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ABSTRACT: We use Monte Carlo simulation based on the bond fluctuation model to investigate
how adding ~24.92% protein-like copolymer (PLC) to an immiscible binary polymer blend affects
the dynamics of phase separation. PLCs slow down effectively the process of phase separation in
binary blends by migrating to the biphasic interface between the immiscible homopolymers,
thereby reducing the interfacial tension. The ability of PLCs to retard effectively the process of
phase separation depends sensitively on the interaction energy between the PLCs and homo-
polymers and the PLC chain length. PLCs compatibilize the binary blend more effectively with
increasing attractive interaction between the PLC blocks and homopolymers. Nominal improve- ~uasas
ment in compatibilization of the binary blend is achieved with increasing PLC chain length. The
growth of phase-separated domains follows a dynamical scaling law for both the binary blend and
PLC compatibilized ternary blend in the late stages of phase separation. The universal scaling |3 ,
functions are nearly independent of the interaction energy and PLC chain length. Thus, the phase- e
separated domains grow with dynamical self-similarity irrespective of the type of PLC added to the
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binary blend, although the type of PLC significantly alters the growth rate of the phase-separated domains.

B INTRODUCTION

Macrophase separation in polymer blends limits their applic-
ability as adhesives, interfacial stabilizers, coatings, membranes,
ion-exchange systems, and functional materials for biomedical
applications.1 To arrest the process of phase separation in
immiscible polymer blends, macromolecular compatibilizers are
typically added. They localize at the interface between the
immiscible homopolymers, thereby reducing interfacial tension
and slowing down the process of phase separation, leading to
finer domain dispersion and improved mechanical strength of
the interface. Our recent computer simulation results suggest
that protein-like copolymers (PLCs) could be used effectively as
compatibilizers for immiscible homopolymer blends and might
represent an attractive alternative to block, random, and alter-
nating copolymer compatibilizers from a thermodynamic point
of view.” In this study we investigate the dynamics of phase
separation of an immiscible polymer blend in the presence of
PLCs as compatibilizers.

Protein-like copolymers represent a new class of functional
copolymers that exhibit large-scale compositional heterogeneities
and long-range correlations along the comonomer sequence.’
The concept of PLCs was first introduced by Khokhlov and
co-workers,> > who used computer simulations to demonstrate
that random copolymers with tunable monomer sequence dis-
tributions could be generated by adjusting the compactness of a
parent homopolymer composed of component A, and then
converting exposed segments on the polymer coil surface into
B segments by reacting them with other species in the surround-
ing solution.

In order to control the morphology and properties of immiscible
polymer blends, it is necessary to understand the mechanisms
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that govern the phase separation dynamics. These have been
explored extensively both theoretically’~ ' and experimentally.'>"*~2°
Particular attention has been paid to the impact of diblock
compatibilizers on phase separation dynamics in immiscible
polymer blends.”*”** Diblock copolymers are popular as com-
patibilizers due to their effectiveness in reducing the interfacial
tension and increasing the mechanical strength of immiscible
interfaces; these are affected in part by having the copolymer
blocks entangle within the respective homopolymers. However,
since diblock copolymers themselves microphase separate easily
at higher copolymer loading,® > other copolymer sequences
have been considered.>****° This possibility has stimulated
experimental and theoretical research on the dynamics of
phase separation of immiscible homopolymers blends in the
presence of random, alternating, random-blocky, random-
alternating, and gradient copolymers*'~** as possible interfacial
compatibilizers.

