. The attractive dispersion interactions 
between methylene groups can be described by a Lennard- 
Jones 6-12 potential with a well depth43 c = 40 K and 
associated hard core diameteru of dcHz = 3.9 A. For the 
Yukawa potential employed in the analytical analysis, the 
appropriate spatial range parameter is a = 0.465dc~,.l~ 
The characteristic ratios and temperature derivatives as 
measured by SANS are given by45 C, = 8.3 (PE) and 5.2 
(PEE) at  T = 298 K; d(ln C d d T  = -0.0012 (PE) and 
0.0004 (PEE) at  T = 298 K, although there is considerable 
uncertainty in the latter number. The statistical segment 
length of species M is UM = ~LccC,’/~, where LCC = 1.5 
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A is the carbon-carbon bond length. At T = 373 K these 
numbers imply the stiffness asymmetry ratio ratio of PE 
relative to PEE is y z 1.19. At the segmental level, the 
total packing fraction is taken to be the typical dense liquid 
value of 9 = 0.5. 

With the above numerical information, the attractive 
potential Berthelot scaling parameter for PE and PEE 
can be determined within the R-MPY/HTA closure from 
the ratio of the cohesive energies of the respective melts. 
Using eqs 1.3.3,1.3.20, and 3.2b, one obtains in the long 
chain limit 

A2 = A EpEpE a + upEEITpapE:]-l 

‘PEE,PEE a + “PE[TpaPE31-1 
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and PEE homopolymers. 

Experimentally, the compositional differences considered 
are generally small, e.g. ly - X I  5 0.1-0.2. Under this 
condition eq 9.2 can be simplified as 

where 

where I’ = u/d denotes the aspect ratio. The leading factor 
is the ratio of Lennard-Jones energy parameters. In 
empirical group additivity schemes this quantity can be 
identified with the ratio of solubility parameters squared. 
According to either the Small or van Krevelen parame- 
terizations+l A,J E 1.06. The second ratio factor in eq 9.1 
arises from the local density correlations in the polymer 
melt and is greater than unity since PE  is a stiffer chain 
(as defined on an equal volume segment basis) than PEE, 
and hence will display a larger value of the intermolecular 
pair correlation function, g ( r ) ,  near contact. This con- 
clusion is qualitatively expected on physical grounds since 
at the chemically realistic level chain branching (especially 
if it is random) will tend to frustrate efficient local packing 
of carbon centers.46 

Equation 9.1 can be explicitly evaluated using the 
numerical information described in the preceding two 
paragraphs. At  T = 373 K one obtains APE,PEE = 1.20, and 
the combination asymmetry variable of prime importance 
to phase separation is given by (y2 - A) = 1.41 - 1.20 = 0.2 
for a blend of PE and PEE.47 Interestingly, recent 
equation-of-state studies by Walsh et al.48 find that the 
analogous quantity in empirical theories is approximately 
0.1. The latter number corresponds to the percent 
difference in empirical solubility parameters, or [PPE/ 
&E] V2 - 1 in the enthalpic equation-of-state description. 
Given the sensitivity of our estimate to uncertainties in 
the required quantities, and the ambiguity in choice of 
mapping of the real polymer onto the thread model, such 
agreement is encouraging. 

1. Breakdown of Mean Field Random Copolymer 
Theory. Compositional blends of random copolymers of 
PE and PEE have been studied over essentially the entire 
range of PE content by Crist and ~ o - w o r k e r s ~ ~ , ~ * ~ ~ ~  and 
Balsara, Graessley, Lobe,  and co-workers.22v28@ A striking 
feature of the experimental results is that mean field 
random copolymer theory fails.28 Let PE-PEE copolymer 
no. 1 (no. 2) contain a fraction x (y) of PEE groups. 
Random copolymer theory25 predicts that chi and the 
spinodal temperature are proportional to the squared 
compositional difference only, i.e. (y - x ) ~ .  Experimentally, 
the value of the SANS chi a t  fixed compositional 
difference, monotonically decreases by a factor of order 
4-6 as the PEE content is reduced from near unity to 

