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ABSTRACT: Dissipative particle dynamics (DPD) simulation is used to investigate solvent flow through a slit
channel grafted with stimuli-responsive polymer brushes. The coated channel can regulate solvent permeability
when, in response to stimuli, the grafted polymer brush undergoes conformational changes. The effects of the
grafting density and the chain length on the flow control capability by the smart channel have been studied.
Results show that a nearly 100-fold reduction in permeation rate can be achieved with such smart channels
through a proper choice of grafting parameters. Recommendations of suitable grafting parameters for optimum
solvent control are given. The interplay between polymer brushes and hydrodynamic flow of the solvent is also
briefly revisited. In good solvent regime, the height of the brush with low grafting density decreases with the
increase of the pressure drop, but the height of the brush with high grafting density is less perturbed by the
pressure drop. In the poor solvent regime, the brush height is even less perturbed by the pressure drop, regardless
of the grafting density.

1. Introduction

Porous membranes are used in separation, filtration, catalyst
supports, energy storage, drug delivery, and many other ap-
plications. Modifications of porous membranes by surface
grafting and/or other functionalization techniques are frequently
employed to produce tailor-made membranes suitable for
specific applications. An interesting class of functionalized
porous membranes is stimuli-responsive membranes that are able
to regulate fluid and/or solute flow through the membrane in
response to changes in environmental variables such as tem-
perature, pH, or the presence of specific chemicals. Such
membranes can be fabricated by chemically grafting or coating
the pore surface with polymers that can undergo coil-to-globule
transition in response to changes in the environmental variables.
For instance, poly(acrylic acid)1 and poly(glutamic acid)2

undergo such conformational transition in response to pH
change, and poly(N-isopropylacrylamide) undergoes this transi-
tion in response to temperature change.3 Such polymers, when
coated or grafted on the pore surfaces, form layers with a height
that is sensitive to the environmental variables. At a good solvent
condition, polymers typically swell, resulting in a relatively thick
polymer layer. At a poor solvent condition, however, the
swelling is reduced and the height of the polymer layer may be
substantially reduced. Therefore, a pore grafted or coated with
polymers, in a good solvent condition, and with a pore radius
comparable to the height of the polymer layer, is clogged. In
contrast, in the case of a poor solvent, the polymers are collapsed
onto the pore surface, and the pore is open. Permeability of the
solvent/solutes through the pore can thus be regulated.

Several groups have recently fabricated such stimuli-
responsive membranes with this approach. Park et al.3 im-

mobilized poly(N-isopropylacrylamide), a thermosensitive poly-
mer, on polycarbonate porous membranes, and they found that
the rate of water permeation through the immobilized porous
membranes changed with temperature while the permeation rate
through untreated membranes was independent of temperature.
However, the variation in the rate of water permeation, achieved
in this study, was small. The same group3,4 later used gold-
coated nanoporous membrane and assembled poly(glutamic
acid) (PGA) brushes on the gold surface. A 2-fold reduction of
permeation rate is achieved when pH is changed from acidic to
alkaline values. PGA is an ionizable polypeptide with its
conformations dependent upon pH and ionic strength: At low
pH, a PGA chain is protonated and forms anR-helical structure,
and at high pH, PGA is deprotonated and adopts an extended
random coil structure. The PGA brush changes from a more
compact layer to a more stretched and extended layer as the
pH increases. More recently, Smuleac et al,5 using a slightly
modified approach, immobilized PGA on poly-carbonate track-
etched membranes. They demonstrated that both the rate of
water permeation and solute transport through the membrane
can be reversibly regulated by pH.

The potential applications of such stimuli-responsive mem-
branes include controlled drug delivery, smart valves, and smart
chemical storage/release. One of the important characteristics
of these applications is the magnitude of change in solvent/
solute permeation rate that can be achieved by these materials.
If the polymer layer is formed by end-grafting (i.e., a polymer
brush), then this quantity depends on grafting density, chain
length, pore size, and solvent quality. The equilibrium structures
of polymer brushes at both good and poor solvent conditions
have been investigated by means of self-consistent field
theory,6-9 Monte Carlo simulations10-12 and scaling theories.13

It is fair to say that a good understanding on the equilibrium
structure of polymer brush is achieved at good solvent condition,
and perhaps less so at poor solvent condition.14 Solvent flow
through polymer brush has also received significant attention15-24

and has been a subject of controversy during the past decade.
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In particular, the response of the height of the polymer brush
to shear flow was debated. Because of the nonequilibrium nature
of these systems, theoretical calculations of solvent flow through
a polymer brush are complicated by the interplay between the
fluid velocity field and the local polymer composition field.
Theoretical calculations of fluid flow through a polymer
brush20,25,26often use a continuum hydrodynamic equation where
the velocity profile is solved using the Brinkman equation25 with
an a priori assumed permeability related to the monomer density
profile. The obtained velocity profile has been shown by
Milner20 to be very sensitive on the assumed monomer density
profile. In particular, a parabolic density profile of the polymer
brush leads to a much greater penetration length into the brush
region than a step-function density profile would allow.
Although the continuum hydrodynamic formalism is useful for
qualitative analysis, the accuracy of the fluid flow characteristics
obtained with the continuum approach is not firmly established.
Furthermore, the density profile of polymer brushes in poor
solvents and the corresponding permeability are not completely
understood.14

