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ABSTRACT: Electro-osmotic flow (EOF) plays a crucial role in the functioning of devices 0.04f"
in micro- and nanofluidics. In order to optimize the operation of a device, polymer coatings
are often used to control EOF. Our simulations examine the case of grafted, charged
polymer coatings for this purpose and compare the electro-osmotic flow mobility produced
by a given polymer coating to the free-flow electrophoretic mobility of the polymers making
up that coating. The simulation results are compared to both experimental data and
theoretical predictions. One particularly interesting result is that the direction of the EOF
reverses well before the net charge of the interface changes sign.
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I. INTRODUCTION

In micro- and nanofluidic devices surfaces frequently become
charged when placed in contact with an aqueous buffer. This
process creates a thin oppositely charged layer of mobile fluid
next to the surface, called the Debye layer. When an electric field
is applied parallel to the surface, this thin layer of fluid generates a
pluglike flow outside the Debye layer called electro-osmotic flow
(EOF). In the case of capillary electrophoresis, EOF increases
dispersion in the system (thereby reducing resolution) due to the
nonuniform character of the flow resulting from unavoidable
heterogeneity in the surface charge of capillaries." For this reason
scientists have long sought to suppress EOF by making use of
polymer coatings in capillary electrophoresis.”* In other situa-
tions, however, some EOF can actually be beneficial to the
functioning of the system.” For example, in many microfluidic
devices, EOF is used as a pump to move chemicals and samples.®
In such cases it might be desirable to maximize EOF while
keeping it as uniform as possible.® Our interest here is the role of
a charged polymer coating for the control of EOF in the context
of capillary electrophoresis and other electro-osmotic microflui-
dic systems.

Recent computer simulations have probed the role of neutral
grafted polymer coatings in modulating EOF.”~'* The simula-
tions of Tessier and Slater”® provided the first computational
evidence for the scaling predictions of Harden et al."® for the
effect of the length and grafting density of the polymers in the
coating. Qiao has investigated the role of the electric field'® as
well as the role of physicochemical interactions on scales smaller
than the Debye length.” Cao et al. studied how solvent quality
changes the struture of polymer coatings and how this in turn
affects EOF.""'> Our group has also made use of coarse-grained
molecular dynamics simulations in order to look at the role of
dynamically adsorbed polymer coatings in the modulation of
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EOF."* These simulations were able to qualitatively reproduce
the experimental results of Doherty et al.'®

The relationship between polymer coatings and EOF in a tube
is rather complex, as the structure of the layer and the flow
through the layer are intimately related. This is particularly true
in the nonlinear regime of flows that are sufficiently strong to
deform the polymer conformations in the layer. In principle, the
conformation of polymers and the EOF profile in the layer can be
determined self-consistently for simplified models, but often
important phenomena are ignored in such theoretical and
computational studies. For instance, many studies neglect hydro-
dynamic interactions in the polymer layer. However, recent
studies have shown that such a free-draining approximation is
not generally valid, particularly when the Debye length is
comparable to or smaller than the thickness of the layer.'® In
fact, the force needed to hold a grafted polyelectrolyte still in an
electric field is proportional to its hydrodynamic radius and not
the total charge on the polymer in the limit of thin Debye
layers,'”'® a direct reflection of the effective hydrodynamic drag
on the polymer due to EOF. Another intriguing effect that has
received some attention in recent years is the role of the relative
distribution of charge between the bare surface and the polymer
layer on the resulting EOF.”'"'*

In this article, we present coarse-grained molecular dynamics
(MD) simulation studies of the role of charged, grafted polymer
coatings on EOF, highlighting several fascinating phenomena.
First, results are presented showing that the EOF reverses
direction before the net charge of the interface (the wall together
with the grafted polymers) changes sign. Next, we compare
simulation results to the predictions of Harden et al.'® and find
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good agreement with their scaling predictions. We also test
the hypothesis that for relatively thick polymer coatings the EOF
is expected to be of equal magnitude but opposite sign to the
electrophoretic mobility of the polymers which make up the
coating. We find that while not precisely the same, the two values
are indeed comparable. Finally, we look at the role of varying the
linear charge density of the polymers and compare this to
experiments carried out by Danger et al.,, which examined how
varying the amount of charge in a polyelectrolyte affects not only
its electrophoretic properties but also the EOF produced by the
polymer when used as a coating.*

Il. THEORETICAL BACKGROUND

The simplest EOF is for the case of a flat charged surface with a
no-slip boundary condition and with free counterions that are
able to move with the fluid in response to an electric field parallel
to the surface. At low Reynolds number, the governing relation is
the Stokes equation with a driving force proportional to the
electric field:

