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ABSTRACT: We apply a recently proposed multiscale simulation approach to study the dynamical
properties of polymer blend interfaces. We use this approach to study the influence of the bulk rheological
properties of the polymer blend components upon the slip at unentangled polymer interfaces. Our
numerical results agree quite well with the predictions from scaling approaches and phenomenological
theories. Moreover, these results also provide a microscopic explanation of the negatively deviating
viscosities of polymer blends. We also present results elucidating the slip suppressing influence of block
copolymer compatibilizers. Our results suggest that even trace fractions of compatibilizers can suppress
slip at polymer interfaces. We study the influences of the molecular weight of the block copolymer and
the coverage of block copolymers upon the dynamical properties of polymer blend interfaces, and we
suggest some effects that might account for the effect of compatibilizers in the suppression of coalescence

during polymer blending.

I. Introduction

Properties (mechanical, optical, and electrical) of
many multicomponent polymeric systems, which include
polymer blends, polymer solutions, and block copolymer
melts, depend on their morphological characteristics.1—3
In recent years, flow processing of multicomponent
polymeric materials has emerged as an inexpensive and
versatile route to control their microstructural charac-
teristics and enhance their properties.*~® For instance,
flow-based melt blending of two or more immiscible
polymeric materials has widely been used as a route to
develop polymeric materials possessing a combination
of desired properties.! An important aspect that con-
fronts such applications is the effect of the flow field on
the morphological characteristics of the polymeric
material, i.e., interplay between structure and rheology.
Consequently, developing predictive means to address
this question is expected to have significant practical
implications.

Intriguing experimental results have been reported
in the literature that document the profound effects
arising from the interplay between flow and thermody-
namical characteristics. Scattering experiments by Hig-
gins and co-workers? 11 have demonstrated that the
phase curve of binary polymer blends could be shifted
by more than 10% due to the application of shear. Bates
and co-workers!2 have reported shear influenced order—
disorder transition shifts in symmetric block copoly-
mers. More recently, lamellae-forming triblock and
pentablock copolymers have exhibited shear-induced
disordering and shift in lamellar orientation (Vigild et
al.%) Despite the technological implications of such
phenomena, predicting such interplay between rheology
and phase behavior of such systems remains an out-
standing theoretical challenge.

Traditional kinetic-theory-based molecular models,
which have been used with success to study the dynam-
ics of homogeneous polymer solutions and melts,?14 do
not prove directly applicable to such structured poly-
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meric systems, especially under strong flow fields. Note
that such materials are inherently inhomogeneous, and
in many cases the inhomogeneity in the system (char-
acterizing the inherent structure of the underlying
multicomponent system) is on the scale of molecules
themselves. A drawback of traditional molecular ap-
proaches is that they tend to focus on the conformational
dynamics of noninteracting (except possibly hydrody-
namically) macromolecules. On the other hand, model-
ing phase separating and self-assembled systems re-
quires one to account for the interaction between
polymers to accommodate (in a thermodynamically
consistent manner) the resulting compositional inho-
mogeneity.13:14

Recently, many seminal advances have occurred in
the context of modeling the thermodynamical and
dynamical properties of polymeric materials. On one
hand, polymer self-consistent-field theories have been
cast into attractive numerical approaches that can
enable the prediction of the thermodynamics and self-
assembly characteristics of a variety of multicomponent
polymers. These approaches has been used with with
great success to predict the equilibrium thermodynami-
cal features of multiblock copolymers,5~17 blends of
block copolymers with homopolymers,!® thin films of
polymers,!? etc. On the other hand, innovative coarse-
grained simulation models of polymers have been
developed to address the rheological characteristics of
polymers resulting from fast flows, entanglements,
hydrodynamical interactions, etc.29~2% The latter ad-
vances have allowed one to predict, with quantitative
accuracy, the dynamical and rheological characteristics
of a variety of polymers such as homopolymers,21~23 star
polymers,23 DNA,?* etc., for different flow situations.

With the above-mentioned advances, a significant
surge of interest has arisen to combine the thermody-
namic and dynamic ideas to model the dynamical
properties of inhomogeneous multicomponent polymeric
materials. Pioneering approaches by Fraaije?>26 and by
Doi, Milner, and Fredrickson?” proposed mesoscale
models that include phenomenological dynamics for slow
variables like density and stress fields that approxi-
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mately accounted for the inhomogeneity-induced changes
in chain conformations and their coupling to the exter-
nally applied flow fields. While such assumptions are
reasonable in capturing slow dynamical phenomena
and/or weak deviations from equilibrium, their utility
becomes limited in modeling strongly nonequilibrium
phenomena, such as slip at the interface of polymer
blends,3132 shear-induced orientations of multiblock
copolymers,33 role of block copolymer compatibilizers in
modifying the dynamics of polymer blends,?43% etc. More
recently, Kawakatsu and co-workers2® proposed a pow-
erful new approach which removes some of the assump-
tions underlying earlier theories and combines polymer
self-consistent-field theory with the reptational dynam-
ics arising due to entanglements. The latter method has
been used successfully to model the fast flow dynamics
and the molecular conformational changes occurring in
the shear of entangled polymer brushes. Schnidman and
co-workers have also been developing a dynamical
version of the self-consistent-field theory which allows
for a versatile simulation of the dynamical properties
of multicomponent polymeric materials.??

In an earlier preliminary article,3® we proposed a
molecular simulation technique which combines single-
chain-based Brownian dynamics simulations along with
a field-theoretical approach to address the rheology of
inhomogeneous polymeric systems. In this approach the
polymer chain is still modeled at a coarse-grained level
by a set of beads and springs; however, the interactions
between different beads are now accounted by a poten-
tial acting on each bead. As will be explained in the next
section, this method is founded upon polymer self-
consistent-field theory and computes the potential in a
self-consistent manner to render this mapping exact at
equilibrium. One of the advantages of this framework
is that it avoids the need to simulate many interacting
chains, and instead noninteracting copies of single
polymer chain are evolved in combination with a hybrid
continuum-molecular framework. Moreover, it is also
possible to incorporate this framework within alternate
single-chain Brownian dynamics simulation approaches
to capture (approximately) the effects arising from
entanglements,?1-23 hydrodynamical interactions,20:24
etc.

In this article, we apply our approach to study two
closely related phenomena pertaining to interfacial
dynamics in polymer blends. The first corresponds to
the slip effects at the interface of immiscible polymer
blends, and the second corresponds to the effect of block
copolymer compatibilizers in modifying such interfacial
dynamical properties. In the latter case, we focus on
suppression of slip at blend interface and the possible
role of copolymers in suppression of coalescence of two
approaching drops in simple flow. The article is pre-
sented in three parts. The first part (section II) expands
upon the simulation algorithm presented earlier. The
second part discusses the results obtained for equilib-
rium and dynamical phenomena in polymer blends.
Section IIT deals with the equilibrium results of binary
polymer blend system, and section IV focuses on the slip
phenomena within the context of symmetric and asym-
metric polymer blends. These results are compared with
related experimental and theoretical researches. The
final part of the paper is devoted to studying the role of
block copolymers as compatibilizers. It focuses on sup-
pression of slip (section VA) and suppression of coales-
cence (section VB) by copolymers.
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II. Simulation Technique

This section presents an overview of our self-consis-
tent Brownian dynamics (SCBD) approach to model the
dynamics of inhomogeneous polymers. The approach
proposed combines the idea behind Doi’s dynamical
mean-field theory!* (for rodlike polymers) along with
self-consistent-field theory for flexible polymers!? to
develop a method that can predictively model the
dynamical characteristics of flexible inhomogeneous
polymeric systems. In the following section we develop
the self-consistent-field theory for a system of a binary
asymmetric blend. This theory rigorously maps the
equilibrium properties of the binary system of interact-
ing polymers to a system of noninteracting polymers in
an external potential W(r). Later, we elaborate the
details of the simulation scheme that computes W(r) on
the fly based on the statistics of the flexible polymers.