In the present work, we used the dissipative particle dynamics
(DPD) approach to investigate solvent flow through a slit grafted
with a “smart” polymer brush. DPD is a particle-based meso-
scopic simulation scheme that has been shown to predict correct
hydrodynamic behavior (i.e., the fluid velocity field obeys the
Navier-Stokes equation). Since its original inception,27 the
method has become a popular choice for the study of systems
where both Brownian motion and hydrodynamic interactions
are important. Several groups have used DPD to study grafted
polymer layers under shear flow.28,29 In particular, the height
of the polymer brush under different shear rates and varying
solvent quality were examined. Here we focus on the ability of
smart slits to regulate solvent flow at different grafting densities,
chain length, and hydraulic pressure. We model the external
stimulus that triggers the polymer coil-to-globule transition by
a change in the solvent quality. The interplay between the local
solvent velocity field with the local polymer volume fraction is
intrinsically taken into account via DPD. We show that nearly
100-fold reduction in permeation rate can be achieved with such
smart channels through a proper choice of grafting parameters.
The reported results can be used as a guide to experimental
designs of such smart channels. A similar “virtual” investigation
of flow control by smart channels, but using molecular dynamics
was recently reported.30 In that study, however, only one grafting
density with one chain length was examined.

2. Simulation Details

2.1. Basic DPD Scheme.The DPD approach, was introduced
by Hoogerbrugge and Koelman27 and cast in its present form
by Espan˜ol.31 In DPD, a number of particles are coarse-grained
into a fluid element, thereafter called a dpd-particle. These dpd
particles interact via pairwise additive interactions that locally
conserve momentum, a necessary condition for a correct
description of hydrodynamics.32 The particles move according
to Hamilton’s equations

wherer i andvi correspond to the position and velocity of particle
i andf i is the force acting on theith particle andmi is its mass,
assumed to be the same for all dpd particles. DPD is further
differentiated from molecular dynamics by using a pairwise
random and dissipative interactions in addition to the conserva-
tive interaction. The net force on theith particle,f i, is therefore

given by

whereFij
(C), Fij

(D), andFij
(R) are the conservative force, dissipa-

tive force, and the random force, respectively, acting between
particlesi and j. The conservative force is soft and repulsive,
and is, for simplicity, modeled as a linear function of distance
up to a some cutoff distancerc

whereaij is the strength of the repulsive interaction and depends
on the species of particlesi and j, r ij ) r i - r j, rij ) |r ij|, and
r̂ ij ) rij/r ij. In our simulations, all lengths are reported in units
of the cutoff distancerc. The unit of aij is kBT/rc, kB is
Boltzmann’s constant, andT is the system temperature. The
dissipative and random forces are given by

wherevij ) vi - vj is the relative velocity of a pair of particles,
σ is the amplitude of the thermal noise,γ is a friction coefficient,
θij(t) is a symmetric random variable satisfying

with i * j andk * l. In eqs 4 and 5,wD andwR are continuous
functions of distancer and become zero whenrij g rc. In eq 5,
∆t is the iteration time step. The combined effect of the
dissipative and random forces is that of a thermostat. Espan˜ol
and Warren31 showed that in order for the fluctuation-
dissipation theorem to be satisfied at some temperatureT, the
two weight functions and their prefactors must satisfy the
following relationship:

For simplicity, we took

We must note that since, in the present work, we deal with a
fluid system at nonequilibrium, the use of dissipative particle
dynamics is justified since it has been shown to exhibit correct
long large scale and mesoscopic hydrodynamics.32

In the present work, we setσ ) 3.0(ε3m/rc
2)1/4 whereε sets

the energy length scale. All our simulations are performed at
kBT/ε ) 1 and a fluid number densityF ) 3.0rc

-3. The positions
and velocities of the particles are solved using a modified
velocity-Verlet algorithm proposed by Groot and Warren,33

with an integration time step∆t ) 0.02τ (unless stated
otherwise) with the time scaleτ ) (mrc2/ε)1/2. The values of
the interaction parameteraij measured in units ofε/rcwill be
presented subsequently.