Va(h) = — -2 (1)

where v(h) is the velocity of the fluid at a height h above the
wall, E is the electric field, p(h) is the charge density at h, and 77 is
the viscosity of the fluid. In the continuum limit, we can simply
replace the charge density p(h) with the Poisson equation
yielding

E
Vi) = V4 (h) @
n
where € is the electric permittivity of the fluid and ¢(h) is the
potential at 5. Integrating the above equation on both sides gives
the well-known Helmholtz—Smoluchowski equation:

€EC
Vpulk = ——— 3

bulk 7 (3)
where vy, is the bulk solution velocity far from the wall and & is
the zeta potential, the difference in the electrostatic potential of
the bulk compared to where the liquid starts to shear near the
surface. Often the bulk velocity is divided by the electric field in
order to define the electro-osmotic mobility of the wall: u,, =
vu/E = €5/1. The zeta potential is often how surfaces are
characterized in microfluidics although this conceopt is really only
applicable to the case of uncoated capillaries.'””

When the capillaries are coated by polymers the situation is
remarkably different. For the case of uncharged polymer layers,
the EOF is diminished due to the enhanced hydrodynamic drag
between the moving fluid and the immobilized polymers. When
the polymers are charged, on the other hand, they also contribute
to the generation of EOF within the polymer layer due to the
counterions associated with the charged groups on the polymers.
The case of end-grafted polymers, polymers attached irreversibly
by one end to a surface, has been extensively studied both
experimentally and theoretically.*’

For calculations of the EOF in the presence of surface grafted
polymers, the scaling theory of Harden et al," for instance,
provides predictions for the EOF far from a grafted polymer layer
as a function of the degree of polymerization N, the grafting
density y, the electric field E, the free electrophoretic mobility of
the polymers u,, and the electro-osmotic mobility of the bare

wall u,,. Thus, we discuss these predictions in some detail here
in order to facilitate comparison with the simulation results of
this paper.

The theoretical analysis of ref 13 considered the effects of
grafted polymers on EOF in two regimes, namely the “mushroom”
regime, where chains are sparsely grafted to the wall with little
change in their equilibrium conformation, and the “brush” regime,
where chains are grafted so densely that they tend to take on
extended conformations due to the steric repulsion between
adjacent chains. In the case of the mushroom regime in the low
field limit, a simple scaling argument based on surface averaging
of the EOF using the surface coverage of the polymer was
predicted:

Hgor = Uy, — (4, + 1,)(YRG®)  foryRg* <1 (4)

where Rg ~ N**is the (equilibrium) lateral radius of gyration of
the polymers. In the “brush” regime of densely grafted polymers,
the surface averaging approach is replaced with one based on
transport in a porous polymer layer, which results in

1
cosh(yR¢*)*"]

In both cases, nonlinear terms related to the effect of the electric
field E have been neglected, which is appropriate for the limit
where the electric field is low. In this article we will examine both
the scaling of the EOF mobility tpor with respect to N and  as
well as the prediction of eqs 4 and § that the EOF goes from .,
to — U, as N and y increase.

Ugor = —Hp + (e + ﬂp) (8)

lll. SAIMULATION MODEL

The model we use is based previous work by our group on
neutral grafted polymer coatings.”**' We simulate EOF in a
cylindrical tube with periodic boundary conditions along the axis
of the tube. Simulations were conducted for both grafted and free
polymers, the latter in order to measure their intrinsic electro-
phoretic mobility. The simulation’s elements included beads
representing neutral fluid, salt ions, monomers, and wall particles.
All beads experience a purely repulsive WCA potential between
each other:

o) [+](%) " ()

€
0 r>r1

+1 r=rn

with ry = 2V 60MD. As is typical in MD simulations,™" we choose
€ = kpT as the fundamental MD energy scale and Oyp as the
fundamental MD length scale. The temperature is maintained via
a dissipative particle dynamics thermostat (DPD).** Monomers
of the polymer chains are linked to each other via FENE bonds:
Uggng(r) = —0.5kRo> In[1 — (r/Ry)*], where Ry = 1.50p is the
maximum extension of the bond and k = 30€/0yp” is the
effective spring constant for the interaction. This potential is
also used to bind the end of the polymer to the wall. Monomers
are charged randomly until the desired average charge per
monomer A is attained. This is done by picking monomers
randomly from all of the polymers in the system and not on a
chain by chain basis. Thus, although the average charge per
polymer is well-defined, the net charge is different for each
polymer. This charging scheme was chosen in an effort to
represent the experiments of Danger et al.* In their work they
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Figure 1. Average fluid velocity vgor within 20yp of the center of
the tube for the different values of N with y = 0.05, 1 = 0.1, E = 3, and
0 =—0.1. The upper horizontal axis shows the effective interfacial charge
density, 0 — yAN, which is negative except for the last point where it
is zero.