The dynamics of phase separation of immiscible homopoly-
mer blends in the presence of PLCs as compatibilizers has not yet
been explored. In this work, we use Monte Carlo (MC) simula-
tion to investigate how adding protein-like copolymer (PLC) to
an immiscible binary blend of homopolymers affects the phase
separation dynamics. The effects of the pairwise interaction
parameters between the homopolymers and the PLC blocks
(which may be chemically different) and the effects of variation in
the PLC chain length on the phase separation dynamics in
immiscible blends are examined.
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MC simulations based on the bond fluctuation model are
performed on an immiscible binary blend containing 9736
20-mers of homopolymer A and 2434 20-mers of homopolymer
B, to which ~4.92% PLCs containing equal numbers of C and D
monomers is added. Both the binary blend (A/B) and ternary
blend (A/B/C-plc-D) are mixed uniformly in the initial state.
Phase separation between homopolymers A and B is induced by
introducing positive pairwise interactions between monomer A
and B units. As the immiscible polymer blend phase-separates,
A-rich and B-rich homopolymer domains start to form and grow.
This process is retarded in the compatibilized blend as the PLCs
localize to the biphasic interface between the two homopolymers
minimizing the unfavorable interactions and reducing the inter-
facial tension. The process of phase separation is monitored by
recording the number of contacts between segments of A—A
((naa(t))), B—B ((nps(t))), and A—B ((nap(t))). The extent of
penetration of PLCs into the homopolymer-rich phase over time
is monitored by recording the fraction of contacts made by the
PLC segments with homopolymer segments fca(t), feg(t),
foal(t), and fpp(t). The extent of PLC chain expansion with time
is recorded by evaluating the normalized radius of gyration
<Rgz(t))/ (Rg2(0)> of the PLC. The dynamics of phase separation
in both the binary and the ternary blend is measured using the
time-dependent collective structure factor S(gqt). To gauge
the compatibilization effectiveness of various PLC types
(as characterized by PLC—homopolymer interaction strength para-
meters and the PLC chain length), the dynamic scaling exponent
associated with q,(t), the first moment of the structure factor
at time ¢, is calculated for the late stages of phase separation.
To demonstrate the existence of self-similarity among the phase-
separated structures developed at various times during the late
stages of phase separation in both the binary and ternary blends,
the structure factor S(g,t) is scaled in terms of a characteristic
length parameter 1/q;(t) and scaling function F(x), and the time
invariance of F(x) is tested in the late stages of phase separation.
The universality of the scaling function is verified for various
types of ternary blends compatibilized by PLCs.

Highlights of our results are as follows. C-plc-D copolymers
compatibilize effectively the blend by migrating to the biphasic
interface between the immiscible homopolymers, thereby redu-
cing the unfavorable interactions between the immiscible homo-
polymers. The ability of PLCs to retard effectively the process of
phase separation depends sensitively on the interaction energy
between the PLCs and homopolymers and the PLC chain length.
PLCs compatibilize the A/B blend more effectively as the
attractive interaction between the PLC C (or D) segments and
homopolymers A (or B) increases. Marginal improvement in
compatibilization of the A/B blend is achieved with increasing
PLC chain length. The phase-separated structures developed at
various times during the late stages of phase separation exhibit
self-similarity in both the binary and ternary blends; i.e.,
the morphology change with time involves only an increase in
the size of phase-separated domains and not any change in the
interfacial structure. As a consequence, the late stage structure
factor S(q,t) can be rewritten in terms of a characteristic length
parameter 1/q,(f) and a time-invariant scaling function F(x).
F(x) is universal as it is nearly independent of the PLC—homopolymer
interaction strength parameters, and the PLC chain length for
PLC compatibilized ternary blends during the late stages of phase
separation.

In the next section, we describe the MC method and the
generation of PLCs via the instant coloring procedure of

Table 1. Matrix of Interaction Parameters

A B C D
A 0 0.5 varied to be —0.1, 0.5
02, —0.5
B 0 0.5 varied to be —0.1,
—0.2, —-0.5
C 0 0.5
D 0

Khokhlov and co-workers. The following section presents the
simulation results for dynamics of phase separation of immiscible
binary blends in the presence of PLC sequences. The final section
concludes with a short summary of the results and a discussion.