2.2. Models of Polymer Grafted Channels.Our simulations
are performed in a box of linear dimensionsLx, Ly, andLz, with
periodic boundary conditions applied along thex- and y-

∂r i

dt
) vi mi

∂vi

dt
) f i (1)

f i ) ∑
j*i

(Fij
(C) + Fij

(D) + Fij
(R)) (2)

Fij
(C) ) {aij(1 - rij/rc)r̂ ij (rij < rc)

0 (rij g rc)
(3)

Fij
(D) ) - γwD(rij)(r̂ ij‚vij)r̂ij (4)

Fij
(R) ) σwR

(rij )

θij

x∆t
r̂ ij (5)

〈θij(t)〉 ) 0 (6)

〈θij(t)θkl(t′)〉 ) (δikδjl + δilδjk)δt,t′ (7)

wD(r) ) [wR(r)]2, σ2 ) 2γkBT (8)

wD(r) ) [wR(r)]2 ) {(1 - r/rc)
2 (r < rc)

0 (r g rc)
(9)

Macromolecules, Vol. 39, No. 16, 2006 Flow Control by Smart Nanofluidic Channels5547

CDV



directions. Two planar walls parallel to thexy-plane confine
the fluid particles within the slit. Each wall is made of four
layers of dpd particles that are assembled in a face-centered
cubic lattice within a height of 1rc. The width of the slit where
the fluid particles can sample isH ) Lz - 2rc. In principle,
fluid particles may penetrate into the walls because of the use
of soft conservative force between the wall particles and the
fluid particles. However, a sufficiently high number density of
wall particles (we usedF ) 8.0rc

-3) was found to be sufficient
to prevent solvent and polymer particles from penetrating the
wall. The wall dpd particles interact with solvent and polymer
beads via similar conservative, dissipative and random forces
to those between other dpd particles. However, for the sake of
computational efficiency, the wall particles are “frozen”. The
effect of freezing the wall on the fluid flow will be discussed
shortly. Linear polymer chains are end-grafted on the first layer
of the top and bottom walls. The grafted chain ends were also
kept frozen. A polymer chain, is modeled asN connected dpd
particles, representingN statistical segments, linked to each other
via a finitely extensible nonlinear elastic (FENE) potential34

where we choose the equilibrium bond lengthreq ) 0.7rc, the
maximum bond length,rmax ) 2.0rc and the elastic coefficient
kF ) 40 ε/rc

2. Most of our simulations were performed on a
box with Lx ) Ly ) 8rc and a slit widthH ) 20rc, unless stated
otherwise. The repulsive parameters of solvent-solvent and
polymer-polymer are chosen asass ) app ) 25ε/rc. The
interaction strength between wall and solvent or polymer
particles is set toaws ) awp ) 8ε/rc. The polymer-solvent
repulsive interactionaps is varied in order to model the quality
of the solvent. We define a parameter∆a:

When∆a ) 0, the polymer-solvent interaction is the same as
the polymer-polymer and solvent-solvent interaction, corre-
sponding to an athermal solvent. A large positive value of∆a
results in a strongly repulsive force between solvent and polymer
particles, hence a poor solvent. A negative value of∆a, however,
results in a net attraction between polymer and solvent particles,
hence mimicking a good solvent. Once the composite system
is equilibrated for 5000τ, an external forcefx, along the
x-direction, applied on all solvent particles is switched on,
thereby generating a flow along thex-direction. The system is
then let to run for another 20 000τ. The quantities such as the
positions, the velocities of solvents and polymer particles are
recorded every 10τ. Uncertainties in the velocities are based
on fluctuations in the original simulation data. Uncertainties in
other reported quantities are estimated using the error propaga-
tion method.

3. Results and discussions

3.1. Coil)Collapse Transition of Polymer Chains in Dilute
Solution. The coil-to-globule transition of polymer chains in
dilute solution has been a subject of intense experimental,
theoretical and computational studies.35-39 Here, we investigate
this transition only to establish the range of solvent parameter,

∆a, that needs to be explored. The transition is investigated by
monitoring the mean square radius of gyrationRg

2 as a function
of solvent quality, whereRg

2 is defined as〈Rg
2〉 ) 〈1/N ∑i)1

N

(Ri - Rcm)2〉, Ri is the coordinate of polymer particlei, Rcm is
the coordinate of center of mass of the chain and the bracket
denotes ensemble average. The final reportedRg value is also
averaged over all polymer chains in the box. These simulations
were performed in a 20× 20 × 20rc

3 cubic box without any
walls, and the polymer concentration is kept sufficiently dilute,
with a volume fraction of polymer beads around 0.025.

Figure 2 shows the dependence of the radius of gyration on
the solvent quality for two chain lengths. At∆a ) 0, we have
confirmed that forN ) 10 to 100,Rg ∼ Nν with the exponent
ν ) 0.6, comparing favorably with the expected Flory’s
exponent for polymers in good solvent. Figure 2 shows that
the degree of polymer chains swelling is enhanced as∆a
becomes more negative. Although, we did not determineν for
negative∆a, we expect the same value. TheΘ point, determined
approximately as the point whereRg/N1/2 becomes independent
of N, was found to be around∆a ) 3ε/rc. The further decrease
in Rg as ∆a is further increased (in the poor solvent regime)
was affected by the clustering of multiple chains in the
simulations.

