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ABSTRACT: In the present Monte-Carlo simulation, we study the effects of structural differences on
the thermodynamic behavior of polymer blends within the framework of the bond fluctuation model.
Two types of structural differences are investigated: nonadditivity induced by irndented monomer shapes
and different stiffnesses of the two components. In both cases we find evidence for a positive, chain
length independent entropic contribution to the y parameter. Within the semi-grand-canonical ensemble
this contribution can be detected via corrections to the Flory—~Huggins equation of state (SG-EQS) or a
shift in the critical temperature. For mixtures with nonadditive monomers, we find an UCSP for repulsion
between unlike species and short chain lengths and a LCSP for longer chains and attractive interactions.
The simulation data are compared to a mean field approximation. The results of blends with different
stiffnesses is in qualitative agreement with recent field theoretical calculations of Liu and Fredrickson.

1. Introduction

Polymer melts and blends have been the subject of
intense scientific research over many years because
there is large practical interest in “alloying” polymers
of different chemical natures.!=® Since the properties
of a mixture are not the linear superposition of the
constituents’ characteristics, blending may potentially
result in new materials with exciting features. The
deviation from the linear superposition is described by
excess properties. Within the Flory—Huggins theory*
of polymer blends the excess entropy of mixing is given
exclusively by the combinatorial entropy, which is
reduced by a factor 1/N, compared to mixtures of small
molecules. For polymer mixtures with identical mono-
mer structures of both species this prediction is rather
well obeyed far away from criticality. However, this
property is supposed to rely crucially on the structural
equivalence of the monomeric units. Since the degree
of polymerization N is very large, polymers of different
chemical natures are generally very incompatible. Due
to this low combinatorical entropy gain upon mixing in
polymers, other contributions to the excess entropy may
become relevant in the long chain length limit. These
additional entropic terms may arise from packing ef-
fects, which are induced by structural differences of the
monomers. The relevance of structural asymmetries
has been emphasized by both experiments’® and
theory.”®

To illustrate the origin of entropic contributions, let
us start from a mixture of two species of polymers
denoted as A and B. For simplicity we restrict ourselves
to the special case of equal degrees of polymerization
Ns = Ng = N. The canonical partition function < of a
mixture comprising na A polymers and ng B polymers
in a volume V is given by

Z(nA,nB) =

Y exp(—BE({c}) (1.1)

2" "By Inp!ie)

where the prefactor takes account of the indistinguish-
ability of chains of the same species and the head—tail
symmetry. E represents the energy of inter- and
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intramolecular potentials and j is the inverse temper-
ature. We define formally the partition function Zx(e,5)
of an A chain in a mixture according to

Y exp(-pE)

{na+lnp-1}

> exp(—BE)

{na.ng-1}

= (Y exp(—BOE({AN,

{A}
= V(exp(s,(0,8) — Bes(0,BN (1.2)

alep) =

where 6E({A}) denotes the energy change associated
with the insertion of the (ns + 1)th A polymer and ¢ =
naf(na + np) denotes the composition of the mixture. es
and s4 describe the energy and entropy of an A monomer
in the mixture of composition ¢ and temperature 1/5.
The normalization takes account of the fact that the free
energy of a single chain is proportional to the chain
length N. Therefore the quantities ey and ss are
independent of N to leading order. With the corre-
sponding definitions of eg and sg a relation between the
composition ¢ and the exchange chemical potential Au
= us — ug can be established in the following form:

Ang,ng)

T%E +AS - BAE (SG-EQS) (1.3

1
ﬂAy=N,ln

1

o

with

AS =s5—s, and AE =ep — e,

Within the mean field approximation for composition
fluctuations,* the energy difference BAE related to
transforming an A chain to a B chain can be replaced
by the well-known Flory—Huggins term yo(20 — 1).
Here yo denotes the bare, enthalpic monomer interac-
tion. AS is related to the different number of chain
conformations of A and B chains in a mixture.
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In analogy to scattering experiments,510 the deriva-
tive of the semi-grand-canonical equation of state (SG-
EQS) or the Flory—Huggins equation of state (1.4) with
respect to the composition defines an effective ¥ param-
eter:

1 1
Sk = 0) L@ (o® (o))
_1 1 _( 18AS)
No Ni-g “W727%
1 1
=No Ni-g X (14

The segmental quantity ye.s comprises an enthalpic
contribution proportional to 1/T and a temperature
independent entropic term. Such a behavior is also
observed in many scattering experiments. The latter
is related to the composition dependence of the chain
conformations. As noted above, the entropic contribu-
tion is independent of chain length to leading order.
Thus it may dominate the excess entropy of mixing in
the long chain length limit.