B MODEL AND METHOD

The A/B binary blend system consists of 9736 20-mers of type
A and 2434 20-mers of type B. The ternary (compatibilized)
system comprises the binary blend plus protein-like copolymer
chains (~%4.92% of total number of segments in the ternary blend
system) containing monomers of types C and D having compo-
sitions xc = xp = 0.5. The PLCs and homopolymers are modeled
as self-avoiding walks on a three-dimensional bond-fluctuation
cubic lattice. The chain length of the PLC compatibilizer is varied
to be 30, 50, and 70 segments, while the amount of PLCs added
to the binary blend is held fixed. The phase separation of
homopolymer chains A and B is induced by introducing positive
repulsive pairwise interaction energy between A and B segments
eag = €ap /kgT = 0.5 in both the binary and ternary blend
systems. Since the symmetric C—D PLC compatibilizer is
composed of segments that are chemically different from the
homopolymer units, one must specify 10 monomer—monomer
interaction parameters: xp, €ac) €aD, €BC) EBDy €CDy €anr EBB)
€cc, and epp. The values of ¢ are listed in Table 1. The
interaction energies between the segments of homopolymer A
and the segments of type C (€5¢) on the C—D PLC and between
the segments of homopolymer B and the segments of type D
(¢pp) on the C—D PLC are both chosen to be negative, so that
C—D PLCs become effective compatibilizing agents for the
immiscible A/B binary blend. The strengths of the interaction
energies Exc = Epp are varied to be —0.1, —0.2, and —0.5. The
interaction energies £ap, €pc, and Ecp are all set equal to 0.5 to
discourage miscibility between their corresponding segments.
The interaction energies between identical segments are set to
zero (€aa = €pp = Ecc = €pp = 0). Additionally, the interaction
energies between each segment type and the empty sites are set
to zero.

The lattice MC simulations are based on the three-dimen-
sional bond fluctuation model (BEM)*® performed in the NVT
ensemble. We chose the BFM to model the dynamics of phase
separation in polymer blends since it has been utilized
previously*’ > to predict the properties of dense polymer melts
successfully. The BFM possesses some of the flexibility asso-
ciated with an off-lattice model while maintaining the advantages
associated with working on a lattice, such as integer arithmetic
and parallelization.’" The lattice MC simulations are performed
on a simple cubic lattice of L X L X L sites with L = 80. The
volume fraction, ¢ = N/L>, for the pure as well as compatibilized
blend is set to ¢ = 0.5, where N is the number of occupied sites in
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Figure 1. Snapshots illustrating instantaneous coloring procedure to
generate 70-mer CD PLC (C = dark blue, D = light pink) with
composition xc = xp = 0.5: (a) random configuration of 70-mer C
chain, (b) collapsed globular configuration of the C chain, (c) 35 spheres

farthest from the center of the globule are colored to type D, and
(d) relaxed chain configuration of the resulting CD 70-mer PLC.
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the simulation box. Periodic boundary conditions are imposed in
all three directions (x, y, and z) to overcome the limitation of
finite system size.

The symmetric C—D PLCs were generated via a simulation-
based instantaneous coloring procedure originally proposed by
Khokhlov et al.> > A detailed description of our implementation
of Khokhlov’s coloring procedure to generate C—D PLCs (with
chain lengths 30, 50, and 70) via discontinuous molecular
dynamics (DMD) simulation can be found in our previous
work.” To prepare the symmetric C—D 70-mer PLC, a 70-mer
C chain with square well interactions between nonadjacent C
monomer segments was initialized in a random coil configura-
tion. Figure 1a shows a snapshot of a sample initial configuration.
Discontinuous molecular dynamics simulations® were performed
on the C chain at a low reduced temperature until the C chain
collapsed to a globular conformation as shown in Figure 1b. The
segments in the final globular conformation were sorted in order
of their distance from the center of the globule. The 35 segments
of type C farthest from the center were colored to be D as
depicted in Figure lc. The coloring procedure resulted in the
creation of a 70-mer C—D PLC with a composition of xc =
xp = 0.5. After the coloring procedure, the configuration of the
C—D PLC was relaxed. Figure 1d shows a snapshot of a sample

C—D 70-mer PLC generated via the instantaneous coloring
procedure.

MC simulations were performed on the binary and ternary
blend systems. The simulations on the blend systems were
started in a random configuration at the desired volume fraction.
Initially the blend systems were uniformly mixed, but once the
interactions were turned on MC simulations were performed for
100000 Monte Carlo steps (MCS); the systems demix suffi-
ciently into homopolymer A-rich and homopolymer B-rich phase
for us to consider this a phase-separated system. In each MCS, all
beads in the system are moved once on average.

