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ABSTRACT: A microscopic solubility parameter theory for polymer blends is developed based on liquid- 
state polymer reference interaction site model (PRISM) integral equation methods. The well-defined 
approximations to obtain such a description are identified, and tractable schemes to go beyond them are 
discussed. Analytical predictions for the purely enthalpic X-parameter are derived using the Gaussian 
thread model. Many novel, non-Flory-Huggins effects are predicted including the failure of mean-field 
theory for random copolymer alloys, strong deuteration swap effects, nonadditivity of chemical and 
conformational asymmetry contributions to the %-parameter, and unusual and subtle temperature 
dependences of x due to thermally-induced density and chain dimension changes. Both general model 
calculations and applications to specific polyolefins are presented. The simple enthalpy-based theory 
accounts for the absolute magnitude of olefinic pparameters and a wide range of “anomalousn non-Flory- 
Huggins phenomena observed in recent small-angle neutron scattering and cloud-point experiments. New, 
experimentally testable predictions are also made. The fundamental origin of the non-mean-field behavior 
is the dependence of local intermolecular packing, and hence cohesive energy density, on the chain aspect 
ratio or effective stiffness. Numerical studies using more realistic semiflexible chain models are also 
presented and are in qualitative agreement with the analytic predictions. The influence of nonlocal, 
excess entropy of mixing processes is investigated and found to be a relatively small effect for chain 
aspect ratios characteristic of flexible polymers. Moreover, for blends which can be studied in the miscible 
phase at experimentally relevant temperatures, the enthalpic contribution to x arising from conformational 
asymmetry is generally orders of magnitude larger than the excess entropic contribution. These 
conclusions provide support for a fundamental assumption of regular solution theory that spatially local 
enthalpic effects make the dominant contribution to the excess mixture free energy. 

I. Introduction 
The understanding and prediction of the phase be- 

havior of polymer blends is a challenging theoretical 
problem of both scientific and commerical importance. 
Recently, there has been much progress toward con- 
structing microscopic theories based on a variety of 
different statistical mechanical appr0aches.l A primary 
goal is to elucidate the influence of polymer structure, 
intermolecular interactions, and density and concentra- 
tion correlations on alloy miscibility. In this paper we 
apply the off-lattice, microscopic liquid-state integral 
equation approach known as polymer reference interac- 
tion site model (PRISM) theory2a to treat this problem 
at a simplified level which allows contact to be made 
with more semiempirical approaches. In particular, 
recent experimental ~ o r k ~ - ~  on saturated polyolefin 
blends has rekindled interest in “regular solution” or 
“solubility-parameter” ideasg which attempt to calculate 
the mixing properties of blends Erom a knowledge of the 
pure-component melt properties or SANS (small-angle 
neutron scattering) blend-derived component param- 
eters. 

One goal of our work is to develop a liquid-state 
statistical mechanical framework for accessing the 
validity of regular solution theory and related ap- 
proaches for polymeric alloys. We are initially inter- 
ested in using the PRISM methods to construct a melt- 
based microscopic solubility parameter description which 
includes the effects of chain architecture, intermolecular 
forces, and density correlations. Enthalpic interactions 
(or “cohesive energy density”) modified by nonuniversal 
local chain packing and polymer architecture are as- 
sumed to  be dominant. The influence of volume changes 
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upon mixing is also briefly investigated. In this paper 
we establish the general predictions of the PRISM-based 
melt solubility parameter theory via both analytical 
analysis and numerical model calculations. Qualitative 
comparison with blend experimental data is made. In 
a subsequent companion paperlo the theory is applied 
to a wide range of polyolefin and polydiene alloys and 
its predictions are compared in a detailed manner 
against experiment. Agreement between the simple 
theory and experiment is very encouraging, especially 
for a homologous series of nonpolar alloys. In this and 
the companion paper we also make novel predictions 
which can be tested by future, specially-designed ex- 
periments and/or computer simulations. Theoretical 
tests of the underlying approximations of the solubility 
parameter approach, and the construction of more 
sophisticated but simplified blend PRISM theories, will 
be addressed elsewhere.ll 

Before proceeding, we should clearly state our moti- 
vation for pursuing more simplified PRISM theories in 
light of the fact that much previous work has been 
carried out using the “full” blend theory formulation. 
There are four basic points. (i) The full PRISM theory, 
with attractive interactions explicitly accounted for 
using the new molecular closure schemes, is rather 
numerically demanding to implement.l5J6Jg (ii) Much 
general insight can be obtained using the analytically 
tractable thread mode113J7-20 and the simplified PRISM 
theories. (iii) Recent experiments suggest a simple 
solubility parameter approach works surprisingly well 
for many hydrocarbon  alloy^.^-^ (iv) The PRISM theory 
of hard-core homopolymer melts  is the only input into 
our microscopic solubility parameter approach. For this 
problem the theory has been shown to be very accurate 
by comparison with both computer sir nu la ti on^^^-^^ and 
experiments. 24925 

0 1995 American Chemical Society 



2084 Schweizer and Singh 

The remainder of this paper is structured as follows. 
In section I1 the general liquid-state framework is 
developed, the approximations which result in a solubil- 
ity parameter level theory are identified, and more 
sophisticated theories which relax some of these ap- 
proximations are outlined. Analytical predictions of the 
PRISM theory are derived for the Gaussian thread 
model in section 111, and a few illustrative numerical 
results are presented. Experimentally relevant applica- 
tions and model calculations based on the thread 
description are then presented for random copolymer 
alloys (section IV), the deuteration swap effect (section 
V), and the temperature dependence of the X-parameter 
(section VI). Numerical calculations of the enthalpic 
and excess entropic contributions to the effective %-pa- 
rameter for the less coarse-grained semiflexible chain 
model are presented in section VII. We summarize and 
draw conclusions in section VIII. The numerical esti- 
mation of solubility parameters for real systems is 
discussed in the appendix. 

11. Microscopic Regular Solution Theory and 
Beyond 

For simplicity we develop the general approach for a 
binary blend of homopolymers A and B. Each polymer 
species is taken to consist of a chain of equivalent sites 
of equal volume (no explicit branching or side groups). 
We also adopt the Flory-like “ideality” ansatz that the 
intramolecular structure of the polymers is composition- 
independent, i.e., the same as in their respective melts.26 
The theoretical liquid-state tools to go beyond this now 
exi~t .~~-29 

The blend is characterized by the site number densi- 
ties, @A and QB, the total site number density @b = @A + 
QB, and the composition of the A-species 4 = @A/&. The 
polymer sites on different chains interact via a species- 
dependent pair potential which consists of repulsive, 
umt(r),  and attractive, u w ( r )  0, branches. For 
simplicity the repulsive branch is taken to be of a purely 
hard-core form 
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multiple reasons, e.g., a T-dependent hard-core diam- 
eter, density, and intramolecular structure. The third 
term in eq 2.2 is the blend enthalpic contribution, or 
more precisely the part of the blend free energy associ- 
ated with the attractive branch of the interchain 
potential. This contribution takes the form of a “charg- 
ing“ integral from zero attractive potential (A = 0) up 
to the full attractive potential (A = 1). In principle, it 
contains contributions through “infinite order” in in- 
verse temperature due to the possible modification of 
the interchain site-site pair correlation functions, 
g w ( r ) ,  by the attractive interactions. The final term 
is the excess melt free energy contributions, d F m , ~ ,  
which are irrelevant if one is only interested (as we are) 
in the spinodal instability and an effective X-parameter. 

The effective interaction or X-parameter is defined in 
terms of the excess blend free energy of mixing, dFb, as 

where d w  (=d in this work) is the distance of closest 
approach of sites of type M and M .  These microscopic 
“hard-core diameters” are temperature-dependent since 
they mimic the behavior of real continuous, but spatially 
rapidly varying, repulsive p~tent ia l s .~O-~~ 

For the model and conditions described above, the 
formally exact free energy of mixing on a thermal energy 
basis is:332%3 

where NM is the degree of polymerization of polymer 
M. The first term is the ideal combinatorial entropy of 
mixing. The second term is the excess, noncombinato- 
rial free energy of the blend associated with the repul- 
sive interactions and is often referred to as the “excess 
entropy” (or “athermal”) mixture free energy. However, 
this contribution is generally temperature-dependent for 

1 a%F, 

(0) x + XTH (2.3) 

Thus, x can be formally separated into its repulsive and 
attractive force components, often referred to as the 
“athermal or entropic” and “enthalpic” parts. Calcula- 
tion of the athermal contribution is discussed in section 
VI1 and elsewhere.34 

Since the basic statistical mechanical approximations 
of liquid-state integral equation theories are formulated 
at the level of intermolecular pair correlation functions, 
not the partition function or free energy, there are 
several formally equivalent (but in practice inequiva- 
lent) routes to calculating  thermodynamic^.^^^^^ We 
have employed the so-called “free energy route” above. 
Prior PRISM work has often utilized the so-called 
“compressibility route” which is formulated in terms of 
direct correlation functions. Within the framework of 
the new “molecular closure” approximation~, l~-~~ sepa- 
ration of the effects of the repulsive and attractive forces 
a t  the level of the effective X-parameter can sometimes 
be achieved. The issue of the consistency between the 
two routes has been addressed recently for symmet- 
ric19a3 and structurally a~ymrne t r i c~~  polymer blends 
and is discussed further below. 

Equations 2.2 and 2.3 provide the starting point for 
our present work. We now discuss various approxima- 
tions which result in simplified theories and their 
connection to phenomenological approaches. 

A. Reduction to a Melt Solubility Parameter 
Description. The simplest Hildebrand, or regular 
solution, level theory is obtained by invoking the fol- 
lowing approximations. 

(1) No volume change upon mixing. Thus, the blend 
number density is composition-independent: G @ 
= melt density. 