To address this phenomenon we apply eq 7.11. Direct 
experimental measurements of the compositionally-de- 
pendent segment lengths have not been published. Thus 
we shall employ a simple “mean field” approximation which 
linearly interpolates between the two limiting cases of PE 

2er0.2838~40 

Substituting eq 9.3a into eq 7.11 yields 

Since YEFF is close to unity for the compositional alloys of 
interest, essentially all the deviation from random copol- 
ymer mean field theory in eq 9.4 is contained in the factor 
Q due to the nonequality of the statistical segment lengths 
of PE  and PEE. Moreover, as the branching content is 
varied from near unity to near zero the change in this 
factor is 

Q(x=1) -- 2 
Q ( x = O )  - (9.6) 

which is independent of the attractive interaction asym- 
metry parameter. Using eq 9.3b, the square of the above 
ratio (which from eq 9.4 is the relevant factor for the phase 
separation temperature) is approximately 2.0 at  T = 373 
K and 2.5 at  T = 298 K. Alternatively, if the equal 
segmental volume scheme employed recently by Bates et 
al.13 for determining the effective statistical segment 
lengths of PE  and PEE is adopted, then the corresponding 
ratio for 298 K is (8.8/5.014 = 10 and roughly 6.5 for T = 
373 K. As discussed above, the corresponding experi- 
mental ratio is in the range 4-6. For the modest com- 
positional differences of experimental relevance these 
numerical estimates do not significantly change if the 
approximation of eq 9.3a is not employed, but rather eq 
9.2 plus (7.11) are literally applied. However, the quan- 
titative sensitivity of the theoretical predictions to sta- 
tistical segment length definition is clearly demonstrated 
by the above estimates. Summarizing, PRISM theory does 
predict that as the mean branch content of the polymers 
is reduced (at constant compositional difference, blend 
composition, and degrees of polymerization), the alloy 
becomes increasingly stable by an amount that seems to 
be in rough accord with experiments. 

2. Anomalous Deuteration Effects. The second 
“anomalous” experimental observation by both Crist and 
RheeZ1 and Graessley et a1.22 is the very large effect on the 
SANS chi-parameter and cloud point of partial (typically 
35%) deuteration of one of the random copolymers. 
Besides the surprisingly large magnitude of the deuteration 
effect, its “sign” depends on whether the deuterons are on 
the more heavily or lightly branched chain. For example,22 
for 50150 blends of x = 0.52 and y = 0.66 copolymers the 
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critical temperatures from SANS are 95 “C if the x = 0.52 
chain is partially deuterated and 180 “C if the x = 0.66 
chain is partially deuterated. The fully hydrogenous alloy 
has a critical temperature roughly in the middle of these 
two values. Hence, although deuteration in isolation (Le. 
isotopic blends) is always a repulsive effect20 for the 
present case it can either stabilize or destabilize the blend. 
In all cases studied so far the effectiue chi-parameter is 
larger when the more highly branched component is 
deuterated. 

A simple enthalpic-based empirical solubility parameter 
approach has been suggested by Graessley et al.22 to 
qualitatively account for the above observations. Rhee 
and Crist have offered an alternative explanation based 
on deuteration-induced segmental volume changes.21 A 
potential complication is that some recent SANS exper- 
i m e n t ~ ~ ~ ~ ~  on partially deuterated polyolefins find “ele- 
vated” values of the statistical segment lengths relative to 
values extracted from prior isotopic blend42 and 8 solvent 
 measurement^.^^ The suggestion has been made39 that 
partial deuteration significantly changes the local polymer 
stiffness (possibly in a molecular weight-dependent fash- 
ion), which if true could qualitatively influence the 
deuteration swap experiments and my analysis given 
below. The one model-independent conclusion that can 
be unambiguously drawn from these experiments is that 
all the asymmetries in the problem (enthalpic, stiffness, 
deuteration effect) are of comparable magnitude and thus 
“cross terms” are very important. This would seem to 
render inadequate any incompressible-based theory which 
represents the effective chi-parameter as a sum of inde- 
pendent contributions from different physical effects. 