Monte-Carlo simulations within the semi-grand-
canonical ensemble are well suited to reveal the conse-
quences of structural differences. In this ensemble the
total number of monomers and the chemical potential
difference Au or exchange potential is constant, while
the composition g is allowed to fluctuate. The semi-
grand-canonical equation of state (SG-EQS) (1.4) relates
the mean composition to the exchange potential. The
Monte-Carlo moves which relax the composition, consist
in switching the chain identity A == B without modifying
their spatial conformation and taking account of the
associated energy change via the Metropolis criterion.
Apart from these semi-grand-canonical moves, we em-
ploy local random hopping and slithering snake moves
to relax the polymer conformations without changing
the composition of the mixture. Since the effort is
focused on the relaxation of the composition, the relax-
ation times and the critical slowing down in the vicinity
of criticality is smaller than in the canonical ensemble.
In combination with sophisticated finite size meth-
ods!L12 and histogram reweighting methods,’34 com-
puter simulations in the semi-grand-canonical ensemble
have proven to be an efficient tool to investigate the
thermodynamic behavior of symmetric polymer mix-
tures.!318 This scheme has been applied successfully
to monomers with different “adhesive” energies!” and
generalized to mixtures of different chain lengths.1819
In the present paper, we want to exploit the rich
structure of the bond fluctuation model?® to mimic
entropic contributions to the effective y parameter by
Monte-Carlo simulations of two model systems: blends
of polymers with nonadditive monomer shapes and
polymeric mixtures of different stiffnesses. The result-
ing deviations from the ideal Flory—Huggins behavior
can be detected by a shift in the critical temperature or
via additional contributions in the semi-grand-canonical
equation of state. Since the latter is directly accessible
in the semi-grand-canonical ensemble, Monte-Carlo
simulations can provide information on thermodynamic
properties even far away from the critical point. This
is particularly important, because the analytical mean
field like treatments of polymer blends often neglect
composition fluctuations which may lead to rather large
discrepancies between the mean field treatment and the
actual behavior in the vicinity of the critical point.1 In
contrast to many experiments, different types of en-
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tropic effects can be isolated and studied separately.
Thus the analysis is not complicated by the presence of
qualitatively different disparities. Macroscopic ther-
modynamical properties as well as local, structural
quantities are simultaneously accessible.

The outline of the remainder is as follows: In the next
section we introduce a modification of the bond fluctua-
tion model and discuss the consequences of indented
monomer shapes within the framework of a mean field
approximation. Then we present our simulational
results, concerning the SG-EQS and the chain length
dependence of the critical temperature. In the second
part, we discuss the consequences of different chain
stiffnesses on the thermodynamic behavior of blends by
revealing a small entropic contribution to the athermal
SG-EQS and a shift of the critical temperature. The
results are compared to the prediction of the P-RISM
theory of Schweizer® and field theoretical calculations
of Liu, Fredrickson, and co-workers.? In a final section
we present our conclusions and an outlook on future
work.

2. Polymer Blends with Nonadditive Monomer
Shapes

In the original lattice model used by Flory and
Huggins? each segment is represented by a single site
on a completely filled, simple cubic lattice. Due to the
structural equivalence of A and B monomers and the
lack of vacancies no packing effects occur. Therefore
this simple lattice representation of a polymer mixture
does not capture the influence of structural disparities
on the thermodynamic behavior.

In the present investigation we use the bond fluctua-
tion model, introduced by Carmesin and Kremer.2° This
coarse-grained lattice model of polymeric materials has
been proven especially useful in studying universal
features of polymer thermodynamics by computer simu-
lation. A statistical segment, comprising a small num-
ber of chemical repeat units, is mapped onto a lattice
monomer, such that the relevant features of polymeric
materials are retained: connectivity of the monomers
along a polymer and the excluded volume of the statisti-
cal segment. Each monomer occupies a whole unit cell
of a simple cubic lattice. All lengths are measured in
units of lattice constants, and periodic boundary condi-
tions are applied throughout The presence of vacancies
permits local fluctuations of the density and gives rise
to pronounced packing effects on the length scale of a
few lattice constants.!92!1 Thus the bond fluctuation
model combines the computational tractability of lattice
models with some features of continuous space models.
The N monomers along a polymer are connected via one
of 108 bond vectors of the set P(2,0,0), P(2,1,0), P(2,1,1),
P(2,2,1), P(3,0,0), and P(3,1,0), where P denotes all
permutations and sign combinations. Working at a
filling fraction 8® = 0.5 or 0.35 of occupied lattice sites,
the model reproduces many characteristic features of a
dense melt or concentrated solution, respectively. The
chains obey Gaussian statistics RZ2 = cp(d%H(N — 1),
where b denotes the bond length and cy = 1.4 in the
case of no bond angle potential. The screening length
& of the excluded volume interactions is about 6.5 or 7.9
for 8® = 0.5 or 0.35.22 When specific polymeric materi-
als are mapped on a lattice model,2® the monomeric
interactions are transformed into effective interactions
of the coarse-grained monomers. As in previous studies,
the thermal interactions are modeled by a square well
potential comprising all 54 neighbor sites up to a