A. Polymer Self-Consistent-Field Theory. In this
section, we construct a field theory for the system
comprising of a blend of two unlike polymers denoted
A and B. We consider the general case where the radii
of gyration of A and B can be different. We start by
modeling the polymeric molecule as a continuous Gauss-
ian thread corresponding to the continuum limit of the
bead—spring representation. In this model polymer
chains are represented by continuous space curves R(3),
where o indexes the different polymer chains, and s
denotes an arc length variable running from 0 to N,
where %k indexes the type of species (A or B). In the field
theoretic framework, the microscopic monomer densities
are expressed as

B, = Z\ "Vds Or — Ry(5) (1)

where m;, denotes the number of chains of type k.
Bonded interactions in the Gaussian thread model for
a binary polymer blend (A + B) are represented by an
elastic interaction potential given by (in nondimensional
units such that the arc length variable, s, runs from 0
to 1 instead of 0 to N, and s = §(INg/Ny)))

kBT ma 1 d'R(xA(s) 2
U)R, Rz =— ds |—| +
0LEvYAYB. 4RgA2()LZ\J; ds
kgT ™ 1 dRaﬂ(§) ?
o ds (2)
AR, 57d=

Nonbonded intermolecular interactions are described by
a standard quadratic form of microscopic monomer
densities!?

ksTy

U,IR Rzl =
Po

fd’” Pabp 3)

where y is the Flory parameter, py is the total average
monomer density, as po = (maNas + mpNp)/V. We
assume for simplicity that the monomeric volumes of
the beads are identical, i.e., vo = va = vg = 1/py. The
incompressibility constraint is imposed by a delta
functional 6(pa + ps — po), restricting that the sum of
the microscopic individual densities, pa(r) + pg(r), be
equal to the average total monomer density po.

By following the steps outlined in Fredrickson et al.,!”
we convert the above model involving conformation path
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integrals of the chains into a field theory where the
fundamental degrees of freedom are fluctuating chemi-

cal potential fields. In such a framework the partition
function can be expressed as

Z= [Dlw] [Dln] exp(—Hlw,xl) (4)

where the Hamiltonian H[w,7] can be expressed as

~—Po 9 ipO
Hlw,n] = dr w(r) — — [ dr a(r) +
0 farwo -
myIn @, + myln Qy (5)
where
_ _1 1 dRi(s))Z
Q= fDRi exp iR, 2/;) ds ( ds

['ds (R (s) + w(R(s)| G =A/B) (6)

can be interpreted as the partition functions of a single
polymer (of type A/B) in a potential field. Polymer self-
consistent-field theory corresponds to a saddle point
approximation of the above field theory. In this frame-
work, the saddle point values of the fields w, 7 are given
by the solution of the following coupled equations

wH = %{mm — ¢p(]; Gar) + p(r) —1=0 (7)

where ¢,(r) denotes the average individual (microscopic)
compositions and is defined as [prZpy, where [#--[lrep-
resents an average over the statistics of noninteracting
chains.

B. Single Chain Evolution. We extend the above
theory in a phenomenological way to also capture the
nonequilibrium behavior of phase-separated polymeric
systems. For this purpose we embed the self-consistent
potential field idea (which preserves the thermodynam-
ics) into a Brownian dynamics framework which allows
us to address nonequilibrium situations.2? In this article,
we consider the situation of unentangled polymer
blends, and hence we use the Rouse model to describe
the dynamics of these polymers. In this model, the
polymer chain is modeled as a set of N beads connected
linearly by N — 1 springs. The dynamical equation of
motion for the beads are specified by the Langevin
equation!420

ar,
o\ 5~ vRD| = Fo+ Fo+ Fy (8)

where R}, denotes the coordinate of the ith bead of the
ath chain, ¢ represents a phenomenological monomeric
mobility coefficient (assumed to be a constant in this
work), and v(R;) denotes the velocity field at position
R, . In the above equation, terms on the left-hand side
represents the frictional force experienced by a bead
moving at a velocity dR/d¢ with respect to a medium
moving at a velocity v(R). The right-hand side repre-
sents the other internal (and external) forces acting on
the bead. This includes the following contributions: Fg
is a random force mimicking the random collisions of
the solvent molecules on the polymer beads, F is the
spring force = 3kgT[R."' — 2R! + R 'l/b% acting on
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each bead (where b denotes the Kuhn segment length),
and Fp = —VW(r) an additional component representing
the external potential force acting on the polymers.

The potential field W(r) incorporated into the above
Rouse framework is the main new ingredient of our
nonequilibrium approach and is derived from the self-
consistent-field theory formulation. Explicitly, at any
given instant each bead (statistical segment) is acted
on by a potential given by the self-consistent-field theory
as

W(R:) =
—a(r = fo) —w(r= Rfl), for type A chains
—a(r=R.) — w(r =R’), for type B chains

where o could be a chain of type A or B. (Note that &
above corresponds to it from the previous section and
accounts for the fact that self-consistent value of x field
is imaginary.)

C. Potential Evolution. In the mean-field ap-
proximation, the field theory developed above reduces
to a partition function of a single chain in a mean-field
potential which is a function of the local compositions.
We implement this approach in the above dynamical
framework by simulating many copies of noninteracting
discrete bead—spring chains evolving under the action
of the external potential fields. At every instant, we can
adopt a space fixed lattice discretization of the volume
to determine the local volume fractions ¢x(r,t) by ex-
plicitly counting the number of beads of type A and B.

In principle, the above approach can be rigorously
implemented for a dense enough system of chains where
the instantaneous composition fields correspond to their
ensemble-averaged inhomogeneous values. On the other
hand, our simulations involve finite number of mono-
mers, which leads to artificial fluctuation effects. Con-
sequently, instead of an adiabatic evolution slaving the
potential to the instantaneous volume fractions, we
propose a phenomenological prescription for the evolu-
tion of the potentials such that they follow the evolu-
tions of the composition fields and take their saddle
point values at equilibrium. Explicitly, they are evolved
on the discretized lattice by the following equations

dw(r) [
% =T, 70(¢>A(r,t) — ¢p(r,t) —w(r)| (10)

d
D e+ b0 1 D

where I'1 and I's are fictitious mobilities that drive the
potential evolution appropriately such that the collective
fields (w, ) are evolved on slower time scales than the
motion of individual beads.

We emphasize that the above approach is purely
phenomenological and lacks a firm basis at the molec-
ular level. The only constraint on the above evolution
is that dictated by the physical considerations which
suggest that the self-consistent potentials evolve on the
time scales of collective quantities such as the composi-
tions profiles (and the stress fields encountered later).
This idea is similar in spirit to the method employed
earlier by Maurits and Fraaije (termed as external
potential dynamics)3® and in Fredrickson et al.l” for
potentials in the complex plane.
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D. Self-Consistent Velocity Field v(r) Evolution.
For inhomogeneous systems, the velocity field v(r) of the
polymer matrix in eq 8 can, in general, be different from
the macroscopically imposed velocity field. This can be
attributed to the interplay between compositional in-
homogeneity and molecular level dynamics. Slip at the
polymer—polymer interface represents a simple example
where the externally imposed field is a simple shear,
whereas the resulting flow field is an inhomogeneous
shear and is quite different. For our system of polymer
melts, we propose a phenomenological dynamical pre-
scription that computes the velocity field v(r) self-
consistently (defined on the coarse-grained lattice) such
that at steady state the ensemble averaged, local
gradient of stress V-2 = Y,¢;VW;(r), where X = [&r),
where [#[{r) corresponds to the total elastic stress and
W;(r) represents the potential acting on the component
i. We compute the former at each lattice cell using
Kramer’s expression for elastic stress given by

) = DZ[(R;“ — RDRI — RO — R)IN2As)

where As denotes the discretization of the contour
variable s. To ensure the above, the velocity field v(r)
was evolved through an iterative procedure of the form

ngmﬂ(r) = V2vm(r) —€[VE, — VW, ()] (12)

until convergence. Here, ¢ denotes the reciprocal of a
phenomenological viscosity for self-consistent velocity
field evolution which is chosen so as to ensure that the
collective velocity fields are evolved slower than the
individual beads. The subscripted functions denote their
values corresponding to the respective iterations cited.
Note that such a phenomenological evolution ensures
the convergence of velocity to a steady-state value such
that the stress is constant throughout the system at
steady state. This limits our approach in being able to
capture only the steady-state behavior and misses the
unsteady-state characteristics and transients.

