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ABSTRACT: The method of self-consistent Brownian dynamics developed recently has been adapted to
simulate the properties of bimodal polymer brushes under shear. Simulations of three systems with
different compositions have been carried out for a range of shear rate values. In the absence of shear, the
free ends of short and long chains are mostly found in different sublayers inside the brush. Similar to
the collapse of monodisperse brushes, we observed under shear a collapse of the outer sublayer, which is
composed of long chains. Short chains are not stretched and inclined if the shear is not strong enough to
cause a considerable intermixing of their free ends with the free ends of long chains in the direction
perpendicular to the grafting surface. When the shear becomes very strong such intermixing occurs, and
all chains are stretched and inclined in the shear direction. The number of chains, directly affected by
shear, is very small. However, the shear stress is transferred into the brush below the flow penetration

level owing to the rotation of the free chain ends.

1. Introduction

This study is a follow-up of the investigation of the
behavior of polymer brushes in strong shear flows.> A
polymer brush represents an important example of an
interfacial polymer layer when molecules are end-
grafted to an impenetrable surface. Polymer layers are
very important as a tool to modify surface properties.
These layers have many technological applications, e.g.,
steric stabilization and flocculation of colloidal disper-
sions, selective membrane modifications, chromatogra-
phy, lubrication, adhesion, etc.?

Properties of monodisperse polymer brushes under
shear have been intensively studied theoretically for the
past few years. Both analytical studies using mostly the
scaling theory3—8 and different methods of computer
simulation°~15 were applied to solve the problem.

Detailed analysis of previous computer simulation
studies, carried out in ref 1, revealed that in the most
cases the values of the shear stress were relatively
small. Under these conditions the brush height and the
extension ratio of polymer chains change only slightly
with the shear rate. Recently we developed a novel
computer simulation method, named self-consistent
Brownian dynamics,® which allows us to study the
properties of polymer brushes in strong shear flows.

It was found that the brush height strongly decreases
when the shear stress is high enough to stretch the
chains so that their lengths in the lateral direction
become comparable with the contour length (Gaussian
threshold). In the process of brush collapse under shear,
the polymer density profiles and distributions of free
ends change in the same manner as observed during
compression of the brush® or during brush collapse in
a poor solvent.'” It was shown that the shear flow
directly affects only the brush periphery, pulling inside
the layer those free ends that are the farthest from the
grafting surface. The distribution of free-end velocities
gives evidence that the diffusion of the free chain ends
in the direction normal to the grafting surface causes a
diffusive penetration of the shear stress into the brush
below the flow penetration level. As a result, chains that
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are not directly affected by the flow are found also to
be inclined in the flow direction.

In ref 1 only monodisperse polymer brushes composed
of chains having the same length were studied. Poly-
mers are always polydisperse, and the effects of poly-
dispersity within a grafted layer can be quite severe.
To analyze these effects we chose as a model a bimodal
system, namely, a polymer brush composed of chains
with two different lengths.

As was shown previously using SCF theory,1618 at
equilibrium the free ends of each species are confined
in distinctive layers of the bimodal brush. Moreover,
bimodal distribution of the free ends is also retained
for the bimodal brush under compression. Therefore, we
expected a suppression of the vertical diffusion of the
free ends in a bimodal brush if it is compressed by shear.
This means the diffusive transfer of shear stress into
the bimodal brush should also be suppressed and the
average conformations of short chains should be per-
pendicular to the grafting surface.

It will be shown in the present paper that for small
shear stresses such behavior is really observed. How-
ever, if the shear stress is very high, the free-end
distribution function is no longer bimodal. A destruction
of the original bilayer structure of the bimodal brush
occurs owing to a diffusive transfer of the shear stress
into the inner sublayer, which is composed of short
chains.