distance v6.1° The contact of monomers of the same
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Figure 1. Illustration of the intended monomer structure. A
monomers are shaded; B monomers, unfilled. The effect of
the indentation can be described by a nonadditive hard core
repulsion between monomers. As alluded, there is a strong
entropic packing advantage which leads to phase separation.

species lowers the energy by ¢, whereas the contact of
different kinds increases the energy by the same
amount.

In the present study, however, we also try to include
packing effects induced via different monomer shapes
or steric hindrances by describing the monomers of our
coarse-grained lattice model as indented cubes. This
is illustrated in Figure 1 for a two-dimensional anal-
ogon. As one can observe, monomers of different species

must have a spatial distance greater than v/5, whereas
monomers of the same type may approach each other
up to 2 lattice constants. Thus the net effect of these
indentations is a nonadditivity between monomers of
different species excluding the P(2,0,0) distance from
occupancy. Of course, this extremely simple monomer
shape is not a faithful representation of realistic mon-
omeric packing structures on a microscopic length scale,
but it is supposed to capture some universal, long
wavelength features on the coarse-grained scale of
Kuhnian segments. Note that the importance of the
monomer shape and packing effects has been empha-
sized by the lattice cluster calculations of Freed and co-
workers’ and is used to explain the temperature de-
pendence of the y parameters in experimental studies.1?
Furthermore, a model with nonadditive hard cores and
specific attractions between unlike species has been
employed recently by Honeycutt? to investigate tacticity
effects in PVC/PMMA blends. These calculations em-
ploy the P-RSIM theory with the atomic MSA closure.
At large nonadditivity, Honeycutt finds a lower critical
solution point (LCSP) whereas for small nonadditivity
the blend is miscible at all temperatures. However, due
to the known deficiencies of this atomic closure,!¢ the
author does not investigate the chain length dependence
of the critical temperature.

Another practical advantage of the model above is the
symmetry with respect to an exchange of the labels A
and B. Therefore the coexistence value of the exchange
potential fAu vanishes, and the phase diagram is
symmetric about ¢ = V,. This renders the Monte-Carlo
simulations in the semi-grand-canonical model much
less demanding than for asymmetric models. For the
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pure phases ¢ = 0, 1 the model is equivalent to the
original model and the nonadditivity has no effect at
all. However it is obviously much easier to insert an A
polymer into an A rich phase than into a B-rich one.
Therefore the single chain entropy Ns, of an A polymer
increases strongly with the composition g, whereas the
opposite holds true for a B chain. According to the
definition (1.4) this corresponds to a large positive
contribution to y.s.

2.1. Mean Field Approximation. It is well-known
that nonadditivity in mixtures of small molecules leads
to an entropy-driven phase separation, because poly-
mers in the pure phases pack more efficiently than a
mixture.? For polymers this effect is supposed to be
much more pronounced because of the low combinatorial
entropy gain upon mixing. To quantify this effect, we
resort to a simple mean field approximation. Consider
the ratio of the canonical partition functions of an
additive mixture 433 and a blend with nonadditive
monomer shape Za44:

Zhadd Y exp(—BE)I, (1 — 6(r; — 2))
In——=In
Zadd Zexp(-ﬁE)
= In (T;,(1 = 8(ryj = 2DNaaq 2.5)

where the sum comprises all configurations of the
additive mixture. The index i (j) runs through all
monomers of type A (B) and the factor (1 — d(r; — 2))
excludes all configurations violating the nonadditivity
constraint. Neglecting correlations among the monomer
positions, one can factorize the average and gets to a
first approximation:

Zladd

In

~ Y In (1 - 8(ry; = 2))aa
add  iJ

~ = D A8y — 2Mjaaq
tJ

Z
= —nAnB-‘%:_: ~Vd o1 - 0)zg (2.6)

where zg corresponds to the mean number of particles
at a distance 2 in an additive mixture and ® ,-denotes
the monomer number density. This quantity is acces-
sible in the simulation via the intermolecular pair
correlation function in an additive mixture:

6
zg=® .;gw(ii)ladd (2.7)

where the pair correlation function is normalized such
that g(r) — 1 for r — . Neglecting all local packing
effects, one gets z¢ = 0.2625. Finally, the packing-
induced contribution to the free energy and the effective
¥ parameter takes the form:

1 2z,
aﬁAf%ZGQ(l_Q) Xeﬁ=xo+zs=?+za

(2.8)

where z. is the effective coordination number of the
thermal interaction, i.e. the mean number of monomers
of other chains within the range of the square well
potential.!® As anticipated, the effective y parameter
contains an enthalpic part and an entropic contribution.
The excess entropy of mixing comprises two concurrent
terms. The combinatorial entropy stabilized the mix-
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Figure 2. Qualitative behavior of the y parameter for short
chains (UCSP) and long (LCSP).

Table 1. Critical Temperatures for Mixtures of
Nonadditive Monomers at a Density 8® = 0.35

N €c system size

10 +0.01204(40) 28,40,50 UCSP
16 -0.0172(2) 46,56,64 LCSP
20 —0.0275(4) 40,57,80 LCSP
40 —0.0490(6) 40,55,80 LCSP

ture whereas the packing contribution favors phase
separation. Since the former is reduced by a factor 1/N,
the packing entropy dominates the behavior in the long
chain limit.

Therefore the mean field treatment gives the follow-
ing qualitative predictions for the phase behavior (cf.
Figure 2). The Gibbs criterion determines the critical
temperature to

2
Xc=ﬁ=z6+2eczc = €=

Thus there exists a critical chain length N, = 2/z. In
the absence of thermal interactions there is no temper-
ature scale, and the athermal system is miscible for N
< N, or immiscible in the case of N > N, respectively.?5
To observe a thermally driven phase transition for N <
N, one has to introduce a repulsive interaction between
different species, ¢ > 0, leading to an upper critical
solution point. The qualitative behavior for short chain
lengths remains therefore unchanged. For N > N,,
however, the athermal system is immiscible. Therefore
one has to introduce an attraction, ¢ < 0, between
different species to observe a thermally driven transi-
tion. Below the critical temperature the energetical
attraction dominates and the system becomes misicble;
i.e. one finds a lower critical solution point. With
growing chain length the lower critical solution tem-
perature approaches a finite value from above. Despite
the crudeness of this simple factorization approach, it
serves as a guideline for the analysis of the simulation
data.

2.2. Simulational Results: Semi-Grand-Canoni-
cal Equation of State, y Parameter, and Critical
Temperature. In contrast to earlier investigations,1619
we work at a monomer number density 8® = 0.35. For
the pure phase this represents a concentrated solu-
tion,?2:26 whereas for mixed composition the effective
density is somewhat higher due to the additional
excluded volume of the nonadditivity. For each semi-
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Figure 3. (a) Equation of state for chain length N = 20,
system size L = 40, and different temperatures. The slope
determines the effective y parameter. (b) Temperature de-
pendence of the y parameter for the same system parameters.

grand-canonical switch, six neighboring lattice sites per
monomer must not be occupied by monomer centers of
other chains of the same species. Therefore the ac-
ceptance rate for this type of Monte Carlo moves
decreases rapidly with growing chain length. However
up to chain length N < 40 the slightly reduced total
monomer density compared to earlier studies!® guar-
antees sufficient small relaxation times of composition
fluctuations.

First we examine mixtures of chain length N = 20.
The mean field approximation suggests that the non-
additivity is strong enough and that the athermal
system is not miscible. This is in accord with the
simulation data. Therefore we introduce an attractive
interaction between different species and find a LCSP.
In the following we study the SG-EQS in the one-phase
region, i.e. at low temperatures. Entropic packing
induced corrections to the SG-EQS of state can be
detected in the semi-grand-canonical ensemble easily,
at least in principle. Therefore we resort to the defini-
tion (1.4) of the effective y parameter and rewrite it in
the form

%{ﬁAy - J-%,ln 1Ji_g} = —22z¢

i.e. the slope of the difference between the measured
SG-EQS and the exact combinatorial contribution gives
the effective y. Since the system is symmetric with
respect to a global interchange of the labels A and B,
we restrict ourselves to an A-rich mixture. The simula-
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Figure 4. Chain length dependence of the critical tempera-
ture for mixtures of nonadditive monomers. The straight line
is given by €. = 0.069(2) — 0.81(4)(/N).

