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We study mixed brushes under shear flow by molecular dynamics simulation with an explicit solvent.
The primary brush is formed by chemically grafting polymers to a solid substrate, the secondary
brush is comprised of shorter, physically end-adsorbed molecules that can laterally diffuse. By virtue
of the immobility of the grafted end-points of the primary brush, its individual macromolecules
perform a cyclic motion. If there is a well defined solvent-brush interface, this cyclic motion of the
primary brush molecules will collectively result in the reversal of the flow inside of the primary
brush. This backflow, linear in the shear rate, gives rise to the transport of the shorter, physically
end-adsorbed molecules in the opposite direction of the solvent flow. We discuss which conditions
are necessary to observe this counter-intuitive phenomenon. Comparing Poiseuille and Couette flow
we demonstrate that the magnitude of the local shear rate at the brush-liquid interface dictates the
cyclic motion and concomitant inversion of transport but that these universal effects are independent
of the type of driving the flow. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4851195]

. INTRODUCTION

Polymer brushes have attracted abiding interest as versa-
tile and stable functional surface coatings. By grafting long,
flexible polymers to a substrate one can tailor adsorption and
wetting properties as well as the fluid flow past these soft,
synthetic, or biological surfaces.' To a first approximation the
brush can be conceived as a porous medium and Brinkman’s
equation®? has been employed to describe the flow inside
the brush. Recent studies, however, reveal a more complex
behavior: Simulations indicate strong modifications of the
hydrodynamic boundary condition by brush coatings, which
can be traced back to (i) an increase of the effective viscosity
inside the brush* and (ii) the cyclic motion of the grafted
polymer chains in shear flow. Experiments® observe that the
flow reduction by a brush coating is unexpectedly larger than
predicted by the simple poro-elastic model. One possible
explanation for this experimental finding is the inversion of
the total velocity field inside the brush that has been observed
in simulations.®

The cyclic tumbling motion of individual long flexible
chain molecules in shear flow has been observed by fluores-
cence microscopy experiments.”%2%3% This dynamics stems
from a complex interplay between Brownian dynamics, chain
relaxation, and hydrodynamics effects, as it is also the case
for the cyclic dynamics of an isolated, grafted chain under
flow.>"13 In a polymer brush, the collective behavior of tum-
bling grafted chains may result in the inversion of the to-
tal velocity profile in a particular zone, inside the brush.
This has been observed in dynamic single-chain-in-mean-
field simulations,’ unentangled-Lennard-Jones bead-spring
models,® ' as well as soft, coarse-grained dissipative particle
dynamics (DPD) simulations.”
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In this work, we exploit that the surface flow inversion,
resulting from the collective but un-synchronized tumbling
motion of the individual grafted chain molecules, can give rise
to inverse macroscopic transport of physisorbed molecules
against the solvent flow direction.

This inverse transport is observed for the first time and
we demonstrate that the inverse transport velocity scales lin-
early with the shear rate of the main flow, allowing to compare
our simulation results at rather high shear rates with smaller
values of the shear rates in experiments.

Since the backflow velocity inside the primary brush is
small, a stringent confinement of the secondary species is
mandatory. Even a brief exposure of the secondary species
to the strong main flow would overcompensate the inverse
transport inside the primary brush. We meet this critical re-
quirement by using a secondary physisorbed brush where one
chain end is allowed to diffuse laterally but must not detach
from the grafting surface.'®

The reversal of surface transport can be an interesting
new feature for microfluidic sorting strategies or process trig-
gering and suggests a possibility for direct experimental veri-
fication of the collective motion of brushes under shear.

We employ linear Couette flow to study the different
features of the effect. For a selected parameter set we
compare these results to Poiseuille flow that mimics the
pressure-driven flow routinely used in microfluidic devices.
This quantitative comparison shows that the cyclic motion is
rather independent of the type of (macroscopic) flow and that
its magnitude is dictated by the shear rate at the brush-liquid
interface.

In Sec. II we provide details of the molecular model and
simulation techniques, and Sec. III presents the results of
our molecular simulations. Our manuscript concludes with a

© 2014 AIP Publishing LLC
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discussion of possibilities for measuring the reported inverse
flow and estimates for the expected orders of magnitude in
experimental realizations.

Il. INTERACTION MODEL AND SIMULATION
METHODS

The primary brush is comprised of long, flexible
Lennard-Jones bead-spring chains with N, = 32 beads that
are irreversibly fixed with one end to a smooth, impenetrable
substrate. The head beads are held fixed (irreversible graft-
ing), by setting to zero the total force on them in each time
step. The difference in molecular lengths gives rise to a vis-
cosity contrast between polymer brush and monomeric sol-
vent. The secondary physisorbed brush consists in shorter
chains, N, = 12, with an end bead fixed in z-direction but
free to diffuse along the surface. This physisorption is repre-
sented by setting to zero the total force of the heads in Z direc-
tion ( f**%2 = () for each time step. In x and y the calculated
force is retained allowing for the in-plane diffusion of the
secondary chains.