synthesized heteropolymers made up of both charged and
neutral monomers. As this is a common method of varying the
linear charge density of polymers, we opted to use a similar
methodology in our simulations. We also reserve two percent of
the volume for positively and negatively charged fluid beads to
create a strong ionic solution (this yields a Debye length of about
1oyvp¥™). In some simulations the wall beads are also charged
randomly with o charges per unit surface area. Additional fluid
beads are charged in order to ensure that the whole system has a
net charge of zero. Electrostatics are calculated using a Coulom-
bic interaction with a cutoft of 1.5 times the diameter of the tube.
The Bgerrum length was set to 20yp, an appropriate value for
water.” Wall beads experience a harmonic potential about a point
on an FCC lattice. Note that the wall beads have a mass m,, = 3m
while all the other beads have a mass of m (m is thus the MD mass
scale). All numerical values given in this article are in terms of the
fundamental energy, ¢, length 0yp, and mass m units of our MD
simulations. The important parameters whose role we investigate
are the degree of polymerization of the polymers, N, the polymer
grafting density, ¥ (number of chains per unit surface area), the
linear charge density of the polymers, A (in units of e/monomer),
the electric force, gE (in units of €/0yp applied in the direction
of the tube), and the wall charge 0 (charge per unit surface area
¢/Onp>). For amore detailed account of the method the reader is
directed to a previous article on the simulation of neutral grafted
polymer coatings.®

IV. RESULTS

A. Flow Reversal. In this section we examine how grafting
positively charged polymers (linear charge density A = 0.1) to a
negatively charge surface (0 = —0.1) affects the EOF (fluid
velocity) far from the surface. Interestingly, we find that the
direction of the EOF reverses well before the net charge of the
polymer—wall interface changes sign. This can clearly be seen in
Figure 1, which shows the bulk EOF velocity vgor generated by a
layer of polyelectrolyte chains grafted at fixed density as a
function of their degree of polymerization, N. The net charge
of the wall plus polymer coating for the last point on the x axis
(N =20) is actually zero, while the simulations involving shorter
polymers all have an interface with a net negative charge. Despite
this, the EOF clearly drops below zero for chains longer than
N = 10. The physical cause of this flow reversal is that the EOF
generated by the charges closer to the wall is more screened by
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Figure 2. Fluid velocity and monomer density profiles as a function of r,
the distance from the center of the capillary for N = 1 (green curves),
N =10 (red curves), and N = 20 (blue curves). The other simulation
parameters are y = 0.05, A = 0.1, E = 3, and 0 = —0.1 (the same as in
Figure 1). The dotted lines (top panel) are fits, as described in the text.
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Figure 3. Netion density (polymer and free ions) as a function of r, the
distance from the center of the capillary for N = 1 (green curves), N =
10 (red curves), and N = 20 (blue curves). The other simulation
parameters are v = 0.05, A = 0.1, E = 3, and 0 = —0.1 (the same as in
Figures 1 and 2).

the polymer layer than the EOF generated by those charges away
from the wall. Thus, the EOF from charges localized on the wall is
subject to the strongest quenching, while the EOF generated by
charges along the grafted chains is progressively less screened as
the free edge of the polymer layer is approached.

This surprising result has actually been seen in other electro-
kinetic systems. Polymers with both positive and negative
monomers, but no net charge, in general have a nonzero mobility
when subject to an electric field."®** The reason for this is that
the ends contribute more to the mobility since they tend to exist
on the outside of the coil. In the context of EOF it was pointed
out that a surface which undulates and has an equal number of
positive and negative charges will tend to generate EOF in the
direction of the charges which protrude farthest into the bulk.*®
A nice example of this is the use of three-dimensional electrodes
to increase the EOF generated in induced-charge electro-osmosis
(ICEO) as shown schematically in Figure 1. Using this concept,
one can create a conveyor belt effect that dramatically increases
EOF.

Figure 2 shows the connection between the EOF and the
density of polymers in the coating layer for chains oflength N=1,
10, and 20. The case of N = 1 corresponds to a nearly bare wall
with a renormalized charge density. It is evident from the figure
that there is a correlation between the radial variation of the EOF
and the polymer density profiles due to a combination of
polymer-induced EOF and hydrodynamic drag on the flow from
the grafted polymer backbone. In particular, the magnitude of the
fluid velocity changes where the monomer density is nonzero
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while it is constant near the center of the capillary where the
monomer density is negligible. The situation is qualitatively
different for the N = 1 case, where the counterions which
make up the Debye layer actually extend beyond the end of
the polymer layer and hence the fluid velocity reaches its plateau
at the end of the Debye layer (near r & 8, as shown in Figure 3).