2. Brush Model

The brush is represented by an assembly of polymer
molecules, end-grafted to an impenetrable surface. The
brush structure is determined by a self-consistent
molecular field and a self-consistent shear flow. A freely
jointed chain is chosen as the model for the polymer
molecule. There are two types of chains inside the
brush: short ones with a number of segments equal to
N; and long ones with a number of segments equal to
N.. We introduce as a parameter the relative difference
between the chain lengths, o = (N2 — N1)/N; > 0. The
fractions of short and long chains will be designated
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Table 1. Characteristics of the Systems

system N1 N> o o} [°F}
A 80 180 1.25 0.8 0.2
B 80 130 0.625 0.6 0.4
C 50 150 2.0 0.5 0.5
M 100 0 0.0 1.0 0.0

below as g1 and g2 = 1 — qa, respectively. The first bead
of every chain is placed at the origin of the local
Cartesian coordinate system with the x -axis parallel
to the direction of the shear flow and the y-axis
perpendicular to the grafting surface.

Three systems with different compositions are studied
in the present work (see Table 1). The values of two
parameters are chosen equal to those describing the
monodisperse brush in our previous study:! the dimen-
sionless grafting density (number of polymer chains per
unit area), 0 = 0.1, and the average number of segments
in a chain, N = 100, (N = Niq: + N20g2). The monodis-
perse brush will be indicated below as system M.

3. Self-Consistent Brownian Dynamics Method

The Brownian dynamics algorithm used in the present
study is fully described in our previous paper concerning
simulation of monodisperse brushes under shear.! It is
governed by a system of Langevin equations describing
the motions of chain beads:

E0

react

+ TZS’ + ﬁg) + VDmf(?u) =0, 1=1,2,..,N (1)

The tensions in the segments, FY, ., which serve to
conserve the segment length a, are given by
[={0)
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where by =T, — -1 is a bond vector and T is the position
vector of chain bead I. The value of the elastic coefficient
K was chosen large enough (K = 80kgT) to provide a
fixed bond length until very high stretching.

FY represents the random Brownian force to which
bead | is subjected. For polymer models, with a constant
friction coefficient of segments, the mean value of the
Brownian force [ﬁg)Dz 0 and EGIES))ZDZ (6ksT/O)AL.

The hydrodynamic force is described as

a7, (1)
T} )

Fo = @{ V(T (1) —
where V(T|(t)) is the average local flow velocity. In our
case of pure shear flow, it is equal to V,(y(t)), and dr(t)/ot
is the velocity of bead | at time t.

The last term in the Langevin equations represents
the gradient of the molecular field potential. The local
exchange chemical potential of the polymer chains, u(y),
is used as the potential of the molecular field similar to
that in Scheutjens—Fleer self-consistent field theory:1°

Un(Y) = u(y) = —In(1 = p(y)-a’) (4)

All equations were solved numerically in the dimen-
sionless form. The segment length a, energy kgT, and
bead friction coefficient ¢ are chosen as basis units so
that the unit of time is © = fa%/kgT. Here kg is the
Boltzmann constant and T is the absolute temperature.
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The second-order trapezoidal method with one iteration
and a time step ot = 0.0005z was used for the integra-
tion.

To reduce computer time, we chose a representative
assembly of 100 polymer molecules, which all have
different initial conformations and are all affected by
different stochastic forces but are placed in the same
external molecular field. Thus, in our study both volume
and hydrodynamic interactions between the polymer
segments are considered self-consistently.

The shear flow is calculated by using the Brinkman
equation?°

V) ¢
dy? 7

oY) Viy) + % 5)

where Vi(y) is the velocity of the shear flow, p(y) is the
brush density profile, Ap is the pressure gradient (for
pure shear Ap = 0), and 7 is the viscosity of the solvent.
The friction coefficient, &, is related to  through Stokes’
law ¢ = 3mna.

We introduce the dimensionless shear stress

3
a
®

w =

where y is the shear rate.
The boundary conditions are

Vi¥)ly—o = 0, KgT dy lj=o = @ (7

The self-consistent procedure can be described by the
following equation

piy) = BD{U 0], Vilpi-: (N1} (8)

where BD is a symbolic name of the Brownian dynamics
procedure that accumulates the density profile, pi(y),
determining the molecular field and the shear velocity,
Vi (y), for the next iteration, i. The number of time steps
per iteration was equal to 100.

