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Effects of Copolymer Sequence Distribution on the Miscibility of
Poly(ethylene oxide)/Poly(styrene-co-acrylic acid) Blends: A
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ABSTRACT: The effect of the copolymer sequence distribution on the miscibility of a poly(ethylene oxide)
(PEO)/poly(styrene-co-acrylic acid) (SAA) blend has been investigated by molecular simulations. The
molecular simulation provides a method to calculate the interaction energy parameter and hydrogen-
bond energy. Itis observed that both the sequence distribution and the composition of the SAA copolymer
significantly affect the degree of miscibility. For a fixed composition, there exists an optimal range of
sequence distributions for which the blend system is miscible.

Introduction

It is possible to obtain polymer blends of more
desirable properties by mixing miscible polymers, and
thus it is very important to examine the factors affecting
the miscibility of polymer mixtures. The miscibility of
homopolymer/copolymer blends has been successfully
described by the binary interaction model.1=* Based on
the model, the effect of the composition of the copolymer
on the miscibility of PEO/SAA blends was systematically
investigated in our laboratory.> It was suggested that
both the specific interaction between ethylene oxide
(EO) and acrylic acid (AA) segments and the intramo-
lecular repulsive force in the SAA copolymer are re-
sponsible for the miscibility.

Progress in polymerization technology now allows
control of the microstructural features of polymers such
as tacticity. Experimental studies of the tacticity effect
on polymer blend miscibility have been reported in some
publications.®=® It is reported that the tacticity of a
polymer can affect the conformation of the chain, the
probability of contact between interacting sites, and the
interaction parameter, all of which will inevitably have
an influence on miscibility. A theoretical approach to
the tacticity effect has been initiated using an integral
equation formalism,® and the molecular origin of the
tacticity effects on blend miscibility was examined.!

The sequence distribution of the copolymer in ho-
mopolymer/copolymer blends will affect the charge
distribution and the probability of contact between
interaction sites, and consequently affect the miscibility
of the blend. However, the binary interaction model is
inadequate to study the sequence effect due to the
assumption of a random distribution. Thus, Balazs et
al.12 developed a model describing the sequence effect
on miscibility and showed that there is an optimal range
of sequence distributions for which the homopolymer/
copolymer system is miscible by using their own model.

In this paper, we analyze the effect of the copolymer
sequence distribution in PEO/SAA blends by calculating
the interaction energy parameters and the hydrogen-
bond energy using molecular simulation methods.

Theoretical Background

For simplicity, we denote the monomeric units of AA,
styrene, and EO as a, b, and c instead of using the full
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names. The free energy of mixing for a binary mixture
of a homopolymer and a copolymer, cn,/(asb1-f)n,, iS given
by173

AG & o)
ﬁZN_llln ¢1+N_22|n Dy T+ D1P2 X0t 1)

where y1ot is the parameter that represents the strength
of the polymer—polymer interaction. The homopolymer
cn, has a volume fraction ¢; and degree of polymeriza-
tion N, and the copolymer (asi-f)n, has a volume
fraction ¢, and degree of polymerization N, with the
composition of fand 1 — f. When the binary interaction
model is invoked, the total interaction energy parameter
Yot 1S given by

Xtot — fXac + (1 - f)Xbc - f(l - f)Xab (2)

However, the simple binary interaction model is inad-
equate to study the sequence effects owing to its
assumption of a random distribution. Assuming that
the interaction energy parameters of all a—a and b—b
pairs are equivalent and equal to zero and that all a—b
interactions are equivalent to the average interaction
parameter yap, Balazs et al.12 expressed yot as the sum
of the contribution of the composition ycomp and the
sequence distribution ygist as follows:

Xtot — Xcomp + Xdist (3)
Xcomp — fa)_fac + fb)_fbc - fafb)_fab (4)
2 2
bb
Haist = 5 Aa T F Mo (5)
a b

where f; and fy are the fractions of a and b molecules in
the copolymer, faq, fan, and fyp are the pair probabilities
of aa, ab, and bb pairs in a single chain, and thus f, =
faa + fab, fb = fbb + fba and fab = fba. The J_Cac iS the average
of the interactions between a occupying the central site
in the triads and c, i.e., Yaaac, Xaab:c: @Nd Ypapc- The ¥nc
is similarly the average of yapac, Xabbe: and Ypbbc
Although there are nine possible a—b interactions, all
interactions will be assumed equivalent to the average
interaction parameter ya, which is the intramolecular
interaction in the copolymer chain. Then, Ay, and Ayp
are defined by egs 6 and 7, respectively.
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AXa = Xaaac — J_Cac (6)
AYy = Xobbe ~ Xbe (7)