The deuteration swap phenomenon was considered in 
section VI1 and predictions based on the assumption that 
deuteration only modifies enthalpic interactions are given 
by eqs 7.16 and 7.17. Defining copolymer no. 2 as the 
deuterated species, then eq 7.16 predicts that since the 
parameter XISO > 1 (see eq 7.15) the critical temperature 
will be raised if 

and lowered if Q < 1. The actual value of Q is subtle 
because if the more highly branched polymer is deuterated 
then y > x and YEFF < 1 which implies the enthalpic and 
stiffness asymmetry factors compete since XPE,PEE > 1. 
The preferable approach to evaluating Q would be to 
employ highly accurate experimentally determined values 
of the stiffness asymmetryratio. We proceed by assuming 
the linear interpolative approximation of eq 9.3, whence 
eq 9.7 can be written as 

The sign of the factor in square braces is determined by 
the sign of X - yo2. With the mapping of the real chain 
onto the thread model chosen in this section the above 
factor is negative and of order -0.2. This conclusion also 
holds for the alternative parameter choices.47 Hence, 
deuteration of the more branched chain is predicted to 
lower the critical temperature, in disagreement with the 
experimental observations. The critical temperature of 
eq 7.16 can be written for fixed degrees of polymerization 
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and blend composition as 

The second term is always positive since the parameter 
XISO is roughly 1.006 for a 35% partially deuterated chain 
(see eq 7.15). Thus, for y - x = 0.15, and the parameters 
employed throughout this section, the leading term is in 
the range 1-0.03, -0.061 and the second term is approx- 
imately 0.006. Hence, deuteration is predicted to change 
the critical temperature by a factor of order 1.2-1.6, which 
is unexpectedly large and is a t  least of the correct absolute 
magnitude as observed in the experiments. 

It is important to note that the analytic thread model 
PRISM predictions which do agree with the experiments 
would not change if the attractive interaction asymmetry 
variable was larger and of the order 1.6. However, such 
a value would reverse the sign of the factor X - y2 and 
result in a prediction for the deuteration swap problem in 
qualitative agreement with experiments. Alternatively, 
if the mapping of the real chain onto the thread model 
emphasized only backbone stiffness (not the equal segment 
volume approach), then the more branched chain would 
be stiffer. This would imply the relevant y parameters 
would then be less than unity, and the stiffness and 
attractive potential asymmetry parameters would “rein- 
force” each other rather than “compete” (both greater than 
unity). For suchamodel the theoreticalPRISM prediction 
for the deuteration swap problem would also qualitatively 
agree with experiment. Definitive resolution of these issues 
must await both theoretical and experimental advances, 
i.e. a more chemically realistic treatment of the influence 
of monomer shape and local packing on the enthalpic 
interactions in the blend, and highly accurate measure- 
ments of the statistical segment lengths of random 
polyolefin copolymer blends as a function of temperature, 
degree of polymerization, blend composition, and level of 
deuteration. 

B. Polyolefin Homopolymer Blends and Diblock 
Copolymer Melts. Recent experiments by Bates et al.13 
on blends and diblock copolymers of PE, PEE, and PEP 
have been interpreted as demonstrating a strong corre- 
lation of miscibility with chain stiffness. These data are 
not reproduced here, and the reader is referred to the 
original paper. Such an interpretation, however, is not 
unique. The only model-independent conclusion which 
can be unambiguously drawn is that miscibility is de- 
creased as the difference in amount of chain branching 
between the two species increases. Moreover, the inter- 
pretative a s ~ u m p t i o n ~ ~  that the athermal entropic con- 
sequences of chain stiffness is the dominant physical factor, 
and enthalpic effects are of minor significance, does not 
seem consistent with either the deuteration swap exper- 
iments21*22 nor the enthalpic-based interpretations of 
Walsh et al. for polyolefin equation-of-state data.a 