(2) The excess repulsive force, or entropic, free energy 
of mixing is zero. In polymer terms this corresponds to 
the Flory approximation that only the ideal combina- 
torial entropy of mixing is important, and hence x ( O )  G 

0. 
(3) The intermolecular radial distribution functions 

in the blend are approximated by their purely repulsive 
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force values, g!&(r;T) = g&,(r). This corresponds to 
thermodynamic perturbation theory or the so-called 
“high-temperature approximation” (HTA) for structural 
~ o r r e l a t i o n s . 3 ~ ~ ~ - ~ ~  In a dense melt this is often an 
excellent approximation, but in mixtures its validity is 
not obvious. In terms of eqs 2.2 and 2.3, the HTA means 
the A-charging integral can be trivially performed. 

Invoking approximations (1)-(3) yields a purely en- 
thalpic blend excess free energy 
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ture, and intermolecular potential of the two species. 
The theory then predicts the radial distribution func- 
tions. Applications based on the thoroughly discussed 
PRISM theory of melts213 are given in sections III-VIII. 
The spinodal instability condition is given by the 
standard expression 

To obtain a Hildebrand-like theory requires a final pair 
of related approximations. 

(4a) The diagonal athermal blend correlations, which 
generally depend on mixture composition 4, are ap- 
proximated by the analogous composition-independent 
melt values g&(r;4) s g:$r). 

(4b) The off-diagonal blend correlations are assumed 
to obey the “Berthelot” or geometric combining law in 
terms of the melt correlations 

Approximations (1)-(4) then result in a solubility- 
parameter-like theory with a 2-parameter of purely 
enthalpic origin 

where the subscript “H” denotes a “Hildebrand” ap- 
proach. In the second line a melt solubility parameter 
has been defined (in units of square root of cohesive 
energy) which depends on liquid density, microscopic 
attractive potentials, and athermal melt radial distribu- 
tion functions. Note that the chemical interactions 
between monomers and the interchain structure (pack- 
ing which depends on chain microstructure and confor- 
mation) are not separable. The X-parameter is by 
definition independent of blend composition, which 
implies the mathematical form of the predicted spinodal 
and binodal will be identical to the simple mean-field 
Flory-Huggins behavior. Also note x must be nonne- 
gative. Hence, specific interactions (e.g., hydrogen- 
bonding, charge transfer), which may result in a nega- 
tive 2-parameter, cannot be properly described. On the 
other hand, the 2-parameter can be (weakly) molecular 
weight dependent and can depend in subtle ways on the 
nature of the chemical interactions and chain structure 
and packing of the two components. We also introduce 
a dimensionless “reduced” solubility parameter 

which contains information about how the local struc- 
tural correlations deviate from the Flory-like assump- 
tion of randomness, i.e., g(r)  = 1 for r > d .  

To implement eq 2.6 within PRISM theory requires 
specification of the melt density, intramolecular struc- 

l +  1 
2xH = ( 1  - 4)NB 

and the binodal is also easily obtainable. 
B. Beyond Simple Hildebrand Theory. The 

general expression for the effective 2-parameter is given 
in eq 2.3. Many different theories can be constructed 
based on relaxing one or more of approximations (1)- 
(4), which might be thought to result in a “better” 
theory. The latter statement may not be true in practice 
since the simple Hildebrand-like theory of eq 2.6 could 
be accurate due to a cancellation of errors. In this 
section we enumerate several options which we shall 
subsequently apply either here or in future publications. 

1. “Constant Pressure” Hildebrand Theory. By 
this we mean relaxing only approximation (1); i.e., the 
A and B melts have different reduced densities. In the 
Hildebrand spirit of only using melt information we 
adopt an ideal combining law for the blend density 

@b E $@A + (1 - 4 ) @ B 7  A@ e @A - @ B  (2 .8)  

This represents a very crude attempt to  account for 
volume changes upon mixing. Using this approxima- 
tion, the effective 2-parameter becomes 

where BAV is an average solubility parameter 

E 4 d A  + (1 - 4)dB (2.9b)  

The solubility parameters in the above equations are 
defined as in eq 2.6 but with replaced by @b of eq 2.8. 
Equation 2.9a can be written in a more revealing form 
by factoring out the constant density contribution 

where 

Note there are two (weakly) composition-dependent 
contributions associated with the differences in melt 
densities. However, their net effect is contained in the 
parameter Y, and a variety of behaviors are possible 
including a negative 2-parameter. For polymer blends 
the new terms are not obviously negligible, even if A@ 
@b is of order 0.01 or less, since typical melt solubility 
parameter differences of miscible systems are small. 
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This point is perhaps made clearer by rewriting eq 2.11a 
as 
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ent from those deduced using incompressible field 
theories of Gaussian chain alloys which emphasize 
nonlocal excess entropic effects.35 

III. Analytic Thread PRISM Theory of Melt 
Solubility and Enthalpic PParameters 

In this section analytical expressions are derived for 
the melt solubility parameters and a Hildebrand-like 
X-parameter using the simplified Gaussian thread model 
and hard-core (athermal) melt PRISM theory. All the 
thread melt results required have been previously 
discussed.3*20~27~36 We note in passing that this model 
can be employed as an effective one-component descrip- 
tion of polymer solutions. Connections between the 
thread PRISM predictions and field the ore ti^^^ and blob 
scalingz6 approaches for the pair correlations, screening 
length, and osmotic pressure are derived e l ~ e w h e r e . 2 ~ ~ ~ ~ ~ ~  
k Melt Properties. The thread model represents 

a polymer chain as an infinitely thin Gaussian space 
curve (d - 0) which occupies a finite volume fraction of 
space and satisfies a pointlike hard-core constraint: 
g(r=O) = 0. When combined with the PRISM integral 
equation, the latter condition results in a nontrivial 
result for the chain-averaged intermolecular site-site 
radial distributiop function and density-density total 
structure factor S(k) :  

where UM is the cohesive energy of species M. 
2. Blend Hildebrand Theories. The simplest case 

corresponds to relaxing only approximation (4a), but the 
geometric combining law of eq 2.5 is still retained using 
blend information. Moreover, when carrying out the 
second derivative of the free energy of mixing, we 
assume that derivatives of  the radial distributions are 
negligible, which is in the Hildebrand spirit. The result 
is a X-parameter precisely of the form of eq 2.6, but the 
solubility parameters are now in terms of the athermal 
blend structure. 

Although the corresponding X-parameter remains non- 
negative, it will in general be composition-dependent. 
The motivation for considering this case is that it 
corresponds to the successful recent experimental analy- 
sis of polyolefin mixing in terms of the regular solution 
framework but with solubility parameters derived from 
blend (not melt) d ~ t a . ~ - ~  

An alternative approach, which still assumes the 
dominance of the constant volume enthalpic contribu- 
tion, corresponds to relaxing both approximations (4a) 
and (4b). If one still assumes that when carrying out 
the second derivative of the free energy of mixing the 
derivatives of the radial distributions are negligible, the 
result is 

2uAB(r) g E ( r ) l  (2.13) 

This X-parameter is of the form of an “exchange” energy 
a la Flory theory, but with the athermal blend correla- 
tions not all equal to unity. 

Complete relaxation of approximation (4) implies 

(1 - @)2vBB(r) + 24(1 - 4)um(r) gE(r>> (2.14) 

which fully accounts for contributions to x due to 
possible &dependence of the blend pair correlations. 
Numerical investigation of all these “blend Hildebrand” 
approaches will be presented elsewhere.ll 

3. More Sophisticated Approaches. Obviously 
there are a large number of additional possibilities 
which involve relaxing more of the approximations (1)- 
(4). All these can be investigated using PRISM theory. 
The reliability of approximation (2) has already been 
investigated for short chain, hard-core, conformationally 
asymmetric blends using Monte Carlo simulations and 
PRISM theory.34b The computed athermal rparameters 
were found to be very small consistent with the Flory- 
like assumption of a negligible excess entropy of mixing. 
A similar conclusion has been reached using PRISM 
theory for conformationally asymmetric high molecular 
weight blends and diblock copolymers composed of 
chains of aspect ratios relevant to most experimental 
flexible polymers.34a These conclusions are very differ- 

where the correlation lengths are given by 

(3.2) 

Here, N is the number of segments, u the statistical 
segment length, and the correlation lengths are written 
in dimensionless form in units of u. The athermal go(r) 
contains a ”local” contribution from density fluctuations 
via the screening length E?, and a universal “long-range 
correlation hole” contribution associated with the length 
scale cc. Interaction strength in the compressible hard- 
core fluid is characterized by the dimensionless seg- 
mental number density e$. Hence, the density- 
density screening or correlation length depends on the 
chain stiffness and controls the depth of the local 
correlation hole. 

Contact with an incompressible RPA-like approach 
corresponds to setting the density screening length to 
zero but retaining a finite chain length polymer. In this 
case there still is a “correlation hole”, but it is of 
universal “global” origin. We shall never invoke such 
a locally unrealistic approximation, which has been 
shown to be particularly suspect for structurally asym- 
metric alloys.ls 

The (osmotic) compressibility is proportional to the 
collective structure factor at k = 0: 

Hence, the repulsive force compressibility decreases as 
the statistical segment length density increases. For 
analytical convenience, the attractive site-site interac- 
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tions are modeled as a screened Coulomb form 
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Table 1. Calculated Invariant Parameter (in Angstroms) 
and Effective Aspect Ratio Based on Averaged 

Literature Data for T = 430 K Polymer Properties and a 
Reference Volume of 90 As (See Reference 36) 

where aM is the spatial range and E M  is the energy 
parameter for species M. The connection between the 
thread potential parameters and those of real hydro- 
carbon molecules is discussed in the appendix. 