As was shown by Barrat,> additional stretching of the
chains in the brush under weak shear deformation
results in an increase of the repulsive volume interac-
tions between monomers. The origin of this effect is due
to local density fluctuations and is related to a weaken-
ing of volume interactions screening the stretched
chains. As a result, the osmotic pressure inside the
brush under weak shear deformation grows, which
causes an increase of the brush thickness. Therefore,
the swelling of the polymer brush predicted by scaling
studies® 7 cannot be verified in mean-field approaches
that neglect local density fluctuations, including ours.

Doyle et al.13 utilized a Brownian dynamics algorithm
that included explicit calculations of volume interactions
between polymer segments and a self-consistent proce-
dure for the calculation of the average shear flow. This
was calculated from the Brinkman equation (eq 5) using
the average density profile accumulated during one
iteration step. Previously we found a good agreement
between density profiles calculated by the self-consistent
Brownian dynamics method and obtained from ref 13
at the same values of w.! This means that the self-
consistent approximation is quite adequate to describe
volume interactions in polymer brushes under shear.
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We intend to study the behavior of bimodal polymer
brushes in strong shear flows. When the shear force per
chain does not exceed the Gaussian threshold fa/kgT ~
1, the chains behave like springs with constant elasticity
and we deal with a weak flow. It was shown previously,*
for a monodisperse brush with ¢ = 0.1, the crossover
between weak and strong flows occurs when = > 0.01
and does not depend on the length of the polymer
chains.

A bimodal brush at equilibrium consists of two
distinct layers.1618 The free ends of short chains are
found to be in the inner layer and those of long chains
in the outer layer of the brush. The outer layer can be
roughly treated as a monodisperse brush with the
grafting density, o2, equal to g.o. It was predicted by
Milnerd and confirmed in our study! that the shear flow
only slightly penetrates inside the monodisperse brush
owing to the flow modification effects. One can expect
that only the free ends of the long chains in the outer
layer will be stretched at the start of the shear flow.
On the other hand, the flow will be less screened by the
polymer molecules owing to the smaller density of the
outer layer. As a result, at the same values of the
dimensionless shear stress, @, and the grafting density,
o, shear will affect the long chains in a bimodal brush
much more than those in a monodisperse brush. In
principle, decreasing g, we can achieve a free-draining
situation for the outer layer when flow modification
effects become negligible, and the short chains will be
already directly affected at the start of the shear flow.

Owing to restrictions in the chosen model (see eq 2),
the contour length of long chains could not be conserved
for very strong flows. Therefore, we chose for the
simulation of the bimodal polymer brushes the range 0
< w < 0.4. We performed detailed simulations of system
B at @w = 0, 0.05, 0.1, 0.2, and 0.4. Systems A and C
were studied only in the absence of shear and at @ =
0.4. First, we have applied the shear flow with @ = 0.4
to equilibrium brush structures. It takes about 30 000
iterations to attain the stationary state, and 6000
iterations are used to accumulate average distribution
functions. In the case of system B, the following runs
for lower shear rates were started using as an initial
state the chain conformations obtained at the next
higher shear rate. Such a reduced procedure is quite
applicable because, as was shown previously,! two
stationary brush structures obtained from different
initial conformations, independently starting from higher
or lower shear rates, are identical.

4. Results

Density Profiles and Free-End Distributions. We
obtained the overall brush density profile, p(y), and the
distributions of the free ends of short chains, gi(y), and
long chains, g2(y), in the direction perpendicular to the
grafting surface. These functions are normalized as
follows:

S dy=No, [Cgy)dy=q;, i=1,2 (9)

Figure 1 shows the influence of the shear flow on
system B. The density profile changes in the same
manner as observed in the process of collapse of the
monodisperse brush under shear.! That means the
profile contracts toward the grafting surface and be-
comes a steplike function. The distribution of the free
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Figure 1. Set of density profiles and free-end distribution
functions for system B at different = values. The gray lines
correspond to the short chains, and the black ones correspond
to the long chains.

ends of short chains practically does not change with
an increase of the shear rate, but that for the long chains
becomes narrower and sharper while moving toward the
surface. This leads to a significant increase of the
crossover area where the free chain ends of the different
species intermix. Owing to the much lower statistics of
the free-end distribution functions, they show no smooth
curves such as density functions but a wigglelike
structure.

