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ABSTRACT: A systematic numerical study of a minimalist model of conformationally and interaction
asymmetric model binary blends has been carried out based on a computationally convenient formulation
of PRISM theory and the free energy route to the thermodynamics. Effective y-parameters based on the
correlated enthalpic contribution to the free energy of mixing are computed within a constant volume
and conformationally ideal description. The model calculations are carried out for molecular parameters
which span the plausible range for hydrocarbon materials such as the polyolefins. Distinct regimes of
miscibility behavior are found depending on whether the conformational and interaction asymmetries
reinforce or tend to compensate. The former case is the most common experimental situation, and large
positive y-parameters are predicted due to the nonadditive influence of unfavorable bare energetic
interactions and local packing differences between the stiffness asymmetric species. The theory predicts
many non-mean-field behaviors observed in recent experiments such as failure of naive group contribution
schemes, strong deuteration swap effects for random copolymer alloys, breakdown of the random copolymer
theory for the effect of copolymer composition, and the possibility of unusual temperature dependences
of, and apparent entropic contribution to, the effective y-parameter. If the conformational and interaction
asymmetries tend to anticorrelate or compensate, then the theory predicts the possibility of negative
x-parameters associated with blend composition-dependent local packing rearrangements. This novel
feature suggests several design strategies for achieving miscible high molecular weight polyolefin blends
by rationally manipulating conformational and dispersion force properties of the polymer molecules. The
blend theory is also compared with a microscopic version of a pure component-based solubility parameter
theory. Overall, a remarkable agreement is found in the asymmetry reinforcement regime, but significant

mixing “irregularities” can occur especially in the asymmetry compensation regime.

I. Introduction

Understanding the molecular factors which control
the miscibility and phase diagrams of polymer blends
is both a fascinating and complex scientific issue, and
a problem of significant materials science and engineer-
ing importance. For nearly all cases of interest, the
components of the blends are characterized by multiple
“asymmetries” of both an energetic and molecular
structure origin. Energetic, or chemical interaction,
asymmetries are present at the monomer level and are
associated with variable intermolecular forces (particu-
larly attractive potentials). Structural asymmetry can
arise from differences in monomer shape, size, degree
of sidegroup branching, backbone persistence length
(“stiffness”), etc. Such single chain structural differ-
ences can strongly influence liquid phase intermolecular
packing on all length scales, an effect often described
as of noncombinatorial entropic nature. However,
beyond the most naive mean field theory (e.g., incom-
pressible Flory—Huggins?), excess contributions to the
free energy of mixing cannot generally be separated into
purely entropic (“athermal”) and enthalpic (“thermal”)
contributions.

Recently, the miscibility behavior of binary blends of
polyolefins has been systematically explored experi-
mentally.2=10 Since polyolefins are saturated hydrocar-
bons, they might appear to be simple materials in the
sense that the bare dispersion forces, liquid density, and
other properties are nearly the same for all monomer
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structures. Based on Flory—Huggins mean field theory,
and the fact that all polyolefins have the same chemical
formula, this would imply most polyolefin blends (and
diblock copolymers) are miscible. In reality, just the
opposite is true, presumably due to the thermodynamic
consequences of variable monomer architecture (e.g.,
branching) and backbone stiffness, sometimes collec-
tively refered to as “conformational asymmetry” ef-
fects.811 Whether the primary origin of polyolefin
immiscibility is “nonlocal entropic” or “enthalpic” is a
matter of debate among both experimentalists and
theorists. On the experimental side, the Exxon/Prince-
ton group,2~7 Crist and co-workers,® and Klein and co-
workers!® have argued for the local enthalpic mech-
anism, and phenomenological solubility parameter
schemes with some predictive ability have been suc-
cessfully deduced from the data. On the other hand,
Bates and co-workers® have suggested an entropic
packing frustration mechanism associated with spa-
tially nonlocal (correlation hole scale) considerations.
Fredrickson, Bates and Liu'2 have constructed a phe-
nomenological Gaussian field theory based on this
hypothesis, which has subsequently also been derived
from liquid state theory based on a random phase
approximation (RPA) closure for singular repulsive
forces.13

As motivation, and for subsequent discussion pur-
poses, it is worthwhile to briefly summarize the primary
“non-mean-field” trends which have emerged from
recent experimental studies.?2=1© An incomplete list
includes: (i) failure of group contribution (or bond
additivity) solubility parameter schemes for estimating
an effective interaction or y-parameter,?=® (ii) strong
deuteration swap effects on y,23910 (iii) failure of mean
field random copolymer theory for describing molecular
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composition effects,2>° (iv) unusual, non-mean-field
temperature dependences of y,2=5 and (v) negative
x-parameters and heating induced phase separation in
special polyolefin mixtures.?* As discussed by the
experimentalists, none of these effects appear under-
standable based on the simplest, incompressible Flory—
Huggins mean field theory! which accounts only for the
“bare” chemical interactions within a random mixing,
constant volume, lattice model framework. Attempts
to rationalize the blend data based on compressible
“equation-of-state” theories™ (with empirical param-
eters) have also not been successful.2=57

Our approach to developing a theoretical basis to
understand the complex polyolefin mixing behavior has
been based on Polymer Reference Interaction Site Model
(PRISM) integral equation methods!® in conjunction
with coarse-grained models of polymer structure.11316-21
Since there has been a significant amount of such
studies already published, we first summarize prior
work to place our present study in context. For phase
transitions and thermodynamic properties, PRISM theory
can be applied at various levels of statistical mechanical
sophistication (and implementation complexity). In
addition, chain models of various levels of chemical
realism can be adopted (the “coarse-graining” question).
Exploration of the dependence of PRISM theory predic-
tions on the degree of model coarse-graining allows the
subtle question of what features of monomer structure
are critical to the miscibility question to be ad-
dressed.!>17 Our work has focussed on binary mixtures
of homopolymers at two significantly different levels of
molecular description. (1) The simplest model of a
polymer as a fully flexible, infinitely thin Gaussian
space curve (“thread”) for which analytical results can
be derived.111517-23 This model is closest in spirit to
that adopted in field theoretic approaches.?* (2) Nu-
merical studies employing a finite thickness, semiflex-
ible chain (SFC) model?® which explicitly captures the
transition from a locally stiff backbone to a fully flexible
ideal walk on large length scales.131525 The recent
version of this SFC model (referred to as “melt-
calibrated”) has been fine tuned such that it predicts
(based on PRISM theory) chain-averaged intermolecular
pair correlation functions, g(r), and total cohesive ener-
gies which agree surprisingly well with both PRISM
studies and computer simulations of atomistic models
of one-component polyolefin melts.!” This pure compo-
nent work serves as important motivation and justifica-
tion of the approach to blends we pursue in this paper.
Besides the degrees of polymerization, the local, mate-
rial-specific structural asymmetry of the blend enters
via species-dependent effective chain aspect ratio (SFC)
or statistical segment lengths (Gaussian thread).

Intermolecular interactions are modeled as pair de-
composable site-site potentials consisting of a repulsive
hard core plus species dependent attractive tail poten-
tials. In the simplest model case, the spatial form of
all the attractive tail potentials are taken to be the
same, with a strength parameter (well depth) which
obeys a geometric combining (Berthelot) relation.1120 In
our view this is a “minimalist” model, which captures
the real intrachain structure and interchain interactions
in the spirit of a monomer-averaged effective homopoly-
mer approximation. Prior (and the present) studies
have been carried out at constant volume. This is the
technically and computationally simplest case and
would seem reasonable for polyolefins which have nearly
identical melt densities and show very small excess
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volumes of mixing.237 Of course, experiments are
performed at constant pressure, and this can affect
polyolefin phase diagrams in interesting ways.3!

In earlier athermal and thermal blend studies, ana-
lytic PRISM predictions for the Gaussian thread model
have been derived based on two distinct levels of
statistical mechanical approximation: the blend molec-
ular closure approximations29 and a microscopic solu-
bility parameter approach.’® The purely athermal,
conformationally asymmetric thread blend was found
to be a miscible, nearly ideal mixture.1>1°® However, in
the presence of thermal interactions (tail potentials) the
structural asymmetry can strongly promote phase sepa-
ration, and its influence is not separable from the
interaction (chemical) asymmetries.1%:20 In particular,
conformational asymmetries result in nonrandom pack-
ing, which via a correlated enthalpic mechanism are
predicted in most cases to strongly destabilize homog-
enous phases of polyolefins. Qualitative agreement
between the theoretical predictions (at either the blend
molecular closure?® or microscopic solubility parameter
level'8) with most (not all) of the puzzling non-mean-
field theory observations listed above have been dem-
onstrated.

However, several fundamental questions were avoided
in the analytic PRISM work based on the idealized
Gaussian thread model. These include: (a) what is the
statistical mechanical basis and limitations of a solubil-
ity parameter level theory?; (b) what are the conse-
guences of finite chain thickness and stiffness (semi-
flexibility) on the theoretical predictions and prior
conclusions concerning the relative importance of cor-
related enthalpy versus noncombinatorial entropic con-
tributions to the free energy of mixing?; and (c) what is
the influence of finer structural features such as explicit
chain branching, nonspherical monomer shape, and
constant pressure (“equation-of-state”) corrections? Some
aspects of questions a and b have begun to be addressed
recently both by numerical PRISM studies'®18 and off-
lattice computer simulations.2”~2° Detailed PRISM and
Monte Carlo studies of athermal, stiffness asymmetric
SFC blends!827:28 has led to the following conclusions.
(i) For experimentally relevant degrees of polymeriza-
tion and chain aspect ratios, the phenomenon of entropy-
driven athermal phase separation does not occur. (ii)
The purely entropic effective y-parameters are small
relative to 2/N (nearly ideal mixing in a thermodynamic
sense) and much less important than the effect of
thermal interactions (tail potentials) in the presence of
local conformational asymmetry. (iii) PRISM theory is
in excellent agreement with the athermal blend simula-
tions for both the structural correlations and constant
volume mixing thermodynamic properties. Very recent
Monte Carlo simulations by Kumar and Weinhold?® of
stiffness-mismatched thermal blends have also quali-
tatively verified some of the striking non-mean-field
PRISM predictions analytically derived for conforma-
tionally asymmetric Gaussian thread mixtures.2°

On the basis of constant volume continuous space
PRISM theory, Curro and co-workers3® have recently
addressed question c for an atomistically realistic model
of a polyethylene and polypropylene mixture. Their
results concerning the effective y-parameter, and the
relative importance of thermal versus athermal effects,
are in qualitative agreement with our PRISM predic-
tions based on the more coarse-grained models. Recent
compressible lattice cluster theory (LCT) studies of
polyolefin blends by Dudowicz and Freed3! also system-
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atically address question ¢ and appear to be in qualita-
tive accord with our PRISM-based conclusion of strong
coupling of local structural asymmetry, interchain pack-
ing, and enthalpic effects. LCT also finds that the
“entropic” part of y becomes increasingly significant for
more miscible systems.3! Although there are certainly
differences between the PRISM predictions based on
coarse-grained models and more atomistic PRISM and
LCT approaches, and coarse-grained molecular models
will undoubtably fail for certain systems, the level of
agreement at this time is encouraging. Besides being
considerably simpler than atomistic PRISM studies
from a technical point of view, since our minimalist
model approach focuses on only a few key structural
features within a monomer-averaged-interaction frame-
work, it affords the possibility of obtaining rather
general insights. This is most likely to occur within a
homologous series of materials such as the polyolefins,
and for such materials our approach may be of concep-
tual and molecular design value.

