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Molecular dynamics simulation of the response of bi-disperse
polyelectrolyte brushes to external electric fields*
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Langevin dynamics simulations have been performed to investigate the response of bi-disperse and strong polyacid
chains grafted on an electrode to electric fields generated by opposite surface charges on the polyelectrolyte (PE)-grafted
electrode and a second parallel electrode. Simulation results clearly show that, under a negative external electric field, the
longer grafted PE chains are more strongly stretched than the shorter ones in terms of the relative change in their respective
brush heights. Whereas under a positive external electric field, the grafted shorter chains collapse more significantly than
the longer ones. It was found that, under a positive external electric field, the magnitude of the total electric force acting on
one shorter PE chain is larger than that on one longer PE chain, or vice versa. The effects of smeared and discrete charge
distributions of grafted PE chains on the response of PE brushes to external electric fields were also examined.
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1. Introduction

The development of “smart” nano-channels which would
respond to external stimuli such as solution pH, temperature,
different chemical species is one of the most important issues
in the design and fabrication of highly efficient and sensitive
lab-on-a-chip devices. Grafting polymer chains with ionizable
functional groups onto the inner surfaces of nano-channels,
thus forming a polyelectrolyte (PE) brush layer, has become
probably the most effective and convenient means to fabri-
cate “smart” nano-channels. Due to the long-range electro-
static coupling between charged polymer chains grafted on
solid substrates and the released counterions, PE brushes can
respond to a wider range of external stimuli such as applied
electric fields than their neutral counterpart. PE brushes hold
the greatest promise of smart sensing coatings for technologi-
cal applications including nano-fluidic devices, drug delivery,
smart valves, DNA sequencing.!!~18]

Regarding the applications of PE brushes in sensing and
actuation, the swelling and collapsing of PE brushes in re-
sponse to an applied electric field or voltage can be utilized
to dynamically modulate electric signals in a nano-fluidic de-
vice, enabling the establishment of a gating mechanism. Due
to their important applications in sensing and actuation, the
response of PE brushes to external electric fields has stim-
ulated considerable theoretical and computational research

(19271 Tn these theoretical and computational studies,

interest.
various methods such as molecular dynamics (MD) simulation

and self-consistent field theory (SCFT) were employed. Using
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MD simulations, Ouyang et al. investigated the static and dy-
namic response of polyelectrolyte brushes with each monomer
carrying a fraction of elementary charge under external elec-
tric fields.!?*! Partial and full stretching of PE brushes under
electric fields were observed. For electric field strength be-
low 108 V/m, the brush height was found to increase with the
charge fraction of monomers increasing. With grafting den-
sity increasing, due to the stronger electrostatic screening ef-
fect of charged monomers and counterions, PE brushes be-
come less responsive to external electric fields. It was found
from MD simulations that under a strongly stretching electric
field, the population of grafted polyelectrolyte chains bifur-
cates into two subpopulations corresponding to fully and par-
tially stretched chains, and the population weight of the fully
stretched chains decreases with grafting density increasing. 4
Merlitz et al. examined the collapse of polyelectrolyte brushes
under external electric fields by using MD simulations and de-
veloped a mean-field theory to predict the brush height.!>!
Simulation results indicate that a fraction of grafted chains col-
lapse to screen the opposite charges on the grafting electrode,
while the rest of the grafted chains are not affected by the ex-
ternal electric fields. The MD simulations and SCFT calcula-
tions show that for PE brushes collapsing under external elec-
tric fields, the collapsed PE chains approximately compensate
for the surface charges on the grafting electrode, and the coun-
terions enriched in the immediate vicinity of the second elec-
trode neutralize the surface charges on that electrode.[?>?7]
Thus, an overall charge balance near each of the two elec-
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trodes is maintained. The SCFT study further revealed that
for PE brushes under external electric fields, the total electric
field is highly non-uniform across the two oppositely charged
electrodes.!?’!Comparing with strong poly(acid/base) brushes,
the response of weak poly(acid/base) brushes to external elec-
tric fields has been rarely studied. Using optical ellipsome-
try and neutron reflectivity measurements, Weir ef al. investi-
gated voltage-induced swelling and deswelling of weak poly-
base chains grafted on an electrode.”®! At a voltage of +1 V
or —1 V, no discernible change in the brush height was ob-
served in experiments. We performed numerical SCFT study
of the response of weak polybase brushes to surface charges
on the grafting substrate immersed in a buffer solution.*°! Be-
ing consistent with experimental results, the brush height was
found to be independent of the surface charge density at mod-
erate grafting density. As a matter of fact, the local degree
of ionization of weak polybase chains is affected by the ap-
plied electric field. Under an external electric field which tends
to stretch the grafted chains, the local degree of ionization is
suppressed which would lead to a counteracting effect on the
brush height, or vice versa. At moderate grafting density, the
two opposite effects of the external electric field on the brush
height cancel each other out, resulting in the brush height in-
dependent of the external electric field.