To monitor the dynamics of phase separation, the following
measures are used: (1) the normalized number of nearest-
neighbor contacts between segments of A—A ({naa(t))/(naa-
(0))), B—B ((n35(t))/(n55(0))), and A—B ((na5(£))/(12(0)))
where tis the time elapsed since the start of the phase separation,
(2) the fraction of the nearest-neighbor contacts between the
PLC and homopolymer segments fca(t), fep(t), fpa(t), and
for(t), (3) the PLC chain expansion ratio, i.e., the normalized
PLC radius of gyration (Rg*(t))/(R,*(0)), (4) the time-depen-
dent collective structure factor for the binary blend and the
ternary compatibilized blends, (5) the first moment of the
structure factor vs time, (6) the scaling exponent, which is
obtained from the slope of the first moment of the structure
factor vs time during the later stage of phase separation, and (7)
the scaling function during the late stages of phase separation.

The fraction of contacts made by the C segments of the C—D
PLC with homopolymer segments A, fca(t), is defined by the
following equation:

fea(t) = (nca(t)/(nca(t) + nes(t))) (1)

where nca(t) and ncp(t) refer to the nearest-neighbor contacts
between segments of C—A and C—B, respectively, at time t.
Similarly, fep(t), foa(t), and fpp(f) can also be defined.

The PLC chain expansion ratio is (Rgz(t»/ (R;(O)), where
(Rgz(t)) is defined by the following equation

Nppc  Msegment

<Rg2(t)> = Z Z {ri,j(t) - ricm(t)}z/{NPLCnsegment}

i=1 j=1
(2)

In eq 2, (Rgz(t» is the PLC radius of gyration at time ¢ while
(R;*(0)) is the PLC radius of gyration initially, r,(t) is the
position of the jth monomer on the ith PLC chain at time t and
r7™(t) is the position of the center of mass of the ith PLC chain at
time t, Npyc is the number of PLC chains, and #isegmene is the
number of spheres in a single PLC chain.

The time-dependent collective structure factor for both the
binary and ternary blend systems®* is evaluated to monitor the
time evolution of the long-range ordering. The structure factor is
the Fourier transform of the pair correlation function and is
defined by the following equation:

S(g,t) =([X(exp(iq 1)) (¢ () — ¢4 () — (& — Pa))ID/L°
(3)

where L is the box length, the scattering vector q is defined as
q = 27tn/L, where n represents a positive integer vector, i.e.n =
(nyny,n,), the local concentration variable ¢/s(t) (or ¢j(t)) at
time t is equal to one if lattice site j is occupied by an A (or B)
segment and zero otherwise, and the outer angular brackets (...)
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Figure 2. Simulation snapshots of the A/B binary blend (A = light blue,
B =red) at time (a) t = 0 (initial configuration), (b) t = Sk MCS (early
stage configuration), (c) t = SOk MCS (halfway configuration), and
(d) t = 100k MCS (final configuration).

denote a thermal statistical average. The contribution from the
PLC chains to the collective structure factor is neglected since we
are principally interested in the phase separation of homopoly-
mers A and B, and the PLC compatibilizer loading (~4.92%) is
small relative to the homopolymers. To improve the statistics in
q space, the collective structure factor is spherically averaged as
follows:

S(q, t) =
q— (Aq/2) = q = g+ (Aq/2)

S(q,t)/m(q, Aq) (4)

where

m(q, Aq) = )y 1 ()
q—(Ag/2) < g < g+ (Ag/2)

denotes the number of lattice points in a spherical shell of radius
q with Aq as the shell thickness. In scattering experiments (using
x-rays, neutrons, or light) on real immiscible polymer blends the
intensity of radiation scattered or the structure factor S(g,t) is
small initially (for all values of the scattering vector or scattering
angle q) as the homopolymers are uniformly mixed, but a distinct
peak in the structure factor S(gq* t) develops at a scattering vector
q* as the phase separation occurs. Physically at time ¢, 1/q* is a
measure of the characteristic length scale in the blend while
S(g%t) is a measure of the difference in concentrations of the
constituent homopolymers in the polymer blend.