Figure 2 also shows fits to some of the data (the dotted lines).
The fit for the fluid velocity profile of the N = 1 data has the form
of a constant plug flow superimposed with an exponentially
decaying flow

sonr) = (1 - g5 ) ©

where Ap = 1 is the Debye length, vy is the bulk EOF, and R =
10.2S is the radius of the capillary. This is the same profile as
would be obtained for a simple Debye layer on a flat charged wall,
which is a reasonable approximation given the large tube radius
relative to the Debye length. The N = 20 data beyond the near
wall region has been fit to the profile predicted by Harden et al."
for EOF flow past a charged surface with a uniform grafted

polymer layer

VEOF(r) = (/lp + luw) cosh {W] _lup (7)
where H is the mean height of the brush and d = o "% is the
mean separation between grafted chains (both treated here as
fitting parameters). The resulting values are H = 9.78, d = 3.1,
Up = 0.042, and u,, = 0.022, all of which are reasonable except for
Uy = 0.022, which should be close to 0.1. The reason for this is
that the parameter 1, + 1., assumes that the velocity near the wall
is still close to 0.1, the bare wall EOF velocity, though this is
clearly not the case in Figure 2.

This form for the velocity profile within the brush has also
been seen in MD simulations by Qiao and He for the case of
neutral grafted chains.'® From the N = 20 monomer density
profile it is clear that the brush is nonuniform (unlike in the work
of Harden et al. and Qiao and He, where the polymers formed a
layer of constant density from the grafting surface to the edge of
the brush). Nevertheless, the agreement of the fluid velocity
profile with the theoretical prediction of Harden et al. is still
quite good.

In Figure 3 we plot the net charge within the tube including the
monomers and we see that except in the Debye layer near the
wall the fluid is neutral. This means that the monomers’
counterions are always nearby, making the system locally elec-
trically neutral. This is necessary in order for the thin Debye layer
approximation to be valid and the fluid velocity profile to obey
eq 7.

ClB. Polymer Mobility. The theoretical expression for the bulk
EOF in the presence of charged polymer coatings, eq S, predicts
that the flow generated by the charged wall is strongly screened
in the case of sufficiently long polymers and that the EOF is
only dependent on the electrophoretic mobility of the polymers,
UEOF = —Hy, in this limit. In order to test this prediction, we ran
comparative simulations to determine the electrophoretic mobi-
lity of free polymers in solution.

The free solution electrophoresis simulations were carried out
using the same model in the absence of a tube using the
simulation package ESPResSo,”” in order to avoid effects of
confinement within the tube and correctly model long-ranged
electrostatics with P3M. The EOF simulations were carried out
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Figure 4. Electrophoretic polymer mobility 1, as a function of chain
length N of an isolated chain for A =02 and E=1.
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Figure S. EOF mobility (both with and without wall charge) as a
function of the electric field E for N = 10, y = 0.05, and 4 = 0.2.

in a confined geometry as described in a previous section. We first
discuss the free-solution electrophoresis results. The data, shown
in Figure 4, indicate an increase in the electrophoretic mobility of
the polymers, u,, for short chains with a crossover to a constant
mobility for sufficiently long chains, known as the free-draining
limit. This is understood to be caused by the local balance of the
electric driving force with the hydrodynamic friction caused by
shearing of the fluid within the Debye layer.'® We note that our
data do not show some of the complex behavior found for short,
highly charged chains in other recent simulations,”**” due to the
low linear charge density 4 which minimizes counterion con-
densation effects (note that the Bjerrum length was set at 2 while
the charge density along the polymer was 4 = 0.2).

Turning to the EOF simulations, we note that the relationship
between bulk EOF in the presence of polymer coatings and the
applied electric field is highly nonlinear at high electric fields.
This has important implications for the effective mobility of the
polymers in the grafted layer. In the case of neutral chains, the
nonlinear response is caused by the stretching of the chains in
the direction of the flow, which causes a reduction in the coating’s
height and thus increases the EOF.'971330 A we shall see, the
physics is much more complicated in the case of charged chains
where there is both a reduction in coating height and increased
electrophoretic mobility of the polymers comprising the coating
as they align with the electric field.