The mixed polymer brush and the explicit, monomeric
solvent are represented by Lennard-Jones particles. The gen-
eral dependence of the potential is of the truncated and shifted
form:

U(r) = Uns(r) = UL(re) 1)

wo-s[@F-@] e

where € represents the energy scale and o the excluded
volume. Non-bonded interactions are cut-off at a distance
Feut = \6/§O'~

The Lennard-Jones energy scale, €, is identical for all
non-bonded interactions. The length scale of the Lennard-
Jones potentials between all like species is o. The incompat-
ibility between brush and solvent is represented by a slight
non-additivity, Op,l = Opy] = 1.20.

Neighboring beads along the molecular backbone are
connected by a finitely extensible nonlinear elastic poten-
tial. This widely studied potential for coarse-grained polymer
models,!” takes the explicit form:

_%k Réln[l — (RLU>2] r <Ry 3)

00 r > Ry

with

where the maximum allowed bond length is Ry = 1.5¢, the
spring constant is k = 30¢/02, and r = |r; — ;| denotes the
distance between neighboring monomers.

All the beads interact with the wall through a 9-3
Lennard-Jones-like potential:

Oy ’ Oy ’
Vwan(z) = [Ay| <—> — Ay <—> . )
Z Z

The parameters were set to A,, = 2.0 and o, = 1. More
details of the interaction model can be found in Ref. 14.

We point out that the present binary brush significantly
differs from previous studies® because the brush is in a bad
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solvent and the solvent is of low molecular weight. The brush
forms a dense melt-like layer, the chain conformations are
only mildly stretched in contrast to a swollen brush. The re-
duced chain stretching facilitates height fluctuations of the
free chain ends that are critical for flow inversion by the
tumbling motion.

The simulation box has dimensions 26.25¢ x 18.19¢
x 400, with upper and lower brush-coated walls (see
Fig. 1). Periodic boundary conditions are applied in the
two lateral directions parallel to the surface. The primary
brush (N, = 32) is composed of 100 chains per wall, while
40 physisorbed chains (N,, = 12) per wall formed the sec-
ondary brush. These values correspond to grafting densities
op, = 0209073 and p,, = 0.0840 3 for the primary and
secondary brush, respectively. The solvent comprises 6240
Lennard-Jones monomers. The combination of grafting den-
sity and molecular length of the primary brush and the non-
additivity between brush and solvent results in (i) a broad dis-
tribution of free ends of the grafted chains and (ii) a dry brush
with a well-developed brush-solvent interface. The chains of
the secondary brush are short enough for not reaching the
brush-solvent interface.

We used molecular dynamics simulation in conjunction
with the dissipative particle dynamics thermostat,'®2 which
is Galilean invariant and takes into account hydrodynamic
correlations, as shown previously for these coarse-grained
models and physical conditions.?! Time is measured in units
of T = o/m/e where m is the mass of a bead. For the sim-
ulations, we take a time step dt = 0.002t. We impose linear
shear (Couette) flow by moving the grafting surfaces of a slit-
like channel at constant and opposite velocities vy, result-
ing in a constant shear rate, y = 2v,,/D},, at the middle of
the channel, where D}, defines an effective channel width.??
We imposed also, for some case, Poiseuille flow by applying
a constant body force f; to each bead of the liquid and the

z(o)

FIG. 1. Density profiles of the mixed brush in an explicit solvent for the low-
est (solid lines) and highest (dashed lines) shear rates studied as indicated in
the key in Lennard-Jones time units t. The grafted ends of the primary brush
(red) are fixed to the surfaces that slide with constant velocities +vy, up and
down. The physisorbed ends of the secondary brush (green) can move later-
ally. There is a well-defined interface between the primary brush (red) and
the solvent (black), and the secondary brush (green) is confined between the
grafting surface and the brush-solvent interface. The inset presents a configu-
ration snapshot. The beads of the primary brush (red) are partially transparent
to show the embedded secondary chains (green). The grafted and physisorbed
ends of the primary and secondary brushes are indicated in light blue and yel-
low, respectively.
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primary brush. This gives rise to the usual parabolic velocity
profile.

lll. RESULTS

Fig. 1 presents the density profiles of all the species for
the lowest and highest shear rates considered in this work.
The height of the primary brush decreases only very slightly
as we increase y by about two orders of magnitude. A well-
developed brush-solvent interface between the primary brush
and the liquid solvent is formed with solvent particles re-
maining outside of the brush layer. The secondary brush is
completely immersed in the primary one; only the largest fluc-
tuations of its free ends get close to the brush-solvent inter-
face as highlighted in the inset of Fig. 1. We also note that
a small amount of solvent is trapped at the grafting surface,
where one observes liquid-like layering effects (packing). The
overall time-averaged structure perpendicular to the grafting
surface and the position and width of the brush-solvent in-
terface, in particular, are almost independent of the shear
rate.