We evaluate the first moment q;(¢) of the structure factor
q:(t) = £,5(q,t)/2,S(g,t). The inverse of q,(t) is a measure of
the average domain size of the phase-separated domains in both
the binary and ternary blends. It is well-known that q;(t) is
time invariant in the early stage of phase separation where
Cahn’s linearized theory®® is applicable. In the late stages
q1(t) decreases with increasing phase separation time due to
growth in the size of the phase-separated domains. The time

(d)

Figure 3. Simulation snapshots of the A/B/C-plc-D ternary blend
(A =light blue, B = red, C = dark blue, D = light pink) compatibilized by
70-mer PLC with é5¢ = €gp = —0.5 at time (a) t = 0 (initial configura-
tion), (b) t = Sk MCS (early stage configuration), (c) t = SOk MCS
(intermediate configuration), and (d) t= 100k MCS (final configuration).
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Figure 4. Normalized A—B contacts (n,p(t))/(nas(0)) with phase
separation time: (a) interaction energy &,c varied (70-mer PLC) and
(b) PLC chain length varied (fixed interaction energy &xc = €gp = —0.5).
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Figure 5. Fraction of C—A contacts fca(t) with phase separation time:
(a) interaction energy &xc varied (70-mer PLC) and (b) PLC chain
length varied (fixed interaction energy ¢ = €pp = —0.5).

dependence of q;(t) in the later stage of phase separation is
characterized by the following power law” equation:

qat) ~t" (6)

where n is the scaling or dynamical exponent whose value
depends on the mechanism of domain growth. Although the
scaling exponent is generally a function of phase separation time
and temperature, it tends to reach 1/3 for ¢ — oo when long-
range hydrodynamic interactions are absent,”* which is the case
in our simulation. When long-range hydrodynamic interactions
are significant,”*° n = 1. We obtain the scaling exponent from
the slope of the log—log plot of q; (£) versus time in the late stages
of phase separation for both the binary and ternary blends. The
scaling exponent is useful for comparing the compatibiliza-
tion effectiveness of various types of PLCs based on the values
of the interaction energies and chain length. The smaller the
value of the scaling exponent in a PLC compatibilized blend,
the more effective the PLC acts as a compatibilizer. A smaller
value of the scaling exponent implies a higher value of the slope in
the log—log plot of q;(t) versus time during the late stages of
phase separation, which, in turn, implies a higher value of g, (t) or
smaller domain size (since scattering vector and length scale are
inversely related) of phase-separated structures and hence slower
phase separation.

Phase-separated structures developed at various times during
the late stages of phase separation in binary polymer blends

exhibit self-similarity;***” i.e., the morphology change with time
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Figure 6. PLC chain expansion ratio or normalized radius of gyration
(Rgz(t»/ <Rg2(0)> with phase separation time: (a) interaction energy exc
varied (70-mer PLC) and (b) PLC chain length varied (fixed interaction
energy €xc = €pp = —0.5).

involves only an increase in the size of the phase-separated
domains but not a change in the interfacial structure. If self-
similarity exists between the phase-separated structures devel-
oped at various times during the late stages of phase separa-
tion for a demixing polymer blend, the structure factor can be
rewritten in terms of a single time-dependent length parameter
1/q:(t) and the scaling function F(x) as described by the
following equation

S(gt) = [1/a(0)]'F(x)/G (7)

where x = q/q,(t) is the reduced scattering vector, F(x) is the
scaling function, and G is an arbitrary normalization constant.
If the scaling law as described by eq 7 holds for the binary
polymer blend during the late stages of phase separation, the
scaling function F(x) becomes independent of time during the
late stages of phase separation. The scaling law for immiscible
binary blends described above has also been shown to hold for
binary blends compatibilized by diblock copolymers in the late
stage of phase separation”® > with the normalization constant
G = (ﬂquZS(q,t))ﬂL, where L is the length of the simulation
box. We test the validity of the scaling law as described in eq 7 for
binary blends compatibilized by PLCs.