A negative Ay, implies that aaa—c interactions are
energetically more favorable than any other type of a—c
interactions, and a similar comment is applicable to Ayp.
The parameters 6 and ¢ are introduced to specify the
sequence distribution and the composition, respectively.

fab
O=%1 (®)
f=21+0), f,=31-0), -1=0=1 (9)

6 can range from O for a block copolymer to 1 for an
alternating copolymer, with the value 0.5 for a random
copolymer. For symmetric copolymers, 6 = 0, and the
copolymer composition can be expressed by 0.

Model and Simulation

The Dreiding 2.21 force field!® was adopted for our
simulations, and the Cerius? software from Molecular
Simulations Inc. was used. The intramolecular interac-
tions were described by force field terms including bond,
bending, torsion, and inversion; the intermolecular
interactions by terms including van der Waals, electro-
static, and hydrogen bonding.13

1. Validation of the Force Field. The Hildebrand
solubility parameters of several homopolymers were
calculated and compared to experimental data to ex-
amine the validity of the force field. The procedures to
prepare an equilibrated structure are as follows. An
atactic PS chain with 20 repeating units and a meso
diad content of 50% was produced and then packed into
a cubic simulation box with 3-D periodic boundaries.
The size of the cubic box was chosen to correspond to
the experimental density 1.05 g/lcm3.14 At the first stage
following generation of the initial structure in the
simulation box, the energy of the structure was roughly
minimized by the conjugate gradient method. Then, the
structure was relaxed by performing NVT-molecular
dynamics at 1000 K for 20 000 steps (1 step corresponds
to 1 fs), followed by NVT-molecular dynamics at 300 K
for 20 000 steps. To save computation time during
rough equilibrations, the long-range nonbonded interac-
tions were treated by cutting off the potential curve at
8.0 A. This cutoff introduces discontinuities in the
potentials and forces. Thus, a spline function!® was
used to connect the potentials and forces over 8.0—8.5
A to prevent the discontinuity. The structure was
finally equilibrated by NVT-molecular dynamics at 300
K for 10 000 steps followed by energy minimization
using conjugate gradients, where the Ewald method?®
was used to calculate the nonbonded interactions.

The Hildebrand solubility parameter is the square
root of the cohesive energy density, which is defined as
the energy difference when a polymer of unit volume is
evaporated in vacuum. Solubility parameters were
obtained for five different equilibrated structures pro-
duced from initial configurations with different tacticity
sequences but containing the same meso-diad fractions
by following the standard method,!” where the energy
of the bulk-state polymer was obtained using the Ewald
method. The same procedures were applied to calculate
the solubility parameters of PEO and poly(acrylic acid)
(PAA), using densities of 1.128 and 1.045 g/cm? for PEO
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and PAA, respectively.#?1 The atactic PAA was mod-
eled with a meso-diad fraction of 50%.

2. Determination of Miscibility. The procedures
used in this study consist of two simulation methods.
One is a so-called docking method® combined with
Balazs et al.’s theory,’? and the other is molecular
dynamics. The former is preferable to the latter,
because the docking method requires much less com-
putation time than the molecular dynamics does. Thus,
our results mainly relied on the docking method to
determine the miscibility of the blends, and molecular
dynamics was only employed for obtaining additional
subsidiary information on the contact probability be-
tween AA and EO.

Docking Methods. Docking methods can provide
segmental interaction energy parameters.181° The in-
teraction parameter y;; can be calculated from a knowl-
edge of pairwise interactions, wy's (k, | € {i, j}), and
coordination numbers, z's by using eq 10.

11 1
Xi T RT E(Zijwij + zZwy) — E(Ziiwii + z;wy)|  (10)
where wy is an averaged pairwise interaction energy
when a segment | is in contact with the center segment
k. A similar explanation can be given for zy .