3.2. Poiseuille Flow of Simple DPD Fluid in a Slit.In this
section, we present simulation results on Poiseuille flow of
simple DPD fluids in a planar channel without grafted polymers.
The flow was generated by applying a forcefx on all solvent
particles along thex-axis. A similar approach was used in the
study of flow of an atomistic fluid in a narrow slit by molecular
dynamic simulations.40,41 Due to the soft repulsive interaction
between dpd-particles, it is difficult in DPD simulations to build
walls that will not have fluid particles penetrating into the walls

Uintra(ri,i+1)

{-
kF

2
(rmax - req)

2ln[1 -(ri,i+1 - req

rmax - req
)2] for ri,i+1 < rmax

∞ for ri,i+1 g rmax

(10)

∆a ) aps - 1
2
(ass+ app) (11)

Figure 1. Snapshot of a polymer grafted channel without flow. The
grafted polymer chains are red, the wall particles are green and the
fluid particles are black. For the sake of clarity, not all fluid particles
are shown.

Figure 2. Mean radius of gyration,Rg, of a polymer chain with chain
length 25 and 50, as a function of solvent quality parameter4a.
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and at the same time no velocity slip near the wall. To get an
impenetrable wall, Kong et al.42 suggested that the density of
the wall particles should be four times larger than that in the
fluid. This can prevent fluid particles penetrating into the walls,
but velocity slip can still occur if the wall particles are frozen.
Jones et al.43 found that the slip was effectively eliminated when
a certain velocity was imposed on the fluid particles within a
close distance from the wall, even if the density of the wall
particles was kept the same as that of fluid. Revenga et al.44

used an effective force that represented the effect of wall on
fluid particles, together with bounce back reflections, to ensure
no-slip condition. Using a similar approach, Fan et al.45 found
that simple DPD fluids behave like a Newtonian fluid in
Poiseuille flow. However the density fluctuation and temperature
drop near the wall still exist. Willemsen et al.46 added an extra
layer of particles, with height equal to the interaction radius,
outside the simulation box. The position and velocities of
particles in this layer are determined from the position and
velocities of particles within the interaction radius of the
boundary. Thus, no-slip boundary condition and no density
distortion were achieved. However Wijmans et al.29 found that
DPD fluids at a lower density such asF ) 3.0rc

-3 still shows
slip at both surfaces.

We compared velocity profiles of Poiseuille flow of DPD
fluids in the slit obtained with two different treatments of wall
particles. In the first treatment, the wall particles are frozen
(quenched walls), and in the second treatment, the wall particles
vibrate around their equilibrium lattice points at the same
temperature as the fluid particles (annealed walls). In the latter
approach, the same conservative, dissipative and random forces
described in section 2.1 are applied between wall-wall and wall-
fluid particles. The repulsive parameter between wall particles
is also set at 25ε/rc. The integrity of the lattice is ensured via
an anharmonic potential energy anchoring the wall particles to
their equilibrium positions,U(r) ) (w2/2)r2 + (w4/4)r4, where
r is the distance of a wall particle from its respective equilibrium
position, and we setw2 ) 50ε/rc

2 andw4 ) 50ε/rc
4. The positions

and velocities of wall particles are updated using the leapfrog
algorithm with Nose-Hoover thermostat. When the wall is kept
frozen, the velocity profileVx(z) had an appreciable slip near
the wall, but after subtracting the slip, it is well-fitted to a
parabolic function. For example, forfx ) 0.06ε/rc andH)19.6rc,
we foundVx(z) - Vslip ) (Vmax - Vslip)[1 - (z/9.8rc)2] with
Vslip ) 3.31(ε/m)1/2 andVmax ) 13.35(ε/m)1/2. On the other hand,
when the wall particles are allowed to vibrate with the same
thermal energy (hereafter referred as annealed walls), the
velocity profile no longer has the slip and is well-fitted byVx-
(z) ) Vmax[1 - (z/9.8rc)2] with Vmax ) 9.51(ε/m)1/2 at the same
conditions. Figure 3 presents the overlap of the two velocity
profiles. It is clear thatVmax - Vslip found with quenched walls

is slightly larger thanVmax found with annealed walls under
otherwise same conditions. This implies that the effective
viscosity of the fluid in the case of annealed walls is slightly
larger than that in the case of quenched walls, even after
subtracting the slip velocity. This is reasonable since when wall
particles are allowed to vibrate, some of the energy will be
dissipated through the walls.

We further explore the dependence of the mean fluid velocity
along thex-direction, 〈Vx〉, on the applied force and other
parameters with walls kept frozen. For a Newtonian fluid
confined in a slit with no-slip boundary condition, the flux
generated by a pressure drop∆P along thex direction is given
by