Figure 5 shows the effective EOF mobility in the presence of
charged grafted polymers as a function of the electric field E (for
N =10, 1 =02, and y = 0.05), both with and without wall
charges. For low electric fields we see that the EOF mobility
appears to be fairly constant both with and without wall charges.
As the field increases, however, the EOF mobility in the absence
of wall charge increases, due to the deformation and alignment
of the chains with the electric field, which becomes large around
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Figure 7. Effect of varying the linear charge density, 4, along the
polymer backbone for N = 10, y = 0.05 (for the two EOF cases), and
E = 1. The results for EOF with and without a wall charge o as well as the
polymer’s free-solution electrophoretic mobility are shown. All mobility
values are renormalized by A. The dashed lines are fits to the data, as
described in the text. Note that the flow generated by the bare wall for
the 0 = —0.1 case would actually be in the opposite direction.

E =1, and the concomitant change in the charge density profile
away from the grafting wall, as seen in Figure 6a,c. Mobile
negative charges are squeezed out of the collapsing polymer
layer, leading to a contribution to the EOF that is not screened by
the polymer layer. This effect is schematically illustrated in
Figure 6¢. Another possible mechanism for this increase in EOF
is the increase in the mobility of the polyelectrolytes, i, as the elec-
tric field causes the polymers to align with the electric field.*"**

The nonlinear behavior is different for the case of charged
walls (0 = —0.1) where the electro-osmotic mobility of the
polymer—wall interface decreases with increasing electric field.
In this case, the wall charge produces a flow in the direction of the
field (which is the opposite direction of the net EOF caused by
the polymers). This fluid flow causes hydrodynamic drag on the
polymers along the capillary axis which helps to stretch the chains
which are being pulled by both the electric field and the wall’s
EOF. This leads in turn to the coating being less effective in
screening the flow caused by the wall charges, due to a reduction

9459

in its height. The increased effect of the wall charge in this
instance appears to dominate over the effects of the polymer layer
conformation on the distribution of the mobile charges, as can be
seen in Figure 6b,d. Since nonlinear effects due to the electric
field become significant for E > 1, we use E = 1 in the rest of the
article to study the simplest case.

C.Varying the Linear Charge Density. Next the effect on the
mobility of varying the linear charge density, 4, on the backbone
of the polymer was investigated for both free and grafted chains.
Figure 7 shows the ratio |¢|/A as a function of A for E= 1, N = 10,
and y = 0.05 (for the grafted chains). Clearly, for all values of 4,
the EOF mobility is slightly higher than the electrophoretic
mobility in the case of an uncharged (0 = 0) wall although
the two curves slowly converge. In the case of a charged wall
(0 = —0.1), however, we see that at first the electrophoretic
mobility is much higher than the EOF. This is because the
parameters chosen for the grafted polymer coating are such that
the flow caused by the wall charges is not entirely screened by the
polymer coating. For sufficiently large A, however, the influence
of the polymer charges overwhelms that of the wall charges, and
the normalized mobility values tend to converge for EOF in both
cases. Figure 7 shows a crossover to polymer charge dominance
at approximately 4 = 0.4. In the large A limit, the electrophoretic
mobility is always smaller than the EOF mobility for both
charged and uncharged walls.

These results are similar to the experimental results reported
by Danger et al,* which compared the EOF and electrophoretic
mobilities for heteropolymers with different net charges. For the
experimental EOF measurements, the polymer coatings were
composed of successively adsorbed polyelectrolyte layers, a
situation that is qualitatively similar to having an underlying
wall charge below a diffuse polymer layer. Contrary to the simu-
lations, the electrophoretic mobility was found experimentally to
be large compared to the effective EOF mobility for weakly
charged chains. However, this difference became smaller with
increasing charge on the polymer. These differences at small

dx.doi.org/10.1021/ma201995q |[Macromolecules 2011, 44, 9455-9463
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A =—0.2, with wall charge 0 = —0.02S (blue triangles). The solid lines are
best fits to the data using the functional form of eq 5 while the dashed lines

use eq S with the theoretical parameters from Table 1.

A between our simulations and the experiments could be due to
differences in the stability between the physically adsorbed
polymer layers of the experiments in comparison with the
irreversibly grafted polymers considered by the simulations. In
particular, Danger et al. hypothesized that the observed EOF was
much lower than the electrophoretic mobility at low A due to weak
adsorption of charged polymers at low 4, leading to incomplete,
patchy coverage of the surface. Although, as noted below, there
are other equally plausible explanations.