tion data, shown in Figure 3a, can be well approximated
by a straight line. Therefore the y parameter is roughly
independent of composition, in accord with the mean
field approximation. By linear regression we determine
%, whose temperature dependence is shown in part b.
By a separate simulation at ¢ = /5, we also calculate
the effective coordination numbers zg and z,, which
parametrize the local structure of the monomer fluid.
At {e] = 0.05 we find z6 = 0.238(2) in an additive mixture
and z. = 1.41(2) in a nonadditive mixture. The predic-
tions of our mean field calculations are also shown in
Figure 3b and agree rather well with the simulation
data. In the vicinity of the critical point, strong fluctua-
tions of the composition lead to deviations from the
mean field approach. These fluctuations stabilize the
mixture, such that the mean field theory underesti-
mates the critical temperature. Whereas at lower
temperatures the discrepancies can probably be traced
back to a slight temperature dependence of the effective
coordination numbers. Extrapolating the simulation
data to the athermal limit, one can estimate the entropic
contribution to the y parameter to Ay = 0.20(2).

Next we study the chain length behavior of the critical
temperature. In accord with previous studies® we use
multihistogram extrapolation'®1* and the cumulant
intersection method!! to locate accurately the critical
point along the coexistence curve. As anticipated, the
athermal system is miscible for short chain lengths (N
= 10) and we find an upper citical sclution point
(UCSP). For longer chains (N = 186, 20, 40) the system
is immiscible in the athermal limit and, using an
attractive interaction between different species, we
observe a LCSP. The chain length dependence of the
critical temperature is well described by an effective
behavior of the form

~¢,=A—-2 with A=0.069(2) and B = 0.81(4)
@2.11)

This determines the critical chain length to N, = 12.
Using the measured effective coordination numbers, the
mean field calculation gives A = 0.084, B = 0.71, and
N. = 8.4. The deviations from the mean field ap-
proximation are mainly due to composition fluctuations,
which tend to stabilize the mixture. Note that we find
3D Ising critical behavior at T., in agreement with
previous simulations'® and experiments.!® Further
discrepancies arise, due to the factorization approxima-
tion in eq 2.6 and a chain length dependence of the
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effective coordination numbers'® z¢ and z., caused by
correlation hole effects.

3. Polymer Blends with Different Stiffnesses

The previcus section illustrates the importance of
local packing effects on the phase behavior. Within the
semi-grand-canonical ensemble it is possible to reveal
these entropic effects either via the SG-EQS or the
critical temperature. In the second part, we want to
employ the techniques explained above to investigate a
second structural disparity. Differences in the chemical
microstructure manifest themselves not only by steric
packing effects but also via different spatial extensions
of the chemical repeat units or by variable persistence
lengths, i.e. chain stiffness disparities. It is known from
simple liquids, that strong asymmetries in the monomer
size may lead to an entropy-driven phase separation.
This effect has been discussed also in the context of
solvent-induced collapse in polymer solutions,?” and the
modeling of various monomer shapes in polymer blends
has found widely spread application in the framework
of the lattice cluster theory by Freed.”

Here, however, we consider a polymer blend, whose
species differ in their chain stiffness. This common
asymmetry is of great practical importance!328 and
therefore has found some experimental® and theoretical
interest.®9 Whereas the nonadditive monomer shapes
or size disparities result in local packing effects, stiffness
disparity is a truly polymeric feature, which length scale
is between the local, monomeric size and the radius of
gyration.® Some previous Monte—Carlo studies have
focused on these nonlocal packing effects. Recent
Monte-Carlo simulations and integral equation theories
by Yethiraj et al.?® investigated an athermal mixture
of flexible and stiff chains in the vicinity of a hard wall.
They found an entropy-driven surface segregation of the
stiffer chains at meltlike densities, because the stiffer
species packs more efficiently at the hard wall. Previous
Monte-Carlo simulations by Gauger and Pakula3? in-
vestigated a mixture of flexible and very stiff chains in
the canonical ensemble and used the subblock method3!
to analyze their simulation data. Solely due to the
stiffness and the excluded volume constraints, they
found evidence for a separation into a pure phase of stiff
chains and a phase of mixed composition. The present
investigation focuses on rather small differences in the
chain stiffness, such that both flexible and stiff chains
can be described as Gaussian chains with different
persistence lengths.