In order to simulate four wy’s and zq’s and to obtain
xij» the model segments i and j with proper charge
distributions must be prepared. Nine model segments
were prepared in this system: aaa, aab, bab, aba, abb,
bbb, and c for the calculation of y5c and x,;; —a— and
—b— for the calculation of ya,. For the triads, the partial
charges were calculated utilizing the charge equilibra-
tion method,?° which is also available in the Cerius?
software, after constructing and optimizing the triad
structure, and then the monomeric units on both sides
were removed. Thus, a monomer structure, which has
the charge distribution of a monomer in the center of
the triad, was prepared. For example, the structure of
a triad aba was produced, the partial charges were
calculated, and then a’s on both sides were removed,
which produced a b segment with the charge distribu-
tion of the b monomer in the triad aba. The b segment
will be denoted as aba in order to distinguish from other
b segments which come from triads abb and bbb. The
other model segments aaa, aab, bab, abb, and bbb were
generated by following similar procedures. These seg-
ments of a and b were used for calculating 7ac and 7.
Additionally, the model segments —a—, —b—, and c were
made to have the total charge of zero, where the model
segments —a— and —b— were prepared for calculating
yab- As mentioned above, all the a—b interactions in
the copolymer chains were assumed to be equivalent to
the average interaction parameter ., to reduce the
number of interaction energy terms, and thus the model
segments —a— and —b— were produced separately from
the other model segments.

No segments are allowed to make contact in the chain
direction due to the chain connectivity. Thus, all
segments were made inaccessible on both sides in the
chain direction by introducing two dummy atoms at the
head and tail positions of the segments, which prevented
contacts with other atoms.

A particular configuration of segments i and j was
produced with them touching each other, and the
pairwise interaction energy for the configuration was
calculated. The same procedure was repeated 100 000
times, and the Metropolis criterion was used to deter-
mine whether to accept these configurations at a certain
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Table 1. Hildebrand Solubility Parameters in (MPa)2

solubility parameters

polymer density sample 1 sample 2 sample 3 sample 4 sample 5 average exptl?
PS (at.) 1.0502 16.5 17.4 17.3 16.8 171+ 04 17.52
PEO 1.1282 20.4 23.7 23.8 22.5 21.7+22 202+ 2
PAA (at.) 1.045b 18.1 17.3 19.7 19.8 188+ 1.0 18.0
aFrom ref 14 ° From ref 21.

40

temperature. The interaction energy wy(T) was deter-
mined by averaging the energies of all accepted con-
figurations at a given temperature. The coordination
numbers zy's were obtained by calculating and averag-
ing the possible numbers of nearest neighbors (I) in
contact with the center segment (k) over 500 trials. More
detailed explanations can be found elsewhere.18

Molecular Dynamics. Another approach, molecular
dynamics combined with molecular mechanics, can in
principle provide more exact information on the pairwise
energy. However, this method requires very long
computing times and also yields interaction energies
that depend strongly upon the initial configuration of
polymers. Furthermore, strong specific interactions
such as hydrogen bonding can prevent chains from
relaxing, making it difficult to generate equilibrium
structures. Therefore, many samples and error analysis
are essential to obtain meaningful results. Hydrogen-
bond energies were calculated for PEO/SAA blends, in
which the SAA chain is either a random or a block
copolymer, to estimate the effect of local chain confor-
mations on the interaction energy parameters. The
primary box contains an SAA chain of 100-mers and
four PEO chains of 25-mers. Instead of one long PEO
chain, four short PEO chains were employed to yield a
higher probability of interchain contact. Eight to twelve
samples were prepared with initially random torsional
angles and then relaxed by molecular mechanics. The
structures were annealed at high temperature by NVT-
molecular dynamics without turning on the strong
specific interactions such as electrostatic and hydrogen-
bond energies, to prevent early fixation of the structures
and to ensure easy relaxation of the chains. Then, the
structures were relaxed again at room temperature by
NVT-molecular dynamics. After equilibration, molec-
ular dynamics was performed using the microcanonical
ensemble, and the hydrogen-bond energies were calcu-
lated. The density was fixed at 1.0 g/cm?3 for all the
systems.

Results and Discussion

The simulated solubility parameters of homopolymers
are listed in Table 1. The simulated results agree well
with the experimental values, although the values have
some scattering which may arise from both small
number of samples and relatively short chain. This
suggests that the Dreiding 2.21 force field is adequate
for PS, PEO, and PAA.

Total charge values for the segments aaa, aab, and
bab produced by the charge equilibration method are
—0.009, —0.111, and —0.204, respectively. Itis recalled
that the total charge values of the segments aaa, aab,
and bab correspond to those of the center monomer (a)
only in each triad. The electron density in a increases
with the substitution of b which donates electrons more
readily than a. Total charge values of the segments aba,
abb, and bbb are 0.181, 0.028, and 0.032. This means
that a monomer b connected to the electron-withdraw-
ing monomer a as its neighbor has a more positive net
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Figure 1. (a) Interaction energy parameters as a function of
temperature obtained by molecular simulations. (b) The
interaction energy parameters which are calculated from those
in (a). The meaning of the notations in the inset is explained
in the text.

charge than when next to a b. Total charge values of
the other model segments, —a—, —b—, and c are zero.

