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ABSTRACT: Molecular dynamics simulations were performed
for electro-osmotic flow (EOF) confined in a polyelectrolyte-
grafted nanochannel under variable grafting density and nor-
mal electric field. With decreasing the value of the normal elec-
tric field, the brush undergoes a collapse transition, and the
ion distribution is changed significantly. The brush thickness
increases on increasing the grafting density at positive and
weak negative electric fields, whereas a reduced brush thick-
ness is observed at strong negative electric field. Our results
further reveal that the flow velocity is not only dependent on
conformational transition of the brush but also related to the
cation and anion distributions. At low grafting density, the EOF
is almost completely quenched at high electric field strength

INTRODUCTION The electro-osmotic flow (EOF) originates in
the electrical double layer (EDL) at the solid-liquid interface
and has been widely used as a pumping method in microflui-
dic and nanofluidic devices."? With the development and
application of nanofluidics, nanochannels become key build-
ing blocks for the construction of lab-on-a-chip devices,
which provide useful research tools for ion transport, biona-
notechnology, investigation of single-molecular behavior, and
biochemical analysis. More importantly, improving smart reg-
ulation of nanochannels has become a challenging topic for
lab-on-a-chip development. Surface modification plays a criti-
cal role in implementing the functions of smart nanochan-
nels. Recent studies have shown that polymers coated on the
surface can control the EOF** and minimize wall-analyte
interactions,”® which is important for biomolecule separa-
tions using electrophoresis technology. In contrast to tradi-
tional electro-osmotic transport, the coupling between poly-
mer chain dynamics and electrohydrodynamics creates a
difficulty in predicting quantitatively the behavior of EOF in
a polymer-bearing channel. There are a few studies that
have paid attention to elucidate the modulation mechanisms
of EOF in polymer-coated channels.””** Theoretically, several
important features on the controlling of EOF have been
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due to strong surface friction between ions and walls. For the
case of very dense grafting, the flow velocity is influenced
weakly within the brush when varying the grafting density.
Additionally, a bidirectional flow occurs at an intermediate
electric field. The investigation on fluid flux indicates that the
fluid flux is insensitive to the grafting density, when the normal
electric field is removed. For nonzero normal electric fields, a
significant change in the fluid flux is observed at low grafting
densities. © 2012 Wiley Periodicals, Inc. J Polym Sci Part B:
Polym Phys 50: 805-811, 2012
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obtained by Harden et al’” at different grafting density
regimes using a scaling approach, which can serve as a use-
ful starting point to further study systems including the cou-
pling of electrokinetic effects and polymer dynamics. Slater
and coworkers®!! have performed coarse-gained molecular
dynamics simulations of the EOF through a cylindrical nano-
pore coated with neutral polymers. Their findings confirm
some of scaling predictions from Harden et al.” and are in
good agreement with experimental observations.!* Full
atomistic molecular dynamics simulations have also been
carried out by Qiao® to investigate the EOF confined between
two opposing walls grafted with polymer layers, which
provided a good understanding of the mechanisms of elec-
tro-osmotic transport modulated by neutral polymers.
Recently, we have addressed the control mechanism of EOF
inside a polymer-grafted nanochannel where polymers are
exposed to a solvent of variable quality.'>'® Our results
showed that varying the solvent quality can affect signifi-
cantly the flow velocity, counterion distribution, and confor-
mational behavior of the polymer brush.

These works as mentioned above focused on investigations
of the EOF through channels coated with neutral polymer
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brushes. When polyelectrolyte chains are grafted densely to
a solid surface, such as planar substrates and strongly
curved surfaces of colloidal particles, a polyelectrolyte brush
results.’>® The long-range electrostatic interaction in polye-
lectrolyte brushes brings about a variety of novel properties
compared to polymer layers consisting of end-grafted neutral
macromolecules. The polyelectrolyte brushes can respond to
many external and internal stimuli, such as salt concentra-
tion, grafting density, pH, temperature, electric field, and
charge fraction of the polyelectrolyte chain. A significant
amount of works on the theory for polyelectrolyte brushes
were carried out to understand their conformational charac-
teristics, interactions, and phase behavior using scaling pre-
dictions'”™*° and self-consistent-field calculations.?®** Exper-
imentally, chemists have designed and synthesized a number
of novel polyelectrolyte brush systems with various specific
functions that possess potential application value in colloid
stability, flow regulation, smart surface, and membrane mod-
ification. For example, the integration of stimuli responsive
polyelectrolyte brushes into solid-state single nanochannels
can create tailor-made nanovalves resembling the functions
of sophisticated biological ion channels.?* The gating mecha-
nism is implemented by collapse-stretching conformational
transition of the brushes responsive to pH. Additionally, coat-
ing amphoteric molecules (lysine or histidine) onto the inner
surface of an asymmetric nanometer-scaled channel permits
a broad set of rectification properties and enables a higher
degree of ion transport regulation?® More recently, Hou
et al.?* developed a pH gating ionic transport nanodevice
using plasma asymmetric chemical modification with various
complicated functional molecules coated onto the wall of sin-
gle nanochannels to enhance the functionality of biological
ion channels.