The process of collapse of the bimodal brush was also
controlled by estimating the following moments of
distribution functions:

i J3Yply) dy

v No (20)

1 oo .
he =g oy amdy, =12 (11)
1

Here Ry is the mean-square height of the segments and
h; and h; are the mean-square heights of the free ends
of short and long chains in the brush, respectively. The
dependencies of Ry, hi, and h, vs dimensionless shear
stress @ are shown in Figure 2. Ry and h; decrease
approximately one and a half times under shear, while
h; keeps the same value equal to the equilibrium one.
Thus, such a picture confirms that in the case of collapse
of the bimodal brush under shear there are the long
chains that are compressed.
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Figure 3. Fractions of short and long chains directly affected
by the shear flow vs dimensionless shear stress @ for system
B.

The fractions of short and long chains, directly af-
fected by the shear flow, are given by?!

o 9 p(y) Vi) dy
ﬂ)mp()’) V,(y) dy ’

8@ i=1,2 (12

Here Vi(y) is the velocity of the shear flow. It is clearly
seen from Figure 3 that in system B short chains are
not directly affected by the shear flow at @ < 0.2. With
the increase in @ d; slightly increases, which gives for
the highest shear rate in our study less than 2% of short
chains, directly affected by shear (1 of 60). On the
contrary, the corresponding fraction of long chains, d,,
increases with shear stress gradually. But still at @ =
0.4 the number of long chains, directly affected by shear,
is very small and does not exceed 12% (5 of 40).

Figure 4 shows the influence of the shear flow on the
density profile, p(y), for bimodal brushes with different
compositions. In the absence of shear, an equilibrium
structure of bimodal brushes differs significantly from
that of the monodisperse brush. The density profile of
the latter has a parabolic form, while the density profile
of bimodal brushes represents itself a broken line
composed of two regions. The crossover between the
regions corresponds to an area where the free ends of
short and long chains intermix (see Figure 5).

To show that our results are very reliable, let us
compare for the case of the absence of shear a system
calculated using the mean-field theory from ref 16,
which is very similar to the system B. In both cases the
same brush composition is considered, g; = 0.6, but the
relative difference of chain lengths is a bit lower in
analytical studies, a. = 0.6. The density profiles normal-
ized by the procedure described in ref 16 fit together
rather well except for a small gap near the grafting
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Figure 4. Set of density profiles of the bimodal brushes (A,
B, C) and the monodisperse brush (M) in the absence of shear
(thin line) and under shear (thick line) with @ = 0.4. The
dashed line corresponds to the equilibrium density profile of
a system calculated in ref 16, which is very similar to system
B.

surface and a short tail (Figure 4). It is known that both
regions could not be properly described by the mean-
field theory. The crossover region predicted analytically
is very well reproduced in self-consistent Brownian
dynamics simulations.

In the process of collapse of bimodal brushes under
strong shear, the density profiles change in a different
way depending on the system composition. In the case
of systems A and B with low relative difference between
chain lengths, o, they become steplike functions. These
profiles are similar to those obtained for the monodis-
perse brush under strong shear. In the case of system
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Figure 5. Set of free-end distributions for the short (gray
lines) and long chains (black lines) in the bimodal brushes with
different compositions (see Table 1) at = = 0 and 0.4.

C with a higher o = 2.0, one can still distinguish
between two regions in the compressed density profile,
which represents a slightly broken line. All bimodal
brushes are thicker than the monodisperse one at any
value of shear rate. This can be explained by the
presence of long chains with N, > N.