The specific purpose of this paper is to both describe
in depth and extend the preliminary results recently
published as a brief communication® which address
questions a and b stated above. We employ the melt-
calibrated SFC model,'617 and the simplest possible
statistical mechanical and computational level of nu-
merical PRISM theory to compute the excess free energy
of mixing: thermodynamic perturbation theory or the
so-called “high temperature approximation” (HTA).32:33
This standard HTA approach to thermodynamics as-
sumes that the intermolecular packing of chains is
dominated by the hard core repulsive forces, a situation
for which PRISM theory has been shown to be very
accurate by comparison to simulations of athermal
melts3473¢ and binary blends.?”228 For the reasons
discussed above and elsewhere, the (small) purely excess
entropic contributions to the free energy of mixing will
be ignored.131827 The numerical results are reported
in the form of an effective y-parameter arising from
correlated enthalpic effects, and systematic model cal-
culations of y with structural and interaction energy
parameters relevant to polyolefins!?:1318 and other flex-
ible polymer alloys (e.g., dienes) are presented. A
microscopic, pure-melt based solubility parameter ap-
proach is also carried out in order to address question
a above.

One of our primary conclusions is that nearly all the
predictions obtained using the simpler statistical me-
chanical approach (microscopic melt solubility param-
eters!®), or the Gaussian thread model and molecular
closures,? remain qualitatively valid. Of course, quan-
titative modifications do emerge as expected. However,
an entirely new behavior, the possibility of negative
effective y-parameters in the absence of any “specific
attractions” between unlike homopolymer species, is
predicted by the blend HTA theory. Although the
relation between asymmetry parameters required for
this behavior is not expected to generally occur for most
polyolefin blends, it may be possible to realize in special
cases and represents a novel possible mechanism for
rationally designing miscible, high molecular weight
polyolefin alloys. This result may also have relevance
to understanding some of the “irregular” mixing behav-
ior documented in polyolefin blends, and the surprising
low temperature negative y-parameters recently ob-
served for polyisobutylene-containing and other satu-
rated hydrocarbon alloys.?4
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Figure 1. Schematic diagram of the overlapping semiflexible
chain model. The ratio of the bond length | to the hard core
diameter is chosen to be I/d = 0.5. The bending energy ¢, is
changed to yield the desired chain stiffness.

We believe our results are of more general interest
than for just polyolefin alloys, and they are also directly
testable by modern computer simulation methods.
Hence, in this paper we focus on establishing the
predicted trends without a detailed discussion of how
the model parameters are precisely related to specific
experimental blend systems. Making such precise
contact is quite involved since parameters such as the
density, aspect ratio, and van der Waals attraction
strengths depend not only on chemical species and
coarse-graining procedure, but also implicitly on tem-
perature. We shall pursue a detailed confrontation of
our predictions with small angle neutron scattering
(SANS) and cloud point data for of order 100 polyolefin
blends in a forthcoming publication.3’” Here, we will
only discuss how our predicted trends compare with
experiments in a qualitative, or semiquantitative, man-
ner.

The remainder of the paper is organized as follows.
In Section Il the SFC chain and intermolecular potential
models are discussed, and the elementary aspects of
PRISM theory are summarized. Thermodynamic per-
turbation theory, the effective blend y-parameter, and
the microscopic solubility parameter approach are dis-
cussed in Section I1l. Our numerical results for ho-
mopolymer blends and a simple model of random
copolymer blends are presented in Sections IV and V,
respectively, and qualitatively discussed in light of the
host of non-mean-field experimental observations on
polyolefin blends. The paper concludes with a brief
summary in Section VI.

Il. Model and PRISM Theory

A. Model. We consider a binary mixture of single
site homopolymers labeled as A and B. As a first
approximation we assume the intrachain conformation
of the blend components to be ideal (blend composition
independent). The discrete semiflexible chain model38:30
is adopted; the geometry is shown in Figure 1. The total
energy of the chain is given by the sum of the bending
energies associated with the bond angle between three
consecutive segments: Ep = e,(1 + cos 0), where ¢, is
the local bending energy. The hard core diameters and
degrees of polymerization of the components are as-
sumed to be identical for simplicity, i.e., daa = dgg = d,
and Na = Ng =N. The ratio of the bond length | to the
hard core diameter is chosen to be I/d = 0.5. This choice
of I/d is motivated by both geometric considerations of
the accessible surface area to volume ratio of real
monomers, and by our earlier observation!” that for
appropriate choice of chain aspect ratio this overlapping
semiflexible chain model can mimic the (chain-averaged)
local intermolecular radial distribution functions and
relative cohesive energies of hydrocarbon melts. Thus,
the structural asymmetry in our minimalist model
arises solely from the difference in the bending energies
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of the two components e, and e,g. A physically
relevant dimensionless measure of chain stiffness is an
“aspect ratio”, which we define as I', = om/d, where
(6R2 w/N)¥2 is the effective segment length and Ry is
the radlus -of-gyration of componentm. A dimensionless
measure of total liquid density is the packing fraction
n = (n/6) pd?, where p is the total site number density.
For most of the present model calculations p, d, and I'y
are taken to be independent of temperature and blend
composition ¢ (defined as the volume fraction of A sites).
The site-site intermolecular potential between species
m and m' is taken to consist of a hard core of diameter
d plus a shifted Lennard—Jones attractive tail. The
repulsive and attractive potentials, unm/(r) and vmm(r),
respectively, are given by

Uppymy(F) = o0, r<d
Upme(r) =0, r>d (2.1)
Vo) =0, r=<d

12 6
v ()= emm,[(%) - 2(%) ] r>d (22
where emn(r) is the van der Waals interaction strength
between monomers m and m’ at contact. Interaction
asymmetry is modeled by employing the Berthelot

geometric combining relation as a mimimalist descrip-
tion of nonpolar, van der Waals interactions:

JdTvgg(n) s

A=
JdTva(r) A
A= EA—B 2.3)
AA

At this level, the energy eaa can be chosen to nondi-
mensionalize the temperature, and A2 quantifies the
bare (average) chemical interaction difference between
A and B monomers. For polyolefins the interaction
strengths of the methyl, methylene, and methyne
groups are reasonably well known.4® Hence, the Ber-
thelot parameter 1 can be estimated by computing a
weighted arithmetic sum of the energy parameters of
methyl, methylene, and methyne groups.184041 Since
the A and B sites are chosen to have equal volume, such
estimates should be performed on an equal (reference)
volume basis e.g., a four-carbon C4Hg unit for polyole-
fins. Such an approach yields a A for a polyethylene—
polyethylethylene (PE—PEE) blend of ~1.04—1.06.1718

B. PRISM Theory. In Fourier space, the PRISM
matrix equation*? for a mixture of homopolymers, after
preaveraging chain end effects,*3 is given by

A (K) = & (K)[C iy (K (K) +
Y Com (P Ay ()] (2.4)

where pn, is the site number density of species m, wm(r)
is the intramolecular pair correlation function of species
m, Npm(r) = gmm(r) — 1, where gmm(r) is the chain-
averaged intermolecular pair correlation function be-
tween interaction sites of species m and m’, and Cpy(r)
is the corresponding intermolecular site—site direct
correlation function. The direct correlation functions
can be regarded as renormalized potentials which
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include many body correlation effects.3? The single
chain structure factors om(k) are calculated using the
discrete Koyama model** for semiflexible chains by a
procedure identical to that used by Honnell et al.2645
The partial collective structure factors are given by

émm'(k) = pm&)m(k)émm' + pmpm’ﬁmm’(k) (2-5)

Implementation of the theory requires an approxi-
mate closure relation. Hard core impenetrability cor-
responds to hymm(r) = —1 for r < d. Outside the hard
core we employ the standard site-site Percus—Yevick
closure approximation33

Crm() =0, r>d (2.6)

In contrast to a literal incompressibility approxima-
tion, due to the structural asymmetry the three ather-
mal blend structure factors Smyw(r) and the hard core
direct correlation function Cmn(r) must all be different
in general.?® Moreover, consistent with the fact that we
shall employ the free energy route perturbation method
to calculate the mixing thermodynamic properties, only
the repulsive (“athermal”) part of the potential in eq 2.2
is taken into account in the PRISM calculations of
interchain structure. Direct tests of this simplification
based on using PRISM with molecular closures have
shown that the perturbation of structurally asymmetric
blend packing correlations by the attractive tail poten-
tials is weak for N ~ 500—5000 unit polymers.*647 The
PRISM equations along with the closure condition are
solved numerically via the Picard iteration scheme using
the fast Fourier transform as described in ref 25.

I11. Effective y-Parameter and Phase Separation

A. General Approach. The free energy of mixing

per repeat unit (site) in units of thermal energy is given
by:l3,18,30,32

{¢mw)
+
N

1-¢)In(d —¢>)}
BAF = +

N
RS+ [2% > P [ AV (1) f g 0 g?“”"(r)} B

{¢ﬂ6FA,MeIt +(1 - ¢)ﬁ5FB,Melt} (3.1)

where pa = ¢p, pg =(1 — ¢) p, p = total site number
density, 8 = (ksT)™%, and single chain conformational
contributions are absent due to the assumed ideality of
wm(r). The first term in eq 3.1 is the ideal combinatorial
entropy of mixing and is denoted by fAFiy. The second
term is the excess noncombinatorial free energy of the
blend associated with the repulsive hard core interac-
tions. It represents the excess entropy of the hypotheti-
cal athermal blend. The third term is the blend
enthalpic free energy, i.e., the blend free energy associ-
ated with the attractive branch of the interchain
potentials. This contribution takes the form of a
“charging” integral with the charging parameter 1
varying from 1 = 0 (no attractive potential) to A = 1
(full attractive potential). The last term is the ap-
propriately weighted pure component excess free energy
contribution which is linear in ¢. For the blend enthal-
pic free energy the high temperature, perturbative
approximation is obtained by assuming that

9 (A ) = G (1) 3.2)
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where g?nm, are the composition-dependent pair cor-
relation functions in the athermal repulsive force refer-
ence blend. We note that since the van der Waals
attractions vmm(r) are spatially local, the blend enthalpy
is strongly dependent on the local interchain packing
which is very sensitive to the local conformation or
stiffness of the A and B chains.

Within the free energy route to thermodynamics a
single effective y-parameter is defined in terms of the
excess free energy of mixing, AFe = AF — AFjq, via
the standard second compositional derivative relation:

_ laZﬁAFexc
2 a¢2
14 i
= _—{BFO + — . T (g’
23¢2[ﬁ b 2p mzm’pmpm fd MVim (r)gmm (I’)
2 nr=(0)
10°B(Fy” + Fy)
= 2 8¢2 = Xath T Xitn (3.3)

The condition for liquid—Iliquid spinodal phase separa-
tion, and corresponding y-parameter ys, is given by

2xsNp(1 —¢) =1 (3.4)

Equation 3.3 shows that the y-parameter can be
formally separated into an athermal or entropic contri-
bution, ya, associated with the (reference) athermal
blend, and an enthalpic contribution, y, due to the
attractive part of the interaction potential. Such a
labeling is somewhat misleading since even the entropic
term is temperature dependent due to the implicit
temperature dependence of the effective site hard core
diameter, density, and intra-molecular structure. In
addition, the enthalpic contribution is strongly influ-
enced by local packing correlations in the athermal
reference system, which is a noncombinatorial or inter-
action entropic effect. We note that the last term in eq
3.1 involving the excess melt free energy is not relevant
for determining the spinodal instability nor effective
x-parameter since Fpy merr in the pure melt is indepen-
dent of composition. As discussed in the Introduction,
our prior studies'®?7 suggest that the athermal y-pa-
rameter generally obeys yain < ys for the parameters
appropriate for most flexible polymers, and the enthal-
pic contribution is larger by at least 1 order of magni-
tude, i.e., yth > yath- Thus, we concentrate solely on the
effective enthalpic y-parameter yn.