Obviously, the natural presence of charges in polyelectrolyte
brush systems provides the possibility of using external elec-
tric fields to regulate their conformations. Moreover, the elec-
tric field represents a favorite approach to induce extension-
collapse transition of polyelectrolyte brushes due to its faster
construction than other stimuli. Ouyang et al.>® used molecu-
lar dynamics simulations to analyze the gating mechanisms
in a polyelectrolyte-grafted nanochannel under external elec-
tric field. Further, our group studied the effects of salt con-
centration and chain stiffness on response behavior of the
brushes under added electric fields.?® These works revealed
that polyelectrolyte brushes as the gating components show
a strong static and dynamic response to the change of
applied electric field. Additionally, the experiment by Weir
et al.?” based on weak polybase brushes indicated that volt-
age-induced swelling exhibits a wider range of brush swel-
ling states in comparison to pH switching. If such an electric
field is incorporated into the transport of EOF in a polyelec-
trolyte-grafted channel, the coupling of polyelectrolyte chain
dynamics and electrohydrodynamics may lead to some new
electrokinetic transport phenomena. Compared to electro-os-
mosis transport in bare nanochannels without external elec-
tric fields normal to the wall, the formation and properties
of the EDL will not only depend on the physicochemical
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properties of the surface but also on the electrostatic inter-
actions of polyelectrolyte brushes with ions as well as the
strength of normal electric fields. Recently, our group
has performed molecular dynamics simulations of the elec-
tro-osmosis transport in a polyelectrolyte-grafted nanochan-
nel under the control of a normal electric field.”® In that
work, we first addressed some problems on the interplay
between complex EOF and nonequilibrium conformational
behavior of polyelectrolyte brushes at a molecular level. We
found that whether the channel surface is coated or not
coated with polyelectrolytes leads to a very different flow
behavior, and the fluid flux depends nonmonotonically on
the normal electric field. This work based on our prior
study?® further takes into account the combination effects of
grafting density and normal electric field on flow velocity,
nonequilibrium brush thickness, fluid flux, and particle den-
sity distribution. We show how the direction and magnitude
of normal electric field influence fluid transport and brush
conformation at different grafting densities. The rest of the
article is organized as follows. The details of the model sys-
tem and molecular dynamics method are described in the
next section. Then, we present simulation results and a
detailed discussion of the results. Finally, we summarize our
results in “Conclusions” section.

METHODOLOGY

System Model

We use the same parameters of the model as in our previous
work,?® such as molecular model of polyelectrolyte chains,
wall parameters, fluid number density (pf = 0.80~ %), number
density of charged surface particles (p. = —0.167%, the sur-
face charges are negative), and salt concentration (no =
0.026%). The polyelectrolyte chains with N = 22 monomers
are grafted to the bottom wall, and the top wall is not bear-
ing a brush as shown in Figure 1. The grafting points are
arranged in a square lattice with a spacing d = pgl/z, where
pg denotes the number of end-grafted chains per unit area.
Every second monomer carries a negative charge. The cati-
ons in the bulk fluid include the counterions dissociated
from polyelectrolytes and the dissociated salt cations. Our
bead-spring model can be viewed as a coarse-grained repre-
sentation of a flexible polyelectrolyte, for example, sodium
poly(styrene sulfonate), which is an anionic polyelectrolyte
and frequently chosen as the grafted polymer. The dimen-
sions of the simulation box are L, x L, x H, where L, x L,
x 28.573¢ and the height H = 230 along the z-direction
(not including the wall thickness).