For the 0 = 0 simulation data, the scaled mobility appears to be
aroughly linear function of A, implying that Ugor/A &~ Co — CA.
The fit to this form (the dashed red line in the figure) for =0
yields Cy = 0.17 and C; = —0.078. More generally, in the
presence of both polymer and wall charge, eqs 4 and S can be
rewritten in a generic form: Ugor = A,uw + Bu, where A and B are
constants that depend only on yRg” (the helght and density of
the polymer layer). Substituting u,,/A ~ Co — C;A yields pror =
Au,, + BA(Cy — C;A). This implies that the correct fit to the
simulation data for the case where the wall charge is 0 = —0.1
should have an additional term A/A, ugor/A ~ A/A + Co + Ci4,
as long as the polymer brush conformation is unaffected by 4
(a reasonable assumption for weak-to-moderate charging and
small-to-moderate Debye lengths). For the particular case of
0 = —0.1 shown in Figure 7, the best fit values are C, = 0.17,
C, = —0.063, and A = —0.116 (the dashed green line in the
figure). This result suggests an alternative to the explanation
proposed by Danger et al. for the relatively small EOF mobility at
small A compared to the free solution electrophoretic mobility,
namely the incomplete screening of the wall charge contribution
to the EOF by the underlying polyelectrolyte layers. While this
does not refute the hypothesis put forth by Danger et al. that
there is incomplete surface coverage of the last layer, it suggests
that the results might in fact simply be due to an incomplete
screening of the EOF caused by the underlying polyelectrolyte
layers.

We note that all three of the curves for /4 in Figure 7 have a
downward slope at high A. This reduced mobility, compared to
what one might intuitively expect—a constant ratio of u to 4
reflecting a simple linear increase of ¢ with respect to A—may
be due to the condensation of counterions onto the back-
bone.*® This phenomenon has been seen in other simulations
of electrophoresis®®*’ and also in the work of Danger et al.*

Table 1. Fitting Parameters for Figure 8 Using eq 5*

fit parameters

set Uy Uy H,
A=0,0=-0.025 —0.00011 0.0087 S.1
A =0, 0=—0.025 theory 0 0.0088 8.7
A=02,0=0 0.034 —0.0018 9.9
A =02, 0 =0 theory 0.030 0 8.7
A=02,0=-0.0250 0.034 0.0073 8.9
A =02, 0=—0.0250 theory 0.030 0.0088 8.7
A=-02,0=—-0.0250 —0.035 0.010 10.1
A=—02, 0= —0.0250 theory —0.030 0.0088 8.7

“ Both theoretical values (for the dashed lines) and best fit values (for the
solid lines) are given.

There may also be other sources of nonlinear response at large 4.
This behavior could be induced by osmotic swelling of the
polyelectrolyte layers, a well-known effect for grafted polyelec-
trolytes which we also see in our simulations for the highest
values of A (data not shown). Such nonlinear effects, while
fascinating, are beyond the scope of this work. In the following,
we chose to focus on the relatively small value of A = 0.2, where
such nonlinear behavior is not dominant.

D.Varying the Polymer Length. The results given in Figure 8
show in a systematic way how increasing the polymer length N
affects the bulk EOF. The most basic case is that of a neutral
polymer A = 0 and a charged wall 0 = —0.025 (black circles), a
case prev10usly studied using the same simulation method in our
group.”® The results in this limit agree with the scaling arguments
of Harden et al.*" Initially, the bulk EOF is determined by
the electroosmotic mobility of the wall u,, but as the chain
length increases, the EOF approaches zero asymptotically accord-
ing to eq S.

Slightly more complicated is the case of charged chains
(4 =0.2) grafted on an uncharged wall (0 = 0), represented by
the red squares in Figure 8 . In the limit N — 0, the EOF largely
determined by the electroosmotic mobility of the wall zt,,, which
in this case is zero. With increasing N, the EOF approaches a
value which is related to the electrophoretic mobility of a poly-
mer chain, y,. In the limit of infinitely thin Debye layer and
polymer backbone, the EOF mobility is predicted to be given
by Ugor = —Up = 0.03 (from Figure 4) for sufficiently thick
polymer layers."?

For the case of a charged polymer A = 0.2 with an oppositely
charged wall 0 = —0.025 (the green diamonds in Figure 8), we
see both effects. With increasing polymer length, the flow
generated by the wall charges is not only quenched, but the flow
generated by the counterions of the polymer coating becomes
increasingly dominant. Consequently, for an increasingly thick
polymer layer the bulk EOF is less and less dependent on the
properties of the wall, it,,, and more and more dependent on the
properties of the polymer coating, i, as previously predicted."

The last curve shows the case of a negatively charged polymer
A =—0.2 on a negatively charged wall 0 = —0.025 (blue triangles
in Figure 8), where the EOF is much less dependent on the
thickness of the polymer coating. This is because the EOF
induced slip along the backbone of the polymer is similar to
the electroosmotic mobility of the charged wall. Note that the
value this curve approaches for large values of N is simply the
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Figure 9. Effect of varying the grafting density, o, of the polymer
coating on the EOF for N=10,4=0.2,and E = 1 in the case of a charged
(0=—0.1) and uncharged (0 = 0) wall. The inset shows a closeup of the
region near ¥ = 0. The straight lines are the fits for the mushroom
regime, eq 4, while the curved lines are fits for the brush regime, eq 8.