The terms arising from taking the second partial
derivative of Fy, for calculating the enthalpic y-param-
eter yw can in general be separated into three catego-
ries: terms where pmpm has been differentiated twice,
terms where g%m,(r) is differentiated twice, and terms
where each is differentiated once. If the gﬂ]m.(r) func-
tions were independent of composition, only the first
contribution to y, survives:

Yin— 72 =L [ATIVap(r) G2a(1) +
VBB(r)ggB(r) — 2vpg(N) ggB(r)] (3.5)

Note that yg has the arithmetic difference or exchange
energy form of incompressible Flory theory but corrected
by the local contact probabilities. If literal random
mixing is assumed, g%m(r) =1 for r > d, then yg
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reduces to the Flory form

Xo= % fd?[VAA(r) + Vgg(r) — 2vpg(n)] —
(10 7/9)pd®Bepn(h — 1)* (3.6)

For saturated polyolefin blends the interaction strength
between the blend components is very similar since both
components are composed of methyl, methylene, and
methyne groups. If all the interaction strengths are
assumed to be equal to v(r), then yo — 0 but yg is given

by
7e =2 [drvnag(n

AG(r) = gaa(r) + gaa(r) — 20361 (3.7)

where AgO(r) describes, in a spatially resolved manner,
nonrandom mixing or physical clustering tendency in
the athermal reference blend. Since the athermal blend
pair correlations are ¢-dependent, egs 3.5 and 3.7 are
not generally adequate. The corrections are due to
¢-dependent changes in local blend packing, the ther-
modynamic consequences of which will be denoted as

Aeh = Xtn — XB (3.8)

The Picard iteration procedure is utilized to numeri-
cally obtain g%m,(r). Convergence to a high accuracy
with an error tolerance ~10711 is achieved. The re-
quired partial second derivative in eq 3.3 is then taken
numerically by fitting Fw(¢) to a polynomial. The
convergence of the Picard iteration to a high accuracy
is important since the y-parameter is generally a small
difference of large numbers.

The treatment of the athermal hard core blend as the
reference system and the attractive tail potential at the
level of perturbation theory greatly increases the ef-
ficiency (speed) of our y-parameter calculations relative
to numerical studies with a molecular closure treatment
of the attractions. Once the pair correlation functions
are calculated from an athermal blend calculation, the
enthalpic y-parameter ym can be computed for any value
of interaction asymmetry using eq 3.3 without the need
for numerical solution of the nonlinear PRISM equa-
tions for every temperature and vmny(r) choice of inter-
est.

B. Microscopic Solubility Parameter Theory.
We shall also calculate the enthalpic y-parameter based
on a microscopic version of the Hildebrand solubility
parameter theory. The required interchain pair
correlation functions of the pure component melts,

OMel(ry, are calculated numerically using the same
SFC model employed in the blend. The approximations
involved in obtaining the Hildebrand or solubility
parameter theory are well known and have been listed
in ref 18. The resulting expression for the y-parameter
is given by

1
XH = zﬂ(aA - 55)2

Om=—p f dPVpu(r) gum() (3.9)

where 6; is the cohesive energy, and 6n, is a corre-
sponding solubility parameter of species m. We note
that from a theoretical perspective eq 3.9 can be quite
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subtle since the bare energetics and interchain packing
correlations of species m enter in a nonseparable,
multiplicative fashion.'® The packing correlation aspect
depends on monomer and conformational structure (e.g.,
backbone stiffness) and is absent in standard empirical
solubility parameter approaches based on atomic or
bond additivity schemes.*041 Analytical results for yy
based on the Gaussian thread model have been previ-
ously derived!® and will be contrasted with numerical
SFC model predictions in Sections IV and V.

Graessley, Lohse, and co-workers2=7 have extracted
the solubility parameters for many polyolefins by mea-
suring the y-parameters of binary blends and assuming
that eq 3.9 holds. The solubility parameters obtained
in this manner are usually (but not always) in reason-
able agreement with those obtained by the direct PVT
measurements on the pure one component melt.2 Since
the experimental y-parameter is measured for the blend,
but eq 3.9 is used to extract 6, the implicit assumption
in this approach is the validity of a geometric combining
relation

deVAB(r)ggB(r) =
L APVar (DGR [ APVgs(r) gBe()] (3.20)
where g%m(r) is the pair correlation function of species

m in the blend. The latter is implicitly assumed to be
¢-independent and pure-component-like in nature.

IV. Model Calculations: Homopolymer Blends

In this section we present numerical results for the
reduced effective thermal y-parameter, yn/(Bean), for
homopolymer binary AB blends. We define species B
to be the stiffer chain (I's > T'a) and refer to the A species
as the “flexible” component. We have three general
goals. (1) Assess the general trends in the miscibility
of semiflexible polymers as a function of the average
blend aspect ratio (I' = (I'a + I's)/2), the conformational
or stiffness asymmetry quantified as AT =I'g — [a0r y
= I's/T'a, temperature, blend composition ¢, the level of
deuteration, and chemical interaction mismatch (4
parameter defined in eq 2.3) using the full-blend theory
for yu. (2) Comparison of the thermal y-parameter
predictions using the full-blend theory () with those
obtained using the numerical solubility parameter
theory (yn) in order to identify the conditions under
which the pure component based approach works rea-
sonably well and when it fails. (3) Test the reliability
of the Gaussian thread model solubility parameter
theory derived in ref 18 with regard to its prediction of
the dependence of the y-parameter on the structural and
interaction asymmetry variables.

The calculations are performed using the overlapping
semiflexible chain (SFC) model with the aspect ratios
of the components varying over a range relevant to
polyolefins, polydienes, and many other polymers I' =
0.8—1.4.1718 The bending energy of the SFC is adjusted
to yield the desired aspect ratio. Upon the basis of a
melt level calibration scheme, we have shown earlierl”.18
that the appropriate aspect ratio for polyethylene at T
~ 400K isT ~ 1.2. Experiments?357 and simulations?*®
have shown that the increase in the branch content of
polyolefins generally reduces the characteristic ratio and
increases chain thickness, and hence the effective aspect
ratio is smaller so that the chains are effectively more
“flexible” and pack less tightly. Thus, polyolefins which
have branches have a smaller I" than that for PE (for
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example, T ~ 1 for PEE and 1.1 for PEP.Y"). For
guantitative, system-specific studies the optimal value
of I for other polymers can be obtained by ensuring that
the ratio of the pure melt solubility parameters of the
blend components conforms to the experimental value.1718
By matching the solubility parameters obtained using
the pure melt level SFC calculations with the experi-
mentally deduced values, the T' for most polyolefin
blends is found to be in the range I'= 0.9—1.3 consistent
with apriori estimates based on known conformational
properties and monomer volumes.1”18 As T decreases,
both the local intermolecular pair correlation function
and the solubility parameter decrease. In fact, the
dependence of solubility parameter on the chain aspect
ratio observed experimentally for polyolefins’ is quite
similar to that obtained using the PRISM theory.17:18:49
Typical values of A based on molar attraction constant
tables?® fall in the range 1 < A < 1.08 for olefins, with
the larger value corresponding to monomers with a very
high CHj; group content (branches). We emphasize that
once the values of 1 and I" are determined by the above
pure melt level calibration procedure,'”18 the blend
calculations could be performed without adjusting any
parameters.

Unless noted otherwise, all the calculations presented
are for a degree of polymerization N = 2000, a reduced
total site density of pd® = 1.375, and an equimolar
composition ¢ = 0.5. The reduced density was chosen
so that compressible PRISM theory for a PE-like melt
reproduces the experimental density fluctuation strength
S(0) = pkgTkr ~ 0.25 at T = 430 K where «7 is the melt
isothermal compressibility.” Since we are considering
only the enthalpic component of the y-parameter, the
N-dependence of y, or xu is very weak, and N = 2000
represents essentially the asymptotic long chain limiting
behavior. We have also found that y, is a weak function
of blend composition, and for this reason we focus on
the ¢ = 0.5 case (but this is not the critical composition).
The nature of the weak ¢-dependence will be briefly
discussed. The fact that in SANS measurements a
significant ¢-dependence (and often N dependence) of
the extracted y-parameter is sometimes observed in the
“compositional wings” region is due to factors we believe
are unrelated to the constant volume, free-energy-based
thermodynamic approach utilized here. Finally, we note
that at room temperature the quantity feaa for our
model is of order unity based on a four-carbon C4Hsg
repeat unit’.18

A. Interchain Pair Correlation Functions. Equa-
tion 3.3 shows that the local chain structure character-
ized by the athermal guwm(r) play a central role in blend
thermodynamics for structurally asymmetric blends. In
Figure 2a we present a representative example of
PRISM predictions for the athermal gy (r) in the blend
and the corresponding gmm(r) in the pure athermal melt
for the case I'a = 0.85 (“flexible” chain) and I'e = 1.15
(“stiff” chain). The stiff chain packs more tightly in the
sense that ggg(r)>gaa(r). Contrary to the results of the
tangent SFC model of ref 13, the pair correlation
function in the pure-melt is higher than that in the
blend for the stiff chains, while the opposite is true for
the flexible component. In other words, from a packing
perspective the stiff chains appear to be less stiff and
the flexible chains less flexible upon blending. Despite
the nonuniversal dependence of subtle details of the
melt and blend guw(r) on the ratio of the bond length
to the hard core diameter, the enthalpic y-parameter
always appears to dominate over the entropic y-param-
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Figure 2. (a) Intermolecular site-site pair correlation func-
tions for I' = 0.85 (F) and 1.15 (S) chains in a 50/50 blend and
their respective melts (M). (b) Intermolecular pairing function
Ag(r) for the four indicated choices of aspect ratios chosen such
that the difference in the aspect ratios AI' is constant. (c)
Intermolecular pairing function Ag(r) defined in the text for
the three indicated choices of aspect ratios chosen such that
the average aspect ratio I' is constant.

eter for flexible polymers independent of the I/d ratio.13

Unlike the Flory—Huggins theory which effectively
assumes gum(r) and random mixing, the deviation from
random mixing or physical clustering as characterized
by AgY(r) = ga(r) + g3s(r) — 2g%5(r) is important for
understanding correlated enthalpic effects on the blend
miscibility. Apart from the term involving Ag°(r) in yn
in eq 3.3, other terms that contribute to the y-parameter
involve taking compositional derivatives of the pair
correlation functions as will be discussed in Section 1V
B. Examples of the athermal Ag(r) for various aspect
ratio mismatches AT’ = I's — I'a and a fixed average
aspect ratio I' + (I'a + I'g)/2 are shown in Figure 2b.
The function Ag(r) is relatively small, but always
positive for the cases shown, indicating a packing driven
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preference for clustering of like monomer species. As
seen from eqs 3.3—3.7, a positive Ag(r) can induce a
positive contribution to yw or yg thereby favoring phase
separation even if the bare Flory yo = 0.2° The deviation
from random mixing increases as AI increases, as
expected since packing frustration increases as aspect
ratio mismatch increases. Figure 2c plots Ag(r) for
various I" and a fixed AT' = 0.05. As I increases, Ag(r)
initially increases monotonically but there is a decrease
in Ag(r) near the contact going from I' = 1.025 to 1.125.
Such non-universality aspects of local packing correla-
tions play an important role in understanding the
experimentally observed random copolymer effect to be
discussed later.