Molecular Dynamics Simulations

The short-range interaction between any two particles is
modeled by a purely repulsive Lennard-Jones potential. We
take g, m, and ¢;; as length, mass, and energy units, respec-
tively. In this work, ¢ is also regarded as the particle dia-
meter, chosen to be the same irrespective of the particle
type. All other units are derived from these basic units, such
as time unit T = (moz/gu)l/ 2, temperature unit T = ey/kp
(ks is Boltzmann's constant), electric field unit E* = aua’l/
(4meL))Y? (o is the vacuum permittivity), and velocity unit
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FIGURE 1 Snapshot of a simulation box containing movable
particles (ions and solvent) through a polyelectrolyte-grafted
channel with pg ~ 0.12672. The EOF is generated by applying
an electric field E, along the x-axis, and an electric field E, is
applied normal to the wall to control the brush conformation.
White and black beads linked by bonds represent charged and
neutral monomers, respectively. Solvent particles and free ions
are represented as small beads. The wall beads are made up
of large gray beads.

u" = o/7. The chain’s connectivity is maintained by a finitely
extendable nonlinear elastic potential with bond stiffness ki,
= 308”/02 and maximum bond length Ry = 1.5¢. The choice
of parameters corresponds to an average bond length of [, ~
0.980. Long-range electrostatic interactions are calculated
using the particle-particle/particle-mesh (PPPM) algorithm.?’
In all simulations, the Bjerrum length /g = 62/(47T808rkBT) (&r
is the dielectric constant of the solvent) is fixed at 1z = 20.
/g is 0.71 nm for water at room temperature. To calculate
the Coulomb interaction of the systems with a slab geometry,
which are periodic in the x- and y-direction and have a finite
length in the z-direction, an empty volume with the height of
nL, (L, denotes the z-direction length of simulation box) is
inserted along the z-direction. For all runs, n = 3 is taken. In
addition, a correction term is also added to the modified
PPPM method.*° The system temperature is controlled by a
dissipative particle dynamics thermostat®"*? with the friction
coefficient y = 1.5t and the desired temperature T =
1.2T". Periodic boundary conditions are applied along x and
y directions. We apply an electric field E, parallel to the
channel wall to induce the migration of charged particles
and E, perpendicular to the channel wall to control the
extension rate of polyelectrolyte brushes (Fig. 1). In this
work, the horizontal electric field E, is fixed at 0.35E". The
electric field is exerted on any charged particle with charge
q in the form of an additional external force q(E,n + E,m),
where n and m denote x and z directional unit vectors. The
positions and velocities of the particles are calculated using
the velocity Verlet algorithm with a time step At = 0.05t.
The system is equilibrated for 4.5 x 10° time steps, and
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then external electric fields are added through a further run
of 5.5 x 10° time steps. After achieving a steady state, a pro-
duction run from 2 x 10° to 2 x 107 time steps is per-
formed to sample the simulation data depending on the
strength of external electric field.

RESULTS AND DISCUSSION

Density Profiles and Brush Thickness

First, we investigate the conformational behavior of the
brush under EOF shear with applied horizontal electric field
EJE = 0.35 and different normal electric fields. Figure 2
shows monomer density profiles at a low grafting density pg,
= 0.031¢" % and a high grafting density Pg = 031072 As
seen from this figure, when E, increases from —3E and 3E,
the brush undergoes a collapse transition due to enhanced
electric force toward the bottom wall. At E,/JE- = —3, the
density profile exhibits significant oscillation especially for
Py = 0.031¢~2 [Fig. 2(a)]. Such strong oscillation reveals
monomers that are in an ordered arrangement along the
direction normal to the wall, corresponding to highly
extended brush conformation. In this work, to calculate the
average quantities, we divide the entire region into bins with
thickness L, = 0.2¢0 (which is less than the average bond
length [, ~ o) along the z direction (namely the direction
normal to the wall). If a larger bin thickness is used, the