whereη is the fluid viscosity. In our simulation, the pressure
drop ∆P is generated through the external forcefx applied on
the fluid particles. Therefore,∆P/Lx ) Ffx. The fluxQ is related
to the mean velocity〈Vx〉 through Q ) 〈Vx〉HLy. Combined
together with eq 12, we obtain〈Vx〉 ) FfxH2/12η. In Figure 4a,
〈Vx〉 - Vslip is shown as a function of the external forcefx for H
) 20rc. The linear dependence of〈Vx〉 - Vslip on fx is maintained
up to fx ≈ 0.1ε/rc. A deviation from the linear dependence is
observed at higher values offx. This is expected since nonlami-
nar flow can be produced at high-pressure drop (we estimated
a Reynolds number of about 300 whenfx ≈ 0.1ε/rc). Figure 4b
displays the dependence of〈Vx〉 - Vslip on the slit widthH at a
fixed fx ≈ 0.6ε/rc. The data are well-fitted to a power law,〈Vx〉
- Vslip ∝ H1.997(0.003. In contrast, ifVslip is not subtracted, the
dependence〈Vx〉 ∼ H2 is not observed. Figure 4c combines three
sets of simulation data on a single plot of〈Vx〉 - Vslip vs fx H2.
All data collapse on a single linear line. This confirms that we
have properly simulated Poiseuille flow of a DPD fluid model
in a channel. The presence of a slip velocity at the wall is not
a problem as long as it is subtracted from the velocity field.
From the slope in Figure 4c, we found an effective viscosityη
) 0.887(εm)1/2/rc

2. Though the viscosity of a simple DPD fluid
at the same conditions was not found in the literature, our value
compares well with those reported after adjusting for the
difference in the used parameters. For example, Fan et al.45

reported a viscosityη ) 1.007(εm)1/2/rc
2, but they used a number

densityF ) 4.0rc
-3 whereas we usedF ) 3.0rc

-3. Since the
simulation with annealed walls is very time-consuming, the
remaining of the study was performed with frozen walls.

3.3. Demonstration of Flow Control Capability of Smart
Channels. Section 3.1 shows that polymer chains undergo a
coil-to-globule collapse transition when the solvent quality is
changed from good to poor. When such polymer chains are
grafted to the inner surfaces of a channel at relatively high
grafting density, they form a brush with a height that is sensitive
to the solvent quality. This in turn can control the solvent flow
through the channel. Here we demonstrate the capability of flow
control by such smart channels. The channel is grafted with
polymer chains with lengthN ) 25 at a grafting densityω )
0.50rc

-2 on each wall, whereω ) Np/LxLy andNp is the number
of polymer chains grafted on each wall. We can calculate the
reduced surface density,Σ ) πRg0

2ω ) 3.69, whereRg0 is the
radius of gyration of a chain with lengthN ) 25 in a dilute
bulk solution at∆a ) 0. The reduced surface density is a
measure of distance between the grafted chains compared with
the size of free chains in solutions. IfΣ >1.0, then the average
distance between the grafted chains is greater than the size of
the free chains. As a result, the grafted chains are stretched

Figure 3. Velocity profiles of a simple DPD fluid confined in a slit
with Lx ) Ly ) 8rc, H ) 19.6rc, fx ) 0.06ε/rc obtained when (+) walls
are frozen, (0) walls are annealed. A slip velocityVslip was subtracted
from the velocity profile with the frozen walls.

Q ) ∫0

Ly
dy∫-H/2

H/2
dz Vx (z) ) Ly∆PH3

12ηLx
(12)
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perpendicular to the surface and form brushes. The mean
velocity and velocity profile in the channel is obtained after
the flow has reached steady-state. Figure 5 shows the depen-
dence of the mean velocity on the solvent quality with a slit of
heightH ) 20rc in two different box sizes andfx ) 0.06ε/rc. A
sharp transition in the mean velocity, from nearly zero to a
maximum value of about 2.8(ε/m)1/2, is observed when the
solvent quality changes from good to poor. This figure also
shows that finite size effects are minimal. In Figure 6, snapshots
of polymer brushes at three solvent conditions are shown. Note
that due to shear induced by solvent flow next to stationary
walls, the polymer chains are tilted, and that the tilting is
enhanced as the solvent quality is reduced. From the snapshots
in Figure 6, we clearly observe the slit change from “closed”
state to “open” state when the solvent changes from good to
poor. At good solvent condition, solvent particles penetrate the
polymer layer leading to a swelling of the brushes. However,
since the polymers are grafted to the stationary walls, the flow
of the solvent is practically blocked due to the frictional drag
created by the polymers. We note that the volume fraction of
polymer particles in the channel is∼40% and remains constant
when the solvent quality is varied. When the solvent is poor,
solvent particles are depleted from the brush region toward the

central region of the channel, and the solvent flows mainly
through the region devoid of polymers in the middle of the
channel. Figure 7 displays the density profiles and velocity
profiles of solvent particles along thez-axis. When the solvent
is poor (∆a ) 5), the solvent density profile is nearly a step
function, being constant atF ) 3rc

-3 in the middle of the
channel and drops sharply to a lower value atz ≈ ( 6rc,
presumably the location of interface between the solvent and
the polymer-rich layer.