Nonetheless, in all of these studies of the response of PE
brushes to external electric fields, the charged polymer chains
were assumed to be monodisperse, that is, all of the grafted
polymer chains are of equal chain length. However, polydis-
persity is an inherent characteristic for each of all the synthetic
polymers due to the great difficulty in synthesizing monodis-
perse polymers. Therefore, investigating the effect of poly-
dispersity on the response of PE brushes to external electric
fields is important and highly relevant to experiments.It can
be expected that under external electric fields, the longer and
shorter chains will not be uniformly stretched or compressed
as a whole.

The present study is also motivated by an interesting ex-
periment in which single-stranded DNAs (ssDNAs) of differ-
ent chain lengths anchored onto an Au electrode through end
hybridization can be separated by applying an external elec-
tric field.['®'8] The external electric field generated by ap-
plying electrode potential to the Au electrode was manipu-
lated by gradually diluting the buffer solution contacting the
Au electrode. By gradually reducing the ion concentration
through dilution, thus increasing the strength of the electric
field, longer ssDNA strands were detached first and then the
shorter ones followed. A simple analytical model of electric
double layer was proposed, which explained the experimen-
tal results semi-quantitatively. The amino-acid units in DNA
are weak poly(acid/base), whose degree of ionization depends
sensitively on physicochemical condition of the solution. A

possible extension of the above technique is to separate strong
polyelectrolytes (complete ionization in aqueous solutions) of
different chain lengths by external electric fields.

It is a general practice in continuum theories such as
SCFT that the discrete charges of the functional groups (com-
pletely ionized) along polymer chains are smeared along the
polymer chains. It would be interesting to ask the ques-
tion: how do these two different charge distributions along the
grafted polymer chains affect the response of PE brushes to
external electric fields?

In this paper, we present a Langevin dynamics (LD) simu-
lational study of the response of bi-disperse PE brushes grafted
on an electrode to external electric fields generated by the op-
posite surface charges on the grafting electrode and a sec-
ond parallel electrode. The PE chains are strong polyacid,
and completely ionized in an aqueous solution sandwiched
between the two electrodes, and releases positively charged
mono-valent counterions. Although LD simulation is much
less computationally efficient than numerical SCFT calcula-
tion, it is free from the numerical instability problem incurred
by SCFT calculation when grafted PE chains are stretched by
external electric fields.”’! Using the probability density dis-
tributions of counterions and charged monomers obtained di-
rectly from simulations, the total electric field across the two
parallel electrodes is computed through numerically solving
Poisson equation. Special attention is paid to the total elec-
tric force acting on both the shorter and longer PE chains in
order to validate the idea of separating strong PE chains of
different chain lengths by external electric fields. In this study,
the difference between smeared and discrete charge distribu-
tions along the polymer chains in terms of the response of PE
brushes to external electric fields is also investigated.

2. Model and method

The bi-disperse polymer brush system was modeled as
an ensemble of M = 4 x 4 flexible polymer chains grafted
on a square lattice with dimensions L, X L, (xy plane) situ-
ated at z = 0. Half of the polymer chains are composed of
N = 96 monomers and the other half are composed of N = 48
monomers. The longer and shorter chains were uniformly
grafted on the electrode at z = 0. A second wall at z =L, closes
the system. The polymer brushes were immersed in a salt-free
aqueous solution sandwiched between the two walls.Periodic
boundary conditions were applied only in x and y directions.