Within the HTA approach, the cohesive energy den- 
sity per segment (of volume VM) is 

.l 

The corresponding solubility and reduced solubility 
parameters of eqs 2.6 and 2.7 are given by 

(3.8) 

(3.9) 

Examination of these expressions shows that the solu- 
bility parameter is predicted (at constant volume) to  
decrease weakly with N .  This is a finite size effect which 
arises from the interference between the local density 
screening and long-range correlation hole length scales. 
Some experimental evidence for this trend exists for 
po ly~ ty rene~~  and poly(ethylenepropy1ene) (PEP)39 oli- 
gomer melts. Note also that in the literal incompress- 
ible limit (g - the reduced solubility parameter 
reduces to its trivial mean-field value of unity. 

In the large N limit, && - 0 and the reduced 
solubility parameter simplifies to 

The relevant dimensionless density involves all three 
local nonuniversal length scales: the density screening 
length, the attractive potential range, and the statistical 
segment length. For a fixed attractive potential range, 
this relation predicts that for thread melts the only 
relevant quantity is the statistical segment length 
squared per unit volume, ea2, which is invariant to the 
redefinition of the segment length by regrouping of real 
monomers (see Table 1). The importance of such an 
invariant quantity in blends of conformationally asym- 
metric polymers has been recently emphasized by Bates 
and c o - w ~ r k e r s ~ ~  in the context of quasi-universal 
unfavorable excess entropy of mixing.35 Here, this 
"segment length on an equal volume basis" quantity 
arises rigorously from the thread melt PRISM theory 
for the enthalpic solubility ~arameter .~e  

polymer (e&' r 
polyethylene (PE) 2.0 1.21 
poly(ethylenepropy1ene) (PEP) 2.8 1.01 
polyisobutylene (PIB) 3.69 0.88 
polypropylene (PP) 3.33 0.93 
a-poly(ethylethy1ene) (PEE) 5.0 0.76 
a-polystyrene (PSI 3.84 0.87 
1,4-polybutadiene (PBD) 2.33 1.12 
1,4-polyisoprene (PI) 2.93 1.0 
1,2-polybutadiene (PVE) 3.49 0.91 
a-poly(methy1 methacrylate) (PMMAP 4.43 0.81 
poly(tetrafluoroethy1ene) (PTFE)b 1.47 1.41 

a Based on a density of 1.18 g/cm3 and a characteristic ratio of 
7. Based on a density of 2 g/cm3 and a 430 K characteristic ratio 
of 12.5 .58 

The reduced solubility parameter is predicted to  
increase as the chain stiffness on an equal volume basis 
increases. This conclusion has also been reached using 
more realistic single-chain  model^^^,^^ and appears to  
be model-independent. Equation 3.10 also predicts that 
as the attractive potential becomes spatially longer 
range the reduced solubility parameter will increase 
since the shallower region of the local correlation hole 
is sampled more heavily Le., g,(r) = 1 is a better 
approximation). Numerical estimation of the reduced 
solubility parameter for real systems is discussed in the 
appendix. 

It is instructive to rewrite eq 3.10 in two additional 
forms. Defining the melt packing fraction as 17 = q d 3 / 6  
and the aspect ratio as r = u/d and using eqs 3.3 and 
3.4 yields 

(3.11) 

In these forms it is clear that the reduced solubility 
parameter is predicted to decrease as the liquid becomes 
more compressible (see eq 2.5) or as the aspect ratio on 
an equal segment diameter basis decreases. Such 
structure-property correlations are globally supported 
by recent SANS and PVT measurements on polyole- 
fins.4,6f3 
B. Constant Volume Predictions for x. Each 

species of the constant volume thread blend is charac- 
terized by its statistical segment length UM, number of 
segments NM, attractive Yukawa potential range and 
strength a M  and EM, and common segmental number 
density e. We introduce the ratio variable@ 

which characterize the conformational (on an equal 
volume basis) and interaction potential asymmetries. 
Based on the Hildebrand form of eq 2.6, the predicted 
X-parameter in the long-chain limit is 

(3.14) 
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In this limit the X-parameter is predicted to grow with 
increasing stiffness asymmetry according to the factor 
(y2 - U2, a result previously obtained from analytic 
blend PRISM theory based on the compressibility route 
to the thermodynamics.18 This simple dependence has 
also been derived for athermal conformationally asym- 
metric blends using incompressible field theory.36 How- 
ever, this is a mathematical similarity only since our 
result is of purely enthalpic, local origin, not of nonlocal 
excess entropic origin. Equation 3.18 also predicts that 
structural asymmetry is less important as the B-chain 
aspect ratio increases, i.e., as the average aspect ratio 
of the blend gets larger. 

Finally, note that, in the hypothetical incompressible 
limit (7 - m corresponding to zero density fluctuations), 
the above X-parameter for this I I  = 1 case is identically 
zero, i.e., the mean-field bare value. Thus, the incom- 
pressibility approximation represents an unphysical 
limiting case for the local enthalpic X-parameter. 

C. Absolute Magnitudes and Asymmetry Com- 
petition. Consider the absolute magnitude of the 
predicted X-parameter for polyolefin alloys. On the basis 
of eqs Al-A3, on a single methylene group basis, one 
obtains 

where the solubility parameter has been written in two 
alternative, but equivalent, forms. Here, AM = a d d  is 
a potential range ratio, and r M  = uM/d is an aspect ratio 
of species M. Small corrections for finite chain lengths 
can be incorporated using eq 3.9, and result in a 
molecular weight dependence of the pparameter which 
may be significant for oligomers. 

For simplicity, and in the spirit of the equal segmental 
volume mapping implicit to the thread model, we adopt 
a common attractive potential range a. Equation 3.14 
can then be written as 

1 -112 \ 2  

In this form one immediately sees the “competition” 
between the chemical interaction and conformational 
(aspect ratio) asymmetries in determining x and the 
possibility of “asymmetry cancellation”.18 If the confor- 
mational and chemical asymmetries are comparable, 
then they do not enter the X-parameter in an additive 
manner, i.e., the “cross-term” is always important. The 
dependence of the enthalpic x on the effective aspect 
ratio enters in a nonanalytic manner via its influence 
on the local density screening length in the melt. In 
the “structurally symmetric” limit corresponding to 
equal aspect ratios, eq 3.16 reduces to a simpler form 
where XH 

One also sees from eq 3.16 that the consequence of 
deuteration of one of the species depends on which 
hydrogenated polymer has the larger solubility param- 
eter. Since complete deuteration effectively lowers EM 
by roughly a few percent, then the X-parameter gener- 
ally increases (decreases) if the smaller (larger) solubil- 
ity parameter species is labeled. Such a “swap” effect 
has been experimentally observed in binary blends of 
ethylene-butene-1 (PE-PEE) random copolymers at 
both the SANS-derived X-parameter level and via direct 
cloud-point m e a ~ u r e m e n t s . ~ ~ ~ ~ ~ ~ ~ ~ ~  

As discussed in the appendix and e l s e ~ h e r e , ~ ~ ’ ~ ~  
estimates of the invariant parameter ea2 for polyolefins 
and polydienes yield typical values in the range 0.2 
eu2 0.5 (see Table 1). Hence, from eq 3.11, a 
reasonable (but unnecessary) mathematical simplifica- 
tion of the square root factor in eq 3.16 yields 

EA(I - 1)2 as in Flory-Huggins theory. 

(3.17) 

For idealized “chemically symmetric” blends II  = 1, and 
the “bare” Flory-Huggins pparameter is zero. For this 
“effectively athermal” situation, eq 3.17 simplifies to 

(3.18) 

In this equation we have assumed (for simplicity) the 
bare X-parameter is zero, Le., I = 1 .  Although never 
literally true, this assumption may be a reasonable 
approximation for molecules such as the polyolefins. 

Using this equation, one can estimate the absolute 
magnitude of x for typical polyolefin homopolymer 
blends. Values of the invariant quantity ea2 are listed 
in Table 1. The chain aspect ratio is calculated using 
eq A4 based on a common reference volume, Vret of 90 
A 3  as? 

As expected physically, the aspect ratios are of order 
unity. 

Using the above results yields the following 430 K 
values for x of the AfB blend pair on a four carbon 
basis: 0.0096 (PEPEP), 0.095 (PEPEE), and 0.044 
(PEPPEE). The experimental estimates by Graessley 
et al. are6 0.005 (PEPEP), 0.045 (PEPEE), and 0.014 
(PEPPEE) at  430 K. The relative ordering of x for the 
three cases is correctly predicted. Moreover, there 
appears to be absolute magnitude agreement to within 
a factor of roughly 3. This may be fortuitous but is 
encouraging with regards to the usefulness of a micro- 
scopic solubility parameter approach and the idea that 
thermodynamic incompatibility is dominated by enthal- 
pic effects modified by the influence of conformational 
asymmetry on local packing. 

One of the most interesting predictions of eqs 3.14- 
3.16 is the possibility of “compensation” of the confor- 
mational and chemical interaction asymmetries to 
produce a small enthalpic X-parameter.18 If one can 
form miscible blends composed of structurally and 
interaction asymmetric polymers, then such alloys 
would most likely have novel material properties. Of 
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course, an important caveat is that if the reduced 
densities of the two components are significantly dif- 
ferent, then strong modification of any constant volume 
estimates may occur. In Figure 2 we present sample 
calculations of x for several values of the asymmetry 
parameters. The calculations are based on eq A5: 

1 6 ,  = A 6, = 

(3.21) 

0 .6  
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- 0.4- - 
0 
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The results are purely illustrative but do employ 
realistic melt estimates of the required factors. The 
crossing of the curves, and the change in the sign of the 
slope, indicates the nonadditivity of conformational and 
chemical interaction asymmetries in determining the 
enthalpic X-parameter. 