In order to mimic this polymeric feature within the
framework of the bond fluctuation model, the B poly-
mers are stiffened by imposing an intermolecular po-
tential, which favors straight bond angle conformations.
We use a particularly simple choice:32

E(@)=fcos 8 (3.12)
where 6 denotes the complementary angle of two suc-
cessive bonds. The large number of bond vectors
permits 87 different bond angles. This property of the
bond fluctuation model allows an implementation of
chain stiffness, which is rather close to its analogue in
continuous space. As in the previous section, we use a
thermal square well potential, which is extended over
the first 54 neighbor sites and which favors phase
separation of the two species. In accord with previous
studies,'%1° we work at a filling fraction of 8® = 0.5,
corresponding to a dense melt.22 Monomers are repre-
sented by cubes, as in the original version. Within the
Flory—Huggins mean field approximation the bond
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Figure 5. Configurational data of stiff and flexible chains at
criticality. o = [R%f¥R%0)] — 1 describes the disparity
between flexible and stiff chains.

Table 2. Configurational Data for Stiff and Flexible
Chains at Criticality

N f RA(0) R2(0) RA(f) RAf)

16 0.5 22.5(4) 131(2) 26.5(4) 157(2)
1.0 22.7(4) 132(2) 31.7(4) 193(2)
1.5 22.7(4) 132(2) 38.3(4) 241(2)
32 1.0 48.5(8) 288(4) 68.9(8) 418(4)

stiffness results in the following additional term in the
free energy density:

%gcéfcos 91%(1 -0 (3.13)

where cos 6 denotes the average bond angle. The
chain length dependence results from the fact that a
chain of N segments includes only N — 2 bond angles.
Thus there is no additional contribution to the yx
parameter within this approximation. Only the coexist-
ence exchange potential is shifted

BAUoex = —f COS HNJ; 2 (3.14)

to account for the reduction of chain conformations due
to the stiffness. However, a possible composition de-
pendence of the number of states of a single chain is
not included.

The implementation of the semi-grand-canonical Mon-
te-Carlo steps is conceptually straightforward. In ad-
dition to the thermal energy difference, one has to
account for the bending energy in an attempted identity
switch. In the simulations we employ the following
ratios of Monte-Carlo moves: randon hopping:slithering
snake:semi-grand-canonical = 1:3:1. The configura-
tional data of the simulated systems are gathered in
Table 2. Note that the spatial extension of the flexible
chains is independent of the stiffness parameter f.
Increasing the stiffness f, the B polymers prefer a
stretched configuration of successive bonds. This in-
crease can be monitored by the end-to-end distance or
the radius of gyration, as presented in Figure 5. The
discrepancies between the ratios of R.? and R¢? for N =
16 and f = 1.5 indicate that there are already deviations
from Gaussian chain statistics for such large stiffnesses
and short chain lengths.

However, simulating large stiffness asymmetries and
chain lengths becomes quite demanding in terms of
CPU-time requirements. With growing disparity of the
two species the acceptance rate of the semi-grand-
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Figure 6. Interfacial profile of the normalized monomer
density in a blend of stiff (f = 1.5) and flexible polymers well
below criticality T = 0.3467.. The simulation box 32 x 32 x
64 has hard walls in the z direction. The enlargement shows
that vacancies are enriched in the stiffer phase (right-hand
side).

canonical Monte-Carlo steps rapidly decreases, because
each pair of successive bonds contributes to the bending
energy. In the worst case studied (W =32,/=1.0,L =
56) the correlation time of composition fluctuations
exceeds corresponding values of symmetrical mixtures
(f = 0)!¢ by 3 orders of magnitude. Therefore the
simulation of very long and stiff chains in the semi-
grand-canonical ensemble is hardly feasible.

Even within this rather simple model, the thermo-
dynamic behavior is somewhat more complicated com-
pared to the mixtures with nonadditive monomers.
There are several reasons for deviations from the simple
mean field picture:

*Neglecting composition fluctuation, the mean field
theory is not appropriate in the vicinity of the critical
point,.

*Due to the chain stiffness a folding back of the stiffer
species is less probable. Therefore the number of
contacts with other chains increases. This influences
the effective thermal coordination number z, = (zaa +
zBB)2 + zap and leads to an increase of the critical
temperature. This effect has also been noted in the
micellization of diblock copolymers with blocks of dif-
ferent stiffnesses.33

*The mean field treatment neglects the composition
dependence of the single chain entropy. The packing
effects?? at hard walls suggest that similar effects may
lead to an entropic term in the effective y parameter.

*At equal monomer density the osmotic pressure 7 of
stiff chains is slightly higher than for flexible chains.
This has been investigated in a two-dimensional version
of the bond fluctuation model.3* If there is a phase
coexistence of a B-rich and a B-poor phase in the
simulation cell, the vacancies will distribute as to
restore equal osmotic pressure in both phases. There-
fore the monomer density of the B-rich phase is lowered
and the density of the A-rich phase is increased. This
rather small effect is illustrated in Figure 6, which
presents the composition profiles between coexisting
unmixed phases of a mixture well below the critical
point in the canonical ensemble. One observes that the
monomer density difference of the coexisting phases is
about 1%.