In the absence of shear the free ends of short and long
chains are mostly found in different sublayers inside
the brush (Figure 5). Only a small fraction of the free
ends of short (long) chains penetrates into the outer
(inner) sublayer. Under shear the free ends of long
chains are forced to go closer to the grafting surface. It
is the outer sublayer that is compressed by the shear
flow. The free ends of short chains practically are not
redistributed in the direction perpendicular to the
grafting surface, and the contraction of the inner
sublayer seems to be negligible for all three systems.
This leads to a significant increase of the crossover area,
especially pronounced for systems A and B (Figure 5),
where at @ = 0.4 the outer sublayer totally disappears.
In this case all free ends of long chains intermix with
the free ends of short chains. The behavior of system C
is slightly different, which can be clearly seen from
Figure 5. Here the outer sublayer is so thick and dense
in the absence of shear that a flow with @ = 0.4 is not
strong enough to destroy the initial bilayer structure.

Thus, the behavior of bimodal brushes at equilibrium
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and under shear strongly depends on their composition.
There are two independent parameters, o and s,
describing it. If fractions of short and long chains are
comparable in magnitude, g1 ~ (2, then with the
increase in o a more pronounced bilayer structure will
be observed. Long chains in such systems should totally
screen the inner layer of short chains up to very strong
shear flows with @ = 1. On the contrary, with the
decrease in o a difference in the lengths of short and
long chains will gradually become negligible. The al-
ready investigated case of monodisperse brush under
shear will be approached. This means that shear flows
with @ ~ 0.1 will affect chains of both lengths.

If we keep a constant, then at small g; strong shear
flows will affect only the upper layer of the long chains.
With an increase in q; one will gradually achieve the
free-draining situation for this layer. It was shown in
ref 15 that a simple shear flow with @ ~ 0.001 is
sufficient enough in the free-draining case to compress
a monodisperse brush. Thus, at high q; the upper layer
will be quickly compressed at relatively small shear
rates and then the contraction of the inner layer
composed of short chains will begin at @ ~ 0.1. This
case should also resemble the monodisperse situation.

Unfortunately, we can give only a qualitative picture
in this paper, as a careful mapping of the whole (a, qz,
w) parameter space presents an unsolvable simulation
task demanding huge computational resources.

Average Conformations. The free ends of polymer
chains in the equilibrium monodisperse brush are
distributed over the entire brush extent.?! But if the free
end of a polymer chain in a specific thin layer of the
brush is fixed, the fluctuations of the other segments
are minimized.?* In other words, the only fluctuations
in the equilibrium brush are the free-end fluctuations.
So the inner brush structure can be represented as
average conformations of chains with their free ends
found in different layers inside the brush. Such a
representation proved to be very informative for the
monodisperse brush under shear.! It was shown, for
example, that chains with their free ends found near
the grafting surface do not feel the flow at all and
behave like a Gaussian coil. The chains with their free
ends found near the brush periphery are stretched and
inclined in the shear direction. Such a detailed picture
of the inner brush structure could not be observed if only
one average is calculated for all chains in the brush.

Let us recall how these average chain conformations
are obtained. The space near the grafting surface is
divided into thin layers parallel to the surface. The
width of each layer is equal to 2.5a. Then the conditional
distribution functions Ty(x, I, m) and Ty(y, I, m) are
accumulated. They describe the probabilities that the
Ith bead has the coordinates x or y when the free end of
a chain is found in the mth layer. The average trajec-
tories reconstructed from the conditional distribution
functions represent the sequences of points, (0 0,
1=0, 1, ..., N, with yn[&€[2.5ma, 2.5(m + 1)a], m =0, 1,
.., 19.