The question of whether the structural and chemical 
asymmetries tend to "compensate" or "reinforce" de- 
pends on the absolute a n d  relative values of the asym- 
metry ratios y = rfl.4 and I = (cB$cAA)"~. For the 
polyolefins, one expects (on an equal volume basis) the 
effective stiffness and chemical interaction strength to 
both decrease as more methylene groups are replaced 
by methyl and CH units via side-group substitution; i.e., 
y and I are both greater than 1 if we use the convention 
that the A-polymer is the more branched. A similar 
situation is expected for the polydienes; e.g., polybuta- 
diene is "stiffer" (on an equal volume basis) and more 
strongly interacting than polyisoprene which has a 
hydrogen atom replaced by a methyl group. Hence, for 
these two cases the asymmetries tend to reinforce and 
promote phase separation, although selective deutera- 
tion can lead to subtleties. 

On the other hand, a blend of polyethylene and 
polybutadiene might correspond to the compensation 
situation since the saturated PE is conformationally 
stiffer but the polydiene is a chemically stronger inter- 
acter due to the more polarizable carbon double bond. 
[However, destabilizing equation-of-state effects due to 
volume differences are probably very significant.] A 
similiar situation applies to polyethylene and Teflon 
(poly(tetrafluoroethylene), PTFE). Assuming crystal- 
lization is not an issue (which it no doubt is), then since 
Teflon is the conformationally stiffer chain but interacts 
more weakly due to fluorination, the compensation case 
should apply. More practically, this case would be 
relevant to random copolymer alloys composed of PE 
and PTFE units or poly(viny1idene fluoride) (PvF2). The 
magnitude of any compensation or reinforcement de- 
pends, of course, on the chemical and structural details 
of the specific polymer pair. 

D. Effect of Volume Changes on x. Within our 
simple approach, the effect of mixing volume changes 
on x is given by eq 2.9 or 2.10 combined with eq 3.15. 
There are three general cases depending on the sign and 
magnitude of the parameter Y of eq 2.11. (1) Y < 0 or 
Y > 8 which results in destabilization of the blend 
relative to the constant volume case (i.e., increase of x). 
(2) 0 < Y < 4 - 2& or 4 + 2& Y < 8 which results 
in a positive x but smaller than the constant volume 
case, i.e., stabilization of the blend. (3) 4 - 2& < Y < 
4 + 2& results in a negative x. The general behavior 
is illustrated in Figure 1. As an important caveat, the 
question of whether the origin of negative X-parameters 
in nonpolar hydrocarbon alloys,8,44 or other "unusual" 
features, are due to volume changes is not obvious. 

-3 -1 1 3 5 7 
w 

Figure 1. Ratio of the "constant pressure" Hildebrand 
X-parameter to its constant volume analog as a function of the 
dimensionless variable Y. The constant volume case corre- 

.... ._.- 
O . O t - . ' ' ,  I " '  I " " l " " l ' " " " " 1 " "  

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 

r a  
Figure 2. X-parameter scaled by the mean-field cohesive 
energy of species A in thermal units versus the A-chain aspect 
ratio for several values of the conformational and chemical 
interaction asymmetry variables. 

Alternative mechanisms, such as "specific packing" 
effects between branched molecules, may be important. 

The magnitude of the terms associated with the 
density differences may be comparable to the leading 
order positive constant volume contribution. We il- 
lustrate this in Table 2 where experimental PVT- 
derived melt solubility parameters and densities of a 
variety of polyolefins have been employed to crudely 
estimate the reduced difference quantities and hence 
Y. (The reduced densities are estimated using 23 "C 
data, but these values are a good approximation to the 
167 "C values if the thermal expansion coefficients of 
the different melts are nearly the same, as they are for 
most polyolefins.) As expected, no universal behavior 
is found, and all three subcases enumerated above seem 
possible even within a simple class of materials such 
as the polyolefins. 

There are a number of interesting consequences of our 
simple model of the effect of volume changes. "Ir- 
regular" mixing,"a as characterized by positive or nega- 
tive deviations from the constant volume prediction, is 
possible. For example, based on the estimated param- 
eters, one sees from Table 2 that a large stabilization 
(relative to the constant volume case) of the PPhhPP 
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Table 2. Reduced Density (at T = 23 0C4-8*4e) and 
Solubility Parameter (at T = 167 O C 4 - 9  Differences Based 

on Experimental Melt Data“ 
mb 103heieav 103~6/6,, Y xhn 
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mers, but of different compositions YA and YB, often form 
miscible alloys. According to Flory-Huggins mean-field 
theory, the enthalpic X-parameter of such a random 
copolymer blend is45 

dPEE/hPEE 1.9 a-[10,201 [-0.4,-0.21 [1.8,1.41 
dPVE/hPVE 3.9 =-[10,201 [-0.8,-0.41 [2.8,1.81 
PEPPE -0 54.1 -0 -1 
PEPPEE -17.9 66.7 -0.54 2.1 
PEPEE -17.9 121 -0.30 1.6 
PPmhPP -11.2 -49.8 0.45 0.15 
PEP/hhPP -21.5 3.6 -12.0 37.0 
PPPEP 10.4 -53.4 -0.39 1.8 
PPPEB -0.8 -49.8 0.03 0.94 
PEPPEB -11.1 -37.2 0.6 -0.1 
PIBPEB 69.7 41.1 3.4 -2.9 
EB97/88 1.85 -22.4 -0.17 1.34 

a The calculated parameter Y is also listed, as is the ratio of 
the predicted X-parameter which includes the density change to 
its constant volume analog (see eq 2.10). Two estimates are shown 
for isotopic blends which span the range estimated in ref 49. 
Recent PVT-based solubility parameter measurements8 on EB8 
ethylenehutene random copolymer melts yield a smaller value of 
A6/6,, a -6 x corresponding to a chemical asymmetry 
parameter of I. 1.006. EBy = random copolymers of PE and 
PEE monomers of y% PEE monomers. hhPP = head-to-head 
polypropylene. PEB = poly(ethylenebutene2 

blend, and a negative X-parameter for the PIBPEB 
blend, are suggested. These behaviors appear to be in 
qualitative agreement with experiments.a On the other 
hand, a large destabilization of the PEPhhPP blend 
relative to the constant volume estimates is suggested 
which does not seem to be the case experimentally.8 
Clearly, these estimates are very sensitive to the small 
difference quantities required. 

Since the temperature dependence of the melt solubil- 
ity parameters and densities are variable and system- 
specific, the key parameter Y in eq 2.11 may also 
display unusual temperature dependences which can 
counteract or reinforce the temperature dependence of 
the constant volume contribution to x in eq 2.6 or 3.14. 
As a result, subtle and complex thermal responses may 
be observed for the net x. Finally we note that even if 
the melt solubility parameters are matched, and hence 
Ad = 0 in eq 2.10, the X-parameter is nonzero 

= [(&)26A$, if Ad -, 0 (3.22) 
@b 

and is potentidy of significant magnitude since p8Av2/2 
G 1 for a typical hydrocarbon polymer. 

In the next three sections we present additional 
algebraic analysis and model calculations based on the 
results of this section using the constant volume ap- 
proach. Our purpose is to more explicitly display the 
predictions which might be experimentally tested. The 
results presented are primarily motivated by recent 
measurements on polyolefin alloys but apply more 
generally. Applications to specific polyolefin and poly- 
diene blends, and detailed comparison with experi- 
ments, will be presented in our future companion 
paper.1° 

IV. Random Copolymer Blends 

A random AB copolymer consists of chemically dis- 
tinct monomers A and B bonded together in the same 
chain. The copolymer composition, y, denotes the frac- 
tion of the molecule which is A monomer. Binary blends 
of random AB copolymers of the same A and B mono- 

where XELnd is the Flory-Huggins %-parameter of the 
blend of A and B homopolymers which for our analytic 
thread model is given by 

Note that the ratio XFH/(AY>~ is predicted to be a 
constant, independent of the precise values of YA and 

Within thread PRISM theory at the solubility param- 
eter level, the above mean-field result follows from 
assuming random mixing (g(r) = 1 for r > d )  and 
adopting an “effective homopolymer” description of the 
random copolymer in the sense that the cohesive energy 
is given by 

YB. 

Here the geometric combining law for the AB energy 
parameter has been employed (6m = [EAAEBBI~’~) .  Use 
of eq 4.3 in the blend enthalpy expression of eq 2.4, in 
conjunction with the Hildebrand and random mixing 
approximations, yields the Flory-Huggins result of eq 
4.1. 

Recent experiments on blends of polyolefin random 
copolymers have found large deviations from the mean- 
field prediction in the sense that the effective %-param- 
eter also depends strongly on the average copolymer 
comp~si t ion.~,~ Within thread PRISM, this is under- 
standable if the effective segment length depends on 
copolymer composition, y. Using the same effective 
homopolymer model and Berthelot approximation for 
the AB energy parameter discussed above, a Hildebrand 
X-parameter of the form of eq 3.14 is obtained with a 
solubility parameter of 

where A = a/d. The presence of conformational asym- 
metry destroys the simple mean-field relation x = (Ay12. 

The nature and magnitude of the deviations from the 
mean-field Flory behavior depend sensitively on non- 
universal system parameters. A general qualitative 
feeling for the deviations can be obtained by considering 
the following hypothetical experiment. Imagine the 
compositional difference is extremely small, Le., Ay - 
0, and measure the dependence of the X-parameter on 
the average composition variable defined as y. Using 
the first form of eq 4.4 and eq 3.14, one obtains 
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Table 3. Reduced pparameter, 104&[BUA'o'(fiyy)a], at 9 = 
0.5 for the Random Copolymer Composition Blends 

Shown in Figure sa-c 
X 

(4.5) 

where the effective segment length squared of an AB 
random copolymer has been estimated in a Gaussian 
manner as 

2 @2(.y) = y e a 2  + (1 - y)eaB 

(4.6) 
Equation 4.6 is a preaveraging approximation which 
treats the random copolymer as an effective homopoly- 
mer with a composition-dependent statistical segment 
length. The same approximation was employed for the 
effective energetic interaction in eqs 4.3 and 4.4. We 
expect such a simple treatment is reasonable for a 
purely random sequence distribution and possibly also 
a regular alternating AB sequence. For "blocky" se- 
quence distributions this effective medium approxima- 
tion is probably unreliable, especially if microphase 
separation is a possibility. 