E. Simulation Details. Our simulations for the case
of a symmetric polymer blend used a simulation box of
size 16 x 8 x 8 (in R, units) containing 8000 chains.
Each chain was discretized into 20 beads each. The
initial conditions were generated by randomly assigning
the positions for all beads, while ensuring that none of
the springs were excessively stretched. We quantify the
length units in terms of the radius of gyration of the
polymer in the blend. We also nondimensionalize our
Brownian dynamics algorithm by expressing time in
terms of the reciprocal of friction coefficient ¢ and setting
the energy scale kg7 = 1.0. All our simulations were
performed in two dimensions with the assumption that
the steady-state self-consistent potential exhibits no
axial variations. However, this does not impose any
constraint on the motion of the beads, and the beads
were assigned positions inside a three-dimensional box
and were allowed to execute Brownian motion in all
three dimensions. For such a 2D simulation, we chose
the lattice cell dimensions for coarse-graining as 0.25R,
units in x and y directions. Random initial conditions
were assigned for the potentials w and = at all the lattice
points.

In the nondimensionalized formulation, there are four
parameters in our simulations: the Flory interaction
parameter representing the repulsion between unlike
monomers, yN; I'; and Iy, the phenomenological mobili-
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ties for the evolution of w(r) and 7(r) potentials; and e,
the parameter for velocity field evolution. In our runs
we used 0.05, 0.1, and 0.0016 (in the units discussed
above) for I';, I'y, and ¢, respectively. To ensure the
validity of this method and to maintain stability, the
mobility coefficient T's has to be greater than T';.17
Moreover, I'1, I'2, and € must be positive. As mentioned
earlier, I'1 and T’y arise due to the finite density of
monomers, and fluctuations do arise due to the fact that
the number of chains per unit volume is finite. By
choosing a reasonably dense system of chains per unit
volume, we minimize such effects. We chose I'; and I's
such that the properties computed (at steady state) did
not exhibit any significant variations with the param-
eters. The time step for the Brownian dynamics was
chosen as 0.01.

We use convergence of the composition profile to
monitor whether equilibrium has been achieved. In case
of shear flow, both the convergence of the velocity and
the composition profiles were used as criteria which
signal the attainment of steady state. The convergence
was assumed to be achieved when there was less than
0.5% change in the composition and velocity profiles for
two consecutive block averaging performed for an
interval of 1257g. The simulations were performed for
a further period of 625ty after convergence to sample
all the desired quantities. Our simulations employed a
shear rate yrg of 1.2. Here tg denotes the Rouse
relaxation time of the chain. We choose a moderately
high shear rate in order to reduce any fluctuations
appearing in the velocity profile. Moreover, we do not
study the shear rate dependence since all the quantities
computed are shear rate independent in a Gaussian
chain framework. The computational time for our runs
took on an average around 48 h in a single 1.8 GHz
processor system.

IIT. Equilibrium Results

Before presenting our results on the dynamics of
polymer blends, we validate the phenomenology under-
lying our simulation by examining the equilibrium
properties of a binary polymer blend system. We first
consider the case of symmetric polymer blends where
the physical properties of the two polymers, such as
chain length, segment length, friction coefficient, and
segmental volumes, are identical to each other. We first
consider the characteristics of a segregated blend at
equilibrium. Figure la plots the composition profile
obtained from our Brownian dynamics approach for a
symmetric immiscible blend where yN = 6.0. It is
evident that there are two interfaces: one situated near
x = 0 and the other near the boundary of the simulation
box. The existence of the second interface is a conse-
quence of the periodic boundary conditions imposed. We
also display the equilibrium composition profiles com-
puted from the numerical solution of the self-consistent-
field theory. The latter was obtained using the real-
space method of Fredrickson and Drolet!” using the
same discretization of space and chain lengths as our
Brownian dynamics simulations. As is evident from the
displayed results, the results of our hybrid Brownian
dynamics simulation match well with the numerical
results of the self-consistent-field theory.

Using our simulations, we also computed the coexist-
ence curves for the symmetric polymer blend. The
coexistence compositions of each phase were discerned
by averaging the composition values at the plateau
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(a)

A Asymmetric Blend
m Symmetric Blend

(b)

Figure 1. (a) Composition profiles of A and B components
plotted as a function of spatial position for a symmetric blend
with yN = 7.0. The points represent the results of our
simulations, while the solid lines represent the numerical
results of self-consistent-field theory. (b) Coexistence curves
(binodals) for symmetric and asymmetric (o = 2.0) blends. The
points represent the results of our simulations, while the solid
lines represent the numerical results of Flory—Huggins theory.

region of the composition profile and are displayed as a
function of yN in Figure 1b. We were not able to get
reliable coexistence compositions for shallow quenches
(low ¥NN’s) because of finite size effects which precluded
the existence of a plateau region in the composition
profile. Shown in the same figure is the coexistence
curve computed (by equating the chemical potentials
and osmotic pressures in the two phases) from a Flory—
Huggins form for the free energy: —fF = ¢4 In ¢4 + ¢5
In ¢ + yNoads, where g = 1.0/kgT. We note excellent
agreement between coexistence compositions obtained
from our hybrid algorithm and that obtained from
Flory—Huggins theory. Note that, as expected for a
symmetric blend, the coexistence curve is symmetric
along the ¢ = 0.5 line.

We have also studied the above equilibrium properties
for the case of a polymer blend mixture where the two
components differ in their chain lengths. We denote the
asymmetry in the chain lengths by the parameter o =
N4/Npg. Figure 1b displays the coexistence curve, com-
puted as explained in the previous paragraph, for an
asymmetric blend with o = 2.0. Shown alongside in the
plot is the coexistence curve computed using the Flory—
Huggins theory. The asymmetry in the plot is the
consequence of asymmetry in chain lengths. We again
find excellent agreement between simulation and theory.

In summary, we have successfully demonstrated the
applicability of our dynamical approach in capturing the
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equilibrium properties of symmetric and asymmetric
blends. The results indicate a very good agreement
between our simulations and the existing theories
predicting equilibrium properties. While certainly our
method is computationally more time-consuming and
hence is not most appropriate to study equilibrium
properties, nevertheless the above exercise demon-
strates the applicability of the phenomenological equa-
tions (10) and (11).

IV. Slip and Shear Flow in Polymer Blends

In this section, we focus on the dynamical properties
of phase separated polymer blends interfaces. Many
intriguing dynamical phenomena in phase-separated
polymer blends have been reported in the literature.
These include shear-induced mixing, demixing and
closed-loop miscibility curves, network formation in
phase-separated polymer blends, slip and low mixing
viscosities in polymer blends, etc. Phenomena such as
shear-induced mixing, demixing, and network formation
result from the effect of viscoelasticity upon thermody-
namical and structural properties. On the other hand,
slip and low mixing viscosities in polymer blends result
from the impact of compositional inhomogeneity on the
dynamical properties. While the former class of prob-
lems have had some microscopic and phenomenologi-
cally based theoretical efforts,?”38 the latter has had
comparatively fewer microscopic theories.?2 Moreover,
there is still a lack of unified predictive approach that
can account for both phenomena. In contrast, the
approach advanced in this article can in principle
account for both the effects, namely, the effect of
viscoelasticity on thermodynamics and vice versa. In the
present article, we study the slip phenomena in polymer
blend interface, an issue which embodies the latter
effect.

Anomalously low viscosities have been observed in
various experimental investigations involving immis-
cible polymer blends,3?4° where the blend viscosity is
found to be lower than either of the pure components.
These low viscosities were much lower than that of the
commonly employed linear mixing rules,*! and hence
these mixtures have been termed as negatively deviat-
ing blends. A common approach to rationalize these
deviations has been to suggest that the slip at the
interface can lead to correspondingly low viscosities
which can render the effective viscosity of the end
component much lower than that predicted from the
mixing rules.*! While this observation has been indirect,
a microscopic demonstration of this is still lacking.