The interaction energy parameters were calculated
for the model segments which have proper charge
distributions by the docking method. Figure la shows
that the interaction between a and c is favorable,
especially when a is activated by b which donates
electrons to its covalent-bonded neighbors. It is note-
worthy that the interaction between the sequence aaa
and c is relatively unfavorable, which results in a
positive Aya. This means that blockiness of a may lead
to a negative contribution to miscibility. The experi-
mental results showed that there exist both a specific
interaction between a and ¢ and an intramolecular
repulsion between a and b.> The experimental trends
are seen in Figure 1b, where 74, is seen to be strongly
positive whereas ¥, has a strongly negative value.
Balazs et al.’?2 assumed that ¥ac = xaab:c = Xbaa:c = Ybab:c
Z Yaaac AN Ybe = Yabb:c = Ybba:c = Xabac = Xbbb:c t0 reduce
the number of interaction terms. However, in the
present study, all the interaction terms such as yaab:
(Zxbaac), Ybabics Xaaa:e: Xabbe (FXbbac), Yabae: aNd Ybob:c Were
calculated, and . and ¥, were taken as average values
of corresponding triads, because it is unreasonable to
assUMe Yaap:c = Xbab:c 8N Yapb:c = Xaba:c &S 0ne sees from
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Figure 2. Interaction energy parameters at room tempera-
ture obtained by combining molecular simulations and the
theory of Balazs et al.: (a) the composition dependent interac-
tion energy parameter yc.mp; (b) the sequence distribution
dependent interaction energy parameter yaqis;; (C) the total
interaction energy parameter yiot.

Figure 1a. Cantow et al.?2 also criticized Balazs et al.’s
assumption. They asserted that the assumption causes
some inconsistency. They redefined Ay, and Ay, as Aya
= Yaaaxc — Yaab:c = Yaab:c — Xbab:c @Nd Axh = Xbbb:c — Xbbac
= JYbbac — Xabac. Figure 1 ShOws yaap:c & ¥ac and Yaaac —
Yaab:c X Yaab:c — Xbab:c @t above room temperature, and
thus our Aya has almost the same value as the Aya
obtained using the definition of Cantow et al. In the
case of Ay, the situation is not the same as Aya, but
the Ayp has too small a value compared with Ay, to
affect yqise. Consequently, our simulation results for ygist
are well consistent with those obtained from the defini-
tion of Cantow et al.

The total interaction energy parameter y:, the com-
position dependent component ycmp, and the sequence
distribution dependent component yqist Were obtained
by incorporating the simulated interaction parameters
into eqs 3—5. The monomer fractions (f; and f,) and
diad fraction (fs,) were determined by varying 6 and ¢
in egs 8 and 9. An increase of AA content in SAA
produces more AA—EO interactions, which is favorable
for miscibility and thus leads to a negative ycomp (Figure
2a). In the limit that the composition of AA approaches
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Figure 3. Total interaction energy parameters as a function
of temperature for 6 = 0.5.

1.0, yqist becomes equal to Aya. In the other limit that
the composition of AA approaches 0.0, yqist becomes
equal to Ay,. Because Ay, is larger than Ayp, Xdist
increases with the AA content (Figure 2b). The blocki-
ness of the sequence represented by lower 6 has a
negative effect on the miscibility, which seems to arise
from the strong tendency of yaaac > Yaab:c > Xbabc &S
shown in Figure la. As a result, the PEO is more
miscible with the SAA copolymer having an alternating
sequence (Figure 2c). The maximum value of 0 is
limited by the composition:

1

Omax =155

(11)

In the case of a symmetric copolymer (i.e. = 0), Omax
equals unity such that the copolymer can have sequence
distributions ranging from block to alternating.

The temperature dependence of the total interaction
parameter shows that there exists an optimum condi-
tion for the composition at a given temperature (Figure
3). Binary blends of PEO/PS and PEO/PAA are im-
miscible and miscible, respectively, at room tempera-
ture. The shape of curves implies that the homopolymer/
homopolymer blends will exhibit UCST (upper critical
solution temperature) behaviors.