In the following, we measure velocity and length scales

in terms of the Weissenberg number, Wi = y%, and the
end-to-end distance R. of the equivalent bulk polymer melt
whose number density corresponds to that of the center of the
primary brush, pf''* = 0.820 3. In this way, length and time

are scaled with the typical spatial extent and relaxation time,

= ﬁ, of a bulk polymer melt with the same molecular

architecture and thermodynamic conditions as the primary
brush layer. 7* is the relaxation time of the longest Rouse
mode of a polymer chain and D is the self diffusion coefficient
of a chain in a melt.”> We performed separate MD simulation
for this bulk melt system with periodic boundary conditions
in the three spatial directions and we obtained the values
R, = 7.060, D = 1.61 x 10730%/7 and t* = 10437, re-
spectively. From this values we can also estimate a stretching
factor for the primary brush. We obtain a brush thickness
hprusn = 100 (see Fig. 1) and therefore the stretching factor
S = /’lbm_yh/Re ~14.

Fig. 2 shows the velocity profile for the three species.
From the linear portion of the velocity profile of the solvent,
we extract the shear rate y. The solvent velocity reaches the
surface velocity, vy, in the vicinity of the brush-solvent inter-
face. The time-averaged velocity of every bead of the immo-
bile grafted primary brush coincides with vy,. Nevertheless,
there is a correlation between the fluctuating z-position of a
primary brush bead and its lateral velocity that arises from the
cyclic tumbling motion of the grafted macromolecules. The
inset presents the velocity profiles in the frame that moves
with the velocity of the surface at z = 0. If a bead of the pri-
mary brush fluctuates away from the grafting surface to larger
values of z, it is exposed to the greater solvent velocity at the
brush-solvent interface, and it is dragged along with the flow.
Therefore, there is a positive velocity (along the solvent flow)
for the external part of the primary brush in contact with the
solvent, z/R. >~ 1.3. Since the overall velocity of a bead must
average to zero, the bead tends to move in the opposite direc-
tion when it is closer to the grafting surface. Therefore, the
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FIG. 2. Velocity profiles of both brushes (red and green) and the liquid sol-
vent (black) for a shear rate of y = 0.597~! or Wi = 615.46. z/R. = 2.83¢
corresponds to the center of the channel. Data points, at which the local den-
sity is smaller than 1% of the bulk density, are omitted for clarity. Linear
Couette flow is observed at the center of the slit-like channel. The (average)
velocity of the brush beads agrees with that of the surface, vy, but the outmost
beads of the primary brush are convected by the flow. Inset: Magnification of
the velocity profiles v = v,, — v for both brushes, close to the surface. The
origin is set to wall velocity (v/ = 0) and the liquid flows in the positive y-axis
direction. The collective cyclic motion of the primary brush (red) gives rise
to a backflow inside the brush, which convects the secondary brush (green)
against the direction of the solvent flow.

velocity of the primary brush beads is negative (against the
solvent flow) in the interior of the brush.

In Fig. 3 we show the density profiles and mean velocity
of end beads of the primary brush. The origin indicates the
position of the grafted bead of the polymer chains. The pro-
files were obtained by averaging over all the grafted chains of
both layers subjected to Poiseuille flow driven by an external
body force f, = 0.08¢/0. A maximum of the density of the
end-bead is observed around (x, z) = (17.50, 90) indicating
the average tilting of the brush molecules. Additionally, in the
outer part of the brush, the cyclic movement of the end-bead
is clearly observed from the end-bead velocity field. Its shape
and extension towards the interior of the brush determines the
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FIG. 3. Primary brush end-bead density (color plot) and velocity profiles.
The cyclic dynamics and its spatial extension is clearly observed. The profiles
were extracted from a Poiseuille flow simulation of body force f, = 0.08¢/0.
The axes are in units of o. The vector plot is normalized with the maximum
velocity set to one. The lower, left corner corresponds to the grafting point.
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FIG. 4. Scaled momentum profiles p* = p/Wi of the primary brush for dif-
ferent shear rates. The tumbling motion occurs in the region 0.8 < z/R. < 1.4.
The inset presents the spatial minimum of p* as a function of Weissenberg
numbers. The dashed line corresponds to a scaling ~Wi~173.