We have calculated average conformations for short
and long chains separately. Figure 6 shows the set of
average conformations at @ = 0.1, 0.2, 0.4 for system
B. One can see that the shear flow with & = 0.1 strongly
affects the long chains that are stretched and inclined
along the x direction (Figure 6a). Short chains do not
feel the flow with this @ at all. Their average conforma-
tions are vertical. With the increase in shear rate, the
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Figure 6. Set of average conformations at @ = 0.1 (a), 0.2
(b), and 0.4 (c) for system B.

degrees of stretching and inclination of long chains
gradually increase. The ends of short chains directly
affected by the shear flow become also slightly inclined.
However, this inclination does not cause a redistribution
of their free ends in the direction perpendicular to the
grafting surface (see Figure 1b).

One might expect that the average conformations of
long chains with their ends directly affected by the flow
should be inclined, and ones situated below the flow
penetration level should be vertical. Figure 6 shows,
however, a very unusual effect. The average conforma-
tions of long chains situated below the zone of direct
influence of the flow are also inclined. After the end of
a long chain has penetrated the flow zone, the chain
starts to be stretched by the shear flow. When the
stretching exceeds the Gaussian threshold, the chain
stiffens. This changes the balance between elasticity and
osmotic pressure, and the chain contracts toward the
surface. Since the stretching is now reduced, the stress
continuously relaxes and the chains become less stiff.
Finally, the osmotic pressure will force the long chain
away from the surface. In Figure 6 the average confor-

Bimodal Polymer Brushes under Shear 2745

mations corresponding to the stiffened chains are
represented by almost straight lines, and those corre-
sponding to the relaxed chains have slightly coiled ends.

The data for system A at @ = 0.4 are qualitatively
similar with those in Figure 6c, but the degree of
inclination of long chains is higher because the outer
layer in system A is less dense than the outer layer in
system B (see Figure 4). As a result the shear flow is
less screened by the polymer molecules in system A. The
degree of inclination of short chains is slightly smaller
because the inner layer is more dense in comparison
with system B. The data for system C at @w = 0.4
resembles those in Figure 6a. As was told previously,
the short chains in this system do not feel the strong
flow at all, being covered by the dense layer of long
chains. Therefore, the average conformations of short
chains are found to be vertical.

As was discussed above, we have found a diffusive
penetration of the shear stress into the monodisperse
brush below the flow penetration level.l This was
explained by the diffusion of the free chain ends in the
direction normal to the grafting surface. It is known that
in polydisperse mixtures of chains vertical diffusion of
the free ends of the polymer chains is suppressed.?? So
we expect that the diffusive transfer of shear stress into
the inner sublayer of short chains also will be sup-
pressed. To illustrate the location of a diffusion flow in
the bimodal brush (system B), we have drawn a picture
of the 2-dimensional free-end distribution functions, gi(x,
y), i =1, 2, for short and long chains, and the free-end
flow (Figures 7 and 8).

It is clearly seen that only the free ends of long chains
are involved in a rotational flow. There is an uncom-
pensated shear force at the outer border of the brush
and an uncompensated x-component of the elastic force
just below the flow penetration level. There are only two
regions where all three forces acting on the polymer
chains are approximately in equilibrium. These regions
correspond to the local maxima of the 2 -dimensional
free-end distribution function found at = = 0.2 around
the points (65, 22) and (115, 28) (Figure 7).

As was expected, the vertical diffusion of the free ends
of short chains is totally suppressed. At @ < 0.2, the
shear flow does not penetrate into the inner sublayer
of the bimodal brush and does not affect directly the
free ends of short chains (Figure 7). Only when some
fraction of short chains becomes directly affected by
shear with @ ~ 0.4 (Figure 8) could the structure of the
inner sublayer be slightly changed (Figure 6c). The
behavior of long chains is very similar to that observed
for polymer chains in the monodisperse brush.! Their
free ends rotate in the xy-plane causing a diffusive
penetration of shear stress. With the increase in @ the
velocity of this rotation increases. Contrary to the short
chains, all long chains are inclined and stretched
including those that are not directly affected by the
shear flow. Thus, our hypothesis seems to be confirmed
in the present simulation studies.