Here we focus our interest on the entropic packing
effects due to the stiffness disparity. As illustrated
above, these influence the SG-EQS and the critical
temperature.
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3.1. Athermal Semi-Grand-Canonical Equation
of State. In the following we try to isolate the entropic
packing effect by investigating the athermal SG-EQS.
Since there are no thermal interactions, one need not
resort to the mean field treatment of the composition
fluctuations and the effective coordination number z.
does not enter the description. Thus deviations from
the Flory—Huggins theory are exclusively due to en-
tropic packing effects.

Going beyond the Flory—Huggins treatment, there
are two analytical predictions for an athermal mixture:
Schweizer and co-workers3® use an integral equation
approach and predict a negative entropic contribution
to the y parameter of the form

216
Ay = - 176108(1 +al-9)  (3.15)

where 7 denotes the packing fraction of their threadlike
polymer model and I' denotes the ratio between the
statistical segment length and the thread diameter. o
= Rp¥RA%2 — 1 characterizes the difference of the
statistical segment length. Therefore, stiffness disparity
enhances the miscibility.

One the other hand Liu and Fredrickson® calculate
within a field theoretical approach an entropic correc-
tion of the form

2
Ag=C—-—8 (3.16)

_274;2—(14-(19)2

where C is a positive constant of order unity. Therefore
the difference in the chain stiffness results in a nonlocal,
noncombinatorial excess entropy, which favors demixing
of the unlike species. In both cases the correction is of
the order o? and independent of chain length. Therefore
the latter treatment anticipates a LCSP or the im-
miscibility of an athermal system in the long chain large
stiffness limit. However, note that the absolute value
of Ay is of the order 1072 for a = 0.5. Thus the entropic
contribution is about 2 orders of magnitude smaller than
for mixtures with indented monomer shapes.

The simulation data for the athermal SG-EQS are
presented in Figure 7. The N dependent shift of the
curves for £ = 1.0 is due to the chain length dependence
in eq 3.14. One observes a small, but clear, negative
slope of the SAu — In o/(1 — @) vs ¢ curve. This indicates
a positive entropic contribution to the effective y pa-
rameter. Since the quality of the simulation data does
not permit an analysis in terms of a composition
dependent y, we determine an average y parameter by
a linear fit to the simulation data.

N=16 f=10  Ay=0.0017(2)~ 0.014y,
with y. =2/N
N=16 f=15  Ay=0.0031(3)~ 0.02dy,
N=32 f=10  Ay=0.00182)~ 0.028y,

Within statistical accuracy, we find evidence for a
positive, chain length independent entropic Ay. There-
fore these simulation data are in qualitative agreement
with the predictions of Liu and Fredrickson.? Since the
effect is rather small compared to the mean field
prediction of the critical y parameter, simulations in the
semi-grand-canonical ensemble are not able to proceed
to chain lengths where one would expect a LCSP, i.e. N
~ 0(1000). In view of the athermal simulation data,
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one rather anticipates a shift of the critical temperature
of the order of a few percent.

3.2. Critical Composition and Critical Density.
Due to the lack of symmetry between A and B polymers,
one has to locate the critical point in the two-dimen-
sional parameter space of temperature and exchange
potential. This can be achieved by locating the coexist-
ence line and its analytical continuation above the
critical point via the equal weight rule3® and then using
the cumulant intersection!! along the coexistence line
to determine the critical temperature. Histogram ex-
trapolations!®!¢ have been used to extrapolate the
simulation data to nonsimulated values of temperature
and exchange potential. The quality of the simulational
data does not warrant a correction for field mixing
effects. The more technical details of locating the
critical point in grand-canonical simulations of asym-
metric systems have been discussed in detail in refs 12
and 37.

For thermal blends, there exists a P-RISM calculation
by Schweizer? relying on a new molecular closure.
According to these calculations, there is no change in
the critical temperature for the interaction potentials
used in this study and the critical density is given by

=1+a
Qe 2+a

(3.17)

The simulational results for the critical density are
presented in Figure 8. The critical density is larger then
1/5, but the shift is much smaller than predicted by the
P-RISM theory. For a = 0.75 the equation above
predicts g. ~ 0.64, which clearly disagrees with the
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Monte-Carlo simulation. The approach by Liu and
Fredrickson however predicts a critical density even
smaller than /5. At present we do not have any
explanation of this effect; one might speculate that it is
related to the osmotic pressure or nonuniversal local
packing effects of the bond fluctuation model.