The longer and shorter grafted chains were assumed to
carry a total quantity of 8 and 4 negative elementary charges,
respectively. For the smeared charged distribution denoted as
S, each individual monomer in a grafted chain carries an equal
fraction of charges, i.e., 1 /12. Whereas for the discrete charge
distribution, starting from the first charged monomer closest
to the grafting electrode, two neighboring charged monomers
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are separated by 10 neutral monomers. For the discrete charge
distribution, three types of grafted chains denoted as D1, D2,
and D3, which differed in the position of the first charged
monomer, were considered in this study and are illustrated in
Fig. 1.

Fig. 1. (color online) Schematic representation of the three types of grafted
chains denoted as D1, D2, and D3. The first charged monomers corre-
spond to the 6th, 8th, and 12th monomers counting from the first monomer
anchored on the grafting electrode for D1, D2, and D3, respectively.

The external electric field £ was applied along the z di-
rection perpendicular to the two parallel walls. The motion
of particle i with mass m; at position r;(¢) is described by
Langevin equation:

2

i =G Vil +aeB (D)
where {; is the friction coefficient which couples the particle to
a heat bath; n; represents the random force acting on the parti-
cle and obeys the fluctuation-dissipation theorem; Uy is the
“conservative” potential energy consisting of Lennard-Jones
potential Upj, bonding potential between adjacent monomers
Ureng, wall potential Uy, and long-range Coulomb potential
Ucoul- All particles including neutral monomers, the charged
monomers and counterions interact with each other through
the Lennard-Jones potential:

ABREE
Ury(rij) = rij rij 4

07 rij > \(ﬁO'7

y Tij < %0-7 (2)

where o represents the nominal diameter of each particle and
¢ is the Lennard-Jones energy unit. [30-31]

The connectivity between neighboring monomers i, j in
the same polymer chain is maintained by the finitely extensi-
ble nonlinear elastic (FENE) bond potential:

[ rizj
Ureng(rij) = _EkRO In{1- 2| (3)
0

where Ry = 1.50 and the spring constant k = 30.0g /¢2.130:31]

Such a choice of parameters for Upgng gives an average bond
length of 0.970.
Both walls are modeled as 12/6 Lennard-Jones potential:

12
o 6 1 6
el =) —(2)+~|,z2< V20,
Uwall(Z) = [( Z > (Z) 4 “4)
0, 2> V20,

where z is the distance between a particle and each of the two
walls.3!]

The long-range Coulomb potential between any two
charged particles is
ABqiq;

Ucou (7ij) = kT
r,]

®

where kgT represents the thermal energy and Ag denotes the
Bjerrum length Ag = €2/ (4mepe,kgT) (& and &, are the vac-
uum permittivity and the dielectric constant of the medium, re-
spectively). The long-range Coulomb interaction is calculated
using the standard Ewald Sum technique. Because the periodic
condition is broken in z the direction for the present polymer
brush system, the Ewald sum was calculated in an extended
system which periodically repeats the original slab system in
the z direction with the insertion of an empty space between
them. The empty space has twice the volume of the original
slab system in this study. Furthermore, a correction term of
27M? /(3L,LyL;) has been added to the Coulomb potential to
cancel the inter-slab interaction due to the z component of the
net dipole moment M of the repeating slabs. 2324311

All particles possess the same mass m and diameter
o. The temperature of the system is kg7 = 1.2¢,13! and
the friction coefficient {; = 1.0m7~! with the time unit 7 =
o(m/€)'/2.12*] For aqueous solutions at room temperature,
Ag = 0.71 nm. In this study, we set Az = 36.%* Thus,
0 ~ 0.24 nm. The LD unit of the external electric field is
£/(ec) = kgT /(1.2ec) 22 9.0 x 107 V/m. In this work, the
electric field strength was explored up to |E| = 1.0. The graft-
ing density of polymer brushes was defined as 6, =M /(L.L,),
which corresponds to a dimensionless grafting density 0, =
O'g62 = Mo? /(LxLy). In this work, two grafting densities, i.e.,
Gg* =0.0137, 0.05, were examined.