5. Discussion

It was shown previously! that in the process of
collapse of a monodisperse brush under shear the
polymer density profiles and distributions of the free
ends change in the same manner as observed during
compression of the brush.1® The density profiles change
from parabolic to steplike ones, and the free-end dis-
tributions become sharper. Thus, strong shear flows
affect the monodisperse brush like a compressing wall.
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Figure 7. Two-dimensional free-end distribution function for the short and long chains (upper diagram) and a rotational flow of
the free ends (lower diagram). The length of the arrows of the lower diagram corresponds to an average value of the velocity of

the free-end diffusion. System B; @ = 0.2.
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Figure 8. Two-dimensional free-end distribution function for the short and long chains (upper diagram) and a rotational flow of
the free ends (lower diagram). The length of the arrows of the lower diagram corresponds to an average value of the velocity of

the free-end diffusion. System B; @ = 0.4.

Two regions can be distinguished in the density
profiles of the bimodal brushes compressed by a wall.
They correspond to the sublayers of the short and long
chains. The free-end distributions of both species turned
out to be sharper in this case. Therefore, a simultaneous
contraction of both sublayers in bimodal brushes under
a compressing wall was predicted in ref 16 assuming
that both sublayers are highly stretched in the absence
of compression.

A totally different picture is observed for the bimodal
brushes subjected to strong shear flows. The density
profiles change from broken to a steplike function, and
only the free-end distribution of long chains becomes
narrower and sharper. The free ends of short chains
practically are not redistributed in the direction per-
pendicular to the grafting surface, and contraction of
the inner sublayer seems to be negligible for all studied
systems. These data show that it is the outer sublayer
that is compressed by the shear flow.

A wall compressing the bimodal brush in the normal
direction acts on both layers. The minimum of free

energy corresponds to the situation where the free ends
of different species avoid each other, assuming the
relative difference between their lengths is large
enough.'® On the contrary, the shear flow slightly
penetrating inside the brush affects only its periphery.
It is the finite extensibility of polymer chains that is
responsible for a decrease in the brush thickness under
strong shear flows. At weak shear an increase of the
chain dimension in the flow direction occurs without any
variation in the component normal to the grafting
surface (Gaussian or linear regime). The chains should
be highly stretched in the lateral direction by shear
(nonlinear regime) before a significant decrease of the
brush height could be observed. Thus, a strong shear
flow effectively contracts the chain lengths in the
direction normal to the grafting surface. On the con-
trary, extension ratios of the chains inside a brush
compressed by a wall decrease: the free ends of long
chains going down under compression make the free
ends of short chains go closer to the grafting surface.6
One can see the inner brush structures are quite
different in these two cases, although density profiles
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and free-end distribution functions are very similar for
the compressed and sheared monodisperse brushes.

6. Conclusions

In the present study a self-consistent Brownian
dynamics method previously developed for monodis-
perse brushes under shear was adopted to study equi-
librium and nonequilibrium structures of bimodal
brushes. Despite some simplifications, the method again
proved itself to be a reliable and powerful technique.

It is confirmed that at equilibrium the density profile
of bimodal brushes is composed of two regions.'618 In
the process of collapse under shear, it becomes a steplike
function. Similar density profiles were obtained for the
monodisperse brush.?

In the absence of shear, the free ends of short and
long chains are mostly found in different sublayers
inside the brush. It is the outer sublayer that is
compressed by the shear flow. If the shear is not strong
enough to cause a considerable intermixture of the free
chain ends of the different species in a vertical direction,
then the short chains cannot be stretched and inclined.
Under strong shear flow such intermixing occurs and
already all chains are stretched and inclined in the
shear direction. At this stage not only long chains but
also some of the short ones participate in the rotational
flow.

The number of long chains, directly affected by shear,
is very small. However, owing to the rotation of their
free ends shear stress is transferred below the flow
penetration level. We have observed the same picture
for the monodisperse brush in a previous study.!

We conclude that although the collapse of monodis-
perse brush under shear resembles its behavior during
compression by a wall the process of collapse of bimodal
brush under shear differs significantly from its com-
pression.’® Shear causes a destruction of the original
bilayer structure of the brush that remains under
compression.
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