A drastic effect of the sequence distribution on the
miscibility can be found in Figure 4. As the AA content
in SAA increases from 5 mol % (Figure 4a) to 7 mol %
(Figure 4b) to 10 mol % (Figure 4c), the blend becomes
more miscible. The blend with random copolymers
becomes miscible at a composition between 5 and 7 mol
%, which agrees well with the experimental results.> At
7 mol %, the blend with block copolymers shows positive
xwot, While the blend with random copolymers has
negative ywt. This is very interesting because the
miscibility could be controlled only by the change of
copolymer sequence distributions.

The difference in the spatial distribution of interaction
sites may also affect the effective interaction. The
theory adopted here, however, does not accommodate
the physical aspects of chain conformations, and thus
the probability of contacts between segments only based
on the mean field approximation is considered. In our
simulation, the information on the probability of con-
tacts could be obtained by calculating hydrogen-bond
energy, because the number of contacts is proportional
to the hydrogen-bond energy. The intermolecular hy-
drogen-bond energy between AA and EO (Figure 5d)
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Figure 4. Total interaction energy parameter between PEO
and SAA for (a) 5, (b) 7, and (c) 10 mol % of AA in SAA.

was obtained by subtracting the intramolecular hydro-
gen-bond energies (Figure 5b and 5c) from the total
hydrogen-bond energy (Figure 5a). When the AA con-
tent is small, AA segments in random copolymers which
have more sparse distribution will have fewer chances
to meet EO segments because AA’s are buried in styrene
segments and thus the intermolecular interactions are
prevented. When the AA content is large, the self-
association of intramolecular AA’s in the block copoly-
mer rapidly increases, which prevents the formation of
the intermolecular hydrogen bond. Consequently, there
exists a competition between self-associations of AA’s
and intermolecular hydrogen bonds of EO—AA pairs,
and the competition is a function of the composition and
the sequence distribution. However, the hydrogen-bond
energies which reflect the local spatial distribution of
interaction sites do not vary as much as the total
interaction with the sequence distribution as shown in
Figure 5. The total interaction between AA and EO can
be calculated from eq 12:

fab2 fbafaa f 2

aa
Xtotal,ac — f Xbab:c +2 f Xbaa:c + f_Xaaa:c (12)
a a a

The results show the difference of about 600—1000%
in the total interaction energies for block and random
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Figure 5. Hydrogen-bond energy calculated by molecular
dynamics and molecular mechanics: (a) total; (b) self-associa-
tion between AA segments; (c) self-association between EO
segments; (d) interchain hydrogen bond between AA and EO
segments. Filled and open circles represent block and random
copolymer, respectively.

copolymers, whereas the differences of hydrogen bond
energies are of about 20—40%. Therefore, the contribu-
tion of the local spatial distribution of the interaction
sites to the interaction energy is relatively small com-
pared to the segmental interaction itself. One can
conclude that it is not necessary to incorporate the
contribution of the local spatial distribution into the
determination of miscibility for PEO/SAA blends. In
other words, the interaction energy parameters need not
be scaled by the ratios of contact probabilities arising
from the local spatial distribution, which means Balazs
et al.’s original theory is sufficient to estimate the
miscibility of PEO/SAA blends. This is why more
extensive molecular dynamics with more refined densi-
ties for the calculation of hydrogen bond has not been
conducted.

As a virtual experiment performed on computers,
molecular simulation methods can provide helpful in-
formation to understand the physical nature in a
qualitative sense and may often give quantitative
predictions, although it is not always possible to com-
pare all the simulated results with the real experimen-
tal ones at this time. It is noteworthy that the effect of
sequence distribution on phase behaviors can be ap-
proached in different ways. Recently, extensive re-
search efforts have been devoted to models where the
effect of the sequence distribution manifests itself only
in the number of different segment—segment inter-
actions.23=25 However, their models have not been
examined in this study.

Conclusions

Molecular simulations were carried out to study the
effect of sequence distribution of copolymer on the
miscibility of PEO/SAA blends by calculating the inter-
action energy parameters and hydrogen-bond energy.
It is observed that both the composition and the
sequence distribution significantly affect the degree of
miscibility. For a fixed composition, there exists an
optimal range of sequence distribution for which the
blend system is miscible. The sequence distribution
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does not only affect the charge distribution of segments
which in turn affects the contact energy, but also affects
the probability of contacts between interaction sites. It
is also observed that the segmental interaction energy
itself is more important than the local spatial distribu-
tion of the segments, to determine the effect of the
copolymer sequence distribution on the miscibility.
There exists a competition between self-associations of
AA’s and intermolecular hydrogen bonds of EO—AA
pairs, and the competition is a function of the composi-
tion and the sequence distribution.
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