If I do adopt the Bates et al. interpretation,13 then 
application of the analytic PRISM theory to these ex- 
periments is straightforward on the basis of the results of 
sections IV (homopolymer blends, eq 4.4), VI1 (homopoly- 
mer + random copolymer blend, eq 7.181, and VI11 (diblock 
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copolymers, eq 8.11). Inspection of these equations 
immediately shows that under the assumption of small, 
roughly monomer-independent, enthalpic differences 
among the polyolefins (Le. X parameters near unity), the 
phase transition temperatures are predicted to increase 
very strongly with increasing disparity in statistical 
segment lengths. Thus at  this crude, qualitative level the 
analytic PRISM theory is consistent with all of the 
measurements of ref 13. The physical origin of the PRISM 
theory miscibility predictions is local scalar density 
correlations, which is distinct from the “nematic fluctu- 
ation” mechanism suggested by Liu and Fredrickson.8 It 
must be emphasized that yet another alternative physical 
mechanism might be the non mean field influence of chain 
microstructure and monomer shape on chain packing and 
enthalpic interactions. 

It is important to determine whether analytic PRISM 
theory predicts critical temperatures of the correct order 
of magnitude. Consider the most extreme case of struc- 
tural asymmetry studied by Bates et al. corresponding to 
a f = PE-PEE diblock copolymer melt with N = 410.13 
Using the R-MPY/HTA closure in eq 8.11 with F = 2/10.5 
and eqs 2.4 and 3.2b, one obtains 
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PRISM theory such non-Flory-Huggins behavior may be 
due to a large explicit compressibility contribution (relative 
to the N-dependent concentration fluctuation term), and/ 
or the fact that the effective asymmetry variable, (r2 - X)2, 
is close to zero but temperature dependent since d(ln C,)/ 
d T  # 0. 

There exist many other polymer alloys where the 
structural and attractive potential asymmetries may play 
an important and competing role. Some of the recent 
SANS studies include d-polystyrenelp-methylpolystyrene 
blends and diblocks,w poly(dimethylsiloxane)/poly(di- 
ethylsiloxane) blends?l 1-2/1-4 polybutadiene diblock 
 copolymer^,^^ blends of polyisoprene and polybutadi- 
ene of variable microstru~tures,5~ tacticity blends (e.g. 
PMMA”), PMMA/poly(ethylene oxide) blends,55 poly- 
isoprene/ poly (vinylethylene) blends,M and compositional 
blends of random copolymers of ethylene and its chlori- 
nated analogem All these systems exhibit intriguing non- 
Flory-Huggins aspects in their effective x parameter and/ 
or cloud point behavior. Detailed applications of PRISM 
theory to these alloys is desirable but in many cases is 
made difficult by an inaccurate or nonexistent knowledge 
of the relevant parameters such as the statistical segment 
lengths in the blend and the attractive potential param- 
eters. I hope the present work provides some incentive to 
accurately determine these parameters. 

X. Comparison with Incompressible Field Theory 
Liu and Fredrickson have recently proposed a phe- 

nomenological Landau theory for the influence of stiffness 
asymmetry on blend miscibility.8 Their approach pre- 
sumes that nematic or orientational fluctuations, known 
to be of prime importance in liquid crystalline materials, 
are also significant in amorphous blends. This physical 
idea is distinct from the scalar packing correlation effects 
described by PRISM theory which are universally present 
for all dense liquids. Of course, both types of correlations 
presumably have a common physical origin, the inter- 
molecular forces and chain connectivity, although only 
the PRISM theory attempts a microscopic description. 

Liu and Fredrickson have employed an incompressible 
RPA approximation to obtain an effective chi-parameter 
of the forms 

(10.1) 
Here, xo 0: T1 > 0 represents the contribution of 
unfavorable “isotropic” enthalpic interactions and A x  is 
the correction due to nematic fluctuations. The latter is 
computed using a phenomenological “Maier-Saupe” in- 
teraction with a strength characterized by an unknown 
parameter w > 0. The physical origin and magnitude of 
w are not specified (it could be due to anisotropic 
attractions and/or steric excluded volume forces), but it 
serves, by construction, to favor orientational alignment 
of chain segments. The nematic fluctuation component 
of XEFF is found to be8 

XEFF = xo + AX 

where the explicit compressibility contribution has been 
ignored. Using the same parameters for PE and PEE 
employed in the previous section (the T = 373 K values 
for segment lengths) this reduces to 