zone of inverted transport. Similar results have been obtained
by self-consistent Brownian dynamics.’*?23

In Fig. 4 we analyze the momentum density pp;(z)
= pp1(2)vp1(z) of the primary brush as a function of the dis-
tance from the surface in the co-moving frame. There is
no transport of the grafted primary brush and the integral
of the momentum density profile vanishes in the co-moving
frame. However, one clearly observes that the local momen-
tum density is positive on the solvent-side of the brush-solvent
interface and negative on the side towards the grafting surface.

In the figure, we have scaled the momentum den-
sity of the primary brush with the Weissenberg number,
P* = porush/Wi, to rationalize the dependence on shear rate.
For the lowest two shear rates, the scaled velocity profiles
are independent from y, i.e., the velocity profile of the pri-
mary brush scales linear with the velocity of the solvent flow.
This linear relation stems from the rotational component of
the Couette velocity profile that couples to the motion of the
grafted chains and results in their individual tumbling mo-
tion. At higher shear rates, Wi > 60, the velocity profile of
the brush cannot completely follow the solvent. In this non-
linear regime, we observe that the minimal scaled momentum
density, min (p*), decreases like Wi~!3,% i.e., the maximally
inverted local momentum density scales with Wi to the power
of 2/3. This effective power law is indicated by a dashed line
in the inset of Fig. 4.

Using extensive, multiple, independent molecular
dynamics simulations of 8 Xx 107 time steps, we have
investigated the motion of the secondary brush. The data
for the velocity of the beads of the secondary brush as a
function of their distance, z, from the adsorbing surface are
shown in Fig. 2. Within the statistical uncertainty of the
simulation data, there is no variation of the bead velocity
with the distance z but there is a small, constant negative
velocity, i.e., the end-physisorbed molecules of the secondary
brush are transported against the solvent flow because they
are convected by the inverted flow generated by the tumbling
motion of the primary brush.

J. Chem. Phys. 140, 014901 (2014)
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FIG. 5. Backflow velocity of the center of mass of the secondary brush as a
function of Weissenberg number (scaled shear rate). The dashed line indicates
that the velocity of the secondary brush against the solvent flow direction
increases linearly with the shear rate.

In Fig. 5 we characterize this backflow by the center-of-
mass velocity of the secondary brush as a function of the shear
rate of the solvent. Within the accuracy of the simulation data,
the backflow velocity is linearly proportional to the shear rate
of the solvent flow.?’

Quantitatively, the backflow velocity is small, but it is
a qualitative effect. The convective nature of this motion
implies that the backflow velocity vi,, gives rise to a dis-
placement |Axj,y| ~ vinvt, While the diffusive displacement
scales as |Axgs| ~ /Dot with D, being the lateral self-
diffusion coefficient of the end-physisorbed species, i.e., for
long enough times, backwards transport of the secondary
chains will always dominate the diffusion.

A further question concerns the dependence of the
inverse transport or the underlying cyclic motion on the type
of flow. For computational efficiency, we have used Cou-
ette flow with a nearly constant shear rate in our simulations
whereas pressure-driven flow with a linear shear-rate depen-
dence is the more common way to impose flow in microflu-
idic devices. Using a pressure difference along the length of
the channel gives rise to a quadratic velocity profile with a
maximum at the center of the channel.

To study the effect of the macroscopic flow, we have per-
formed Poiseuille-flow simulations by imposing an external
body force, f, on each bead of the liquid and the primary
brush, which also generates a parabolic mass-averaged ve-
locity profile across the channel. The comparison of Cou-
ette and Poiseuille flow is presented in Fig. 6. The main
panel shows the mass-averaged velocity profile for a Couette-
flow simulation with shear rate 7 = 0.0807 ! (dashed line)
and a Poiseuille-flow simulation with external body force
f: = 0.02¢/0. These parameters are chosen such that the local
shear rates at the brush-liquid interface is similar although the
macroscopic flows are qualitatively different.