When a phase-separated system of Rouse chains is
subjected to a simple shear flow parallel to the interface,
the bulk exhibits the Rouse viscosity 7pui ~ (b2N/vg ~
CR*/vo. deGennes and co-workers?*? suggested that slip
results from a low interfacial viscosity layer »; sand-
wiched between the two bulk layers at their correspond-
ing bulk viscosities. Further, they suggested that for
unentangled interfaces #1 can be estimated as the Rouse
viscosity corresponding to the number of monomers in
the overlapping region of the interface. In the regime
where the interfacial width a; is large compared to the
segmental length b, the latter can be estimated by
balancing the enthalpic cost and the entropic gain for a
loop of s segments of A entering the B-rich region to
yield that the average segmental length s* inside the
interface scales as 1/y. Using this expression, the
interfacial viscosity can be expressed as 51 ~ b2s¥/vg ~
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Figure 2. Steady-state velocity profiles during shear of a symmetric, segregated polymer blend: (a) yIN = 4.5; (b) yN = 6; (c) yN

=T7.5.

Eb%lugy or, in terms of interfacial thickness, a, as 1 ~
Zar?/ve. In a nutshell, the theoretical predictions sug-
gests that (for an unentangled interface) that the
interfacial slip for blends at different thermodynamic
conditions are determined by the interfacial thickness,
which in turn is also a thermodynamical property. The
above scaling predictions have been confirmed by Fre-
drickson and Goveas,3? who started from a formal
Fokker—Planck equation and then used a combination
of projection operators and phenomenological proposals
to derive the constitutive equations for an inhomoge-
neous Rouse melt. More recently, Barsky and Robbins*3
used molecular dynamics simulations to probe slip
phenomena in symmetric polymer blends. Their results
also confirmed the scaling predictions of deGennes and
theoretical results of Fredrickson. Our results, pre-
sented below, can be construed as an extension of their
studies to asymmetric polymer blends.

Direct experimental measurements of slip have been
complicated due to the difficulties in isolation of this
specific phenomena from other dynamical phenomena
in polymer blends. Recently, Zhao and Macoscko**
provided a comprehensive investigation of the slip
phenomena. They considered the extrusion of a multi-
layered polymer blend laminate with different numbers
of layers and determined the apparent shear viscosity
of the samples. Their experimental results confirmed
qualitatively the predictions of the theory, while the
quantitative values were somewhat lower than the
theoretical predictions. Lam and co-workers?® used
rheological measurements and confocal microscopy to
determine the slip at the interface between HDPE (high-
density polyethylene) and polystyrene. Using confocal
microscopy, they demonstrated conclusively that there
is an apparent discontinuity in the velocity profile at
the interface and that a smaller interfacial thickness
between the blend components accentuates the slip
phenomena (in qualitative agreement with the theoreti-
cal predictions).

In this study, we use our Brownian dynamics simula-
tion approach to study slip phenomena in polymer
blends. Our focus will be on validating the theoretical
predictions, viz., if slip correlates directly with interfa-
cial thickness for these systems. To this effect, we
examine the slip length and the interfacial viscosities
of both symmetric and asymmetric (in MWs) polymer
blends. The latter involves asymmetric bulk rheological
properties and hence can provide a sensitive test to the
theoretical prediction that the interfacial viscosity cor-
relates only with the thermodynamically determined
interfacial thicknesses. While our Brownian dynamics

simulations are on systems involving unentangled bulk
components and interfaces, our results are nevertheless
equally applicable to the linear rheological regime of
polymer blends with entangled bulk components with
unentangled interfaces. The latter situations are rep-
resentative of high-MW blends encountered in practical
applications, where due to the strong degree of segrega-
tion between the blend components, the interfaces are
often disentangled. In such situations, the bulk viscosity
is proportional to* N3~34 while the interfacial viscosity
would still correspond to the viscosity of the unen-
tangled chains in the overlapping interfacial region as
calculated in our simulations.

A. Results. In our Brownian dynamics simulation,
we first equilibrate the two-layer phase-separated melt
as explained in the previous section. Subsequently, a
homogeneous shear field is applied on the system using
a Lee—Edwards boundary condition.*® As mentioned
earlier, the applied shear rates in all simulations was
kept a constant value with yzg = 1.2. The initial velocity
of all beads (at the start of shear) is specified as yr,,
where r, denotes the X position of the beads and j the
applied shear rate. For the case of shear flow, we need
to evolve the self-consistent velocities using eq 12. We
compute both the self-consistent velocity field and the
nonequilibrium composition profiles. The former quanti-
fies slip at the interface, while the latter quantifies the
role of shear upon the phase behavior. Since our
simulations were performed for unentangled polymer
melts, there is no coupling between the configurational
statistics of the chains in the velocity and gradient
directions, and consequently, shear does not have any
effect upon the compositional characteristics of the
blend.

We first examine the effect of the degree of incompat-
ibility between the polymers upon the slip and dynamics
in a binary polymer blend system. Figure 2a—c displays
the velocity profiles of a symmetric blend for three
different values of the incompatibility parameters y/N
corresponding to weak (y/N = 4.5), intermediate (yN =
6.0), and stronger (yN = 7.5) segregations. It is evident
that the self-consistent velocity profiles deviate from the
homogeneous shear profile, with the deviations becom-
ing more pronounced with an increase in the degree of
incompatibility. To render these slip effects more ex-
plicit, we plot the observed shear rate as a function of
position in Figure 3 for the different degrees of incom-
patibility. It is seen from the results that the bulk shear
rates asymptote to the same value, as expected for a
symmetric polymer blend system. On the other hand,
the shear rates at the interface displays an increased
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Figure 3. Velocity gradient plots as a function of the position
for yN = 4.5, 6, and 7.5. Because of the periodicity of the box,
the interface is shifted from y = 0.
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Figure 4. Extrapolation lengths (represented as the ratio L/

VxN as a function of the degree of segregation yN. The points
depict the values obtained from our simulation for a symmetric
blend, and the solid line represents the theoretical prediction
of FG.32

value which becomes more pronounced with an increase
in the degree of incompatibility between the polymers.
The latter effect corresponds to a decrease in the
effective viscosity of the interface, serving as an evidence
of the slip phenomena. It is to be noted that since we
have considered only Gaussian chains, shear thinning
behavior is absent, and hence any lowering of viscosity
is attributed to slip.

To facilitate a direct comparison with the theoretical
predictions, we compute two related quantities from our
results: (i) an effective slip length (or extrapolation
length) L. which quantifies the apparent viscosity of the
system and (ii) the interfacial viscosity #;. For the case
of symmetric blends, it is possible to relate this slip
length L. directly to the discontinuity in the velocity at
the interface Av as L. = Av/y, where y represents the
observed shear rate. On the other hand, as explained
below, for asymmetric blends the L. computed in our
simulations has a more complicated dependence on the
velocity profile values. Experimental,** theoretical,3247
and earlier computational studies* have all focused on
the dependence of this slip length L. on the degree of
incompatibility between the various components. Scal-
ing arguments*? of deGennes suggest that the magni-
tude of slip should increase with an increase in the
degree of incompatibility and that L. ~ \/)W . Fre-
drickson and Goveas (FG)32 theory predicts Lo/v/yN =
R,/6.0 for symmetric polymer blends under simple shear
parallel to the interface.

We computed the slip length in our simulations for
symmetric polymer blends and is displayed in Figure 4
as the ratio Le/x/xTV as a function of yN. It is observed
that consistent with the scaling arguments of deGennes
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Figure 5. (a) Velocity profile. (b) Velocity gradients for an
asymmetric blend with oo = 2.0 and yN4 = 7.5. In (b) the plots
have been shifted such that the interface is located at y = 0.
The noise evident in (b) is due to statistical noise in averaging
and the numerical evaluation of gradients. The solid line in
(b) is a guide to the eye.

that the slip length asymptotes to a constant value at
strong segregation limit. Shown on the same plot is the
theoretical prediction of FG.?2 It is observed that their
predictions agree extremely well with our simulation
results for the entire range of incompatibilities. How-
ever, unlike both the deGennes and FG predictions, our
results (Figure 4) show a weak, albeit noticeable,
dependence on the degree of segregation yN. These
discrepancies could most likely be due to the inap-
plicability of the theoretical predictions for weak incom-
patibilities, since one of the underlying assumptions of
the theory was the existence of an interface whose
thickness was small compared to R,.