Table 2. Fitting Parameters for Figure 9 Using eq 8*

fit parameters

set Hp Hw H,
o=0 —0.037 0.0034 8.58
0 = 0 theory —0.030 0 8.0S
o=-0.1 —0.035 0.021 5.85
0 = —0.1 theory —0.030 0.025 8.05

“ Both theoretical values and best fit values are given here while the graph
shows only the curves for the best fit parameters.

opposite of the value of the two positively charged 4 = 0.2
coatings, as expected.

For all of the curves we have successfully fit the data with eq S,
using {4y, l, and a numerical prefactor Hy in the argument of the
cosh as fitting parameters, given in Table 1. We also use the
hydrodynamic radius Ry in place of the radius of gyration Rg as
this has previously been shown to be the relevant quantity.® With
the addition of the of the numerical prefactor Hy, eq 5 becomes

! (8)

cosh[Hy (yRy2)*/]

HUpor = 71uP + (/’tw + Aup)

The fitting values of these parameters can be compared with
theoretical estimates. The theoretical value of u,, = 0.0088 given
in the table is the bulk EOF generated in a simulation by a
capillary with a wall charge of 0 = —0.025 and no polymer
coating, while the theoretical value of u,, = 0.03 is the asymptotic
long chain mobility taken from Figure 4 . We estimate the value
for Hy, the unspecified constant in the scaling expression for the
height of the brush, eq S, by imposing equality of the volume per
grafted chain in the mushroom and brush regime at the crossover
from mushroom to brush. In the mushroom regime, the volume
is simply given by V = MV, = M(4/37Ry;’) where M is the
number of grafted polymers and V; is the volume of each
individual polymer. In the brush regime, the volume of the
coating is V = MV; = MH/y, where the height of the brush is
given by H = Ho(yRy?)Y o1 Setting these two volumes equal
yields Ho = (4/37Rys>)y/(yRys®)*/®), where Ry is chosen as the
value which satisfies 1yRy;” = 1, a value we have previously
identified as a reasonable condition for the crossover from
mushroom to brush behavior.®

Overall, the tabulated results for the theoretical values and the
best fits for these three parameters are in fairly good agreement,

as can be seen by comparing the two curves in Figure 8 gener-
ated by theoretical values (dashed lines) and the fit values (solid
lines). The value of u,, appears to be within about 20% of the
expected value for all four curves. The value representing the free
solution polymer mobility, u,,, is very close for the three charged
coatings. Interestingly, however, it is systematically higher than
the theoretical value, which we ascribe to the finite extent of our
Debye layer as described in more detail in the next section. The
value of Hy is also systematically higher than we expect, although
it is within about 10% for the three cases where A # 0. The fit for
A =0,0=—0.025 shows a value of Hy which is about half as large
as for the charged polymer coatings. We believe that this is
because the charged brushes have an effective volume which
incorporates not only the hydrodynamic radius, Ry, but also the
Debye length, Ap, giving them an effective hydrodynamic radius
of Ry + Ap. We will show further evidence for this in the next
section which looks at the effect of the grafting density.

E. Varying the Grafting Density. In this section we investi-
gate the validity of the scaling predictions for the EOF given in
eqs 4 and S with respect to the grafting density y. The results
are summarized in Figure 9 and Table 2. For small values of
y (the sparsely grafted mushroom regime), we expect to see a
roughly linear relationship between the EOF and y, as predicted
by eq 4. Such linear behavior does appear for y < 0.01; however,
the mushroom regime behavior clearly ends well before the
expected crossover to brushlike behavior at y = 1/71Ry;> & 0.059.
The best fit slopes to the MD data for y < 0.01 are —1.29
and —1.23 for the cases of a charged wall (0 = —0.1) and an
uncharged wall (0 = 0), respectively.