To quantify the capability of the smart channel to control
solvent flow, we define a dimensionless parameterκ ) Q/Q0,
called permeability of the channel, whereQ andQ0 are the flow
rates through the channel with and without grafted polymer
brushes, respectively, under the same flow conditions. The flow
rateQ is proportional to〈Vx〉 without subtracting any slip since
the velocity field drops to zero continuously in the brush region.
However, we used〈Vx〉 - Vslip for Q0. In Figure 8, the
permeability vs the solvent quality is shown. We note that the
permeability is nearly zero for good solvent conditions and
approaches 0.40 as the solvent quality is reduced. The latter
value is comparable with the ones reported by Adiga and
Brenner30 in their molecular dynamic simulations of smart
nanofluidic channels. The permeability in the athermal solvent
reported in their study is slightly less than 0.05, also comparable
with our value at∆a)0. However, the solvent quality in their
study was not varied continuously as in our study. As a result,
the change in the permeability in their study30 does not appear
as dramatic as in our simulations. The grafting densityω in
their study is 0.01σmm

-2, whereσmm is the diameter of Lennard-
Jones particles used in their simulations. Unfortunately, we could
not find the corresponding radius of gyration of the chain grafted
on the wall in their study, so we are unable to make a
quantitative comparison with their systems.

3.4. Effect of Tunable Parameters of Smart Channels on
Flow Control. In the design of such smart channels, the tunable
parameters include, among others, the surface grafting density
and the chain length. Figure 9 shows the effect of surface
grafting density on the solvent-sensitive permeability of the

Figure 4. (a) Dependence of〈Vx〉 - Vslip on the external force,Lx ) Ly ) 8rc, H ) 20rc. (b) log-log plot of 〈Vx〉 - Vslip vs the slit widthH, Lx

) Ly ) 8rc, fx ) 0.06ε/rc. (c) Linear dependence between〈Vx〉 - Vslip and fxH2. Data shown correspond to (0) Lx ) Ly ) 8rc, H ) 20rc, varying
fx; (9) Lx ) 20rc, Ly ) 8rc, H ) 20rc, varying fx; and (+) Lx ) Ly ) 8rc, fx ) 0.06ε/rc, varying H.

Figure 5. Dependence of the mean solvent velocity on the solvent
quality under an external driving forcefx ) 0.06ε/rc. N ) 25, andω )
0.50rc

-2. Dimensions of the slit channel are given in the figure.
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smart valve. We note from this figure that independently of the
solvent quality, the channel permeability is reduced as the
grafting density is increased. However, the absolute change in
the permeabilityκ asω is varied is more significant in the poor
solvent condition (open state) than in good solvent condition
(closed state). When the grafting densityω ) 0.50rc

-2, the
permeability of the channel in the good solvent condition is as
low as 0.0035 (also, see data in Table 1). Further increase in
the grafting density significantly reduces the permeability of
the channel in the poor solvent condition. At a smaller grafting
density, such asω ) 0.24rc

-2, although the permeability in the

open state is large, there is an appreciable permeability in the
closed state. When the grafting density is too small, the channel
leaks even in the closed state and the control of the flow may
not be effective.

For the ease of analysis, the sigmoidal dependence ofκ on
solvent quality∆a in Figure 9 was fitted to the dose response
curve with variable slopes, used frequently in the study of drug
pharmacology.47 Namely

whereκmin, κmax are the minimum and maximum permeability,
respectively,R is the hillslope, and∆ac is the solvent quality
whenκ ) (κmax-κmin)/2. We will refer to∆ac as the crossover
point from the open to the closed states. Table 1 summarizes
the fitting parameters obtained at the four different grafting
density along with the corresponding reduced surface densities
Σ. For the four systems investigated, the reduced surface
densitiesΣ are all greater than one. The four systems studied
here are well in the brush regime.48 At moderate grafting
densities such asω ) 0.31rc

-2 and 0.50rc
-2, the crossover point

∆ac is close to the estimatedθ-solvent condition,∆ac ≈ 3.0ε/
rc. At high grafting densities, the crossover point∆ac shifts
toward conditions with poorer solvent quality. At high grafting
densities, densely grafted polymers have to stretch away from
the surface due to excluded-volume interactions between

Figure 6. Snapshots of polymer brushes for three values of solvent quality, and under a driving forcefx ) 0.06ε/rc. Here, a, b, and c correspond
to ∆a ) -5ε/rc, ∆a ) 0, and∆a ) 5ε/rc, respectively. For the sake of clarity, the solvent particles are omitted. Other parameters correspond to
Lx ) 20rc, Ly ) 8rc, H ) 20rc, N ) 25, andω ) 0.50rc

-2.

Figure 7. Solvent density profiles (a) and velocity profiles (b) at different solvent qualities∆a, corresponding to those in Figure 6. Key: (-) ∆a
) -5ε/rc; (- -) a ) 0; (‚‚‚) a ) 5ε/rc.

Figure 8. Permeability through a slit channel with widthH ) 20rc as
a function of the solvent quality. The grafting densityω ) 0.5rc

-2 and
chain lengthN ) 25.

Figure 9. Permeability as a function of solvent quality at different
grafting densities forN ) 25, Lx ) Ly ) 8rc, andH ) 20rc.