Now, a measure of the overall deviation from Flory 
theory is the ratio of the X-parameter of eq 4.5 in the 
limiting y = 0 and y = 1 average composition cases. This 
ratio is given by 

2 2 A 2  OB - 

Note that if the A and B segment lengths are the same, 
or the literal incompressible limit is enforced, then eq 
4.7 reduces to 1, i.e., the Flory result. The leading factor 
in the above equation is the square of the ratio of 
reduced solubility parameters and hence for a miscible 
system is not expected to deviate from unity very much. 
On the other hand, the second factor can deviate from 
unity by a small or large amount depending on the 
specific system. A general feature is that, as the 
chemical asymmetry becomes larger (big 12 - 11) and/ 
or the conformational asymmetry becomes smaller, 
deviations from the y-independent Flory prediction 
become smaller. Again, the precise behavior depends 
on whether the chemical and conformational asym- 
metries tend to compensate or reinforce. 

For perfect chemical interaction symmetry, A = 1, eq 
4.7 simplifies to 

il + 3 1 3  

Thus, a t  fixed small Ay, the effective X-parameter is 

An3 0.8 1.0 1.12 1.2 
PEEPE 15.2 71.4 252 433 
PPPE 57.3 21.8 144 288 
PE/PTFE 206 4.7 26.7 101 

predicted to increase strongly as the fraction of the 
random copolymer corresponding to the more flexible 
(smaller a) species increases. Such a trend has been 
observed in PEPEE random copolymer binary mix- 
t u r e ~ . ~ ~ ~  The dependence of the predicted deviations 
from mean-field theory on temperature is a subtle effect 
which enters via the T-dependent change in density and 
the species aspect ratios. Enhancement, reduction, or 
near insensitivity of the non-mean-field effects upon 
change of temperature are all possible depending on 
system-specific factors. 

All the general conclusions discussed above are in 
qualitative agreement with the prior analytic PRISM 
analysis of SchweizeP for the thread blend problem 
based on the new molecular closure scheme15J6 and the 
compressibility route to the thermodynamics. This 
agreement is encouraging with regards to the robust- 
ness of our predictions to different thermodynamic 
routes and technical approximations within the liquid- 
state integral equation approach. 

Model calculations based on eqs 4.5 and 4.6 for the 
thread PRISM %-parameter as a function of the average 
copolymer composition are shown in Figure 3. Equation 
4.6 in its aspect ratio version is employed 

(4.9) 

with values of the aspect ratios appropriate for several 
experimentally interesting systems a t  430 K (see Table 
1). The selected aspect ratios correspond to polyethyl- 
ene and poly(ethylethylene1, i.e., EB(y) random copoly- 
mers (Figure 3a), polyethylene and polypropylene, i.e., 
EP(y) random copolymers (Figure 3b), and polyethylene 
and poly(tetrafluoroethy1ene) (Teflon) random copoly- 
mers (Figure 3c). Results are shown for several values 
of the elementary chemical asymmetry parameter, A, 
which describes the chemical interaction differences 
between the A and B monomers. The plots are normal- 
ized to emphasize the shape and amplitude of the 
deviations from Flory theory (a horizontal line). Pre- 
dicted magnitudes of x scaled in the mean-field manner 
are listed in Table 3 for 7 = 0.5. 

For the EB(y) and EP(y) polyolefin alloys the chemi- 
cally symmetric case of A = 1 is a reasonable ap- 
proximation. Alternatively, a priori estimates of il based 
on group contribution methods46 and the assumption 
that such procedures indicate solely the bare chemical 
effects (i.e., not local packing differences due to chain 
stiffness variations), yield A = 1.06 and 1.077 for EB 
and EP alloys, respectively. That is, polyethylene has 
a larger bare solubility parameter than the vinyl 
polymers due to polarizability density differences be- 
tween methylene, methyl, and methyne groups. For the 
polyethylene/Teflon system a crude estimate yields A 
0.8; i.e., Teflon is the conformationally stiffer polymer 
but has weaker interchain dispersion interactions on a 
per unit volume basis. 

There are several noteworthy trends displayed by 
Figure 3a-c. 
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Figure 3. Normalized (at 9 = 0.5) plot of the predicted 
2-parameter of the binary random copolymer composition 
blend as a function of the average fraction of A-species for 
several values of chemical asymmetry A. The compositional 
difference variable is fxed at Ay = 0.1. Three cases are 
considered corresponding to the choice of aspect ratios. (a) 

= (0.93,1.21) corresponding to  PP and PE. (c) ( r A , r B )  = 
(1.41,1.21) corresponding to Teflon and PE. 

(1) We find (not shown) that the dependence of X$ 
(AyY on Ay is very weak, essentially unresolvable on 
the scale of Figure 3 for a wide range of Ay values of 

( r A , r B )  = (0.76,1.21) corresponding to PEE and PE. (b) ( r A , r B )  

0.05-0.5. For this reason all our results are shown for 
a fixed value of Ay = 0.1. 

(2) For the chemically symmetric I = 1 case, the 
X-parameter does depend strongly on mean copolymer 
composition and is predicted to always increase as the 
mean aspect ratio of the blend decreases. The magnitude 
of the predicted effect in Figure 3a is comparable to, 
although a little larger than, the recent polyolefin 
experimental observations on PEPEE random copoly- 
mer  blend^.^,^ If there is a bare chemical interaction 
asymmetry I > 1, as is present to some degree in real 
polyolefin alloys, then the deviation from Flory-Hug- 
gins behavior is reduced. 

(3) For the chemically symmetric I = 1 case the 
dependence of x on 9 decreases as the difference in the 
aspect ratio decreases and/or as the mean aspect ratio 
of the A and B homopolymers increases. 

(4) At fixed aspect ratio asymmetry, the deviations 
from mean-field theory are quite sensitive to the chemi- 
cal asymmetry parameter. There are distinct differ- 
ences between the case where the stiffer chain is the 
stronger interacter versus when the stiffer chain is the 
weaker interacter. This again reflects the fundamental 
nonadditivity of the consequences of chemical and 
conformational asymmetries, and the possibilities of 
asymmetry compensation or reinforcement. l8 

(5) When the structural and chemical interaction 
asymmetries tend to compensate, it is possible for a 
nonmonotonic dependence of the X-parameter on mean 
composition to occur.18 This results in "windows of 
miscibility" as commonly observed in random copolymer 
 system^^^,^' of practical importance (see Figure 3a). 

(6) As predicted based on eq 4.7, if the chemical 
asymmetry is much larger than the conformational 
mismatch, then mean-field behavior (or nearly so) is 
recovered (see Figure 312). 

(7) The magnitudes of the predicted X-parameters for 
7 = 0.5 are listed in Table 3. Again, strong nonaddi- 
tivity and nonmonotonic dependence on the conforma- 
tional and structural asymmetries is found. 

Detailed applications to experimental polyolefin and 
polydiene systems will be presented in our companion 
paper.'O As an example we show in Figure 4 results 
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for the X-parameter on a four carbon basis for binary 
blends of EB(y) random copolymers at T = 440 K. The 
experimental SANS results are taken from Table 3 of 
ref 4. For the two sensible values of the PEPEE 
chemical interaction asymmetry variable discussed 
above, good agreement between the theoretical predic- 
tions and the SANS data is obtained without any fitting. 
The only thing that has been adjusted to make the 
comparison is the overall scale of the theoretical X-pa- 
rameter via the factor f which equals 1/2j3UA(O’ for the 1 
= 1.06 case and l/PuA(o) for the 1 = 1 case. From eq A2 
the factor f is roughly 0.2 and 0.37, respectively. This 
implies our  a priori calculations of x are roughly a factor 
of 2.5-5 too big, which is the same level of accuracy 
found for other polyolefin blends as discussed in section 
1II.C. 

We note that it is trivial to treat other random 
copolymer binary alloy cases, e.g., AB random copolymer 
plus C homopolymer, AB random copolymer plus CD 
random copolymer blend, etc. A solubility parameter 
is assigned to each polymer species according to eq 4.4 
and an effective stiffness according to eq 4.6 or 4.9, and 
the net X-parameter is simply given by eq 3.15. For 
example, the AB/C random copolymerkomopolymer 
blend is characterized by two distinct chemical interac- 
tion asymmetry parameters and three elementary sta- 
tistical segments lengths determined by the structure 
of the A, B, and C monomers. A classic “random 
copolymer solubilization” phenomenon is predicted. That 
is, even if blends of A and B, A and C, and B and C are 
all strongly incompatible, if the solubility parameter of 
the C component is in between that of A and B, then 
small X-parameters, and hence miscibility windows, are 
possible for certain ranges of AB comp~si t ion .~~ 

Finally, we note that enthalpy-based Flory-like ap- 
proaches to random copolymer alloys have been devel- 
oped and successfully applied to interpret miscibility in 
some  system^.^^,^^ However, these approaches are 
characterized by a plethora of empirical X-parameters 
for the various pair (and often triad and possibly higher 
order) interactions. This contrasts strongly with our 
present microscopic approach which does not introduce 
multiple phenomenological %-parameters and carries out 
the “averaging“ of intra- and intermolecular interactions 
a t  the level of the Hamiltonian and hence solubility 
parameter. “Interference” effects and cancellation of 
destabilizing repulsive interactions occur a t  the level 
of the solubility parameter. If the fundamental chemi- 
cal interaction and conformational parameters are 
known or can be estimated, then the theory can be 
applied in an a b  initio manner to look for windows of 
miscibility and construct “miscibility maps” of random 
copolymer alloys in the same spirit as the phenomeno- 
logical Flory-like appro ache^.^^ 
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species is deuterated. Such behavior applies universally 
to binary mixtures, i.e., to homopolymer blends, random 
copolymer alloys, random copolymerhomopolymer blends, 
etc. This swap effect is fundamentally inconsistent with 
the idea that the conformational asymmetry and chemi- 
cal asymmetry effects are purely additive. 