0.20 T . T .

0.15

FIGURE 2 Monomer density profiles at (a) pg ~ 0.0316°2 and
(b) 0.3162 for different normal electric fields. Simulations are
performed at a constant parallel electric field E/JE" = 0.35.
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oscillation behavior of monomer density may disappear
under strong electric fields, just as observed in the work of
Ouyang et al.** In their work, all polyelectrolyte chains under
strong electric fields are in a highly extended state and
monomer density profiles exhibit a flat shape except for the
two ends of the brush. It is found that at p, = 0.031¢ 2 the
brush conformation is more sensitive to the change of nor-
mal electric field compared to the case of high grafting den-
sity pg = 0.31¢ 2 [Fig. 2(b)]. At strongly positive electric
field E,/E° = 3, a completely collapsed brush conformation
can be observed at p, = 0.031¢~2 [Fig. 2(a)]. The brush at
pPg = 0.310~ 2 exhibits Gaussian-terminated parabolic shape
when E,/E" > —1 [Fig. 2(b)].

The change of normal electric field not only affects the
monomer density profiles but also has a large influence on
the ion distribution. Figure 3 gives density profiles of anions
and cations at p, = 0.0316~2 for various normal electric
fields E, At E,/E° = 3, anions [Fig. 3(a)] and cations [Fig.
3(b)] aggregate near bottom and top walls, respectively.
With decreasing the value of electric field strength, more
anions move toward the top wall, whereas more cations
move toward the opposite wall. Strong electric fields can
overcome the weaker electrostatic attraction between cations
and charged monomers as well as the attraction between
cations and anions. At |E,/E"| = 3, almost all cations are sep-
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FIGURE 3 Density profiles of (a) anions and (b) cations at pg ~
0.031¢ 2 for different normal electric fields. The parallel electric
field is fixed at E/E" = 0.35.
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FIGURE 4 Density profiles of (a) anions and (b) cations at pg =~
0.31072 for different normal electric fields. The parallel electric
field is fixed at E,/JE* = 0.35.

arated from the charged monomers or anions, and ions pack
densely together near the walls. At E,/E = 0 and 1, ions dis-
tribute along the direction normal to the wall and fill the
entire channel. At high grafting density p, = 0.31072 (Fig.
4), anion and cation densities show a different distribution
compared to those at p; = 0.03 162 Clearly, most anions ag-
gregate near the top wall at E,/E" < —1 [Fig. 4(a)]. However,
only a small amount of anions distribute near the bottom
wall, though a strong positive electric field E,/E- = 3 is
applied. Note that at high grafting densities, a compact poly-
electrolyte layer is formed near the bottom wall. Additionally,
there exist strong repulsive interactions between the brush
and anions. These factors make it difficult for most anions to
penetrate into the brush and approach the bottom wall.
Therefore, there are very few anions in a wide region away
from the bottom wall.

To analyze quantitatively effects of grafting density and nor-
mal electric field on the extension or shrinkage of the brush,
we calculate the average thickness of grafted layer using the
formula h = ([38 Z"*]/Ng), where z"* is the maximum
value of z-coordinates of the monomers from the ith polymer
chain, and N, denotes the number of grafted polyelectrolyte
chains. Figure 5 shows the brush thickness h as a function of
the grafting density at different normal electric fields. It is
clear that the brush becomes thicker when decreasing
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FIGURE 5 Average thickness h of polyelectrolyte brushes as a
function of grafting density at different normal electric fields.
The horizontal dashed line denotes the channel width. Simula-
tion data are obtained at a fixed parallel electric field EJ/E =
0.35.