The positions and velocities of all particles were up-
dated by the Verlet algorithm with an integration time step
of 8t = 0.0057. It took about 4.0 x 10° time steps to bring
the initial system in the absence of external electric fields into
an equilibrium state. After applying external electric fields, it
took another 6.0 x 10° time steps to bring the system into an
equilibrium state again. Afterwards, a production-run phase
with the total of 1.0 x 107 time steps follows. The data were
computed by averaging over the last 1.0 x 107 time steps.

Using the charge density distributions obtained directly
from simulations, the total electric field normal to the grafting
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substrate was calculated through numerically solving Poisson
equation. The one-dimensional (1D) Poisson equation in di-
mensionless form is

dzl/// _ long
= —an™ (oo

+104](65%62)] @1on ()
— |01l (ol 6?) 98 ()

= ll(cz""0?) 6" ()., (6)

where W' = ey /(kgT), 7 = z/0, |Q1] and |Qs| denote the to-
tal charge quantities of the longer chain and shorter chains, re-
spectively (|| =8, |Qs| =4); o, i,ong and thort are the grafting
densities of the longer chains and shorter chains respectively,
ng qhort =0.50,; 0, long 2 (), SE?;[(Z/)

are the charged monomer densny dlstrlbutlons of the longer

and in this paper oy

and shorter chains, respectively; ¢ion () is the probability dis-
tribution of counterions. All of these three distributions are
normalized such that

Ly
/ P(z)dz=1,
Jo

where P(z) represent either q)long( ) or 1 (z2), or Bion(2).
Using the electric potential obtained from Poisson equation,
the total electric field normal to the electrodes FEiy, can be

calculated as follows:

Eypu(z=07)= —e,dy/dz
—e,(kgT Jec)dy’/d7. (7

3. Results and discussions
3.1. Brush height

The response of charged polymer brushes to external
electric fields in terms of the variation of brush height is il-
lustrated in Figs. 2 and 3(a). The brush height Hp is defined as

follows:
) /L 20 (2) dz
/ e

where ¢ (z) denotes the vertical monomer density distribution

Hg = ®)

of the longer or shorter chains.

It can be clearly seen from Figs. 2 and 3(a) that the
changes in brush height in response to applied electric fields
at relatively low grafting density (0, = 0.0137) are much
more significant than those at high grafting density (o, =
0.05). Furthermore, under a negative external electric field,
the longer chains are more significantly stretched than the
shorter chains at both low and high grafting densities. Tak-

ing the brush height in the absence of external electric fields

as a reference, the relative changes of the brush height in pa-
rameter ranges are from +71% to —14% for longer chains and
+14% to —25% for the shorter chains, respectively, as shown
in Fig. 2. At higher grafting density, due to the stronger elec-
trostatic screening from counterions and monomer charges,
the relative change of the brush height is significantly reduced
compared with the case of lower grafting density (from +13%
to —1.5% for the longer chains and +5% to —7.8% for the
shorter chain as shown in Fig. 3(a)). Thus, in terms of the
relative change in brush height, the shorter PE chains col-
lapse more strongly in a positive external electric field than the
longer ones. It can be further seen from Figs. 2 and 3(a) that
the brush height profiles of the three types of discrete charge
distributions differ slightly from each other, and deviate from
The rela-
tive degrees of deviation from the brush height corresponding

that of the smeared charged distribution as well.

to the smeared charge distribution in the parameter range of
applied external electric fields are from 5% to —9% at lower
grafting density and 7% to —4% at higher grafting density for
the discrete charge distribution, respectively.

60
0, =0.0137 —=—5
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40F
m
s
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10 1 " 1 . 1 §1.==§..i=i*
-1.0 —0.5 0 0.5 1.0

Fig. 2. (color online) Brush heights varying with the strength of external

electric field at o; = 0.0137. Solid and dash dotted lines correspond to

longer and shorter chains, respectively.