The properties for both the binary and ternary blend systems
were averaged over five runs starting from uncorrelated random
initial configurations. The results for ternary blends compatibi-
lized by PLCs were averaged over three different copolymer
sequences for a given initial configuration (five different initial
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Figure 7. Evolution of S(q,t) with phase separation time for (a) binary A/B blend; (b) ternary A/B/C-plc-D blend, interaction energy £,¢ varied
(70-mer PLC); and (c) ternary A/B/C-ple-D blend, PLC chain length varied (fixed interaction energy exc = €gp = —0.5).

configurations) and set of interaction energy parameters
(éac = —0.1, epc = —0.2, and €5c = —0.5) and chain lengths
(30, 50-, and 70-mers). Thus, 135 simulations were performed for
ternary blends compatibilized by PLCs. The errors which repre-
sent the sample standard deviations of the properties calculated
were within 5%. We chose not to display the errors bars, which are
relatively small, on the plots for the sake of clarity.

B RESULTS AND DISCUSSION

Snapshots of the asymmetric binary blend system are shown in
Figure 2 at various times during the demixing process. Figure 2
shows the binary blend (a) initially, (b) at a very early stage in
the simulation (Sk MCS), (c) halfway through the simulation
(50k MCS), and (d) at the end of the simulation (100k MCS). As
the phase separation progresses, homopolymer A-rich and
homopolymer B-rich domains begin to form and grow. Figure 3
shows the ternary PLC compatibilized blend (a) initially, (b)
at a very early stage in the simulation (Sk MCS), (c) halfway
through the simulation (50k MCS), and (d) at the end of the
simulation (100k MCS). Comparison of Figures 2 and 3 gives
a sense of how the presence of PLC compatibilizer retards the
phase separation of the binary blend. In the ternary blend,
homopolymer A-rich and homopolymer B-rich domains form
and grow as was the case for the binary blend, but this time the
PLCs migrate to the biphasic interface between the two
homopolymers, reducing unfavorable contacts, minimizing
interfacial energy, and binding the two homopolymer phases
together.

The process of phase separation in both binary and ternary
blends is accompanied by a change in the number of A—A, B—B,
and A—B contacts with time. We expect the number of A—A and
B—B contacts to increase and the number of A—B contacts to

8289

decrease with phase separation time. Figure 4 shows a plot of the
normalized number of A—B contacts {nag(t)/ns(0)) with
phase separation time. The time has been restricted to the latter
half of the simulation for clarity. In Figure 4a, the PLC chain
length is fixed to be 70 while the interaction energy is varied. As
the strength of the favorable interaction energy between the PLC
blocks and homopolymers increases, the normalized number of
A—B contacts increases, implying an increase in the effectiveness
of PLCs as compatibilizers. In Figure 4b the interaction energy is
fixed to be £5¢ = €pp = —0.5 while the PLC chain length is varied.
As the PLC chain is increased from 30 to 70, the normalized
number of A—B contacts increases marginally, implying a
nominal improvement in compatibilization effectiveness with
increasing PLC chain length.

As the phase separation evolves in blends compatibilized by
PLCs, the PLCs migrate to the biphasic interface between the
two homopolymers to penetrate both homopolymer-rich phases.
To monitor the extent of penetration of PLCs into the homo-
polymer-rich phases, we monitor the fraction of the contacts
between the PLC and homopolymer segments fca(t), feg(t),
foa(t), and fpp(t). Since the interaction between components C
and A is favorable, we expect fca(t) to increase with time.
Figure S shows a plot of the fcA(#) with phase separation time.
In Figure Sa the PLC chain length is fixed to be 70 while the
interaction energy is varied. As the strength of the favorable
interaction energy between the PLC blocks and homopolymers
increases, fca(t) increases, implying the increase in effective-
ness of PLCs as compatibilizers. In Figure Sb the interaction
energy is fixed to be éxc = €gp = —0.5 while the PLC chain
length is varied. As the PLC chain length is increased from 30 to
70, fca(t) increases marginally, implying a nominal improve-
ment in compatibilization effectiveness with increasing PLC
chain length.

dx.doi.org/10.1021/ma2014832 |Macromolecules 2011, 44, 8284-8293
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(b) scaling exponent for the ternary A/B/C-plc-D blend.

Figure 6 depicts the PLC chain expansion ratio or normalized
radius of gyration with phase separation time. In Figure 6a the
PLC chain length is fixed to be 70 while the interaction energy
is varied. In Figure 6b the interaction energy is fixed to be e5c =
egp = —0.5 while the PLC chain length is varied. The perfor-
mance of PLCs as compatibilizers improves with increasingly
favorable interaction energies between the PLC blocks and
homopolymers and with PLC chain length. One would expect
the effective PLC compatibilizers to have a higher PLC chain
expansion ratio as they are likely to stretch more, forming
engagements with the homopolymer-rich phases in comparison
to ineffective PLC compatibilizers. However, we do not observe
this trend here. We do not have a good explanation for this
anomaly; it will be the subject of further investigation.