normal electric field from E,/E = 3 to —3. At high grafting
densities, the effect of electric field on the brush thickness
becomes weak. In the absence of normal electric field, the
brush thickness shows only a slight change at low grafting
densities followed by a swelling of the brush, which is in
consistence with previous works on equilibrium brush con-
formations (see Fig. 9 in ref. **). At relatively low grafting
densities, the equilibrium structure of the polyelectrolyte
brush is determined by a competition between electrostatic
repulsion among the chains that tends to straighten them
and a moderation of this effect by counterions that screen
the interactions between polyelectrolyte monomers.
Excluded volume effects start to become very dominant at
high grafting densities. Here, we simply determine the criti-
cal grafting density p, between the mushroom and brush
regimes in the absence of E, namely through observing the
change of the brush thickness (because the increase of the
thickness with increasing the grafting density is a typical
behavior for the brush conformations). We found that when
pg > 0.078672 the brush thickness shows a significant
increase with the grafting density. Therefore, it is believed
that the critical grafting density p, is about 0.0785 2. Cer-
tainly, the horizontal electric field E, also plays an important
role in controlling the brush structure due to shear force
induced by particle motion driven by E,, just as the case of
EOF modulated by neutral brushes.”** In this work, we fix
E, at a certain value, that is, the effect of E, on flow charac-
teristics is not discussed. When EZ/E* > —1, the brush thick-
ness increases as the grafting density is growing. Interest-
ingly, increasing the grafting density leads to a reduced
brush thickness at E,/E° = —3. The presence of applied nor-
mal electric fields leads to a rearrangement of positively and
negatively charged ions as seen from Figures 3 and 4. At
strong electric fields, a significant amount of anions and cati-
ons move toward two different surfaces. This nonequilibrium
ion distribution further results in the formation of an inter-
nal electric field along the direction opposite to external
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electric field, which can resist stretching or shrinkage of
grafted chains induced by the electric field. Note that at E,/
E" = —3 the brush is in a fully extended state for low graft-
ing densities. The increase of grafting density corresponds to
an increase of charged particles per unit area further leading
to the enhancement of the internal electric field.

Flow Velocity and Fluid Flux

In this section, the effects of grafting density and normal
electric field strength on flow characteristics are addressed.
We present the velocity profiles for different normal electric
fields at pg = 0.031¢ > and 0.031¢ * in Figure 6. For bare
nanochannel (namely the channel without grafted polyelec-
trolytes), a plug-like velocity profile can be observed in the
absence of normal electric field.>?® At E,/E" = 0, the velocity
profile at p, = 0.0310~2 also shows a plug-like shape [Fig.
6(a)], while the shape of velocity profile is significantly
changed at p, = 0.31¢ 2 [Fig. 6(b)]. Additionally, a nonzero
normal electric field applied can strongly affect the flow
state in bare channels?® and polyelectrolyte-grafted ones
(Fig. 6). At E,/E = 1, the flow velocity shows significant
negative values near the top wall regardless of low or high
grafting densities. This indicates that particles move along
the direction of electric field, that is, more anions aggregate
near the top wall as seen from Figures 3 and 4. However, in
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FIGURE 6 Steady-state flow velocity profiles at (a) pg =
0.031672 and (b) 0.316°2 for different normal electric fields.
Simulations are performed at a constant parallel electric field
EJE = 0.35.
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FIGURE 7 Fluid flux Q as a function of grafting density at dif-
ferent normal electric fields. Simulations are performed at a
constant parallel electric field E/E" = 0.35.

the case of sparse grafting (py = 0.031¢~%), EOF is almost
completely suppressed under strong electric fields E,/E =
—3 and 3 [Fig. 6(a)]. The similar phenomenon also occurs in
bare channel.?® Though cations and anions are completely
pulled toward two different walls at strong electric fields,
the bidirectional flow is not observed. It reveals that strong
normal stress toward the walls induces strong surface fric-
tion between ions and walls with fcc microscopic structure,
which further suppresses the movement of ions or EOF
transport. Clearly, a strong flow occurs at weak electric
fields. In a bare channel, the velocity profile exhibits a Cou-
ette-like shear flow induced by the migration of ions near
the walls at intermediate electric fields, such as E,/E = 1
and —1.%% Such flow feature is not observed in the case of
sparsely grafted-polymers [Fig. 6(a)]. This can be attributed
to the friction drag of polyelectrolyte brush and the presence
of polyelectrolyte counterions (though for sparsely grafted-
polymer channel).

At high grafting density p, = 0.3107 % the flow velocity
within polyelectrolyte brush is insensitive to the change of
electric field [Fig. 6(b)]. Outside the brush varying the elec-
tric field can cause an obvious change in the flow velocity. It
is found that a significant amount of cations are located in
the brush [Fig. 4(b)], and only a small part of anions are col-
lected near the bottom wall at E,/E = 3 [Fig. 4(a)]. There-
fore, particles driven by cations move along the direction of
horizontal electric field E, in a wide region away from the
polyelectrolyte-grafted wall. Note that the flow velocity in
the brush approximately remains constant. Additionally,
though most cations distribute in the brush, the particles
move with a relatively slow velocity. This is due to that the
dense grafting creates much stronger resistance to particle
flow in the brush. At E,/E° = —3, the brush adopts a
strongly extended conformation, and its free end nearly
reaches the top wall. The EOF in the region of z > 17¢ is
almost completely quenched, while a significant flow flux
occurs near the bottom wall. It reveals that the flow velocity
is related not only to brush stretching/shrinking conforma-
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tions but also to ionic distribution. From cation density pro-
files, the cation density is close to zero in the region of z >
170, and anions aggregate near the top wall. Therefore,
strong friction between anions and the top wall and
extended brush conformation (cations are confined within
the brush) result in a quenched flow near the top wall.