Table 1. Characteristics of Solvent Control by Smart Channel at
Different Grafting Densities (Slit Channel Width H ) 20rc and

Grafted Chain Length N ) 25)a

ωrc
2 ∑

κmin

(×10-2) κmax ∆ac

hillslope
R κmax/κmin κmax - κmin

0.24 1.77 4.55 0.714 2.23 0.204 15.7 0.667
0.31 2.28 1.90 0.608 2.79 0.228 32.0 0.589
0.50 3.69 0.35 0.394 3.71 0.274 111 0.391
0.75 5.55 0.22 0.179 5.03 0.281 82.3 0.177

a Uncertainties of the data are in the last digit of the reported numbers.

κ ) κmin +
κmax - κmin

1 + 10R(∆ac-∆a)
(13)
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monomers. Consequently, the channel is not effectively open
unless the solvent is very poor. This observation is in accord
with the experimental reports.49 The hillslopeR is a measure
of the steepness of the response curve. A largeR corresponds
to a steeper response. As the grafting density increases,R
increases slightly. Our results indicate that a smart channel with
densely grafted brushes produces a somewhat sharper transition
response than a channel with low grafting densities.

Important indicators of performance characteristics of smart
channels must depend on specific types of applications. The
ratio, κmax/κmin, should serve as one of these performance
indicators. The data in Table 1 clearly shows thatκmax/κmin

reaches a maximum at the grafting densityω ) 0.50rc
-2 (or Σ

) 3.69) and that a further increase in the grafting density leads
to a decrease in this ratio. The differenceκmax - κmin decreases
with increasing grafting density. Atω ) 0.24rc

-2, which is the
lowest grafting density investigated here, the difference,κmax

- κmin, is largest. However, it is foreseeable that this difference
may decrease with a further reduction in the grafting density.
Limited simulations at even lower grafting density (data were
not included in Table 1) confirmed this conjecture.

Table 2 compares the control characteristics of smart channels
with different chain lengths and slit widths for a given grafting
density. The polymers in these systems are again in the brush
regime, indicated by the reduced surface densityΣ being greater
than one. We also added to Table 2 another indicator, 2Lmax/H,
whereLmax is the contour length of the grafted polymer chain
and is calculated asLmax ) (N - 1)req wherereq ) 0.7rc is the
equilibrium bond length.Lmax serves as measure of an upper
limit of the brush height (bond stretching beyond the equilibrium
bond length can occur but is negligible in most cases) when
the grafting density reaches the maximum. When 2Lmax/H ∼ 1,
then fully extended brushes will clog the pore at good solvent
condition. Although the range of the parameters, 2Lmax/H and
Σ, investigated here is limited, we can clearly see that when
2Lmax/H < 1, there is an appreciable permeability through the
channel in the closed state (e.g., forN ) 10, H ) 20rc, κmin )
0.234). If 2Lmax/H is large (e.g., 2Lmax/H > 2.0), we find that
the permeability in the open state becomes small (e.g., forN )
50,H ) 20rc, κmax ) 0.0468). Increasing 2Lmax/H from 1.68 to
2.40 at fixedΣ ) 3.69 (see data in Table 2) lowers the ratio
κmax/κmin from 111 to 50.9. From limited data in Tables 1 and
2, we can conclude that the two grafting parameters,Σ and
2Lmax/H, have a range of values during which the ratioκmax/
κmin will reach maximum. The smart channel will have the
optimum control of solvent flow. The exact ranges forΣ and
2Lmax/H are still unknown and they may mutually depend on
each other. Current limited data suggest that 2Lmax/H should
be between 1 and 2 andΣ needs to be at least greater than 1.0
but a further increase ofΣ beyond an optimum value will
degrade the performance of the smart channel.

3.5. Interplay between Solvent Flow and Brush Height.
Finally, we present in this section simulation results on the
interplay between solvent flow and brush height. The shear
response of polymer brushes under good solvent conditions, due

to solvent flow, has been the subject of considerable debate
during the past decade.15-17,19,21-25,28,29,50-53 Earlier studies
suggested that shear lead to swelling of polymer brushes.17,22,24,25

However, later experiments23,53and computer simulations19,28,29

have shown that brushes do not swell under shear. In fact,
simulations have indicated there is a reduction in the brush
height at high shear rate owing to the stretching of the chains
along the shear direction.19,21,29X-ray and neutron reflectivity
studies on the effects of solvent flow on the height and density
profile of a polymer brush revealed no change in either quantity
for a range of shear rates.23,53Here we show that this conclusion
holds true in the poor solvent regime. We calculated the brush
height using the first moment of the brushes:10