To allow for a more stringent test of the theoretical
predictions, we examine slip in the context of asym-
metric blends. Practical situations almost always in-
volves blend components which are asymmetric, with
asymmetries resulting from unequal chain lengths (IVa4,
Np), unequal chain stiffness (segmental volumes), un-
equal segmental friction coefficients, or a combination
of one or more of these factors. In the following, as a
representative example, we study the case where the
asymmetry results from the asymmetries in the chain
lengths. This represents a simple case where the bulk
rheological properties are asymmetric, and hence the
slip phenomena is expected to be impacted.

We effect numerical simulations for three different
degrees of asymmetries in chain lengths between the
blend components, corresponding to oo = Na/Np = 1.5,
2, and 2.5. Figure 5a displays the numerically computed
velocity profile for an asymmetric blend with o = 2.0.
The bulk phase for x < 0 corresponds to shorter chains
(or lower viscosity polymer). Because of the asymmetry
in the rheological properties of the blend, the velocity
gradients in the two phases also display an asymmetry
characteristic of the constancy of shear stress. To render
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Figure 6. Slip lengths (normalized by R, of the A chain) plotted as a function of y/N4 for different degrees of asymmetries between
the blend components: (a) o = 1.5; (b) a = 2.0; (¢) oo = 2.5, where oo = Na/Ng. The points depict the values obtained from our
simulation for a symmetric blend, and the solid line represents the theoretical prediction of FG.32

the slip at the interface more explicit, we display the
shear rates in Figure 5b as computed from the velocity
profile. We confirm that indeed the values of average
shear rates in the bulk phases are different and
asymptotic to the ratio of the bulk viscosities of the
unentangled components. More interestingly, there is
a jump in the observed shear rate at the interface, which
confirms the lower viscosity and the manifestation of
interfacial slip in these systems.

To quantify the above trends, in each of these cases
we determine the apparent viscosity of the blend #7app
by using the (constant) shear stress values and the
applied shear rate. This apparent viscosity is converted
to an effective slip length L. using the following rela-
tionship:

L= L(M - 1) (13)

77 app

where 7. represents the effective viscosity of a two-
layered polymer blend in the absence of any slip effects,
and L denotes the size of the system. Despite the
apparent dependence of (13) on the size of the system,
the L. values are actually independent of the size L and
asymptotes to a constant independent of L. Moreover,
L, provides a direct quantification of the “negative”
deviations in viscosity of our blend system. The com-
puted slip lengths L, for the above systems for various
degrees of incompatibility are plotted as a function of
x4 in Figure 6. As evident, the slip effects increase (and
the apparent viscosity decreases) with an increase in
the degree of incompatibility, and correspondingly the
parameter L. increases with yN. Note however that the
parameter L, for asymmetric blends embody both the
velocity difference across the interface as well as the
asymmetric bulk viscosities of the system. While the
Figure 6 suggests that the values of L. for asymmetric
blends are comparable in magnitude to the values of L,
determined for symmetric systems, the extrapolated
velocity differences across the interface (results not
displayed) of an asymmetric blend (determined from
Figure 5 for instance) tended to be much lower than the
values determined for symmetric blends. This suggests
that the slip manifests in a much less pronounced
manner in asymmetric polymer blends due to the
asymmetric nature of their rheological properties. Also
displayed in Figure 6 are the theoretical predictions
obtained by solving the integral equation of FG phen-
omenological theory. It is seen that while qualitatively
the theoretical predictions match extremely well with
our simulation results, quantitatively the theoretical
predictions tend to be somewhat different than our
numerical results. The latter suggests that the phen-
omenological constitutive equation proposed by FG32
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Figure 7. Interfacial viscosities 1 normalized by the square
of their interfacial widths, ar.

might need to be embellished to account for the asym-
metric rheological properties of the blend components.

Next, we verify if our above results for symmetric and
asymmetric blends can be collapsed onto a single curve
when plotted in terms of the interfacial viscosities and
the interfacial thicknesses of the blends. To do this, we
solve the continuum problem with two bulk media and
a single interfacial medium in between with a reduced
viscosity. By fitting the velocity profile obtained in our
simulations with the continuum problem, we extract #1/
Nbulk- Next, we compute the interfacial thickness a; from
the knowledge of the composition profiles. Explicitly, we
find the composition gradient d¢/dx at the interface and
compute interfacial thickness as a; = A¢/(d¢/dx). Here,
A¢ is the difference in the compositions of the compo-
nent in the two phases.

According to the scaling arguments proposed by
deGennes,*? the interfacial viscosity 71 depends only on
the number of monomers in the interfacial region and
hence should scale a;?. As mentioned earlier, the scaling
predictions of deGennes is expected to be valid only at
strong degrees of segregation where the interfacial
width is smaller than that of the unperturbed radius of
gyration of the chains. Figure 7 displays the ratio i/ar®
obtained from our simulations plotted as a function of
the parameter yN in those blend components. We find
that at weak segregations the value of 7/a;? is small
and nonuniversal, confirming that the slip effects are
negligible for partially miscible blends. In such situa-
tions, the interfacial widths are large, and the interfacial
viscosity matches that of homogeneously mixed phases.
However, at stronger degrees of segregation the differ-
ent plots plateau to a constant value independent of the
asymmetry or the degree of segregations. Our results
quantitatively reinforce the scaling description of slip
provided by deGennes and suggests that for unen-
tangled interfaces the interfacial viscosity can be de-
duced on the basis of a thermodynamic approach by
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correlating it to the interfacial width. These results also
suggest that for segregated systems with small inter-
facial widths the interfacial viscosity can be a very small
value.

As mentioned earlier, our simulations pertain to the
situation involving unentangled bulk components with
unentangled interfaces. Consequently, the extrapola-
tions lengths L. determined from our simulations are
small in magnitude (of the order of a few R,) compared
to the macroscopic length scales typically encountered.
In such situations, while the apparent viscosity of the
blend is still lower than the bulk viscosities, the
magnitude of lowering is hard to detect in experiments.
On the other hand, for the more practically relevant
cases of entangled bulk components with unentangled
interfaces, our results for the interfacial viscosity are
still applicable. In these situations, our results suggests
n1 ~ ar?, while the bulk viscosities g ~ N334, The
apparent viscosity 77app can be estimated using a simple
three-layer model as #ap, ~ Lyi/ar ~ Lar, and hence L
~ nplar which can be very large in magnitude. These
results suggest that for entangled components with
unentangled interfaces the slip effects deduced from our
simulations can lead to pronounced discontinuities in
the velocity profiles at the interface and concomitantly
to a significant lowering of the apparent viscosity of
blends as seen in experiments.

In summary, our simulation results clearly display
the occurrence of slip phenomena during the shear flow
of polymer blends. The slip effects increase with an
increase in the degree of segregation or a decrease in
the interfacial thickness between the blend components.
These results qualitatively agree with the experimental
results of Lam and co-workers.*> We do find that the
degree of slip and its variation with the incompatibility
between the components becomes less pronounced when
the blends have asymmetric rheological properties. We
have verified the latter result by additional simulations
(not displayed) probing a wider range of asymmetry
between the blend components. We also find that the
phenomenological theories and scaling arguments agree
remarkably well with our simulation results for both
symmetric and asymmetric blends. Importantly, our
simulations do confirm the scaling prediction of de-
Gennes that the interfacial viscosity scales as the
interfacial width of the polymer blend components for
strongly segregated systems.

V. Block Copolymer Compatibilizers

It is common in many industrial applications to im-
prove the properties of polymer blends by using trace
amounts of block copolymers which promote the mixing
of the blend components.2 While the precise mechanisms
by which block copolymers (commonly referred to as
compatibilizers) affect the morphology of blends is still
under debate, at least two dominant mechanisms have
been suggested. The first mechanism purports that the
copolymers affect the deformation characteristics of the
blend droplets by contributing to the Marangoni stresses
and/or influencing the equilibrium and dynamical char-
acteristics of the blend interfaces, such as their inter-
facial tension and slip phenomena.3*® As evidence for
this mechanism, experimental studies*® probing the
shear deformation behavior of polymer droplets have
indeed confirmed significant increases in the surface
areas of the deforming droplets in the presence of copoly-
meric compatibilizers. The second mechanism proposes
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that the copolymers suppress coalescence and coarsen-
ing of the droplets and hence affect the morphologies of
blending. The latter was physically rationalized by
Sundararaj and Macosko®® as arising from the steric
repulsion of the copolymer layers upon close approach
of the droplets. Milner and Xi,3® on the other hand,
proposed that the suppression of coalescence was due
to a suppression of drainage arising from the Marangoni
stresses at the interface. Milner and Xi’s theory is purely
dynamical in nature and is supported by recent experi-
ments by Leal and co-workers,3* who demonstrated that
in the presence of block copolymers the drainage times
can be enhanced by up to an order of magnitude.