Finally, we note that the composition dependence of
the interchain pair correlation function is rather weak.
In Figures 3a and 3b we plot the athermal g(r)'s for
various compositions along with the pure melt values
for a blend characterized by T'a/T's = 1.07/1.2 which
crudely mimics a polypropylene/polyethylene blend.3”
Although there is some change in the local g(r)'s as a
function of ¢, the overall change with composition is
rather small. In both cases the deviations of the blend
correlations from their corresponding pure melt behav-
ior increase monotonically upon dilution by the other
species, and a sign change occurs at r ~ d + |I. The
sensitivity of the stiff and flexible packing correlations
to ¢ is comparable. Figure 3c plots Ag(r) for various
composition of the same blend, and deviations from
random mixing of the order of a percent are found.

B. Effective Thermal y-Parameter. In Figures4a
and 4b we plot examples of our calculations of the
reduced thermal y-parameter, yw/(Bean), as a function
of the chemical interaction mismatch variable 4 for
several blends characterized by different I'n and I'e (I’
and/or AT differ for various cases) using both the full
blend eq 3.3 and the solubility parameter theory of eq
3.9. The y-parameter is found to be a nonmonotonic
function of 4 with the smallest value (maximum misci-
bility) occurring at a value of 4 which depends on the
aspect ratios of the components. This non-monotonicity
arises from the nonadditivity of the thermodynamic
consequences of the structural and interaction asym-
metry of the blend components.?® The minima of the
curve, or the maximum blend miscibility, occurs in the
region where the two asymmetries tend to compensate
each other, i.e. if the stiffer, more tightly packing blend
component is more weakly interacting (1 = (egglean)'?
and y = I's/Ta > 1). In the full blend theory yw near
the minima can be positive or negative depending on
the choice of parameters, while in the solubility param-
eter theory the minima of yy always occurs at zero since
the y-parameter is a perfect square as given by eq 3.9.
Thus, at the constant volume level the full-blend theory
predicts negative y-parameters are possible (for subtle
packing reasons) even in the absence of any “specific
A—B interaction”. For some aspect ratio choices which
are suitable for flexible polymers, the negative y-pa-
rameter near the minima can be of order —1072, a
surprisingly large absolute magnitude but comparable
to that recently observed at low temperatures in certain
polyisobutylene and random PE/PEE copolymer blends?—*
and mixtures of polypropylene and highly branched
random olefins.3° Of course, such large negative y-pa-
rameters are rarely observed in polyolefins. We believe
this is because the interaction asymmetry parameters
for most polyolefins do not lie in the compensation
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Figure 3. (a) Intermolecular site—site pair correlation func-
tions for a pure melt of I'a = 1.07 and for the I'n = 1.07
component of blends with I'a/T's = 1.07/1.2 and three different
compositions ¢ = ¢ = 0.5, 0.7, and 0.9. (b) Intermolecular
site—site pair correlation functions for a pure melt of I's = 1.2
and for the I'e = 1.2 component of the blends with I'a/T's =
1.07/1.2 and for three different compositions ¢, = 0.5, 0.7, and
0.9. (c) Intermolecular pairing function Ag(r) for three choices
of blend composition and I'a/T's = 1.07/1.2.

region. That is, chain branching reduces both the aspect
ratio and van der Waals attraction so the blend is in
the “asymmetry reinforcement regime” (y > 1, 1 > 1).
We also note that although negative y-parameters can
emerge from classical mean field random copolymer
theory*! by suitable choice of empirical y-parameters,
the origin of yu < 0 in our work is very different. It
arises within an effective homopolymer model due to
composition-dependent nonrandom packing correla-
tions.

Even in the region where the structural and interac-
tion asymmetries compete with each other to give a
negative y-parameter within the full blend approach,
the yw and yn vs 4 curves follow each other reasonably
well. For example, for a given T" and AT even though
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Figure 4. (a) Calculated blend (solid line) and solubility
parameter (dashed line) y- parameters in units of the reduced
thermal energy as a function of the chemical asymmetry
variable for four cases of structural asymmetry (I'a/T's = 0.8/
1, 0.9/1, 0.85/0.95, and 1.2/1.4). The symbols attached to the
curves are guides to the eye for identifying the various cases.
The arrow labeled yo shows the mean field Flory prediction
(see text) for 1 = 0.9 and 1.1. (b) Same as Figure 4a but for
three different cases of (weaker) structural asymmetry. (c)
Same format as Figures 4a and b, but a comparison of the full
blend prediction, yw, with yg defined in eq 3.5. (d) Same as
Figure 4c, but for three different choices of structural asym-
metry.
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the magnitude of the y-parameter at the minima may
be rather different for the two theories, the minima
occurs at approximately the same value of 1. Close
examination shows that the value of A at the minima
using the full blend theory is usually smaller than that
using the microscopic solubility parameter theory. Also,
if AT is held fixed, the y-parameter at the minima is
lower for blends with lower T' (within the full blend
theory), and the 4 required to achieve the minima is
smaller (within both theories) for blends with lower I'.

Most polyolefin blends are in the asymmetry rein-
forcement regime (A > 1 and y > 1) which results in
positive (often large) y-parameters. For typical poly-
olefin blends where AT < 0.2 and 4 ~ 1.01—-1.05, the
theory predicts yw/(Bean) in the range ~0.01—0.25.
Since for T = 300—500 K the parameter Seaa is of order
unity on a four-carbon basis,'”18 the predicted absolute
magnitudes of the y-parameter are in the correct range
measured experimentally.2=® As expected, the y-pa-
rameter in the asymmetry reinforcement region typi-
cally increases with increase in aspect ratio mismatch
Al =T'g — I'p for a fixed T'.

Except for the cases where the y-parameter for the
full blend theory is negative, yn and yw, typically agree
with each other to within a factor two for the whole
range of 1 considered. This rather surprising level of
agreement provides some fundamental theoretical sup-
port for the usefulness of microscopic solubility param-
eter theory for nonpolar, high polymer blends. The
differences between yn and yw can perhaps be inter-
preted as “irregular” mixing corrections which can be
of either sign. For large values of 4, y is typically larger
than yw, but for some value of A the two curves cross
each other. The 4 at which this crossing occurs depends
sensitively on the aspect ratios of the blend and can
occur before, after, or close to A = 1. For example, for
three different blends with aspect ratios I'a/I's = 0.9/
1.1, 1/1.025, and 0.8/0.85, the y, vs 4 curves for the two
theories cross each other around 4 = 1.09, 1.0 and 0.986
where the values of the reduced y-prameters are ap-
proximately 0.23, 0.0008, and 0.005, respectively. For
TaT's = 1.2/1.4 the curves for yy and yg do not cross
and appear to be parallel over the whole range of 4
shown and yy is always larger that yg. Also, for this
choice of Ta/T's the y-parameter using the full blend
theory is negative in the intermediate range of 1 close
to 1. The curvature, or the rate of change, of the
x-parameter at the minima is a function of the aspect
ratios of the blend components and for a fixed 1 the
curvatures are different for blends with different I'a/
I's. Comparing various curves we find that for a fixed
A and AT the y-parameter is lower for smaller I" and for
a fixed 1 > 1 the y-parameter is typically larger for
larger AI'. Both trends are consistent with the packing
correlations and local clustering shown in Figure 2.
Moreover, over the range of A considered in Figures 4a
and 4b the yw curves for different blends also cross each
other.

To compare with mean field Flory—Huggins (FH)
theory recall that its prediction for the y-parameter (see
eq 3.6) is independent of the chain microstructure and
depends only on the bare interaction asymmetry pa-
rameter as yo O (A — 1)2. Thus, yo is a symmetric
parabola centered around A =1 and yo = 0. It increases
to a value of 10%p/(Bean) ~ 475 at 1 = 0.9 and 1.1.
PRISM predictions for yy and ywn can be either larger
or smaller than the mean field yo value. However, for
the asymmetry reinforcement parameter regime of
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primary relevance to polyolefins, yg and yn are much
larger than yo, i.e., local conformational asymmetry
strongly destabilizes the mixed phase. Also, since the
structural asymmetry of the chains competes with the
interaction asymmetry to give the miscibility window
in Figures 4a and 4b, PRISM predicts that the minima
that usually occurs for 4 < 1, and y at A = 1, is typically
nonzero for most blends. The asymmetry of either y
or yn about 1 = 1 emphasizes the nonadditivity of the
structural and interaction asymmetries which gives rise
to several novel, experimentally observable non-mean-
field phenomena which we discuss in the next section.

In order to gain more insight into the origin of the
predicted trends in Figures 4a and 4b, we compare in
Figures 4c and 4d the full enthalpic y-parameter y
given in eq 3.3 with the “Flory-like” correlated exchange
energy contribution, yg defined in eq 3.5. The difference
between these two y-parameters is Ay of eq 3.8, which
is nonzero only because of the ¢-dependence of the
athermal blend packing correlations. Depending upon
the structural asymmetries of the components, yg may
be significantly different from y for some range of 1.
The most striking feature is that it appears yg > 0
always. Thus, the emergence of a ym < 0 in the
“asymmetry compensation” regime is due to the stabi-
lizing influence of the ¢-dependent local packing rear-
rangements.

There are several more detailed trends deducable
from Figures 4c and 4d. For small values of 1 and a
fixed T'a/T's, xs is typically larger than y, but there is
a crossing of the two curves at some 4 which can be
smaller or larger than 1 = 1 depending on the chain
stiffness. After the crossing of the curves yun > ys
suggesting a greater destabilization of the blend in the
presence of the terms involving the compositional
derivatives of g(r), while before the crossing of the two
curves the term involving the composition dependence
of g(r) has a stabilizing effect on the miscibility proper-
ties. Figures 4c and 4d also clearly demonstrate that
for parameters relevant for polyolefin blends the effect
of the composition dependence of g(r) on miscibility
cannot be ignored for most cases. We find, however,
for blends with relatively large average aspect ratios I,
that if the difference in the aspect ratios AT is not large
the composition dependence of g(r) may not make a
significant contribution to the y-parameter. An example
of this is the plots for I'a/T's = 1.35/1.4 where yg and yn
are not very different for the whole range of 1.

Representative results for the composition depen-
dence of y of blends characterized by different values
of ['a/T's and 4 are listed in Table 1. We find that for all
of the blends with significantly different aspect ratios
and A = 1 chemical asymmetries, that the composition
dependence of y is usually remarkably weak. Similar
behavior is found from LCT studies of polyolefin blends.3!
However, if yw is relatively small (as in the case of T'a/
I's = 1.1/1.2 and 1 = 1), changing the blend composition
can result in a sign change of y1. A somewhat enhanced
¢-dependence is found for cases where y < 0. Since the
origin of the latter behavior is ¢-dependent structural
changes (Ay: in eq 3.8), this is perhaps not surprising.
We note that the exact value of yw, especially in the
compositional wings far away from ¢ = 0.5, is sensitive
to the fitting procedure, i.e., the order of polynomial to
which the free energy of mixing is fitted before numer-
ical differentiation.