whereFk(z) is the density profile of a polymer layerk andz )
0 corresponds to the middle of a slit of heightH. Parts a and b
of Figure 10 compare the brush heights at different shear rates
at two grafting density. For small grafting densities, we observe
a decrease in the brush height with the increase of the shear
rate (i.e., asfx is increased) in the good solvent regime, but in
the poor solvent regime the shear force has little effect on the
brush width. The observed response of the brush width to the
shear rate in good solvent conditions is consistent with results
reported in recent simulation studies.29 Wijman et al.29 also
observed that the reduction in the brush width with the increase
of shear rate is more significant when the grafting density is
low. For low grafting densities, the amount of solvent in the
polymer brush is appreciable, and as we have seen earlier, the
slit is not completely closed. Therefore, the polymer chains
experience shear stresses caused by the solvent flow. Since the
polymer chains remain stationary, the net force acting on them
along x-axis is zero. The shear stresses are compensated by
polymers stretching along thex-axis. At higher grafting densities,
the solvent is more stationary in the polymer layer than at low
grafting densities. Therefore, the polymer layer does not
experience much shear stresses due to solvent flow, and the
polymer brush becomes practically unaffected by the flow rate.
Our simulations further show that brush width is very insensitive
to the shear rate in the poor solvent regime. When the solvent
is poor, solvent particles are fairly excluded from the polymer
layer. Consequently, the flow has very little effect since the
height of the polymer brushes is essentially determined by the
incompressibility condition.

The permeability through channels coated with polymer
brushes was reported to depend on the shear rate or the hydraulic
pressure drop. Experimentally Castro et al.54 reported an increase
in the permeability with the shear rate through a polymer grafted
microporous silica membrane. They attributed this increase to
the reduction in the brush width at high shear rate. More
recently, Adiga and Brenner30 investigated the permeability of
cylindrical channels coated with polymer brushes in an athermal
solvent for different force. Their simulations results showed a
correlation between the increase of the permeability rate and
the decrease in the brush height, as the shear rate increases.
We have only investigated two different values of driving force,
fx ) 0.06ε/rc and 0.137ε/rc. We note that latter value is slightly
above the range over which a Poiseuille flow holds in the
absence of polymers. Nevertheless, the increase in the perme-
ability at high shear force is clearly seen. More interestingly,
the increase of the permeability is more appreciable in the poor

Table 2. Characteristics of Solvent Control by Smart Channel with
Different N and H at a Fixed Grafting Density ω ) 0.50rc-

2

N andH/rc ∑
κmin

(×10-2) κmax ∆ac a
κmax/
κmin 2Lmax/H

N ) 10,H ) 20 1.08 23.4 0.744 0.961 0.126 3.18 0.630
N ) 25,H ) 20 3.69 0.35 0.394 3.71 0.274 111 1.68
N ) 50,H ) 20 8.87 0.22 0.0468 8.33 0.279 21.3 3.43
N ) 25,H ) 18 3.69 0.41 0.336 4.19 0.284 82.0 1.87
N ) 25,H ) 14 3.69 0.53 0.270 5.64 0.270 50.9 2.40

h )
1

2
∑
k)1

2 ∫-H/2

H/2
dz |H/2 - z|Fk(z)

∫-H/2

H/2
dz Fk(z)

(14)
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solvent regime than in the good solvent regime (see Figure 11).
In the poor solvent regime, however, the brush width is not
significantly affected by the driving force of the flow (see Figure
10). These findings suggest that the increase in the permeability
with the increase of shear force may not entirely come from
the reduction in the brush height, as proposed by Castro et al.54

One of the possible reasons is that the solvent velocity profile
in the coated channel does not entirely fit to a parabolic function.
The velocity profile has a tail that slowly drops to zero in the
brush region. The extent of this tail is modulated by the
interaction of the solvent particles with the brush, which is
influenced by the solvent quality and the driving force. The
presence of a slowly decaying tail in the velocity profile when
polymer brushes are present implies that the velocity profile is
not parabolic (Poiseuille flow), and therefore〈Vx〉 need not be
proportional to the driving forcefx. More investigations at other
values offx are needed to characterize solvent flow through
coated brushes.

4. Concluding Remarks

Dissipative particle dynamics (DPD) method is employed to
investigate solvent flow through a slit channel grafted with
“smart” polymer chains. DPD is more suitable for the investiga-
tion than coarse grained molecular dynamic simulations. We
show in this study that Poiseuille flow of simple PDP fluids in
a slit channel without grafted polymer layers is properly
simulated even when the wall particles are frozen. When the
wall particles are frozen, the velocity profile had an some slip
near the walls, but after subtraction of the slip, the velocity
profile is well fitted to a parabolic function. The dependence
of the mean velocity, after subtraction of the slip, on the applied
force and the slit width conforms to the Poiseuille law. The
capability of smart channels to control solvent flow is demon-
strated in the study. A nearly 100-fold reduction in the
permeation rate can be achieved with such smart slits through
a proper choice of grafting parameters.

In the current study, we focused on the solvent control
capability by the smart channel. The interplay between polymer

brushes and hydrodynamic flow of the solvent is only briefly
investigated, since this topic has received significant attention
before. Under good solvent conditions, we observed a decrease
in the brush height with the increase of the shear rate at low
grafting density. This agrees with earlier reported simulation
results.29 Under poor solvent conditions, the brush height is
found to be very insensitive to the shear rate.
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