While a full scale simulation of droplet coalescence
and coarsening processes would enable a resolution of
the above issues, such an effort is still computationally
expensive. In the following, we use the molecular
perspective that can be gleaned from the self-consistent
Brownian dynamics approach to probe the role of block
copolymer compatibilizers in modifying the dynamical
properties of the polymer blend interfaces. We focus on
two main issues:

(a) The suppression of slip by block copolymers: Many
recent experiments which have probed the rheology (the
viscosity) of polymer blends containing block copoly-
meric additives have demonstrated concomitant in-
creases in the viscosities in compatibilized blends. For
instance, Zhao and Macosko** measured the shear
viscosities for compatiblized and incompatibilities phase-
separated PP and PS blend and showed that, with the
addition of block copolymer compatibilizers, the negative
deviations of viscosities of blends (the signature of slip
phenomena) were reduced considerably. Block copoly-
mers are believed to effect a suppression of slip by
increasing the number of entanglements at the inter-
face. However, very few studies have systematically
examined the role of different controlling parameters
such as the volume fraction, molecular weight of the
block copolymers, etc., in modifying the slip character-
istics. Our studies probe whether indeed block copoly-
mers suppress the slip at polymer blend interfaces and
the role of the amount of compatibilizer added and the
block copolymer molecular weight in influencing these
characteristics.

(b) Dynamics of compatibilized polymer blend inter-
faces: We also study the dynamics of polymer blend
interfaces at compatibilizer coverages higher than that
required for the suppression of slip. The main motiva-
tion for these studies is toward the resolution of mech-
anisms by which block copolymers suppress coalescence.
While the Milner—Xi hypothesis postulating the dy-
namical inhibition of drainage seems consistent with
many experimental results, unresolved issues still
linger. For instance, their theory predicts that the
critical copolymer concentrations required to prevent
coalescence should increase linearly with the applied
shear rate. However, experiments®! show that there was
only either a weak or absolutely no dependence between
the critical concentration and the shear rate. Other
experimental results have suggested that suppression
was pronounced in cases where longer copolymers were
dangling from the droplet surface into the continuous
matrix phase. Such dependencies cannot be explained
by dynamical theories and suggest that, unlike small
molecule surfactants, the thickness of the copolymer
layer could have a nontrivial effect in suppressing
coalescence.
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Figure 8. Velocity gradient profiles near the interface in the
presence of block copolymeric compatibilizers for different
coverages I' of block copolymers. I is expressed as number of
chains per R,? of the block copolymer. The average shear rate
in the bulk is 0.3 and is indicated as a dashed line in the plot.
The profiles have been plotted only in the region close to the
interfacial region.

A. Results. We begin our simulations for a symmetric
phase-separated blend (A + B) by explicitly positioning
all the block copolymers (AB) at the interface. The
system is then allowed to equilibrate until the composi-
tion profiles of the homopolymer and the copolymer
converge. To ensure that the system has equilibrated,
we checked the resulting equilibrium composition pro-
files against the predictions of self-consistent-field
theory. Homogeneous shear is then applied using the
Lee—Edwards*® boundary condition, and the self-
consistent velocity profiles were obtained for a compati-
bilized polymer blend for various volume fractions and
molecular weights of copolymers.

To display the dynamical effects of block copolymers,
we first focus on the qualitative characteristics of the
gradients of the self-consistent velocities (i.e., the local
shear rates) as a function of the block copolymer
coverage at the interface (Figure 8). In this context, slip
is manifested as a reduction in viscosity or a corre-
sponding increase in the observed shear rate. As is
evident from the displayed results, for trace or no
amount of copolymers at the interface, the qualitative
characteristics of the velocity profile is unchanged from
that of the pure blend, displaying slip at the interface.
On the other hand, for slightly higher volume fractions
copolymers (corresponding to a coverage of 0.78 copoly-
mers/R4?, which is still lower than the typical experi-
mental values), our results manifest the slip suppress-
ing feature of block copolymer. At this coverage, the local
shear rates acquire an almost uniform value throughout
the bulk and interface. Upon further increase in the
coverage of the block copolymer, the velocity profiles
display two dynamically distinct interfacial regions. The
first region is near x = 0 (interface) and corresponds to
an increased viscosity layer arising from the block
copolymers, while the second layer is the slip layer at
the block copolymer—matrix interfaces. At even these
low values of the block copolymer concentration, the slip
at the polymer blend interface has been completely
suppressed. An even further increase in the volume
fraction of the copolymer eliminates slip in its entirety,
leaving just a single increased viscosity layer at the
interface.

Our results above suggests that the copolymer layer
suppresses the slip by providing an additional mecha-
nism of friction. Note that all our above results were
obtained for a Rouse system of chains where entangle-
ments are absent. Further, all the volume fractions
involved here are less than or equal to that used in
experimental studies of droplet deformation in the
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Figure 9. Molecular weight dependence of the minimum
coverage of block copolymers needed to suppress slip. The
molecular weights of the blend components are kept a constant
at 20 beads each.

presence of a compatibilizer. For instance, the highest
coverage of copolymer (Figure 8) is 2.73 copolymers/Rz>.
The main conclusions we draw from the above results
is that even small fractions of copolymer can counter-
balance the slip present in polymer blends. Moreover,
while entanglements probably affect the quantitative
details of this suppression, entanglement with the
compatibilizers is not an essential ingredient for sup-
pressing slip.

We investigate quantitatively the role of the different
features of the compatibilizers by first probing the role
of the molecular weight of the block copolymer in
influencing the coverages required to completely sup-
press the slip. Figure 9 plots the critical interfacial
coverage (normalized as number of chains per R,?) as a
function of the molecular weight of the copolymer. We
deduce this critical volume fraction by determining the
coverage at which the average velocity gradient across
the interface matches the velocity gradient in the bulk.
As is evident from the plot, the minimum coverage of
the block copolymer decreases with increasing molecular
weight, and for the highest MWs of copolymers consid-
ered coverages as low as 0.6 chains/R,? suffice to
suppress slip. The dependence of this minimum cover-
age on the MW can be understood as a result of the
increase in the number of monomers of the blend
components present in the volume spanned by the block
copolymer chains at the interface. In the unentangled
polymers we consider, the friction due to the copolymer
layer is expected to scale as the number of monomers
spanning the copolymer layer. Consequently, higher
molecular weights of copolymer lead to an enhanced
friction effect, which leads to a corresponding decrease
in the coverage needed for suppression of slip.

We next consider the regime where the volume
fractions of block copolymers, albeit low, are higher than
the minimum coverages required to suppress slip. This
regime corresponds to the situations where the copoly-
mers have been reported to suppress coalescence. Our
results presented in Figure 8 suggested that in this
regime the copolymers qualitatively act as a layer of
additional friction for the flow of blend components.
These effects are displayed in Figure 10, where we
illustrate explicitly the changes in the steady-state
velocity profiles of compatibilized blends with changing
MW and the coverages of the copolymers. The profiles
displayed suggest that even at such low coverages,
copolymers act to suppress the flow in the layer occupied
by the copolymers. Moreover, Figure 10b suggests that
an increase in MW of the copolymer increases the
effective thickness of the friction layer, while a decrease
in coverage (with fixed MW) leads to (Figure 10c) a
decrease in the effective friction itself. To quantify these
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Figure 10. Velocity profiles in the presence of the compatibilizer for coverages higher than the minimum coverage required for
suppression of slip. Plot (a) corresponds to a coverage I' = 3.2 and Nz = 30; (b) I' = 2.3 and Nag = 40; (¢) I' = 2.7 and N = 30.

g 4

§

£ 3

]

)

c 2]

@©

£

2

£ . : : .