The values of the slopes in the low density regime are
significantly different than those expected theoretically. Accordin,
to Harden et al."® and based on the results of Tessier and Slater,
we would expect a slope of approximately —7TRy (iy, + Up).
Using an estimate for the bare hydrodynamic radius based on
simulation data, we obtain Ry ~ 2.2Rg = 3.4. In the case of the
charged wall (0 = —0.1) this yields a slope of roughly — 1, while for
the uncharged wall (0 = 0) we obtain a slope of roughly —0.58.
Thus, for both cases, there is a small deviation between the
theoretically predicted and the observed slopes. One important
difference between our simulation studies and the theoretical
model is the finite value of the Debye length. Whereas the
theoretical expressions are strictly only valid in the limit of an
arbitrarily thin Debye layer around a structureless polymer
backbone, our simulations consider a Debye length of Ap ~ 1.
This finite Debye length may contribute to a larger effective
hydrodynamic radius. Interestingly, if we use a slightly modified
expression for the slope that accounts for this increase in the
effective hydrodynamic radius, 7(Ry; + lD)z(‘uP) ~ 122, we
obtain a value which is quite close to the observed results for the
case of the uncharged wall (¢, = 0). This value is also serendi-
pitously close to the fitted value for the case of the charged surface
as well, whereas one might expect that the value for the charged
wall to be about twice as large, according to eq 4. The lack of
difference between the charged and uncharged slope values may
be due to a redistribution of the wall’s counterions into the
interstitial space between the sparsely grafted chains, thereby
diminishing the u,, dependence of the slope in the “mushroom”
regime. We note, however, that this effect disappears in the more
densely grafted limit.

For higher values of y (the brush regime; y > 0.1), the
dependence of the EOF on Y takes the form of a hyperbolic
cosine, eq 8, with a magnitude that asymptotically approaches u,,
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the electrophoretic mobility of the polymers which make up the
coating. We fit the data (solid lines in Figure 9) using eq 8; the fit
values are given in Table 2 along with theoretical predictions
based on ref 13. The resulting values for u,, and Hy in Table 2 are
in fair agreement with their theoretical counterparts, much like
was seen in Table 1 and Figure 8 . However, it is notable that the
simulation values of the EOF at large values of ' significantly
exceed the corresponding electrophoretic mobility of polymers
with a linear charge density 4 = 0.2, u,, ~ 0.30.

This is reminiscent of behavior seen in Figure 8 in the previous
section and is suggestive of the influence of finite Debye length
on the densely grafted polymers. In particular, the Debye length
of our MD simulations, A = 1, is comparable to the average
distance between adjacent polymers at the higher grafting
densities we have simulated, indicating significant overlap of
Debye layers of adjacent grafted polyelectrolyte chains. In nano-
scopic systems it is well-known that there must be corrections to
classical theory due to overlapping Debye layers.”*** In this case,
the overlap of the Debye layers of adjacent polyelectrolytes leads
to an increase of the electro-osmotic mobility of the coating
beyond the electrophoretic mobility of the individual polymers
due to the reduction in screening. This is the same effect that
causes the initial increase in Figure 4 for the polymer mobility as a
function of N."***%° Similar results have also been observed in
the electrophoresis of colloids in the low salt regime where the
mobility was found to increase with increasing packing fraction in
the very low concentation regime.

V. CONCLUSION

In this article we presented simulation results addressing the
role of charged polymer coatings in the modulation of EOF. In
particular, we focused on the case of grafted polymer coatings.
We believe that the results found in our simulations are also
relevant to the more common experimental practice of adsorbed,
charged polymer coatings as we showed with our comparison to
the experimental results of Danger et al.* Our results show a
strong similarity between successively adsorbed ionic coatings
and our simulations of an ionic polymer coating grafted onto an
oppositely charged wall. We attempted to compare our results to
the theoretical predictions of Harden et al.,"* and we were able to
establish evidence that there is a linear relationship between the
EOF and the grafting density ¥ in the case of the mushroom
regime. We also found good agreement with the scaling predic-
tions both as a function of grafting density y and degree of
polymerization N for the brush regime.

One small difference between the results of our MD simula-
tions and the theoretical predictions of Harden et al."* is that we
find EOF values which are somewhat larger than the electro-
phoretic mobility of the same polymers. The theoretical calcula-
tions of Harden et al."* were based on the assumption that the
Debye layer is infinitely thin and an infinitely thin polymer back-
bone, and we hypothesize that the fact that these assumptions are
not true in the case of our simulations is the reason for gop > 1,

While our results focus on the role of polyelectrolytes grafted
to a solid surface on EOF, they are also be applicable to the
electrophoresis of a colloid grafted with a polyelectrolyte.'”>¢~*°
Essentially, the difference between the bulk fluid velocity and
the stationary wall is governed by the same phenomena as
the eletrophoretic speed of these soft colloids. In fact, one of
the first studies on the electrokinetic effects of polyelectrolytes
grafted to a surface focuses on understanding the electrophoretic

behavior of human erythrocyte cells.' The electrophoretic
results indicated that the glycocalyx which coated the cell’s sur-
face acted essentially as a polyelectrolyte coating. The electro-
phoresis of cells is still often understood within this context.*>**
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