The generally weak dependence of y, on composition
suggests the enthalpy of mixing, AHnix(¢), is nearly a
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Table 1. Model Calculations of the Composition
Dependence of yn/(fean) for Various Blends
Characterized by Different I'a/I's and Chemical
Asymmetry Parameters 4. Results Are Presented for
Three Different Volume Fractions of the A (flexible)
Species ¢ = 0.2, 0.5, and 0.8

10% yin/(Bean)
A ¢A=0.2 ¢A:0.5 ¢)A= 0.8
FA/FB =1.1/1.2
1 4.25 —0.39 —5.82
11 858.45 862.15 866.48
0.9 —108.53 —132.8 —158.5
FA/FB =1/1.2
1 145.1 107.49 50.76
11 1658.73 1673.25 1685.48
0.9 —592.46 —712.8 —871.45
I'aTg = 1.35/1.4
1 —0.372 —0.375 —0.378
11 485.5 486.6 487.9
0.9 317.6 319.0 320.64
I'aTs = 0.8/0.9
1 438.4 429.5 418.9
11 1572.9 1553.0 1415.8
0.9 —228.0 —241.07 —255.22
I'aTs =0.8/1
1 1402.4 1407.2 1400.6
11 3609.8 3550.3 3455.5
0.9 —125.4 —159.0 —196.9

quadratic function of . As an empirical test of this idea
we computed another y-parameter defined as yenth =
AHmix/(¢(1 — ¢)) and compared it to our results for yn
= —(1/2) 32 Hypjena/0¢2. For ¢ = 1/2 and a range of model
system parameters, we found remarkably similar values
from the two very different calculations. The equality
%th = Xenth €@N only rigorously hold if either a random
mixing law applies: gl (r¢) = ymmer(r) = 9°(r), or
the conditions required for a solubility parameter ap-
proach to be rigorous (as discussed in Section 111 B) were
exact. Of course, neither of these conditions applies
rigorously, but nevertheless our computed y» appear to
be very strongly correlated with AHpix for ¢ = 0.5. A
few studies were also carried out which compared the
¢-dependence of ywm and yentn. FOr systems which
displayed very little ¢-dependence of y there was again
good agreement between the two distinct interaction
parameters.

We note that our finding of a weak ¢-dependence of
xenth based on PRISM theory at the constant volume
HTA free energy route level has also been found by
Rajasekaran and co-workers®! for an atomistic model
of the polyethylene/polypropylene blend. In addition,
negative values of yentn have also been found®? for the
atomistic PE/PP blend model if an effective 4 parameter
is chosen to be sufficiently less than unity and hence in
the “asymmetry compensation” parameter regime. The
qualitative agreement between PRISM thermodynamic
predictions for coarse-grained and atomistically detailed
chain models for the novel asymmetry compensation
and negative y-parameter phenomenon is noteworthy.

Finally, we note that the chain length dependence of
both y and 1 become negligible (<1%) once N becomes
of the order ~1000. Such a weak N-dependence is
expected since the physical origin of yy and yn is
spatially local enthalpic interactions and interchain
packing correlations.

C. Deuteration Swap Effect. Deuteration leads
to a decrease in the bond polarizibility density and hence
a decrease in the van der Waals interaction of the
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deuterated chains. Therefore, the Berthelot parameter
A = (epplean)¥? can increase or decrease depending upon
which component of the blend is deuterated. The “swap
effect” refers to the experimental observation that
deuteration of the more flexible (lower aspect ratio,
generally more branched) polyolefin component of the
blend leads to an increase in the y-parameter (i.e.,
raising of the critical or cloud point temperature T¢)
while deuteration of the more stiff component (larger
I', less branched) decreases the y-parameter (Tc de-
creases).23910 This effect appears to be unexpectedly
large, and we believe it provides direct experimental
evidence for the nonadditivity of the thermodynamic
consequences of structural and interaction asymmetries,
and the primary role of the (correlated) enthalpic
contribution to AFnix.

To model this phenomenon, we define Ap to be the
contribution to the Berthelot parameter A due to the
deuteration of a fraction fp of the protons of one of the
blend components. The dependence of Ap on fp is given
by the simple relation%3

Ap =1+ xfp (4.1)

where the estimate of xp proposed by various
groups?3:9.10.54 |jes between ~0.006—0.016. In practice,
the appropriate value of xp may also depend on the
fraction of deuterated monomers that lie on the back-
bone versus the side chains. This is because monomers
on the backbone may often be partially shielded by their
side groups from making significant intermolecular
contacts.393648 Hence, side-chain deuteration may be
more effective in changing the y-parameter than if the
same fraction of backbone monomers were deuterated.
This physical consideration would lower the effective
value of xp in our simple single site homopolymer model.

If 1 characterizes the interaction between the blend
components without deuteration, then Aip and A/Ap are
the Berthelot parameters upon deuteration of the flex-
ible and stiff components, respectively. The magnitude
of the swap effect can then be characterized by a ratio
parameter R = y(Aip)/x(A/Ap). Exploration and presen-
tation of the behavior of R is a difficult task since R
depends on at least four independent variables (I'a, I's,
A, Ap). Therefore, we present results only for what we
believe are experimentally relevant'6-18 values of AT <
0.2, I' = 0.85—1.35, and selected A and ip values. In
Figures 5a and 5b we plot R as a function of the average
aspect ratio I' for several blends with different T'a and
I's (but only AT = 0.05, 0.1, 0.2) and for A = 1.05 and 4
= 1.024, respectively, using the full blend theory yn.
Typical values of fp employed in recent experiments?3.°
are fp ~ 0.3—0.4, which implies ip ~1.002—1.007.
Three representative values of Ap = 1.002, 1.004, and
1.008 are chosen to illustrate the dependence of the
swap effect on the amount of deuteration. For fixed Ap,
A, and T, there are still variations in the predicted value
of R due to the dependence on AT'. However, for the
cases studied R systematically decreases as AI in-
creases at fixed I', 4, Ap as expected based on the model
calculations of Figures 4.

As Ap increases the magnitude of swap effect increases
(in a statistical sense) as expected since the increased
deuteration of the flexible chains weakens their interac-
tion strength and reinforces the structural incompat-
ibility aspect of the components, while the increased
deuteration of the stiff chain tends to compensate it.
This leads to an enhanced x-parameter if the flexible
component is deuterated while the reverse is true when
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Figure 5. (a) The ratio of the full blend y-parameter, R, when
the flexible chain is deuterated to the y-parameter when the
stiff chain is deuterated as a function of the average aspect
ratio I for several model blends with different T's/T's and fixed
A = 1.05. The values of I'a and I's for all of the blends are
chosen to be between 0.8 and 1.4 (in increments of 0.05) such
that the average aspect ratio falls in the range 0.825 (for I'a/
T's = 0.8/0.85) and 1.375 (for T'a/Tg = 1.35/1.4) and AT = 0.05—
0.2. Three representative values of 1p = 1.002, 1.004, and 1.008
are chosen to illustrate the dependence of the swap effect on
the amount of deuteration. (b) Same as Figure 5a but for a
smaller value of A = 1.024. (c) Comparison of the swap effect
x-parameter ratio, R, as a function of the average aspect ratio
I for several blends with different I'a/T's and AI' = 0.05—0.2
obtained using the full blend theory and the solubility param-
eter theory. The value of 1 is fixed at 1.05 and ip = 1.004.

the stiff chain is deuterated. This qualitative trend and
the predicted absolute magnitude of R are in good
agreement®” with the many experimental measure-
ments of the swap effect in polyolefins.2:3.9

For all of the cases considered an increase in the
average aspect ratio of the blend (which enhances
nonrandom mixing Ag(r)) increases the swap effect in
a statistical sense. In Figure 5a this increase is most
pronounced for the case where 1p = 1.008 since the swap
effect is the largest for this case. Again this trend is
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expected from the behavior documented in Figures 4.
Comparison of Figures 5a and 5b also shows that by
keeping other parameters fixed, the swap effect is larger
in a statistical sense when the chemical interaction
asymmetry between the components (denoted by 1) is
smaller. This is because the percent change in the
interaction asymmetry due to deuteration is larger in
this case so that the changes in the y-parameter due to
deuteration are more significant. In principle, these
detailed predictions might be experimentally tested,
although independent variation of Ap, 4, I'a, and T'g is
generally not possible. However, the latter can be
achieved by carefully designed off-lattice computer
simulations. If the interaction asymmetry parameter
A is very large, then the Flory mean field limit is
achieved and the deuteration swap effect is negligible.
This conclusion also follows for very large conforma-
tional asymmetry y or AI'. Both of these limiting cases
correspond to when y is very large and positive.

We have also calculated Ry = yn(Adp)/yn(A/Ap) using
the microscopic solubility parameter theory. The gen-
eral trends of the predicted R with T', AT, 4, and Ap are
analogous to those in the full blend theory for yn,
although the magnitude of the swap effect is typically
smaller for yy. However, for A > 1 the magnitude of
swap effect using the two theories agree reasonably well.
Some of these conclusions are illustrated in Figure 5¢
where R for both the solubility parameter and the full
blend theories are plotted as a function of I" for A = 1.05
and Ap = 1.004.

A particularly interesting effect is predicted if the
system is in the asymmetry compensation parameter
regime, i.e., values of 1 < 1 for a given I'a/I's where yn
can become negative. The swap effect can then result
in a positive or negative value of R depending on the
positivity or negativity of both y(iip) and y(4/Ap). For
such special values of 1 and aspect ratios, R = y(i1p)/
x(A/Ap) becomes very sensitive to the exact values of the
numerator and denominator since both are small. We
note that such a R < 0 behavior has been observed in a
few polyolefin blends which are characterized by very
small y-parameters.2~# Although there is no negative
x-parameter in the solubility parameter theory, the
trends in the swap effect for A < 1 close to maximum
miscibility region (minimum yn) become erratic due to
the sensitivity of the results to the exact values of yu-
(A1p) and yn(A/Ap) both of which are very small.

D. Temperature Dependence of y-Parameter.
The predicted thermal dependence of the y-parameter
is complicated due to the nonuniversal influences of the
temperature dependence of the effective site hard core
diameter,3233 blend density, and statistical segment
length o = (6R§/N)1’2. The temperature dependence of
the site hard core diameter can be estimated using the
standard Barker—Henderson theory®® which relates d
to the continuous repulsive branch of the intersite
potential as

d= f o dr[1 — e "] (4.2)

Here we employ the shifted, repulsive Lennard—Jones
potential

Vo(r) = 4e[(rdn)? — (rJn)®,  r=r,

=0, r>r, (4.3)

To calculate the length r; the depth of the interaction
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Figure 6. Comparison of the temperature dependence of the
reduced y-parameter obtained using the full blend theory and
the solubility parameter theory for I'a/I's = 1/1.2 (at T = Tyes
= 440 K) and 1 = 1.05. The temperature range is chosen to be
273 K = T = 500 K.

potential well is set equal to a typical value for a CH,
group of € = 40 K, and the hard core diameter is d(T =
430 K) = 3.9 A at a reference temperature Ty = 430
K. This procedure is identical to prior estimates of d(T)
for the RIS model of polyethylene,>¢ and yields r, = 4.35
A. The hard core diameter at a temperature T can then
be calculated from the ratio relation

d(T) B fg dr[1 — e*ﬂTVo(l’)]
d(Ter) fgo dr[l — e_ﬁrerO(r)]

In accord with physical intuition, d (and also the
reduced density pd®) decreases upon heating. The
temperature dependence of the density and effective
segment length o are estimated from the linear
relations

(4.4)

P = Pres [1 + 0, AT]
Oty = Oeg i [1 + OCGAT] (4.5)

where AT = T — Ty, a, = thermal expansion
coefficient, 6Cy = logarithmic derivative of the
characteristic ratio C., of polymer M (both o, and
0Cwn are evaluated at the reference temperature
Tref), @and prer and orerm are the values of p and
owm at a reference temperature.