=

oy 13 15 17 19

Rg-COPOLYMER/Rg-BLEND
(a)
1 .
25 == N,g =40
@075 1 *Nap=36
2" =— Npg =30
S
=
= 05
=
8
w025 T T 1
05 15 25 35
Copolymer coverage
(b)

Figure 11. (a) Brinkman layer thickness, [, as a function of
the copolymer lengths. (b) Brinkman friction thickness o (see
Appendix) plotted for three different molecular weights of
copolymer as a function of the copolymer coverages at the
interface (expressed as number of chains/R,?). Lines are drawn
as a guide to the eye.

dynamical effects and the mutual interplay between the
roles of the coverage and the molecular weight, we
model the copolymer layer as a Brinkman medium.?2-53
As explained in the Appendix, there are two different
length scales in the Brinkman model, namely, the
Brinkman layer thickness / (representing the thickness
of the friction layer) and the Brinkman friction thickness
0 (representing the effectiveness of copolymers in sup-
pressing flow). We extract these parameters from our
Brownian dynamics simulations by fitting it with the
analytically obtained shear velocity profile of the Brink-
man model (see Appendix). Below, we discuss the effect
of the MW and coverage upon the parameters of
Brinkman model.

The Brinkman layer thickness extracted by fitting our
simulation results is plotted in Figure 11la for four
different values of the block copolymer lengths. Note
that the length of the blend components are held a
constant at 20 segments, while the MW of the block
copolymer is varied. In accord with the qualitative
results presented earlier, the Brinkman layer thickness
increases with the length of the dangling copolymer,
suggesting that copolymers with longer arms dangling
in the matrix present a thicker region for the suppres-

sion of flow. This thickness can be simply understood
as corresponding to the thickness of the block copoly-
mers swollen by the respective blend components (note
that R, in the figures correspond to unperturbed radius
of gyration of the blend components). At these extremely
low coverages, an increase in the coverage of the block
copolymer (results not displayed) showed no significant
impact upon the Brinkman layer thickness. We note
that for higher coverages the latter is not expected to
be true, especially as one reaches the interfacial cover-
ages representative of the polymer brush regime. It is
interesting to note that the thickness of the layer is of
the order of R, of the copolymer. For typical polymeric
blends, this is of the order of a few nanometers and is
comparable to the size scales of the gap between the
polymer droplets during drainage prior to coalescence.
We explore the significance of these length scales in the
next section.

Figure 11b displays the Brinkman friction thickness
0 (expressed in units of R, of the blend components) as
a function of copolymer coverages and for different
copolymer MWs. Physically, the friction thickness cor-
responds to the penetration thickness of the flow into
the copolymer layer. As is evident from the results, even
at these low coverages, the values of 6 are all less than
one, suggesting that the flow does not penetrate beyond
a fraction of the R, of the copolymers. Further, the
penetration depth decreases almost linearly (at these
coverages) with an increase in the coverage of the
copolymer. While many earlier researches have studied
the penetration of flow into brushes, our results suggest
that significant suppression of flow can result even at
very low fractions of compatibilizers. The latter feature
contrasts with the density profiles of the different
components at such low coverages (not displayed) which
shows a significant mixing between the blend compo-
nents and the respective blocks of the copolymer. These
results serve to underline the importance of the molec-
ular configurations and the resulting nonlocal coupling
between density and the velocity profiles.

In Figure 11b, we have also displayed our results
corresponding to the effect of the MW of the copolymer
in influencing these friction characteristics. As is evi-
dent, longer copolymers provide more effective friction
(at the same coverages, as expressed in number of
chains/R,? of the copolymer) in suppressing the flow of
the blend components. This result is not surprising
when viewed in the context of our results for the
minimum coverages required for the suppression of slip,
where we argued that the effective friction is due to the
number of monomers of the blend components spanning
the block copolymer layer and that this quantity in-
creases with MW of the copolymer. However, it is to be
noted that this result is somewhat dependent on our
idealization of the copolymer layer as a brush with
uniform friction coefficient and might lead to qualita-
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tively different results if an alternate/more detailed
model of the copolymer layer is used.

In summary, our results presented above suggests a
unique role for the block copolymers in modulating the
dynamical properties of polymer blend interfaces even
at extremely low volume fractions. At low coverages of
the copolymer, our results confirm that the block
copolymers suppress slip, albeit even in the absence of
entanglements. Upon even a slight increase in copoly-
mer fractions we have demonstrated that the compati-
bilizers provide an additional source of friction on a
layer of thickness of the order of the R, of the copolymer.
The effective friction of the layer is sufficient to suppress
the penetration of the flow to less than a fraction of the
R, of the blend components. An increase in the coverage
of the copolymer serves to increase the effective friction
of the layer, while it has no effect on the thickness of
the friction layer. While the above results are specific
to unentangled systems, we expect the results to be
qualitatively valid even for entangled systems albeit
with much more pronounced magnitudes for the friction
effects.

B. Compatibilizer Effects on Drainage Times. As
already briefly indicated, the length scales of the
copolymer friction layer are comparable to the length
scales encountered during drainage and coalescence.
Moreover, the resulting suppression in flow can ef-
fectively increase the lubrication force between ap-
proaching droplets leading to an increase in the drain-
age times. In this section, we use the values of the
Brinkman parameters discerned in the previous section
to quantify if indeed these can lead to enhancement in
drainage times comparable to those observed in experi-
ments. To this effect, we developed a simple model of
the squeeze flow between two fluid interfaces with
Brinkman layers adjoining their interface. This physi-
cally corresponds to a scenario where the two droplets
approaching each other are flattened under the action
of capillary forces (Appendix). Our drainage model only
accounts for the effect of enhanced friction owing to the
copolymers. A more realistic model of the coalescence
process would necessarily have to incorporate a combi-
nation of other important effects® like the Marangoni
stresses and steric repulsion effects which are not
considered in the present model and are beyond the
scope of this article.

Using the Brinkman model, we derived the equations
governing the drainage times of compatibilized and
uncompatibilized droplets. The values of parameters
appearing in the Brinkman model were chosen from the
results of our numerical simulations. The rest of the
parameters in our model are chosen in accordance with
the previous investigations of Leal and co-workers.3*
The capillary numbers were chosen in the range Ca =
1073—10"1. The drainage times are computed by inte-
grating the drainage eq 18. The experimental definition
for the beginning of the drainage process is when A ~
0.1 ym (=25 in units of R), while the minimum value
of h in the fluid drainage process, i.e., when the film
ruptures, was fixed at ~10 nm (=3—4 in units of R,)
(obtained by assuming that the film rupture begins at
a proximity when the predominant driving for coales-
cence is the van der Waals attraction). We have fixed
the ratio of droplet and the matrix fluid viscosities uq/
Um = A =1.

With the above set of parameters we compute the
(nondimensionalized) drainage times for the compati-
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Figure 12. Nondimensionalized drainage times (¢q4) plotted
as a function of capillary number (Ca): (a) For three different
copolymer coverages I' (expressed as number of chains per R,?
at the interface. I' = 0 corresponds to the absence of compati-
bilizer. (b) For two different molecular weight of copolymer,
Nyg.

bilized blend (with Brinkman medium) and uncompati-
bilized blend. Figure 12a,b plots the drainage times as
a function of capillary numbers for different coverages
(at a fixed molecular weight) of the copolymers and for
different lengths of the exterior copolymer block (at a
fixed coverage). The differences in the physical charac-
teristics of the copolymer layer translates into differ-
ences in the parameters of the Brinkman model and
impacts on the drainage times. As is evident from the
displayed results, the presence of the compatibilizers
increases the drainage times by orders of magnitude
(i.e., it takes much longer for the droplets to coalesce),
especially at higher capillary numbers. This suggests
that the copolymer layers can serve as effective drainage
and coalescence suppressors even at very low volume
fractions. Furthermore, our results in Figure 12a also
suggest that while an increase in coverage leads to an
increased efficiency in suppression of coalescence, these
increases saturate at low volume fractions of compati-
bilizers. These effects may serve to explain the experi-
mental results of Hudson et al.55 as well as Lyu et al.5!
which showed that the addition of block copolymers
beyond a certain value did not impact upon the droplet
size distributions of the blend. Moreover, Figure 12b
confirms that copolymers with the longer block in the
matrix serve as more effective coalescence suppressors.