To quantify the extent of phase separation in both the binary
and ternary compatibilized blends, we determine the spherically
averaged time-dependent collective structure factor S(qt).
Figure 7 shows a plot of S(q,t) versus the scattering vector for
both the binary and PLC compatibilized ternary blends. Initially
as the blend is homogeneous S(q,t) is small for all cases. With
increasing phase separation time a distinct peak develops and the
location of the peak shifts toward smaller values of the scattering
vector, signifying the growth in size of the phase-separated
domains. This behavior is also observed in scattering experiments
on real polymer blends.""">"7~>>?*575% A efficient compatibi-
lizer would suppress the peak of S(g,t) and shift it to higher values
of the scattering vector. The structure factor for the binary blend
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Figure 9. Scaling function in the late stage of phase separation for
a binary blend compatibilized by 70-mer PLC with interaction energy
&ac = &pp = —0.5.

without any PLC compatibilizer is shown in Figure 7a. In
Figure 7b the PLC chain length is fixed to be 70 while the
interaction energy is varied. As the strength of the favorable
interaction energy between the PLC blocks and homopolymers
increases, the peak in S(q,t) is suppressed, implying an increase in
effectiveness of PLCs as compatibilizers. In Figure 7c the
interaction energy is fixed to be e5sc = €gp = —0.5 while the
PLC chain length is varied. As the PLC chain is increased from
30 to 70, the peak of S(g,t) is suppressed marginally, implying a
nominal improvement in compatibilization effectiveness with
increasing PLC chain length.

To gain further insight into the time evolution of the structure
factor in the late stage of phase separation, we evaluate the first
moment of the structure factor q;(t). The inverse of q;(t) is a
measure of the average size of the phase-separated domains in
both the binary and ternary compatibilized blends. Figure 8a
shows a log—log plot of g, (t) versus time for the binary polymer
blend. In the early stage of phase separation q,(t) is time
invariant, as predicted by Cahn’s linearized theory.”>* In the late
stages of phase separation, q;(t) decreases with time due to
growth in the size of the phase-separated domains. Since q;(t) in
the late stage of phase separation can be characterized by a power
law,” we obtain the scaling exponent 1 = 0.311 from the slope of
the plot in the late stage of phase separation. Our value is
reasonably close to the theoretically accepted value of n = 1/3
for a binary blend under the asymptotic limit (+ — c0) when
long-range hydrodynamic interactions are insignificant,”* which
is the case in our simulation. In Figure 8b we plot the scaling
exponent for the ternary blend compatibilized by PLCs of
different chain lengths and interaction energies. The scaling
exponent values shown are evaluated over roughly identical time
intervals in order to make fair comparison between the phase
separation processes. The smaller the value of the dynamic
scaling exponent, the more effective the PLC is as a compati-
bilizer for the immiscible binary blend. A smaller value of the
scaling exponent implies a higher value of the slope in the
log—log plot of g (t) versus time during the late stages of phase
separation, which implies a higher value of g;(t) or smaller
domain size (since scattering vector and length scale are inversely
related) of phase-separated structures and hence slower phase
separation. The scaling exponent analysis gives us a quick way to
compare all of the nine ternary blend systems (3 PLC chain
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Figure 10. Scaling function in the late stages of phase separation for
ternary A/B/C-plc-D blend: (a) interaction energy €,¢ varied (70-mer
PLC) and (b) PLC chain length varied (fixed interaction energy ¢ =
egp = —0.5).

lengths and 3 values of the interaction energies)—unlike the
other analyses that we presented before in which the PLC
interaction energy is held fixed while the PLC chain is varied
and vice versa. Longer PLC chains which exhibit strong interac-
tion with homopolymers are most effective in slowing down the
process of phase separation in immiscible binary blends as they
lead to smaller values of the dynamical scaling exponent.