In Figure 6 we plot the blend y-parameter in reduced
thermal units (y/(Bean)) as a function of inverse tem-
perature for I'a/T'g = 1.0/1.2 (at a reference T = 440 K)
and 1 = 1.05 using both the solubility parameter and
the full blend theories over the temperature range 273
K =< T < 500 K. The trivial mean field (T~1) tempera-
ture dependence is divided out, so the T-variation seen
in Figure 6 is due to the influence of temperature-
dependent density and aspect ratios on local blend hard
core packing correlations. The above aspect ratios and
interaction asymmetry parameters were chosen to
crudely mimic a PE—PEE blend,” and hence we choose
O0Cu = —1.2 x 1073/K and 4.0 x 10~4/K which are values
quoted in the literature for PE and PEE, respectively.8
We note that with the lowering of temperature the
effective segment length of PE increases while that of
PEE decreases. Hence, the conformational asymmetry
is monotonically enhanced upon cooling the liquid. The
thermal expansion coefficient is chosen to be —8 x 1074/
K which results in pd?® changing by the same factor as
in the RIS model for PE (pd® = 1.375 at Tyer = 440 K).18
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The aspect ratio at temperature T is evaluated using

U(T) d (T ref)

T =TT S5 "4

(4.6)

Figure 6 shows that y/(Seaa) increases monotonically
as the temperature decreases. As expected from the
model calculations of Figure 4, the primary origin of this
trend is the monotonic increase of AT’ = I'g — I'a from
0.2 at 440 K to ~ 0.352 at 273 K. However, such a trend
is not universal. Indeed, a decrease, flat, or even non-
monotonic variation of y/(Beaa) With T~ is possible for
different systems depending on the magnitudes and
detailed temperature dependences of I'a, I's, and p. We
find x4 > ywm for the case shown, but the two theories
agree to within a factor of ~1.4—2 for the parameters
chosen. The factor Seaa 0n a four-carbon basis is ~1.15
at T = 440 K (see Section |1l of ref 18). Hence, the
absolute magnitude of the predicted y, on a four carbon
basis varies from ~ 800 x 1074 at 440 K to ~ 2500 x
10~* at 300 K. Graessley et al.2” have estimated the
x-parameter for PE—PEE blend at various temperatures
based upon the knowledge of the experimentally-
deduced solubility parameters using eq 3.9 (note that
PE/PEE blends are immiscible). The result is:27 10%
~ 950—450 for T = 27—167 °C (on a four-carbon basis)
which is within a factor of 2—3 of the theoretical
predictions of Figure 6. Since we have made no attempt
to precisely model PE/PEE blends by judiciously choos-
ing I'a, T's, 4, etc., such agreement should be viewed as
a plausibility check on the theory which we find highly
encouraging.

Figure 6 also suggests that only over a limited
temperature window can the y-parameter be rigorously
fitted to the common empirical form ye = A + B/T,
where in general A and B can have either sign within
our theory. LCT studies of polyolefins have come to a
similar conclusion.31 We emphasize that our predicted
x(T) does correspond to nonzero A and B factors, the
precise values of which are influenced by monomer
structure and (indirectly) the effect of p(T), o(T), d(T),
etc. We emphasize that the physical origin of A = 0 is
not pure excess “entropic” or “athermal” effects. Since
only correlated enthalpic effects enter our calculation,
the empirical interpretation of A and B as “entropic”
and “enthalpic” is misleading.

Model calculations for blends with other chain-aspect
ratios show that the apparent values of A and B over a
given temperature range are strongly dependent on the
chain microstructure (I'a, I's, ) and also quite sensitive
to the thermal and coil expansion coefficients.3” Broadly
speaking, such behavior is again consistent with ex-
perimental observations.2—10

Finally, at a fixed temperature, y/(Bean) increases with
increase in A for the I'a/T's = 1/1.2 blend. For example,
103yh/(Benn) at T = 356 K are 17.40, 116.71, and 239.15
for A = 1, 1.05, and 1.1, respectively, and yn/(Bean) =
128.31, 213.83, and 321.08 using the Hildebrand-like
theory; at T = 440 K, yw/(Bean) = 14.12, 79.72, and
167.33, and yn/(Bean) = 70.53, 129.11, and 205.28.

E. Masterplot Based on Thread Model Scaling.
In ref 18 we derived an analytical expression for yy in
terms of the conformational and interaction asym-
metries between the components based upon a fully
flexible Gaussian thread level solubility parameter
description and PRISM theory:
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Figure 7. (a) Masterplot obtained by scaling the numerically
computed full blend y-parameter by the analytic thread model
based factor, I, given in eq 4.7. The values of I'y and I's for
various blends fall in the range 0.8 and 1.4, and 1 = 1. (b)
Same as Figure 7a but for 1 = 1.05.

Xn = 6ﬁ77A36AA1_I

1/2 —1/2 2
m=1—2 — @.7)

14+ 1+
A2

where n = 7pd36, A = ald, a is the range of the
interaction potential assumed to be of the Yukawa form
for analytical convenience within the thread formalism
(v(r) = —e(alr) exp(—r/a)),** and T'a and I's are the aspect
ratios of the two blend components, I'y = om/d. The
predictions of this analytic thread model y-parameter?®
were found to be qualitatively consistent (and in some
cases in semiquantitative agreement) with many non-
mean field observations for polyolefin blends. Here we
empirically test whether a similar dependence on mo-
lecular parameters as in eq 4.7 might (approximately)
hold for the y-parameters obtained numerically for
semiflexible, finite d chains at the full blend and
solubility parameter levels. B

The ratio y/I1 is plotted versus I' = (I'a + I'g)/2 in
Figures 7 and 8 for the full blend and solubility
parameter theories, respectively. If eq 4.7 exactly
described the numerical results, then a complete col-
lapse to a single number for all choices of I'a, I's, and 4
would occur. We note that the attractive tail potential
in the numerical calculations is chosen to be of the
shifted Lennard—Jones form given in eq 2.2 rather than
the Yukawa form with an interaction range “a” as was
done in the thread calculations. Because of this differ-
ence, the value of A in eq 4.7 is adjusted to obtain the
best collapse of the curves for blends characterized by
different values of I'a, I's, and 4. If = 0.5, then for all

A2yT4
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Figure 8. (a) Same as Figure 7a but for the numerical

solubility parameter theory where y = y4. (b) Same as Figure
7b but for the numerical solubility parameter theory.

the cases considered A = 0.5 gave the best collapse; this
is reassuring since earlier mappings of the Lennard—
Jones onto the Yukawa potential suggest that A ~ 0.5
is the value of potential which best mimics the LJ 6—12
interaction.?! Figures 7a and 7b show that for a fixed
value of 1 and I', yw/I1 using the full blend theory
collapses to a reasonable extent for all AT = I'g — I'a,
although the value of y/I1 is not constant for all T. In
particular, for all the A values yw/I1 initially decreases
between I' = 0.8 and 1.1 and then becomes nearly
constant. The plot of y/IT vs T for different 1 collapses
quite well for the cases where y, is positive, but not in
the region where the y-parameter becomes negative for
a given 1 and the structural and interaction asym-
metries compete with each other (e.g., compare high T’
region for A = 1 with A = 1.05). This is expected since
the thread-solubility parameter theory which yields eq
4.7 is incapable of accounting for negative y-parameters
in the compensation region.

Figures 8 are analogous to Figures 7 but using the
numerical solubility parameter theory. In this case we
find a reasonable collapse of y/IT for a fixed T for all 1
(including 4 = 1.02 not shown), but yn/I1 typically
decreases with increase in I'. Curiously, the scatter in
the collapsed data appears to be more for the solubility
parameter theory than the full blend theory.

V. Model Calculations: Random Copolymer
Blends

A binary random copolymer consists of a fraction x of
one type of monomer (reference polymer 1) randomly
distributed along the chain with fraction (1—x) of
another type of monomer (reference polymer 2). We
consider a binary blend of random copolymers where
for simplicity both components of the random copolymer
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Table 2. Model Calculations Showing the Typical Magnitudes Predicted for the Swap Effect in Random Copolymer
Blends Characterized by R = y(iefidp)/y(Aeti/Ap) fOr Irer1 =1.0 and I'rer2 =1.2 Using y = ywn of the Full Blend Theory?

A=11 A=1.05 1 =0.95
Ap p Ab
YalYs 1.002 1.004 1.008 1.002 1.004 1.008 1.002 1.004 1.008
97/88 1.49 2.27 6.41 1.92 4.18 (—20.92) (—0.02) (—0.42) (—0.85)
88/78 1.47 2.20 5.92 1.86 3.79 (—38.0) (0.13) (—0.27) (0.72)
78/66 1.42 2.05 4.79 1.81 3.53 (—110.0) (0.39) (0.03) (—0.44)
66/52 1.41 2.01 4.58 1.76 3.37 181.0 (0.53) (0.23) (—0.21)
52/38 1.44 2.13 5.23 1.88 3.89 (—35.0) (0.60) (0.30) (=0.14)
38/25 1.53 2.37 7.11 2.22 6.04 (—10.0) (0.64) (0.36) (=0.11)
35/17 1.35 1.84 3.62 1.71 3.07 28.77 (0.71) (0.49) (0.11)
32/0 1.19 1.42 2.05 1.39 1.95 4.23 (0.86) (0.73) (0.51)
25/8 1.39 1.96 4.16 1.86 3.79 (—61.6) (0.74) (0.52) (0.14)
25/0 1.26 1.59 2.60 1.51 2.35 7.28 (0.82) (0.66) (0.38)
17/0 1.40 1.98 4.27 1.89 3.90 (—48.3) (0.76) (0.55) (0.15)

a2 The calculations are performed for reference system chemical asymmetry parameters of 1.1, 1.05, and 0.95, and Ap = 1.002, 1.004,
and 1.008 for each 4. The R values in brackets refer to the cases where at least one of the y-parameters is negative. Ae is given by eq
5.2. The Ya/Ys choices correspond to cases studied experimentally for PE/PEE systems.2:3:9.10

blend consists of the same types of monomers. There-
fore, the two components of the random copolymer blend
differ only in the relative proportion in which the two
monomers are distributed in the two random copolymer
components. For example, a Ya/Yg random copolymer
blend of polyethylene (PE-unbranched) and polyethyl-
ethylene (PEE-branched) is a blend in which random
copolymer A has Ya fraction of PEE. (and hence (1 —
Ya) fraction of PE) while the B component has Yg
fraction of PEE.

From a statistical mechanics perspective, quenched
sequence randomness introduces additional theoretical
difficulties. Here, we consider the simplest possible
approach:2° preaverage the quenched inhomogeneities
to obtain an effective homopolymer description. Al-
though the accuracy of such a simplification is apriori
unknown, recent polyolefin experiments have found
examples where the effective y-parameter is not sensi-
tive to whether the copolymer is random or strictly
alternating.2® In addition, there is the hope that the
irregular space filling nature of random copolymers
makes the use of coarse-grained, effective monomer
models more appropriate.