= 0. 18[PCHzdCH,3(20.1r/9)tCHlnl (9.11) 

where the second line follows from using the Lennard- 
Jones potential for methylene groups and n is the number 
of methylene-like groups per segment (4 in this case). 
Substituting the appropriate numerical v a l u e ~ ~ 3 9 ~  of 
P C H ~ ~ C H ~  = 2 and CCH, = 40 K yields a very rough estimate 
of 400 K for the critical temperature compared to the 
experimental value of 393 K. The nearly exact agreement 
is certainly fortuitous given the uncertainties in the 
required parameters, the sensitivity of the theoretical 
formulas to these parameters, and the simplicity of the 
thread polymer model. Nevertheless, such order-of- 
magnitude agreement is encouraging and would seem to 
imply that the analytic PRISM theory and our mapping 
of parameters are reasonable. 

do reveal anclther 
interesting feature not commented on by the authors. For 
alloys where the two species have relatively large differ- 
ences in statistical segment lengths (PE/PEE, PEP/PEE) 
the phase transition temperatures increase roughly lin- 
early, or slightly faster, with an increasing degree of 
polymerization. Such mean field behavior is consistent 
with the analytic PRISM predictions for the case where 
the explicit compressibility contributions to the spinodal 
temperature, which scale as NO, are relatively small. 
However, for the cases where the statistical segment 
lengths are rather similar (PE-PEE random copolymer 
blended with PEP, and PEP/PE blends and copolymers), 
the phase separation temperature was observed to grow 
much slower than linearly with molecular weight. For 
example, 50/50 blends of PE-PEE random copolymer with 
PEP phase separated at  297 K for N = 420 and 359 K for 
N zi 1690. Thus, a 4-fold increase of degree of polym- 
erization induced only a 20% increase in T,. Within 

Finally, the data of Bates et 

B ( c w - B )  2 
Ax p ( B - W )  [ - I  Y + l  (10.2) 

where c is a constant of order 2, p is a dimensionless 
monomer density, and B > 0 is inversely proportional to 
the compositionally weighted mean statistical segment 
length. 

Curiously, the prediction of eq 10.2 can be of either sign 
depending on the magnitude of w relative to B, or 
effectively the proximity of the amorphous blend to a 
hypothetical isotropic-nematic phase transition. If cw < 
B, then the chi-parameter from orientational correlations 
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is negative and the blend is stabilized. This prediction 
and the mathematical dependence of eq 10.2 on the 
stiffness difference parameter y - 1 are in accord with the 
purely athermal, incompressible PRISM chi-parameter 
of eq 2.6. However, if cw > B then the opposite conclusion 
is reached. 

I have several comments. 
(1) Compressible PRISM theory does agree with the 

statement that increasing stiffness asymmetry destabilizes 
effectively athermal blends, i.e. mixtures with X = 1, xo 
= 0, but nonzero attractions (see eqs 4.4 and 4.5). However, 
the physical mechanism in PRISM theory is not nematic 
fluctuations but rather scalar density correlations or 
“packing effects”. Moreover, the compressible nature of 
the fluid is essential, and the blend destabilization arises 
from an interference, or cross term, between the repulsive 
(entropic) and attractive (enthalpic) contributions to the 
direct correlation functions. 

(2) Since the crucial Maier-Saupe parameter w is 
unknown, neither its magnitude nor its temperature 
dependence is unambiguously determinable. Thus, eq 10.2 
cannot predict a critical temperature from the incom- 
pressible spinodal condition, 2XEFFN4(1- 4) = 1, without 
a more microscopic specification of the relevant forces. As 
a corrollary, if A x  is entropic in origin [T-independent so 
X ~ F  is of the form A + (B/T)I, then there may not exist 
a positive temperature solution to the spinodal condition 
if A is too large. Even if there is a solution, a linear scaling 
law between TS and N will not be generally obtained unless 
AN<< 1. The chi-parameter of eq 10.2 is alsocomposition- 
independent. These features appear to be in strong 
contrast with the compressible PRISM predictions such 
as eq 4.1 and 4.4 where phase separation is driven by 
enthalpic effects strongly modified by stiffness-induced 
correlation corrections which generally depend on blend 
composition. 