In terms of the general result of eq 3.14, deuteration 
simply decreases the labeled species interaction energy 
by a factor fD, which depends on the amount of deu- 
teration (i.e., partial versus full). At the level of the 
solubility parameter, this factor for chain M is 

V. Deuteration Swap Effect 
A special case of the asymmetry competition effect 

discussed in section 1II.C is the deuteration swap 
experiment extensively studied recently by Crist et al.42 
and Graessley et a1.5p43 via SANS and cloud-point 
measurements. Since deuteration is believed to de- 
crease the bond polarizability by ~ 1 % : ~  the correspond- 
ing chemical asymmetry parameter 1 will be increased 
or decreased by essentially the same factor depending 
on which component is labeled. The theory of section 
I11 predicts that such deuteration will raise x if the 
labeled species has the smaller melt solubility param- 
eter, but lower x if the larger melt solubility parameter 

fD,M = - ‘MxD,M (5.1) 

where XD,M is the fraction of polymer M which is 
deuterated. Prior estimates49 suggest QM = 0.01-0.016. 
As discussed in the appendix, if one requires that the 
thread PRISM theory exactly reproduces the measured 
value of the SANS x by Londano et al. for isotopic 
polyethylene blends,51 then we obtain QM = 0.012. PVT- 
based experimental measurements8 of melt solubility 
parameters for low branch content ethylenehtene 
random copolymers find a solubility parameter ratio of 
d .006 ,  thereby implying QM = 0.006. For polystyrene 
blends, Dudowicz et al.51 suggest even smaller values 

The swap effect can be quantified by the ratio of 

R = x ( f  D,A)/x(~D,B) (5.2) 

of !& 0.001. 

X-parameters 

Since the factor fD is very close to unity, eq 5.2 can be 
written as 

where the average and difference solubility parameters 
refer to the undeuterated species and are defined in eqs 
2.9b and 2.11a. Alternatively, R can be expressed as 

where UAV and XH are the average cohesive energy and 
%-parameter of the undeuterated blend. If the B-species 
has the larger solubility parameter, then R > 1. This 
corresponds to the prediction that deuteration of the 
larger (smaller) 6 polymer stabilizes (destabilizes) the 
blend, in accord with experimental observations on 
ethylenehutene-1 random copolymer m i ~ t u r e s ~ 3 ~ ~ 9 ~ ~  and 
also blends of alternating poly(styrene/methyl meth- 
acrylate) with PMMA  homopolymer^.^^ As a general 
point, since the average cohesive energy density is of 
order the thermal energy, eq 5.3b explains why the 
deuteration swap effect can be large for blends with 
small X-parameters. 

The influence of temperature on the amplitude of the 
swap effect may be subtle since it depends on the 
T-dependence of the undeuterated X-parameter and the 
average cohesive energy (which are nonuniversal). 
However, for many systems the temperature depen- 



2074 Schweizer and Singh 

J 

h 

5 3.0: 
3 
5 2.51 

s4 
:: 

2.07 

1.5: 

Macromolecules, Vol. 28, No. 6, 1995 

undeuterated melt solubility parameter). Results are 
shown in Figure 5a for a fixed value Of fD corresponding 
to a partial deuteration of roughly 33% (for QM = 0.0061, 
as a function of the mean random copolymer composi- 
tion and various composition difference values including 
the limiting case of a homopolymer blend of PE and 
PEE. The predicted magnitude of the swap effect is 
consistent with experiments on EB random copolymer 
 blend^.^ 

An example of the predicted effect of increasing the 
deuteration level for fixed composition difference is 
shown in Figure 5b. Note that the magnitude of the 
swap effect decreases as the structural asymmetry Ay 
increases, the mean aspect ratio decreases, and the level 
of deuteration decreases. These trends are a conse- 
quence of the diminishing importance of chemical 
interaction asymmetry relative to conformational asym- 
metry. 

In experimental applications, the magnitude of the 
swap effect depends on the level of deuteration but may 
also depend on chain microstructure. This is because 
deuterons on the backbone of a branched polymer will 
not interact with intermolecular neighbors as well as 
deuterons on a side group due to the local correlation 
hole effect. Such behavior has been recently docu- 
mented experimentally for p~ lys ty rene .~~  Thus, we 
expect the parameter 51 is a maximum for a purely 
main-chain polymer such as polyethylene. Hence, for 
random deuteration the effective value Of QM is expected 
to decrease with increasing PEE content for EB(y) 
alloys. 
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Figure 5. (a) Calculations of the swap effect X-parameter ratio 
for a polymer model and parameters representative of PEPEE 
random copolymers. Several values of the compositional 
difference variable are shown. The quantity J is the product 
of the percent deuteration and the magnitude of the energetic 
deuteration effect, i.e., J = X& in eq 5.1. (b) Same as Figure 
5a but for fixed compositional difference and variable strength 
of the deuteration effect J .  

, 

dence of R may be rather weak since to leading order 
in T-l it cancels out in eq 5.3b. 

In many cases where the underlying solubility pa- 
rameter differences are relatively large (e.g., PE + PEE 
homopolymer blends), R may be close to 1 and the swap 
effect is a small perturbation. However, for blends of 
random polyolefin copolymers of typical compositional 
differences (Ay = 0.1-0.3), the factor R is found 
e ~ p e r i m e n t a l l ~ ~ ~ ~ , ~ ~  to be quite large (1.2-1.8) even for 
partial deuteration (roughly 35%). These observations 
are consistent with our analysis, and detailed applica- 
tions to polyolefin experimental systems are presented 
in the companion paper.1° 

Model calculations are presented in Figure 5 for the 
idealized case of perfect "chemical interaction sym- 
metry" at the (undeuterated) bare level, A = 1. The 
calculations employ eqs 3.14 and 3.21, the same random 
copolymer model described in section lV, and the 
parameters used in Figure 3a which are typical of PE/ 
PEE  copolymer^.^^ The factor fD in eq 5.1 is taken to 
be identical for the A and B labeled chain cases. Again, 
our convention is such that R > 1 since the B-chain is 
defined to have the larger aspect ratio (and hence larger 

VI. Temperature Dependence of 2Parameter 
The temperature dependence of experimentally de- 

duced effective X-parameters is often (but not always) 
of the simple empirical form 

xeff E A i- BIT (6.1) 

The factors A and B can be either positive or negative 
and are really just empirical fit parameters. However, 
they are often called the entropic and enthalpic contri- 
butions, respectively. Designating A as entropic would 
perhaps be appropriate if eq 6.1 really represented the 
leading correction to the infinite temperature limit. 
However, this is never the case. Experiments are 
performed over rather narrow temperature windows, 
generally never less than 250 K or more than 500 K. 
Thus, A and B represent apparent quantities in a 
restricted temperature window, and their entropic and 
enthalpic designations may be misleading with regards 
to the physical origin of these factors. 

In this section we show that, within the very simple, 
purely enthalpic based X-parameter of eq 3.14, a form 
such as eq 6.1 can emerge withA and B factors of either 
sign even for nonpolar hydrocarbon blends. The reason 
for this is simple to understand. The mean field 5"-' 
dependence enters as a trivial prefactor in eq 3.14, but 
additional temperature dependencies arise from the 
solubility parameters in eq 3.15. For the thread model 
the density e and effective segment length u depend on 
temperature in a nonuniversal fashion. This results in 
a XH not simply proportional to inverse temperature (nor 
even necessarily monotonic) over a wide temperature 
interval. A wide spectrum of experimental behaviors 
is predicted to be possible depending on the detailed 
nature of these additional temperature dependences. 
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We begin the analysis by rewriting eq 3.14 in terms 
of a “reference temperature”, TO, 
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(6.3) 1 6, = 

(1 +csr 
where c is a numerical constant. Equation 6.3 is 
expressed in terms of a reference melt system (sub- 
scripts “0”). As discussed in ref 36 and the appendix, if 
the reference state is chosen to be polyethylene at 430 
K, then c = 2 x 0.176 = 0.352. This is determined by 
the “calibration” requirement that the thread reduced 
solubility parameter be equal to its atomistic RIS 
anal0g.3~ For simplicity, and consistent with our con- 
stant volume assumption, we take the densities of the 
A and B melts to be equal a t  all temperatures(gener- 
alization is trivial). 