We have studied two homologous series of random
copolymer blends with the aspect ratios of the two
reference polymers T'rer1/Tret2 = 1.0/1.2 and 1.1/1.2,
which roughly mimics PEE/PE and PEP/PE, respec-
tively.171846 The aspect ratio I'y for the random co-
polymer M is obtained by a Gaussian interpolation
formula

ri/l = YMrzRef,l +(1 - YM)FZRef,Z (5.1)

where Yy is the fraction of the reference polymer 1 with
aspect ratio I'rer 1. This simple relation has been shown
by Bates et al.>” to be remarkably accurate for describ-
ing the statistical segment lengths of random polyolefin
copolymers. If 4 is the Berthelot parameter associated
with the reference homopolymers, then the Aes for the
random copolymer blend is given by a simple preaver-
aging relation:2°

CYe+(@- Y

= 5.2
TV, + (@ — YA (-2

A. Copolymer Compositional Effects and Fail-
ure of Mean Field Theory. According to the classical
incompressible mean field theory (Flory—Huggins) of
random copolymer blends®® the dependence of the

effective y-parameter on random copolymer composition
is exclusively through the square of the compositional
difference:

Zen = (Yg — Y28 = (AY) 23 (5.3)

where Xg is the Flory—Huggins y-parameter of the
homopolymer blend composed of the reference polymers.
For the shifted Lennard—Jones tail potential of eq 2.2,
%3 is given by

%3 = 107Bepnlpd> (2 — 1)%9 (5.4)

Experimentally, the y-parameter of blends of random
polyolefin copolymers23:5910 have been found to depend
not only on the compositional difference of the compo-
nents, AY = Yg — Y, but also on the average composi-
tion Y = (Ya + Yg)/2. Within the microscopic solubility
parameter formalism?® the random copolymer effect can
be understood in terms of the dependence of the differ-
ence in the solubility parameters on I" even if AT is the
same. Experimentally, for the polyolefin random co-
polymer blends as the average branch content increases
(i.e., the chains become more flexible on average), the
quantity y/(AY)? increases.2%° Prior analytic thread
solubility parameter theory!® and our present numerical
model calculations both show that the dependence of
x/(AY)?2 on Y is a nonuniversal function of 1 and the
aspect ratios of the components, and it can increase,
decrease, or even show a non-monotonic dependence on
Y. For parameters relevant for polyolefins, however,
there is generally an increase with mean branch content
similar to those seen in the experiments.259

In Figures 9 we plot 7/(AY)2 vs Y (where ¥ = y/(Bean))
for several values of 1 (spanning the range of typical
real system possibilities) using both the microscopic
solubility parameter and the full blend theories. The
aspect ratio choice of I'rer1/Trerz = 1.0/1.2 roughly
mimics PEE/PE. The Ya/Yg values chosen were moti-
vated by experimental studies of PE/PEE random
copolymer blends25° and are listed in Tables 2 and 3.
Figure 9a shows that for A = 1.05 and 1.1 (corresponding
to the asymmetry reinforcement regime), y/(AY)? in-
creases monotonically as a function of Y. The rate of
increase of ¥/(AY)? is relatively slow for smaller Y,
especially when the full blend theory is used where
mean field behavior is quite well followed up to Y ~ 0.5.
The absolute magnitude of y-parameters using both the
solubility parameter and the full blend theories agree
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Figure 9. (a) Blend y-parameter scaled by the compositional
difference, AY, (x/(Bean)/(AY)?) versus the average blend com-
position using both the full blend (FB) theory and the solubility
parameter (SP) theory for Tgef1/T'rer2 = 1/1.2. The chemical
asymmetry parameters are A = 1.1 and 1.05. (b) Blend y-
parameter scaled by the compositional difference, AY, (y/(Bean)/
(AY)?) versus the average blend composition using both the
full blend (FB) theory and the solubility parameter (SP) theory
for Trefi/Trer2 = 1/1.2 and 1.1/1.2. The chemical asymmetry
parameters are 1 = 1 and 0.95 for I'rer.1/T'rer2 = 1/1.2, and A =
1 for T'rer1/Trer2 = 1.1/1.2. The legends that do not show the
values of I'rer1/T'rer 2 cOrrespond to 1/1.2. (c) Blend y-parameter
scaled by the compositional difference, AY, (y/(Bean)/(AY)?)
versus the average blend composition using both the full blend
(FB) theory and the solubility parameter (SP) theory for I'rer 1/
Irer2 = 1/1.2. The chemical asymmetry parameter is 1 = 0.8.

quite well. Based on the full blend theory, the overall
increase of y/(AY)? is by a factor of ~2.5 for A = 1.1 and
a factor ~4 for A = 1.05. The corresponding increases
using the solubility parameter theory are by factors of
~2.3 and 2.7. The trends and magnitude of deviations
from mean field theory agree well3” with experiments
on PE/PEE blends?2359 as previously documented using
the thread analytic solubility parameter theory.'® Fig-
ure 9b shows predictions for two choices of aspect ratios.
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For 1 = 1 and T'ref1/Trer2 = 1.0/1.2, 7(AY)? has a trend
similar to that of A = 1.1 in Figure 9a, but it increases
by a larger amount as a function of Y. For example,
for the full blend theory, y/(AY)? increases from a
slightly negative value to 0.056 while the corresponding
change using the solubility parameter theory is from
~0.032 to ~0.132.

Figure 9b also plots results for 2 = 0.95 (in the
asymmetry compensation regime) and shows that 7(AY)?
using the full blend theory has a non-monotonic trend
with Y and remains negative for the whole range of
copolymer compositions. The solubility parameter theory
for 4 = 0.95 on the other hand shows a monotonic
increase from y/(AY)? = 0.006 to 0.074 over the whole
range. Figure 9c shows that for A = 0.8, ¥(AY)? using
the full blend theory undergoes a sign change and shows
a monotonic decrease with Y going from 0.3 to —0.18.
The trend in ¥(AY)? with Y for 4 = 0.8 using the
solubility parameter theory is also a monotonic decrease
from 0.075 to 0.0.

Examples of the predicted trends of %(AY)? for the
choice I'ref 1/T'rer2 = 1.1/1.2 (crudely mimics PEP/PE) and
various A are given in Figure 9b. The results are similar
to that for T'rer1/T'rer2 = 1.0/1.2 except that the relative
changes with Y are larger for the latter, more confor-
mationally asymmetric case as expected. To illustrate
this we have plotted y/(AY)? for Tref1/Trer2 = 1.1/1.2 and
A = 1 along with T'ref1/Tret2 = 1.0/1.2 in Figure 9b. To
the best of our knowledge no experimental data exists
for PEP/PE random copolymer blends. Finally, in the
extreme limits 4 > 1 or A" — 0 the mean field Flory
theory of eq 5.3 is recovered.

B. Deuteration Swap Effect. There have been a
large number of deuteration swap effect experiments
performed on blends of random copolymer olefins,
particularly for PE/PEE, and empirical solubility pa-
rameter arguments have been advanced to explain
them.23910 These measurements motivate the calcula-
tions of this section which employ aspect ratios relevant
to PE, PEP, and PEE, and values of 1 which span the
plausible possibilities.1”18 Results for the ratio R = y-
(AesiAp)/x(AerfAp) are listed in Tables 2—4 for various
random copolymers with the fraction of polymer with
an aspect ratio I'resy in the two components being
denoted by Y and Yg as shown in column 1. As in
section A above, the selected values of Ya/Yg are
motivated by recent PE/PEE random copolymer blend
experiments.239

Tables 2 and 3 show the swap effect predictions using
the full blend theory and the solubility parameter
theory, respectively, for I'rer1/Trerz = 1.0/1.2, three
different Berthelot parameters A = 1.1, 1.05, and 0.95,
and for three levels of deuteration ip = 1.002, 1.004,
and 1.008. The e for each random copolymer blend
with a fixed 4 and Ya/Yg is determined by using eq 5.2.
One obvious feature that emerges from comparing
Figures 5a and 5b with results in Tables 2 and 3 is that
the swap effect is much larger for random copolymer
blends than for the homopolymer blends made with the
reference polymers. This is not surprising because the
interaction asymmetry between the components of the
random copolymer blend is relatively small (i.e., Aess for
the random copolymer blends is close to one even for 4
=1.1, 1.05, and 0.95). Also, the structural asymmetry
between the components of the homopolymer blends is
larger than the random copolymer blends made with
the same monomers. In the presence of such small
intrinsic interaction and structural asymmetry the
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Table 3. Same as Table 2 but Based on the Numerical Solubility Parameter Approach Where y = yn
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A=11 A =1.05 A=0.95
b Ap Ap
YalYs 1.002 1.004 1.008 1.002 1.004 1.008 1.002 1.004 1.008
97/88 1.32 1.75 3.14 1.38 1.92 3.83 1.73 3.07 11.53
88/78 1.30 1.69 291 1.37 1.57 3.62 1.67 2.83 9.43
78/66 1.27 1.62 2.65 1.34 1.80 3.32 1.68 2.88 9.87
66/52 1.25 1.55 2.44 131 1.73 3.05 1.69 2.89 9.93
52/38 1.28 1.64 2.73 1.35 1.83 3.47 1.90 3.74 20.42
38/25 1.34 1.79 3.30 1.45 2.12 4.73 2.57 7.48 922.0
35/17 1.24 1.53 2.38 131 1.72 3.04 2.02 4.24 30.25
25/8 1.27 1.61 2.63 1.36 1.87 3.62 2.55 7.27 484.0
32/0 1.14 1.29 1.67 1.18 1.40 1.96 1.66 2.80 9.18
25/0 1.18 1.40 1.96 1.24 154 2.41 1.96 3.99 24.70
17/0 1.28 1.64 2.74 1.39 1.94 3.90 3.03 11.17 835.0

Table 4. Same as Tables 2 and 3 for Values of I'rer1 = 1.1 and I'rer2 = 1.2 Roughly Characteristic of PEP/PE

Random Copolymers

solubility parameter full blend
A=11 A=1.05 A=11 A=1.05
D Ap b D

YalYs 1.002 1.004 1.008 1.002 1.004 1.008 1.002 1.004 1.008 1.002 1.004 1.008
97/88 1.68 2.88 9.86 2.02 4.28 31.42 1.83 3.51 30.30 2.79 12.17 (—10.25)
88/78 1.61 2.62 7.79 1.97 4.40 25.82 1.74 3.16 17.50 2.85 15.40 (—17)
78/66 1.49 2.24 5.39 1.77 3.21 13.08 1.59 2.59 8.21 2.28 6.53 (—14.18)
66/52 1.42 2.03 4.34 1.66 2.82 9.32 1.50 2.28 5.96 2.09 4.87 (—25.71)
52/38 1.47 2.17 5.00 1.71 3.00 10.94 1.55 2.47 7.26 2.13 5.12 (=23.7)
38/25 1.52 2.34 5.95 1.85 3.53 17.02 1.61 2.68 9.26 2.44 7.42 (—14.5)
35/17 1.35 1.84 3.47 1.54 2.40 6.34 1.41 2.01 4.32 1.81 3.44 37.83
32/0 1.19 1.42 2.02 1.29 1.68 2.87 1.22 1.48 2.23 1.43 2.06 4.73
25/8 1.39 1.93 3.88 1.63 2.69 8.30 1.45 2.12 491 1.96 4.16 (—196.0)
25/0 1.25 1.58 2.51 1.39 1.94 3.93 1.29 1.68 2.89 1.57 2.52 8.10
17/0 1.39 1.95 3.95 1.64 2.74 8.71 1.45 2.13 4.97 2.00 4.20 (—192.0)

change in the y-parameter due to deuteration makes a
much more significant difference.