(3) As ageneral comment, any theory based on the literal 
incompressible approach of eq 10.1 cannot describe 
nonadditive asymmetry-induced phenomena. 

Beyond the technical aspects discussed above, there is 
the fundamental question of the relevance of nematic 
fluctuations in blends composed of amorphous and/or 
crystallizable flexible polymers. This question has been 
intensely studied over the past two decades both exper- 
imentally:7 and by chemically realistic computer simu- 
lations.w1 The consensus seems to be that equilibrium 
orientational order in flexible chain molecule liquids is 
very weak in magnitude and spatially short range. An 
equivalent statement is that amorphous polymers exist 
far away from a hypothetical isotropic-nematic phase 
transition. This conclusion appears to have been most 
strongly documented for alkanes and polyethylene. More- 
over, among the group of polyolefin molecules recently 
studied by several groups, polyethylene is the highest 
aspect ratio polymer. Regularly and/or randomly 
branched polymers, such as PEE, PEP, and random 
copolymers of PE  and PEE, have even smaller aspect 
ratios. From a physical perspective, the irregular space- 
filling nature of the their backbone contour would seem 
to inhibit even further the development of significant 
nematic-like order. 

Thus, in my opinion, unless it can be demonstrated that 
the phenomenological parameter w required for a signif- 
icant Ax > 0 is consistent with the extensive body of 
equilibrium simulational and experimental data on ori- 
entational order in hydrocarbon liquids, i t  seems unlikely 
that an incompressible liquid-crystalline-based description 
of amorphous flexible polymer mixtures captures the most 
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important consequences of stiffness asymmetry on mis- 
cibility. On the other hand, for alloys composed of one or 
more large aspect ratio, mesogenic-like chain(s) the liquid- 
crystalline-based approach may be very good and more 
appropriate than PRISM theory. However, even for this 
case compressibility, or equation-of-state, effects62 are 
expected to be important which may compromise some- 
what a literally incompressible RPA-like approach. 

XI. Discussion 
The miscibility behavior predicted by analytic PRISM 

theory for simple threadlike polymers is extremely rich. 
The non mean field effects arise from the combined (often 
competing) influences of chain connectivity, stiffness, 
packing, and interchain attractions in a compressible 
macromolecular fluid. The nonuniversality and nonad- 
ditivity of the consequences of molecular structural and 
interaction potential asymmetries on phase stability can 
be viewed as a virtue in the sense that a great variety of 
phase behaviors are possible by rational chemical structure 
modification. At the same time, however, this complexity 
prevents the establishment of overly general “structure- 
property” or “cause-and-effect” rules for miscibility. 

The present work does reinforce the conclusions of 
others14~34~61~62 that a literal incompressible RPA approach 
to thermodynamics is highly inadequate. Ignoring finite 
compressibility or equation-of-state effects not only pre- 
cludes description of LCST phase transitions but also 
misses all the nonadditive thermodynamic consequences 
of structural and interaction potential asymmetries on 
UCST phase separation. The inadequacy of an incom- 
pressible approximation generally increases strongly as 
the asymmetries between the molecular components 
i n c r e a ~ e . ~ ~ ~ ~ , ~ ~  The presence of phenomenological pa- 
rameters of unclear relation to the real intermolecular 
forces is also a limitation of field theoretic approaches. 

Most of the analysis of this paper has employed a 
Berthelot scaling simplification for the influence of 
attractive forces on the direct correlation functions. In 
reality there are deviations from such simple laws due to 
either the interchain potential functions themselves or 
the influence of packing correlations on the effective 
enthalpic interactions in the liquid. Such effects are 
straightforwardly incorporated in PRISM theory, either 
via numerical computation or within the general analytic 
thread model framework presented in Appendix A of paper 
I. Such corrections to Berthelot scaling will obviously 
result in even more complex and subtle relationships 
between chemical structure, thermodynamic state, and 
phase diagrams. 

With regard to the “accuracy” of the analytic results 
derived in this paper there are three broad issues. The 
first is how accurate are the statistical mechanical ap- 
proximations, i.e. the new molecular clo~ures,4~~ for polymer 
alloys. Extensive comparison5 with lattice Monte Carlo 
simulations of simple symmetric blend@ suggest the 
reformulated PRISM theory is quite accurate. Off-lattice 
simulations are in progressI6 to test the predictions of 
PRISM for simple symmetric and structurally asymmetric 
blend models which will shed more light on this question. 