The above results are broadly consistent with the
experimental results of the Leal, Macoscko, and co-
workers mentioned in the Introduction. Our model is
purely dynamical and does not rely upon the steric
repulsion between the block copolymers. In this regard,
our model rationalizes suppression as arising from the
suppression of drainage of the fluid. On the other hand,
by including the Brinkman parameters, our model
accounts for the finite size effects of the block copoly-
mers, which were absent in the studies which made
analogies to surfactants. However, our model clearly
overestimates the suppression due to compatibilizers.
Indeed, while the earlier models of Marangoni stress
driven suppression effectively corresponds to a com-
pressible copolymer layer with an infinite friction
between the blend and the copolymers, our model
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corresponds to an incompressible copolymer layer with
a finite friction between the blend and copolymers. In
reality, the copolymers influence suppression in both
ways, viz., by providing an additional layer of friction
for drainage as well as through the Marangoni effects.35
This combination, especially through the friction pro-
vided by an inhomogeneous copolymer layer, might
possibly rationalize quantitatively the experimental
results. Our main contribution in this section is to point
out the possible impact of the friction effects by using
the parameters and insights determined from our self-
consistent Brownian dynamics simulations.

VI. Summary

In this article we used the recently proposed Brown-
ian dynamics simulation®® approach to study the dy-
namics of inhomogeneous polymeric systems. In this
coarse-grained hybrid approach, the statistics of single
chain in an external potential is used to account for the
interactions between different chains. This considerably
reduces the computational expense and enables us to
study denser systems and access longer length and time
scales and hence helps us perform numerical studies
in parameter ranges or situations where approximate
analytical tools are either inadequate or fail. Further-
more, experimental studies of polymeric systems are
often interpreted in terms of parameters (e.g., Flory
parameter y) and predictions derived from the field
theory models which form the basis of our method. As
a consequence, it is very straightforward to connect
experimental data with results from our simulations.

In the context of polymer blends, we have studied
binary systems of symmetric and asymmetric polymers.
We demonstrated the success of our hybrid approach
in capturing the equilibrium properties of both these
systems. We applied our approach to study the effect of
compositional inhomogeneity on the dynamics of of such
systems. Slip phenomena at the interface of polymer
blends were captured and compared with scaling results
of deGennes and theoretical results of FG. Our results
were obtained in the contexts of both symmetric and
asymmetric systems. Quantitative agreement of the
extrapolation length (or slip length) with the theoretical
results was observed.

On the role of block copolymers compatibilizers, we
have demonstrated that the copolymers reduce the slip
at the interface of a polymer blend. The minimum
coverages required to eliminate slip at the interface was
found to decrease with increasing length of the copoly-
mer, suggesting that the finite size of copolymers play
an important role in modifying the dynamical interfacial
properties of a polymer blend. Moreover, we observed
that low coverages of copolymer (more than that re-
quired to eliminate slip) could also provide an apparent
layer of increased viscosity at the interface. We modeled
this layer as a Brinkman friction layer and extracted
the parameters appearing in the model using our
numerical results. We observed order of magnitude
differences in the drainage times (for two approaching
droplets) of compatibilized and free droplets, suggesting
that enhanced friction is a potential mechanism that
could suppress droplet coalescence in compatibilized
blends.

In a variety of other numerical simulations like
molecular dynamics (MD), Brownian dynamics (BD),
Monte Carlo (MC), etc., a pair potential (like LdJ
potential)®® is employed. This renders the algorithm

Macromolecules, Vol. 37, No. 26, 2004

e e e e e
(a)
[ REA
I | _ |
e T—f —————— z=0
h : a
| |

(b)
Figure 13. Schematics of the hydrodynamic model. (a)
Drainage between droplets. The droplets are assumed to be
flattened due to the capillary forces. (b) Closer view of the
drainage between droplets. /; and /s respectively represent the
thickness of the Brinkman layers exterior and interior to the
droplet.

computationally intensive to study systems at realistic
densities and especially inhomogeneous systems that
exhibit nanoscale or macroscale phase separation. More-
over, simulating complex flow situations prove difficult
and to our knowledge have never been attempted.
Relatively newer methods such as dissipative particle
dynamics (DPD), that use artificially soft-core repulsive
potentials to model interactions between different beads,
speed up the simulations by an order or magnitude.?”
This, however, leads to high fluid phase compressibili-
ties, high fluctuation effects, and often a loss of connec-
tion to the chemical details of the underlying complex
fluid. In contrast, the method used in this article seems
to be relatively free of such artifacts and yields dynami-
cal results not obtainable in a straightforward manner
by other theoretical approaches. In the future, we plan
to apply our method to study issues which more closely
embody the interplay between the thermodynamical and
rheological aspects, such as the shear-induced order—
disorder transitions in polymer blends, shear-induced
orientations of block copolymers, etc. Moreover, we are
also currently working on extending the simulation
approach to mimic entanglement effects and the result-
ing reptation motion of the chains. Such a development
would allow us to address the issue of dynamics of
entangled systems in inhomogeneous situations.
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Appendix. Squeeze Flow and Drainage Time for
Brinkman Medium

In this section we briefly describe the Brinkman
model and derive the drainage time for two droplets
with compatibilizer Brinkman layers approaching each
other (see Figure 13).5253 The Brinkman media is
characterized by two length scales: (i) The first is purely
geometric (denoted as /3 and /3 in the figure) and
represents the thickness of the layer. (ii) To mimic the
enhanced friction effect of the Brinkman media, the
continuum hydrodynamic equations in the Brinkman
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layer are augmented with a term &u, where & represents
the friction of the Brinkman layer and u represents the
velocity of the solvent relative to the Brinkman layer.
The ratio 6 = &/u, where u represents the viscosity of
the solvent, has the dimensions of length and represents
an effective friction length quantifying the depth of
penetration of the flow.

To deduce the drainage time during droplet coales-
cence, in the present model we consider the scenario
where the droplets are flattened (to a radius a) under
the action of the capillary forces. Because of symmetry,
it suffices to consider the half-plane z > 0. The equations
governing the radial velocity field u(z) in the gap
between the two droplets are given by

d*» dp [0, O0<z<h2—-1,
' e T {gu, W2 -1, <z<hi2 14
and inside the droplet phase
d*u _ [Eu, W2 <z <hi2+1,
ﬂdg—{o, 2> hi2+ 1, (15)

In the above equation, u, represents the viscosity of the
matrix and uq the viscosity of the droplet. [, and /4
represent the Brinkman layer thicknesses of the com-
patibilizer in the matrix and the droplet phases. dp/dr
denotes the pressure gradient in the gap between the
approaching droplets. In the situation where the drop-
lets are flattened by the capillary forces (to a radius a),
we assume that the pressure gradient in the gap
between the droplets is due to capillary forces and use
a scaling approximation to replace dp/dr by 20/a2, where
o represents the surface tension of the drop. £ denotes
the effective friction of the Brinkman layer, which for
simplicity is assumed to be the same in the droplet and
the matrix phases (in the notation of the text 6 =
Vi /E). The above governing equations are supple-
mented by conditions ensuring continuity of the velocity
fields and its derivatives and by the following boundary
conditions:

L0 atz=0 (16)

representing the symmetry about the plane z = 0 and
du _  u .

- a atz=h/2+1, (17

In writing the latter boundary condition at the droplet
interface, we have used the Chesters’s scaling idea®8
that the velocity gradient inside the drop can be
approximated as the velocity scale variations over a
distance a.

The solution for the Brinkman problem can be com-
bined with the lubrication theory to obtain a modified
equation governing the drainage of the fluid from the
gap between the droplets. In such a situation, the
drainage of the fluid is obtained as

odh hi2
ma = —2naf_h/2dz u(z) (18)

We solve eqs 14—17 analytically and combine the result
with a numerical solution of eq 18. The latter is
performed between the limits of Apeg = 0.1 um, corre-
sponding to the start of the drainage, to heng ~ 10—15
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nm. The qualitative trends discussed in the main text
do not depend sensitively on the exact limits we choose
for the beginning and the end of drainage.
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