The inset of Fig. 6 displays the density profiles for pri-
mary brush and liquid, which are very similar. The slight dif-
ference of the apparent width of the brush-liquid interface
can be partially traced back to the difference in the lateral
system sizes and the broadening of the profiles due to local
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FIG. 6. Comparison of Couette-flow (dashed line, y = 0.08t~!) and
Poiseuille-flow (full line, f, = 0.02¢/7) giving rise to similar mass-averaged
back-flow velocity profile of the primary brush. The fitted macroscopic ve-
locity profiles, linear and parabolic, at the center of the channel are also
presented. The inset shows the density profiles for both cases and the fitted
macroscopic velocity profiles indicating the position of the hydrodynamic
interface, z >~ 100.

fluctuations of the interface position.'* This panel also shows
the extrapolated hydrodynamic velocity profiles that we ob-
tained by fitting the macroscopic position dependence — lin-
ear for Couette flow and parabolic for Poiseuille flow, respec-
tively — of the velocity profiles at the center of the channel.
We observe that both types of flow extrapolate to zero veloc-
ity (i.e., the velocity of the grafting surface) at z >~ 100 indi-
cating the location of the hydrodynamic boundary condition
and vanishingly small slip.

Measuring local shear rates by fitting a linear curve in a
small zone around z 2 100 for the mass-averaged velocity
profile, we obtain yj, = 0.05217~" and Y. = 0.05227~! for
Poiseuille and Couette flows, respectively. The intensity of the
cyclic motion of the brush and the concomitant inverse trans-
port velocity are the same under these two qualitatively differ-
ent macroscopic driving mechanisms demonstrating that both
effects are determined by the local shear rate at the brush-
liquid interface. Therefore, we expect that the conclusions we
draw from the Couette flow are robust, i.e., independent from
the macroscopic flow away from the brush-liquid interface.

IV. DISCUSSION AND CONCLUSIONS

One important condition for obtaining backwards trans-
port is the presence of a well defined brush-solvent interface,
in which the solvent does not penetrates in the brush layer
(see Fig. 1). This requirement does not affect the cyclic tum-
bling motion of the irreversible grafted polymer chains per se
but ensures that collective effect of the brush results in the
inversion of the total momentum transport and that the ef-
fect is not wiped out by the solvent flow. Such a dry brush
can be achieved by entropic effects, as in a brush-polymer
melt interface,'* or by chemical incompatibility between
the brush and the solvent molecules, as shown in this work.
A minimal requirement for the existence of a brush-solvent
interface is sufficient grafting density.

Another important pre-requisites are the thermal fluctu-
ations of the position of the brush segments perpendicular
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to the wall because the tumbling motion relies on the cor-
relation between height fluctuations and velocity. We antic-
ipate that too large grafting densities, resulting in strongly
stretched brush molecules with only very rare fluctuations of
the free end segments to the high-velocity region of the sol-
vent flow and to the vicinity of the substrate, or chain stiff-
ness will decrease the tumbling motion and the concomitant
backwards transport. Thus, we expect the backflow effect to
occur at intermediate, experimentally accessible grafting den-
sities, where the grafted chains overlap but are not strongly
stretched.

We used a polymer brush in a bad solvent. Through the
incompatibility between the brush and the solvent we can tai-
lor the width of the brush-solvent interface and the molecular
stretching of the grafted macromolecules remains small.

In order to estimate the possibility to observe the inverse
transport experimentally, we map the coarse-grained model
to realistic length and time scales using the observed rela-
tion between the velocity, vi,y, of the backflow, the extension
of the primary brush R., and the shear rate, y. From Fig. 5
we estimate vip, = o R,y with @ &~ 1073, The detailed val-
ues of an experimental realization will strongly depend on
the choice of the secondary brush. In our study we have cho-
sen the secondary brush to have the same molecular archi-
tecture as the primary brush in order not to introduce further
parameters. Using R. ~ 33 nm for the primary brush (cor-
responding to a brush height of about 50 nm and an unper-
turbed end-to-end distance of 20 nm of the secondary brush)
and a high shear rate of 10° s~!, we estimate that the back-
flow velocity will be of the order of vi,y ~ 3 x 1074 um/s.
The crossover time scale from diffusive to convective trans-
port is given by t* = D, /v,y & 100 s where we have used
a diffusion constant of 107> um?/s, prototypical for the bulk
diffusion of a polystyrene chain with end-to-end distance
R.o, =20 nm.?® Thus, backflow will dominate for distance
larger than vt* =~ 0.03 pwm.

This finding opens the possibility of developing a
microfluidic device with brush-coated channels, having si-
multaneous transport in the direction of the solvent flow and,
inside the brush, an opposite flow of a different molecule.
Moreover, the backflow is highly independent of the flow
type. Another set of simulations with a Poiseuille-type flow
also resulted in backflow. We showed that the intensity of the
cyclic motion is similar to that of the linear flow, providing
that one gets similar shear rates at the brush melt interface.
This Poiseuille flow mimics the “pressure-driven” flow typi-
cally used in microfluidics and we hope that our simulation
study will be corroborated by experiments.
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