The second broad issue concerns the adequacy of the 
models employed for investigating non mean field effects. 
This is a general, and subtle, problem in the statistical 
mechanics of dense polymeric materials since a priori one 
expects thermodynamic properties are very sensitive to 
local chemical structure and packing. The hope is that 
for flexible macromolecules enough “self-averaging” of 
chemical details occurs such that relatively simple semi- 
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of-state effects are expected to be especially important. 
Hence, for some systems, particularly LCST blends, 
PRISM theory may need to be applied in a constant 
pressure formulation in order to account for temperature 
and composition-dependent volume changes. 

flexible models of chain structure are useful. Recent 
experimental diffraction measurements and atomistic 
PRISM calculations for polyethylene melts4 provide 
support for the “self-averaging” idea since g(r )  C 1 for all 
r and is rather featureless in qualitative agreement with 
PRISM results for Gaussian and thread polymer melts. 
Present research is attempting to address this question 
further by using numerical PRISM theory to investigate 
the influence of nonequal segmental volumes and/or 
nonspherical monomer shape on blend packing correla- 
tions, effective partial enthalpies, and phase stability. 
Recent work which employs atomistic models of hydro- 
carbon structure have documented the feasability and good 
accuracy of the PRISM-based theory for quantitatively 
determining the equa t ion -o f -~ ta t e ,~~?~~  scattering pat- 
t e r n ~ , ~ ~  and crystallizations4 of alkane and polyethylene 
melts. Future research by Curro and co-workers will 
consider atomistic models of polyolefins and vinyl poly- 
mers. 

The third general issue is whether the “thread” ideal- 
ization yields analytic predictions for phase behavior which 
are representative of the numerical solutions of PRISM 
theory using finite hard core diameter semiflexible chain 
models. For simple symmetric blends Yethiraj and 
Schweizer have shown that the analytic thread predictions 
for the blend properties of thermodynamic importance 
are generally in excellent agreement with the numerical 
studie~.~15 For blends of semiflexible chains of varying 
persistance length, but identical (nonzero) hard core 
diameter, preliminary studies again find the thread 
predictions are in excellent accord with the numerical 
 calculation^.^^ These studies are very encouraging with 
regard to the reliability (within the PRISM framework) 
of the thread-based analytical results, but more work on 
this question is desirable in order to establish the generality 
of such agreement. A “hybrid” or “intermediate” approach 
is also being developed where numerical solutions for a 
more chemically realistic athermal reference system are 
combined with the thread-based simple closure relations 
of eq 1.3.8. Such an approach is computationally much 
easier to implement since the simple mathematical struc- 
ture of the thread-based theory is retained, but chemically 
realistic models can be employed. 

There are also several “higher order” and more subtle 
effects which deserve careful study. (1) Use of the full 
R-MPY closure5 allows temperature-induced changes in 
interchain packing to be included in the determination of 
the attractive potential contribution to the direct corre- 
lations functions. Numerical studies using this most 
sophisticated level of PRISM theory may allow a micro- 
scopic description of LCST phase transitions in “specific 
attraction” and other polymer alloys. (2) The validity of 
conformational “ideality” in polymer alloys is unclear. 
Subtle changes in the relative stiffness of components in 
a blend relative to the melt, or as a function of temperature, 
density, blend composition, et cetera, may have major 
consequences on phase diagrams. Hence, a fully “self- 
consistent” approach to determining intramolecular and 
intermolecular pair correlations is desirable. “Self-con- 
sistent PRISM” theory has been recently developedM and 
applied to solutions and melts of lineaF96’ and star- 
branched68 molecules and can also be implemented for 
polymer alloys. Nonideal conformational effects may also 
result in qualitatively new features such as the presence 
of both a LCST and UCST in the same system and unusual 
non mean field temperature dependences of the effective 
SANS x parameter. (3) For blends composed of chains 
with significant structural asymmetries explicit equation- 
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