The results in Table 2 show no obvious pattern of the
change in the swap effect with increase in Y (e.g., for
PE/PEE as the average branch content increases). For
example, for Ya/Yg = 32/0 the swap effect is the smallest
while for Ya/Yg = 38/25 it is largest. Similar features
have been found in the experiments on random copoly-
mer blends of PE/PEE.2 We attribute these features to
the non-monotonic dependence of A« given in eq 5.2 on
Y = (Ya + Yg)/2 for various values of Ya/Yg. For
example, for a blend with Ya/Yg = 32/0, Aess is largest of
all the random polymer blends while it is smallest for a
blend with Ya/Yg = 38/25. Similar to the homopolymer
case, an increase in Ap for a fixed 1 increases the
deuteration swap effect, and an increase in A for a fixed
Ap decreases it. For small values of 4, the y-parameter
and the ratio R computed from the full blend theory can
be negative. All the cases which involve one or both
negative y-parameters are shown in the tables in
parentheses. We note that for cases where both the
x-parameters are negative, R is positive. Experiments
on a few random polyolefin blends have shown a
negative R.# Comparison of Table 2 and Table 3 also
shows that the solubility parameter theory predicts a
smaller swap effect than that predicted by the full blend
theory for the same parameters. Moreover, since yy >
0 always, R is never negative. The general trends in
the swap effect as a function of 1, 1p and the composition
of the random copolymer blend Y A/Yg using the solubil-
ity parameter theory is similar to the full-blend theory.

In Table 4, R is tabulated for I'ref1/Tret2 = 1.1/1.2
(crudely representative of the PEP/PE case), and 1 =
1.1 and 1.05, based on both yy and yw for several
random copolymers with the same YA/Yg as in Table 2
and Table 3. The purpose of these calculations is to

assess the effect of I'res ON the swap effect. We find that
the swap effect is somewhat larger than the correspond-
ing results in Tables 2 and 3. This implies that a
decrease in Al'res enhances the swap effect. This is
expected since a weaker structural asymmetry between
the blend components will exaggerate the incompat-
ibility effects due to small changes in the interaction
asymmetry induced by deuteration. The general trends
in the relative magnitude of swap effect as a function
of 1, Ap, and the composition of the random copolymer
blend Ya/Yg in Table 4 are similar to those in Tables 2
and 3. Finally, as noted earlier, if the inherent interac-
tion asymmetry parameter is A > 1 or AI' > 1, no
significant swap effect is found, i.e., R — 1.

V1. Summary and Conclusions

Definitive determination of the primary microscopic
physical origin(s) of non-mean-field corrections to the
excess free energy of mixing of polymer alloys is a very
difficult task from experimental, theoretical, or com-
puter simulation viewpoints. It is often difficult to even
establish whether failure of a theory to agree with a
particular experimental observation is due to limitations
of the statistical mechanical approximations, oversim-
plification of the molecular model, or both. In principle,
computer simulations can clearly separate these issues,
but the very large computational effort to investigate
off-lattice molecular models relevant to real high poly-
mer alloys is only just beginning to emerge.

In this paper we have numerically investigated the
thermodynamics of mixing behavior of conformationally
and energetically asymmetric model binary blends using
off-lattice compressible PRISM theory for determining
the athermal interchain pair correlations, a thermody-
namic perturbation approach for computing the enthal-
pic blend free energy, and an intermediate-level semi-
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flexible chain model. Within a liquid state theory
context, we view both our model and statistical me-
chanical approach as a minimalist one which retains
the bare essentials of molecular structure, assumes
constant volume, ignores conformational nonideality
effects, and focuses solely on the correlated enthalpic
contribution to the miscibility question. Even given
these simplifications, our systematic model calculations
with parameters representative of real hydrocarbon
materials reveal an extremely rich and subtle mixing
behavior which appears to semiquantitatively account
for a host of non-mean-field behaviors recently observed
for polyolefin blends.2=1° Three broad regimes are found
depending on whether the nonadditive thermodynamic
consequences of conformational and energetic (or chemi-
cal) asymmetries strongly reinforce (y > 1, 1 > 1),
strongly compensate (y > 1, 1 < 1), or are in a crossover
regime (y > 1, A =~ 1).

Most polyolefins are in the asymmetry reinforcement
regime since simple branching in homopolymers in-
creases the methyl group content and reduces both the
effective chain aspect ratio (which controls interchain
packing efficiency) and interchain dispersion attrac-
tion.1718 An immediate consequence is that relatively
large positive y-parameters are predicted. Nevertheless,
many non-mean-field behaviors are also predicted which
are broadly consistent with experiment. These include
failure of group additivity schemes, a strong deuteration
swap effect, failure of the mean field random copolymer
theory, and the possibility of unusual temperature
dependences of y including an apparent “entropic”
contribution of correlated enthalpic origin. The latter
effect arises from the implicit temperature dependences
of conformational properties and density which modify
local interchain packing and hence the blend enthalpy.
Heating-induced lower critical solution temperature
(LCST) type behavior can also emerge for special
situations. However, the asymmetry reinforcement
regime is also simple in several respects. The effective
x-parameter is nearly N and blend composition inde-
pendent. Remarkable qualitative, and sometimes nearly
guantitative, consistency of the blend theory predictions
for the thermal y-parameter with a microscopic solubil-
ity parameter approach based on pure component
structure has been demonstrated. An intriguing con-
sistency of yw with an empirical estimate of a y-param-
eter from the heat of mixing has also been found.

A particularly novel prediction of our theory is the
possibility that strong asymmetry compensation can
result in a negative yi even in the absence of any
“specific energetic interaction”. The mathematical ori-
gin of this effect is the nonuniversal blend composition
dependence of the local packing correlations. For olefin
type polymers, practical realization of the required
molecular parameter relationships are unlikely, consis-
tent with there being only a very few reports of negative
x-parameters in polyolefins.2450 However, the theory
does make suggestions for rational chemical or physical
design strategies for possibly achieving the required
conditions. These include clever monomer choices to
achieve the y > 1, 1 < 1 condition. A particularly
promising strategy is to synthesize binary or ternary
random copolymers®” where the chain branch content
is “tuned” to control the conformational and bare
energetic properties such that the better packing (higher
aspect ratio) polymer is the more weakly interacting
species in a van der Waals potential sense. Another
strategy involves the use of selective deuteration where
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both the level, and which species is deuterated, are
controlled. Indeed, strong swap effects are predicted for
many blends (especially random copolymer alloys),
including the possibility that the sign of the y-parameter
can change by swapping the deuteration species. These
predictions are in good semiquantitative accord with
polyolefin experiments.2=7.210 The Hildebrand or mi-
croscopic solubility parameter approach cannot predict
negative y-parameters and hence it makes significant
errors in the asymmetry compensation parameter range.
However, even here some qualitative features remain
quite similar to the full blend theory predictions in
several broader respects.

From a more general perspective, an advantage of our
present approach is that only a relatively few molecular
parameters enter the minimalist model. These param-
eters have a well defined structural meaning and can
often be a priori estimated based on known conforma-
tional and chemical information.1718.37.46 Thus, we hope
our model calculations can be employed to both interpret
the large existing data base on polyolefins (and possibly
polydienes) and also to make testable predictions for yet-
to-be studied systems. The use of the theory to make
experimentally relevant predictions would be signifi-
cantly enhanced if there were more high accuracy direct
measurements of chain conformational properties as a
function of temperature and monomer structure, includ-
ing random copolymer systems. Direct confrontation of
the present theory with experimental small angle
neutron scattering and cloud point data on of order 100
binary polyolefin blends will be presented in a future
publication.3’

An equally important future direction is the design
and execution of new simulations of polymer blends
which can unambiguously test our novel statistical
mechanical predictions for the same coarse-grained
chain models used by the theory. This process has been
recently initiated by Kumar and Weinhold?72° based on
off-lattice Monte Carlo methods. Verification of a basic
PRISM prediction?° of the destabilizing effect of confor-
mational asymmetry in thermal blends even if the bare
Flory y-parameter is zero has been demonstrated,?® but
much more work of this kind is desirable.

Finally, it is worth briefly enumerating all the limita-
tions and simplifications of the present theory and
model which deserve attention in future theoretical
studies. The simplifications are of two fundamentally
different natures: statistical mechanical approxima-
tions and molecular model oversimplifications, although
their consequences may be coupled. The statistical
mechanics issues include the following. (i) Relaxation
of the constant volume assumption to access the con-
sequences on miscibility of a blend composition depen-
dence of the liquid density, volume of mixing changes,
and high pressure effects. (ii) The influence of the
“athermal”, or “excess entropic”, part of the y-parameter
may not always be very small. PRISM theory as it now
exists is able to address this question.13.18.27.3651 (jjj) For
random copolymers the consequences of quenched dis-
order are unknown. Treatment at the simple level of
employing quenched averaged intramolecular structure
factors is possible and represents an interesting first
step. (iv) Higher order statistical mechanical effects
such as (temperature and composition dependent)
changes in single chain conformation upon going from
the pure one-component melt to a blend, and thermally
induced local packing changes (e.g., preferential cluster-
ing), could be important for some systems. Both of these
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effects can be treated at the expense of more numerical
effort based on the “self-consistent” formulation of
PRISM,1559-64 and the “molecular closure” approxima-
tion schemes!520:22.2546 gr liquid state “optimized ran-
dom phase approximation”®® methods, respectively. (v)
The issue of consistency of thermodynamic predictions
derived from the compressibility route (CR) versus the
free energy route (FR) is also a concern!®32:33 Prior
PRISM compressibility route work for conformationally
and interaction asymmetric blends?°4% is broadly con-
sistent with the predictions of the present paper based
on the free energy route. However, one expects there
are always some questions which could be at least
guantitatively sensitive to this inherent limitation of
essentially all integral equation methods3233 For ex-
ample, there are some differences in the detailed predic-
tion of how conformational and energetic asymmetries
compete between the CR2046 and the present FR ap-
proach. Also, the prediction of a negative y-parameter
does not appear to naturally emerge at the CR level
previously studied using molecular closure schemes.2°
Again, simulation could play the key role in resolving
these often subtle issues.

With regards to limitations of the molecular models,
there are also several distinct issues. (i) The influence
on packing and thermodynamic properties of molecular
features such as different repeat unit volumes, monomer
shape, and explicit side-chain branching and symmetry
inequivalent sites is a subtle question recently studied
using both LCT,3 and PRISM theory via the free
energy/HTA route by Curro and co-workers.283036,51 By
comparing the predictions of such atomistic PRISM
models with those of more coarse-grained descriptions,
one can gain some knowledge of the role of detailed
structural features. The small amount of PRISM work
done in this direction is encouraging with regards to the
usefulness of properly constructed intermediate level
coarse grained models.1”:37 However, the generality and
guantitative reliability of this conclusion is unknown.
(ii) Corrections to the minimalist Berthelot model of the
interchain attractive dispersion forces are largely un-
known, although straightforwardly addressable within
numerical or analytical PRISM theory.?® For some
systems big consequences could emerge, an obvious
example being a true specific interaction blend where
stabilizing hydrogen bonding or charge transfer interac-
tions between unlike monomers are present.

Although all the above limitations deserve serious
consideration, it seems most useful to first try to
determine how far one can get in understanding the
complex and rich miscibility behavior of hydrocarbon
alloys with a simpler model and theory such as pre-
sented in this paper. This effort will be the subject of
our next paper in this fascinating area of polymer
science and engineering.
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