The response of the bi-disperse PE brushes to external
electric fields can also be studied by examining the ratio of
mean-square end-to-end distance (R2) and mean-square ra-
dius of gyration (Ré) as a function of external electric field
strength, which is shown in Fig. 3(b). It is known that the
ratios are 6 for ideal chains and 12 for rod-like chains in solu-

tions, respectively.?*!

Figure 3(b) clearly shows that in the ab-
sence of external electric fields, the longer chains have higher
degrees of elongation than the short chains. Being consistent
with the results shown in Fig. 2, at relatively low grafting den-
Ré), the

longer chains are more significantly stretched than the shorter

sity, in terms of the relative change in the ratio (R2)/(

chains under a negative electric field. On the other hand, under
a positive electric field, the ratio for the shorter chains varies
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more strongly with field strength increasing than that for the
longer chains.
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Fig. 3. (color online) (a) Brush heights varying with the strength of ex-

ternal electric field at 6; = 0.05, and (b) conformational ratio, (R2)/ (Ré),

varying with external electric field strength at different grafting densities.
The solid and dash dotted lines correspond to longer and shorter chains,
respectively.

3.2. Mean electric force

The mean electric force acting on one grafted longer or
shorter chain along the z direction is directly obtained from
simulations as follows:

Ne

Fmean = Z[QleE - <8Uéoul/az>ez}, (9)

1

where Q; is the quantity of charges on the charged monomer i
(Q; = —1/12 for the smeared charge distribution and Q; = —1
for the discrete charge distribution), N, is the total number of
charged monomers in a grafted PE chain, Ucqy, denotes the
Coulomb potential of one charged monomer interacting with
all the other charged particles in the system and the bracket
refers to the ensemble average or time average, e, is the unit
vector in the z direction.

A salient feature of the mean electric force profiles shown
in Figs. 4 and 5 is that the force profiles of the longer chains
are on the top of those of the shorter chains. Figures 4 and

5 clearly show that under a negative external electric field
which tends to stretch the grafted PE chains, the magnitude
of the mean electric force acting on the longer PE chains is
larger than that on the shorter chains. However, under a strong
positive external electric field, the mean electric force on the
shorter chains is stronger, leading to a higher degree of col-
lapse of the shorter chains than on the longer chains. There-
fore, the trends revealed from Figs. 4 and 5 are in line with
the different responses of longer and shorter chains to external
electric fields illustrated in Figs. 2 and 3.

2.5

2.0F
1.5F
1.0

0.5

F/1.43X107' N

oF

—-0.5F

—1.01

1 " 1 " 1 " 1 4
-1.0 —-0.5 0 0.5 1.0
E

Fig. 4. (color online) Variations of mean electric force acting on each
longer/shorter chain with the strength of external electric field at low graft-
ing density 6; = 0.0137. The solid and the dash dotted lines represent the
longer and shorter chains, respectively.

L2r 0,=0.05 —=—3
—eo— D1
0.9F
Z
T 06F
(@)
i
X
2 03F
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8 .‘f:
—0.3}F ¥
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Fig. 5. (color online) Variations of mean electric force acting on each
longer/shorter chain with the strength of external electric field at low graft-
ing density oy = 0.05. The solid and the dash dotted lines represent the
longer and shorter chains, respectively.

It is obvious from Figs. 4 and 5 that the magnitude of
the mean electric force decreases with increasing grafting den-
sity due to the stronger electrostatic screening effect at higher
grafting density. As shown in Fig. 4, at E = —1 correspond-
ing to —9.0 x 107 V/m, the mean electric force acting on the
longer PE chains is only about 1/4 of the total external elec-
tric force on the longer PE chains ):ﬁVC QieE = 8eE. At higher
grafting density (see Fig. 5), the mean electric force acting on
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the longer PE chains at the same magnitude of external elec-
tric field is about half of that at lower grafting density. Fig-
ures 4 and 5 further show that the mean electric force profiles
of the three types of discrete charge distributions slightly de-
viate from each other, and also differ from that of smeared

charge distribution.