To test the applicability of dynamical scaling laws in the late
stage of phase separation in binary polymer blends compatibi-
lized by PLCs, we evaluate the scaled structure factor as described
earlier in the model and method section. Figure 9 shows a plot of
the scaled structure factor, F(x) = G[q;(£)]*S(q,t), versus the
reduced scattering angle x = q/q;(t) at various times in the late
stages (t = 80k MCS) of phase separation for a binary blend
compatibilized by 70-mer PLC with interaction energy exc =
epp = —0.5. Since the scaled structure factors at various times in
the late stages of phase separation all fall on a single master curve,
this establishes the existence of dynamical self-similarity among
the growing phase-separated structures in the blend compatibi-
lized by PLCs. Figure 10 shows a plot of the scaled structure
factor at the end of the simulation (100k MCS) for the ternary
A/B/C-ple-D blend compatibilized by various types of PLCs at
various values of the interaction energies between the PLC
blocks and homopolymers and the PLC chain length. In
Figure 10a, the PLC chain length is fixed to be 70 and the
interaction energy is varied. In Figure 10b, the interaction energy

is fixed to be éxc = €gp = —0.5 while the PLC chain length is
varied. It is evident from Figure 10a,b that the scaled structure
factor is nearly independent of both the interaction energy exc =
epp as well as the PLC chain length for all values of the reduced
scattering angle explored by the simulation. This behavior
implies universality of the scaled structure factor which means
that the phase-separated domains in the ternary compatibilized
blend grow with dynamical self-similarity irrespective of the type
of PLC added.

B CONCLUSIONS

We have performed Monte Carlo simulations aimed at under-
standing the effect of adding ~4.92% protein-like copolymer
(PLC) on the dynamics of phase separation of a polymer blend
containing two immiscible homopolymers A and B, where the
C-ple-D copolymer used consists of blocks chemically different
from the homopolymers. The ability of PLCs to effectively retard
the process of phase separation depends sensitively on the
interaction energy between the PLCs and homopolymers and
the PLC chain length.

We have evaluated the number of nearest-neighbor contacts,
the time-dependent collective structure factor, the first moment
of the structure factor, and the dynamical scaling exponent to
monitor the process of phase separation and gauge the effective-
ness of various types of PLCs as characterized by the PLC—
homopolymer interaction strength parameters and the PLC chain
length. The effectiveness of PLCs as compatibilizers improves
with increasingly favorable interaction energies between the PLC
segments and homopolymers and with the PLC chain length.
There is a limit to the enhancement in performance of PLCs
as compatibilizers attained as the PLC chain length increases.
Contrary to our expectation, the effective PLC compatibilizers
(long PLC chains with strong interactions with homopolymers)
do not stretch as much as the less effective PLC compatibilizers
(short PLC chains with weak interactions with homopolymers).
We do not have an explanation for this anomaly, and this will be
subject of future investigation.

The process of phase separation in binary polymer blends
compatibilized by PLCs obeys scaling laws during the late stage
which implies the existence of self-similarity between the phase-
separated structures developed at various times; i.e., the mor-
phology change with time involves only an increase in the size of
the phase-separated domains and no change in the interfacial
structure. To the best of our knowledge, no experiments have
been performed on using PLCs as compatibilizers for immiscible
polymer blends. Scattering experiments on the dynamics of
phase separation in blends compatibilized by PLCs are needed
to validate our findings. It is interesting to note that scaling laws
which hold for blends compatibilized by diblock® ' copoly-
mers also hold for PLC compatibilized blends.

The scaling functions in PLC compatibilized blends are
universal as they are nearly independent of the interaction energy
and the PLC chain length. Thus, the phase-separated domains
grow with dynamical self-similarity irrespective of the type of
PLCs added to the binary blend, although the type of PLC
significantly alters the growth rate of the phase-separated domains.

Our work has practical implications for optimizing the per-
formance of PLCs as compatibilizers for immiscible blends with
respect to the PLC chain length and attractive interactive
interaction energy between the PLC blocks and homopolymers.
Optimizing the performance of PLCs as compatibilizers with
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respect to the composition of PLCs and the case of PLCs with
repulsive interactions with homopolymers will be subject of
future work.
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