We now estimate the T-dependence of x in the 
neighborhood of the reference temperature by expand- 
ing the density and effective segment lengths through 
lowest order in T - TO 

where a, is the thermal expansion coefficient and ~ C M  
is the logarithmic derivative of the characteristic ratio 
of polymer M in the melt, both evaluated a t  the 
reference temperature. Substituting these expressions 
into eqs 6.2 and 6.3, and collecting terms linear and 
independent in inverse temperature, yields a X-param- 
eter of the form of eq 6.1 where 

A = ~J$(H(TO) Q (6.6) 

(6.7) B = A B T d H ( T 0 )  (1  - Q }  

- 

(6.8) 

All blend quantities are evaluated a t  TO. The ratio of 
the two factors is 

I L8,3(ae + dc,) - 8$y2(ae + SC,) 

- 6A 

(6.9) 

Depending on the sign and magnitude of Q relative to 
unity, any sign of A, B, or A/B can occur, and thus any 
type of temperature dependence of x can occur. The 
various possibilities are schematically illustrated in 
Figure 6, which emphasizes that simple mean-field 
behavior occurs at (hypothetically) high temperatures 

I : ‘  

1/T 
Figure 6. Schematic plot of three possible temperature 
dependences of the X-parameter predicted by the PRISM 
solubility parameter theory. The low T part of the dotted lines 
are meant to indicate what might be measured in the 
experimental temperature window and fit by a straight line. 
In terms of the A and B parameters, the basic cases are A < 
0 and B > 0 (case I),A > 0 andB > 0 (case 111, andA > 0 and 
B 4 0 (case 111). 

but nonuniversal deviation generally will occur in the 
experimentally accessible temperature window. Al- 
though the thermal expansion coefficient makes a 
negative contribution to Q in eq 6.8, the second com- 
plicated term can be of highly variable magnitude and 
either sign depending in a subtle way on the magnitudes 
of the conformational and chemical interaction asym- 
metries, and the chain expansion coefficients of each of 
the species. In particular, note that if Q > 1, then A > 
0, B < 0, and the X-parameter decreases upon cooling 
(case I11 in Figure 6). Such behavior is often associated 
with “specific AB interactions” and negative low-tem- 
perature pparameters but can apparently occur for 
chemically simple blends for different reasons (but still 
of local enthalpic origin). Such behavior is indeed 
predicted by the theory’O (and observed) for certain 
polydiene blends (e.g., 1,Cpolyisoprene and 1,2-polyb- 
utadiene (PVE)44). On the other hand, binary mixtures 
of random ethylene-butene-1 copolymers show more 
“normal” behavior corresponding to A < 0, B > 0, and 
AIB in the range of -0.001 to -0.002,10 as observed 
e~perimentally.~-* 

A special case of interest is isotopic mixtures.53 For 
this structurally symmetric case the factor Q greatly 
simplifies 

(6.10) 

where the unlabeled quantities a t  the reference tem- 
perature are now species independent. It is interesting 
to note that the chemical (isotopic) asymmetry param- 
eter il has cancelled out. Thus, eqs 6.7 and 6.6 predict 
that A and B are both proportional to the fraction of 
deuteration squared since they have a common origin, 
dispersive interactions. Such behavior has been seen 
in SANS experiments on isotopic mixtures of poly- 
(ethylenepropylene) (PEP),54 which provides support for 
our contention that it is often misleading to think of A 
as an entropic contribution. For most isotopic blends 
we find that A < 0, B > 0, and AIB is of order -0.001, 
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Table 4. SFC Model (Ild = 0.5, N = 2000) Calculations of 
the Thermal TParameter Based on equations 2.6 and 7.1 
for the Chemical Interaction Symmetric Case (A = 1) and 

a Melt Reduced Density of 1.375a 

FA r B  io3XH/B€ rB4XH/B6()” - 1)’ io3X‘0’ 

44 

Figure 7. Schematic illustration of the discrete, overlapping 
site semiflexible chain (SFC) model. 

As discussed elsewhere,1° this prediction agrees with 
many (but not all) experimental SANS studies on 
isotopic mixtures. The complex T-dependences of x 
sketched in Figure 6 will have strong consequences for 
the apparent N-dependence of critical and spinodal 
temperatures. 

Finally, we emphasize two important caveats. First, 
all systems are not expected to obey eq 6.1, and more 
complicated behavior is possible based simply on eq 3.14 
(e.g., nonmonotonic dependence of x on T). Second, we 
are not claiming that for all systems the quantities A 
and B are of purely enthalpic origin, and explicit 
entropic contributions are unimportant. However, ap- 
plications of the above formulas to predict the temper- 
ature dependences of experimental isotopic, polyolefin, 
and polydiene blends suggest that the purely enthalpic 
interpretation has widespread relevance.1° 

VII. Numerical Predictions for Semiflexible 
Chains 

In this section we employ the overlapping semiflexible 
chain (SFC) model plus melt PRISM theory2p3 to nu- 
mercially investigate the x-parameter. The discrete 
SFC and the relationship of its parameters to 
real polymer structures, has been discussed in depth 
e l ~ e w h e r e . ~ ~  The model is shown schematically in 
Figure 7. The important feature is that there are three 
local length scales: (i) chain thickness or repeat unit 
diameter d,  (ii) an effective site-site separation (bond 
length I) which controls the amount of surface area 
available for interchain packing, and (iii) a persistence 
or statistical segment length which is controlled by a 
local bending potential of the form Eb(1 + cos(8)) which 
introduces local rigidity to the backbone. Based on 
geometric considerations and the desire to have the SFC 
model mimic the packing correlations of real polymers 
(e.g., realistic local correlation holes in g(r)),  we have 
chosen a single value of lld = 0.5.36 The density of the 
fluid is describable in terms of the dimensionless 
quantity ed3, which is taken to be the melt value of 
1.375. This value is deduced according to a calibration 
procedure which ensures the compressibility of PE at 
430 K is reproduced by the coarse-grained SFC 

Since the SFC model does not contain side groups, 
the effect of branching and tacticity enters only indi- 
rectly via an effective backbone stiffness. One must 
keep in mind that this scheme is a crude one which 
neglects physical features such as side-group interdigi- 
tation and/or specific packing arrangements. PRISM 
theory has been recently generalized to explicitly treat 
chain branching by C ~ r r o . ~ ~  

Based on the estimates in Table 1, the flexible 
polymers of interest are characterized by aspect ratios 
of order unity, and all the various estimates for poly- 
olefins, polydienes, polystyrenes, etc., fall in the small 
range of r E 0.7-1.4.36 Since polymers display widely 
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The purely athermal %-parameter, x ( O )  (multiplied by lOOO), 
for a I$ = 0.5 blend computed using eq 7.2 is also shown (to two 
significant digits). 

variable changes of their characteristic ratios with 
temperature, the relative values of the aspect ratios can 
vary in a subtle manner with T. 
A. ThermalpParameter. We have carried out a 

systematic numerical study of the predicted constant 
volume Hildebrand x-parameter of eq 2.6 using the SFC 
model, for many pairs of aspect ratios ( r A  < rB) and 
many values of the chemical asymmetry variable A. The 
attractive potential employed is of a Lennard-Jones-like 
form 

A representative set of our numerical results is listed 
in Table 4 for the “interaction symmetricn A = 1 case 
(bare Flory x = 0, i.e., EW = E ) .  Our predicted enthalpic 
X-parameter both divided by P E ,  and scaled in a manner 
predicted by the thread analysis of eq 3.18, is shown. 

The basic trends in Table 4 are easy to understand 
from examining the calculated reduced melt solubility 
parameter (see Figure Ba), and the square of the reduced 
solubility parameter difference (see Figure Bb), as 
functions of chain aspect ratio.36 Since 6 increases 
monotonically with the aspect ratio, the predicted 
X-parameter increases monotonically with the aspect 
ratio difference A r  = rB - r A .  However, for a fixed Ar,  
the X-parameter decreases significantly as the mean 
aspect ratio 2r = rB + r A  increases since the melt 
solubility parameter tends to increase more slowly a t  
high aspect ratios, Note also that since for experimental 
hydrocarbon systems BE E 1 on a four carbon basis for 
our the enthalpic X-parameters are generally 
large by polymer standards, even for the interaction 
symmetric case considered here. 
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Figure 8. (a) Reduced solubility parameter of SFC melts as 
a function of the chain aspect ratio. This curve has been 
"calibrated" assuming a polyethylene aspect ratio of 1.2 at 430 
K (see ref 36). (b) Square of the difference of SFC reduced 
solubility parameters as a function of the A-chain aspect ratio 
for a melt reduced density and several values of the confor- 
mational asymmetry parameter y = r$rA. 

The absolute magnitudes and general trends of the 
predicted X-parameters in Table 4 are quite similar to 
the thread-based values, although quantitative differ- 
ences certainly exist as expected. The thread-based 
scaling of eq 3.18 is not perfect, but it does a remarkable 
job of organizing the SFC predictions. For example, 
although the SFC X-parameter varies by roughly 3 
orders of magnitude depending on the aspect ratio pair 
considered, the scaled X-parameter varies only by roughly 
a factor of 2.5. This demonstrates both a significant 
robustness of our predictions to local modifications of 
the single-chain model and the apparent usefulness of 
the effective aspect ratio idea. 
As discussed in depth e l ~ e w h e r e , ~ ~  the precise quan- 

titative values of aspect ratios appropriate for a real 
polymer modeled as a SFC are different than for the 
Gaussian thread, although relative values are qualita- 
tively unchanged. The question of which of the coarse- 
grained models, thread or SFC, is "more appropriate" 
for real experimental alloys is a subtle one which is not 
possible to  definitively answer at present. 

In Figure 9 an attempt to generate a "master" curve 
for the A = 1 case is presented. For many values of (rA,  
rB) and several distinct A r  values, a %-parameter scaled 
in the spirit of the random copolymer problem is plotted 
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Figure 9. Scaled X-parameter for the SFC homopolymer melt 
model as a function of the mean aspect ratio for three values 
of aspect ratio difference A r  = r B  - r A  (shown as different 
shape symbols) and many distinct choices of (re, rA) .  All 
results are for the chemically symmetric case corresponding 
to I = 1. 
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Figure 10. Scaled X-parameter versus chemical asymmetry 
variable for several indicated choices of chain aspect ratios (rA,  
r B ) .  

versus mean aspect ratio. Perfect collapse does not 
occur, but an approximate collapse onto a single curve 
is obtained which has an interesting shape. The 
roughly monotonic decrease of the scaled X-parameter 
above a mean aspect ratio of g0.85 implies the devia- 
tions from mean-field random copolymer theory are 
qualitatively the same for the thread and SFC models. 