As discussed before, the flow velocity shows a strong de-
pendence on the grafting density and normal electric field,
and some complex flow phenomena are observed under the
influence of these factors. Here, we calculate the fluid flux Q
= [ [# u(z)dzdy as a function of grafting density for differ-
ent electric fields in Figure 7. From the figure, we find that
there is a different response behavior of the flux to the
change of electric field at different grafting densities. For the
case without normal electric field, there is a slight difference
of the flux in the presence or absence of polyelectrolyte
grafting. Clearly, increasing the grafting density leads to a
decrease of the effective width of the channel. Therefore, this
will reduce the flux for neutral polymer coating, which is in
agreement with the results obtained in our previous works
on the control of EOF by neutral polymer brush.'? Further-
more, the friction interaction within the brush is also
enhanced, as the brush becomes denser. However, for the
case of the polyelectrolyte brush, the increase of the grafting
density also corresponds to the increase of counterions,
which can compensate the reduction of the flux caused by
the reduced channel width and enhanced friction. As a
result, the EOF under the control of the polyelectrolyte brush
shows a weak dependence on the grafting density under the
absence of a normal electric field. Under added nonzero elec-
tric fields, the flux shows an obvious change at low grafting
densities. For bare channel and channel with sparsely grafted
polyelectrolytes, strong electric fields can suppress the flow
even at strong positive electric fields. Further increasing the
grafting density does not cause a significant change of the
flux. For channels grafted with neutral polymers, the EOF is
strongly quenched by the polymer coating at high grafting
densities.” At strong negative electric field E,/E- = —3, the
flux has a monotonic dependence on the grafting density.
When the direction of electric field is reversed, the flux
shows a maximum at an intermediate grafting density p, ~
0.12¢ 2. Clearly, at high grafting densities, when the electric
field increases from E,/E" = —3 to 3, the flux also exhibits a
gradually increasing tendency.

CONCLUSIONS

We have performed molecular dynamics simulations to
investigate EOF confined in a polyelectrolyte-grafted nano-
channel. The combination effects of normal electric field E,
and grafting density p, on conformational behavior of polye-
lectrolyte brushes, ion distribution, and flow characteristics
are addressed. From monomer density profiles, we find that
the brush conformation at high grafting density exhibits a
relatively weak response to normal electric field compared
to low grafting density. It is believed that at high grafting
density, a stronger internal electric field along the direction
opposite to normal electric field as well as enhanced
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excluded volume interactions within the brush can resist
stretching or shrinkage of grafted chains. Our studies reveal
that the properties of EOF are significantly changed under
the influence of normal electric field. Clearly, varying normal
electric field can control the extension or shrinkage of the
brush and further affect the effective width of the channel to
implement the modulation of fluid flux. However, the fluid
flux does not depend monotonously on normal electric field,
that is, the flow characteristics are not related to the confor-
mational transition of the brush. For the case of pressure-
driven flow in a nanofluidic channel grafted with polyelectro-
lytes, the fluid flux is monotonously dependent on the nor-
mal electric field.?® It is demonstrated that the change of ion
density along the direction normal to the wall induced by
normal electric field plays a critical role in modulating the
EOF. Under strong normal electric fields, the EOF is almost
completely quenched at low grafting density due to high sur-
face friction between ions and walls. Unlike the case of low
grafting density, significant changes in the flow velocity
occur outside the brush or near the wall without grafting at
high grafting density. Although increasing the grafting den-
sity leads to the increase of cation density (which can
enhance the EOF), the friction effects in the brush also
become stronger. This work also shows that the dependence
of fluid flux on the grafting density is affected to a consider-
able degree by normal electric field.
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