As shown in Figure 9a, the critical temperature is
increased compared to symmetrical mixtures. There are
two effects contributing to this increase: the positive
entropic contribution to y and the increase of the
thermal coordination number. To separate these mech-
anisms, we have determined the coordination numbers
z. by a separate simulation at composition ¢ = 0.5.
Within the mean field approximation the critical tem-
perature is given by

2
N 2z ¢, + Ay =
zN

LA N
=TT A2 ~ch‘1(1 + sz) (3.18)

1
T, .
Thus, within the mean field treatment, the ratio of T/
2. mirrors the increase due to the positive entropic
contribution Ay. This behavior is illustrated in Figure
9b. Note that the effect for the chain length N = 32 is
roughly twice as large as the shift for chain length N =
16. This is also an indication for the chain length
independence of Ay. However, it should be remarked,
that the mean field approach overestimates the critical
temperature by about 25%, due to the inappropriate
treatment of composition fluctuations. Thus the simple
addition of the enthalpic and entropic contribution to
the critical value of the y parameter is not quantitatively
correct for these short chain lengths. Nevertheless the
magnitude is in agreement with the conclusion from the
athermal SG-EQS. Thus, both the deviation from the
SG-EQS and the increase of the critical temperature
support evidence for a chain length independent, posi-
tive contribution to the effective ¥ parameter due to the
chain stiffness disparity.

4, Summary and Outlook

In the present paper, we illustrate the effects of
structural disparities on the thermodynamic behavior
of polymer mixtures by Monte-Carlo simulations of the
bond fluctuation model in the semi-grand-canonical
ensemble. In principle, this ensemble is particularly
advantageous, because the relaxation times of composi-
tion fluctuations are smaller than in the canonical
ensemble and the SG-EQS is directly accessible. For
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Figure 9. Dependence of the critical temperature (a) and the
ratio between critical temperature and effective coordination
number 2z, (b) on the stiffness f.

Table 3. Critical Point Location of Blends with Different
Stiffnesses?

N f € NBAu Qc 2zc system size

16 0 0.02766(15) 0 0.5 2.758(20) 24,32,40,48
0.5 0.0266(3) 117  0.507(10) 2.841(20) 24,32,48
1.0 0.0254(3) 3.20  0.519(10) 2.923(20) 24,32,48
1.5 0.0242(3) 6.01  0.524(10) 2.993(20) 24,32,48

32 0 0.01422(6) O 0.5 2.557(20) 24,32,40,56
1.0 0.0127(1) 6.865 0.516(10) 2.755(20) 32,48,56

@ Data of symmetrical mixtures are given by simulations of H.
P. Deutsch.!§

both model systems, mixtures with indented monomers
and blends of polymers with different stiffnesses, our
simulational results are compatible with a positive,
chain length independent entropic contribution to the
effective y parameter. This contribution is detectable
via corrections to the SG-EQS or a shift in the critical
temperature. For the mixtures with indented mono-
mers, the additional local packing contribution is rather
large and leads to immiscibility of an athermal blend
for N > N.. Thus for N > N, and attractive thermal
interactions between unlike polymers, one observes a
thermally driven LCSP. In accordance with a mean
field approximation, the lower critical solution temper-
ature approaches a finite constant value from above.

However, the nonlocal influence of stiffness disparity

- is comparably smaller and leads only to an increase of

the critical temperature in a mixture with repulsive
thermal interactions of a few percent. The simulation
data are in qualitative agreement with recent calcula-
tions of Liu, Fredrickson, and co-workers® and are also
compatible with a phase separation for long chain
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lengths and much larger stiffness disparity found by
Gauger and Pakula.3?

According to ref 9, these nonlocal packing effects
manifest themselves also in mixtures of linear and star
polymers. Using techniques similar to those in ref 18,
it is possible to reveal entropic effects also in these
systems. Possible future work might consider off-lattice
models® of structurally asymmetric polymer blends.
The semi-grand-canonical scheme in conjunction with
constant pressure simulations may yield valuable in-
formation on the thermodynamics of mixtures. In the
case of indented, nonadditive monomers, one anticipates
a pronounced volume change upon mixing. Therefore
the density dependence of the thermal interactions and
the local packing structure may induce a composition
dependence of the effective y parameter. The constant
volume simulations presented in Figure 6 also indicate
the relevance of these effects for stiffness disparities.
Furthermore the effect of different monomer volumes
may be modelled in off-lattice models in a more natural
way than in lattice models.
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