In Figure 10 we present representative results for the 
effect of chemical interaction asymmetry. As in the 
thread model, a nonmonotonic behavior is found with x 
going to zero at a "perfect asymmetry compensation" 
point. Such a perfect asymmetry compensation is not 
expected to occur in reality due t o  corrections to the 
solubility parameter approach (e.g., mixing volume 
changes). Whether the introduction of chemical asym- 
metry stabilizes or destabilizes the blend depends on 
the precise values of the chemical asymmetry parameter 
and the aspect ratios.18 

B. Athermal PParameter and Nonlocal En- 
tropic Effects. We have also computed the purely 
athermal X-parameter for the conformationally asym- 
metric binary blend. The numerical blend PRISM 
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procedure has been thoroughly discussed p r e v i ~ u s l y . ~ J ~ - ~ ~  
Results for an equal degree of polymerization 50150 
mixture are listed in Table 4. The calculations employ 
the compressibility route and utilize the Kirkwood-Buff 
relations for the Gibbs free energy. For an equal degree 
of polymerization and 4 = 0.5 the blend x is given by:14 
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roughly 2 to 3 orders of magnitude than its athermal 
counterpart. This is our most important prediction and 
has profound experimental implications. If an experi- 
ment can be performed on the miscible blend, then since 
PE is a number of order unity the athermal X-parameter 
contribution is predicted to be swamped by the thermal 
contribution. This finding supports the solubility pa- 
rameter or Hildebrand assumption that local enthalpic 
interactions are dominant. However, the athermal term 
may still play an important role in the sense of ruling 
out miscibility; i.e., if it is big, then mixing is impossible 
for purely packing reasons (excess entropy). Of course, 
by definition such cases are irrelevant to  measurements 
in the one-phase region. 

All our above conclusions for the athermal blend are 
based on the SFC model and the compressibility route 
to the thermodynamics. PRISM studies based on the 
so-called free energy or charging route are much more 
difficult to numerically perform, but we have recently 
investigated this approach.34 The results are consistent 
in a semiquantitative sense with the compressibility 
route computations. The influence of microscopic, chemi- 
cally-realistic structure and explicit chain branches on 
the excess entropy issue has begun to be investigated 
by Curro and Ra ja~ekharan .~~  

Quantitative predictions using the SFC model and 
Hildebrand PRISM theory for the magnitude and tem- 
perature dependence of the X-parameter, the deutera- 
tion swap effect, and the random copolymer blend 
problem will be presented elsewhere in the context of 
polyolefin applications. l1 Comparisons with full nu- 
merical blend calculations beyond the solubility param- 
eter description have also been made.ll 

VIII. Discussion 
In this paper we have formulated a microscopic theory 

of the thermodynamics of polymer blends at the level 
of solubility parameters using the homopolymer melt 
PRISM theory as input. We believe this is the simplest 
conceivable approach to constructing a microscopic 
theory of polymer alloy phase behavior which includes 
system-specific local correlation effects. More sophis- 
ticated, tractable free-energy-based approaches have 
also been outlined and will be studied in the future. 

On the basis of both the analytically tractable thread 
model and the less coarse-grained semiflexible chain 
model, we have obtained predictions for the influence 
on blend compatibility of conformational and chemical 
interaction asymmetries, chain lengths, polymer den- 
sity, attractive potential range, and (crudely) mixing 
volume changes. The purely enthalpic X-parameter is 
influenced in a generally nonadditive manner by all 
these aspects due to their modification of local packing 
in the melt. In essence, these are melt “equation-of- 
state” effects known to be important in compressible 
fluids. Numerical estimates of x for polyolefins yield 
numbers consistent with experimental magnitudes. A 
host of “non-Flory-Huggins” effects are predicted in- 
cluding (a) the failure of mean-field theory for random 
copolymer blends, (b) deuteration swap effects, (c) 
nonadditivity of chemical and structural asymmetry 
contributions to x and the possibility of asymmetry 
“compensation”, (d) possible significant contributions of 
volume changes to miscibility, and (e) possible unusual 
and subtle temperature dependences of x due to ther- 
mally-induced density and chain dimension changes. 
Points d and/or e can even result in lower critical 
solution temperature (LCST) behavior in nonpolar 

where the matrix elements of the inverse partial 
structure factor matrix are given in terms of the k = 0 
direct correlation functions as 

Note that the above X-parameter is invariant to AfB 
interchange. In the noninteracting limit (defined as 
&M(O) - 0) ,  x(O) = 0 as it must. Using eq 7.3 in eq 7.2 
yields x(O) directly in terms of the k = 0 direct correla- 
tions as 

where 

E = [  -g(Cm + cBB) + 2 e x 1  
+ 1 

] (7.4) 
1 

-@(C, + C,) + 2@K1 
and a shorthand notation has been used for the direct 
correlations functions a t  12 = 0. Note that x(O) is not a 
linear function of the direct correlation functions as is 
obtained if a literal incompressibility constraint is 
e m p l ~ y e d . ~ J ~ - ’ ~  The fundamental nonlinearity and 
presence of crossterms between the species-dependent 
direct correlation functions are very important features 
as emphasized previously.17J8 

C. Summary and Interpretation. There are three 
important points concerning the results in Table 4. 

(1) The sign of the athermal X-parameter can be 
positive or negative depending primarily on the mean 
aspect ratio of the blend. 

(2) For the cases presented in Table 4, the absolute 
magnitude of the atherrnal x is relatively small; i.e., the 
product is generally not close to the critical value 
of 2. However, as the mean aspect ratio of the blend 
increases, f 0 ) N  can get close to the critical value. 
Athermal phase separation driven by “nonlocal excess 
entropic” effects is found for blends composed of long 
chains of higher aspect ratios, but the required values 
of the latter are not representative of flexible polymers.34 

(3) For experimentally relevant temperatures @ E  is a 
number of order unity. Hence, for the cases in Table 4 
the thermal, or enthalpic, X-parameter associated with 
conformational asymmetry is predicted to be larger by 
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polymer alloys, as apparently observed in polydiene 
blends4 and hinted at in certain polyolefin alloys4-* and 
the polystyrene/poly(n-butyl methacrylate) system.57 

In our companion paper the simple PRISM solubility 
parameter theory is applied to a wide range of isotopic, 
polyolefin, and polydiene blends.1° Comparison of the 
theoretical predictions with SANS and cloud-point 
experiments is encouraging. Nevertheless, as discussed 
in section 11, there are certainly questions and effects 
which cannot be addressed within any melt solubility 
parameter approach. For example, the simple Hilde- 
brand approach is incapable of properly addressing the 
question of a blend composition dependence of the 
pparameter, specific attractive interactions, and the 
possibility of a negative pparameter under constant 
volume conditions. Even accepting these limitations, 
there remain fundamental questions about the ad- 
equacy of the statistical mechanical approximations 
(1)-(4) invoked to derive the Hildebrand-like theory. 
Are the multiple approximations individually adequate, 
or might the errors conspire to cancel in many cases? 
These issues will be studied in forthcoming publications, 
as will the subtle questions of the adequacy of coarse- 
grained models versus fully atomistic descriptions such 
as the rotational isomeric state (RIS) model, and the 
relation of the free-energy perturbation PRISM ap- 
proach to the compressibility route formulation based 
on the new molecular closures. 
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Appendix: Coarse-Grained Model Parameters 

The connection between the thread model parameters 
and those of real hydrocarbon molecules has been 
discussed in depth e l ~ e w h e r e . ~ ~  This correspondence, 
or “mapping“, between the thread and atomistic level 
descriptions can be employed to estimate the magnitude 
of the X-parameter. There are four basic quantities: a 
= spatial range of attractive tail potential, e = segmen- 
tal number density, E = energy parameter (well depth) 
of attractive tail potential, and u = statistical segment 
length. The density enters the thread model in the 
reduced forms, ea3 or eu2a. The parameters are deter- 
mined by a “calibration procedure” as follows. 

(1) The mean-field attractive energy per site (or 
cohesive energy) in the thread and RIS model of a 
polyethylene melt are equated. For the thread 

For polyethylene, based on the Barker-Henderson 
division of the Lennard-Jones potential and standard 
parameters, the corresponding energy per methylene 
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group is36 

(2) The appropriate choice of a in eq 3.10 which 
reproduces the atomistic RIS level PRISM prediction 
for the reduced solubility parameter of a polyethylene 
melt at 430 K, 6 = 0.86, requires36 

(A3) 

where the invariant quantity ea2 is expressed in inverse 
angstroms and equals 0.5 for polyethylene a t  430 K. 
This calibration procedure is carried out for one polymer 
(polyethylene) at one temperature. Predictions for other 
polymers and temperatures are then made a priori. 

(3) Values of the statistical segment length and 
effective aspect ratio are computed a priori using 
experimental chain parameters and density information 
based on the following  relation^:^^ 

1 
(1 + [0.176/~&”~ d =  

where Nm,, is the number of monomers (repeat units) 
and V,,, is the monomer volume estimated as the 
inverse of the monomer number density. Such a rela- 
tion for the statistical segment length has been previ- 
ously employed by Bates et al.40 and Graessley et a1.* 
Equation A3 can be rewritten in terms of this aspect 
ratio as 

1 
(1 + 0.515/r2)1/2 8 =  

The bare “chemical” part of the solubility parameter, 
and hence the asymmetry variable A, might be esti- 
mated from standard solubility parameter schemes 
based on a group additivity appr~ximat ion .~~ 

For the deuteration issues the parameter S2 which 
quantifies the chemical asymmetry for the fully deu- 
terated isotopic blend is estimated as follows. It is 
required that the X-parameter for the isotopic blend 
predicted by thread PRISM (see eq 4.2) exactly equals 
the experimental value measured by Londano and co- 
workers for polyethylene at 430 K x = 0.0002 on a 
single carbon basis.51 This constraint, coupled with the 
above analysis, yields S2 = 0.012, which is consistent 
with prior estimates.49 
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