3.3. Total electric fields, distributions of monomers and
counterions

The total electric field calculated from 1D Poisson equa-
tion is equivalent to the ensemble/time average of the instan-
taneous electric field at each time step in simulations, which
is further averaged over the xy plane. As a typical example,
the vertical monomer density profiles of the longer and shorter
chains with the smeared charge distribution, the total electric
field along the zaxis are displayed in Figs. 6 and 7.

10
—ha'(2)
0.03r
— i (2) 1-1.5
electric field =
. 1-3.0 g
x 0.02 >
1 s
< 5%
3
0.01F 1760 =
1-7.5
(0] = 1 T T T 1 1-—9.0
0 20 40 60 80 100
z
Fig. 6. (color online) Plots of total electric field and normalized

monomer density distributions of the longer and shorter chains versus
distance from the grafting electrode for the smeared charge distribution
of grafted chains with a grafting density of o; = 0.0137 at E = —1.0.
Note that in this figure, the two monomer density distributions are nor-
malized by the condition of fOL‘" short (2)]dz + fOLZ g (z)dz = 1 with
Jiz gshort (1) dz = 1/3 and [1* gree (z) dz = 2/3. In this study, equal
numbers of long and short PE chains are uniformly grafted onto the elec-
trode, and the longer chains are twice as long as the shorter ones. Thus

Jo7 oo (2) dz/ [o* dmon () dz=1/2.

As shown in Fig. 6, under a negative external electric
field, the total electric field everywhere in the region between
the two electrodes points to the negative z direction (negatively
valued). For the smeared charge distribution, the mean electric
force acting on a grafted chain can also be calculated from the

following expression:

L./
Frean = _ez(kBT)Q/O Pmon (Z/)Etotal (Z/)dzl7 (10)

where Q = Q) = —8, Q = Qs = —4 for the longer and shorter
chains, respectively; @non denotes the normalized monomer
density distribution of either the longer or the shorter chains

( j(f‘ “@Pmon(z)dz = 1 for either the longer or shorter grafted

chains). Note that

ol [ okmaz=2ie [ ez

From the above equation and Fig. 6, it is clear that under a
negative external electric field, the magnitude of mean electric
force acting on one longer chain is larger than on one shorter
chain.

Under a positive external electric field (see Fig. 7), the to-
tal electric field decays very quickly away from the positively
charged grafting electrode. This fast decay is due to the accu-
mulation of negative charges on the grafted PE chains near the
grafting electrode which screen the external electric field. >
As shown in Fig. 7, the total electric field drops to zero in the
region around the tail of the monomer density profile of the
shorter PE chains. Being further away from the grafting elec-
trode, the total electric field changes sign and becomes nega-
tive, indicating that the negative charges on the grafted longer
PE chains become the dominant factor in determining the total
electric field. The negative total electric field spans the re-
gion between the tails of the monomer density profiles of the
shorter and longer PE chains. In this region, the local electric
force acting on the longer PE chains is positive (pointing to the
positive z direction). Therefore, it is easy to understand from
Eq. (10) and Fig. 7 why the magnitude of the total electric
force acting on one shorter PE chain pointing to the negative z

direction is larger than on one longer PE chain.

10
0.05
—dnei(2)
48
0.04}F — iz (2)
electric field 16 =
:N; 0.03} E
g 44 =
<
0.02 <
4o ®
0.01f
4o
0 -

0 20 40 60 80 100

Fig. 7. (color online) Total electric field and normalized monomer density
distributions of the longer and one shorter chains varying with distance
from the grafting electrode for the smeared charge distribution of grafted
chains with a grafting density of o5 = 0.0137 at £ = 1.0, wher normaliza-
tion condition is the same as that in Fig. 6.

MD studies of mono-disperse PE brushes reveal that the
grafted chains are not uniformly stretched or compressed, but
rather bifurcate into two sub-populations under external elec-
tric fields.

leviation of steric and electrostatic repulsion between grafted

Apparently, such a bifurcation results in the al-

chains. The interaction between the longer and shorter chains
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is crucial to the different responses of the longer and shorter
chains in the bi-disperse PE brushes to external electric fields.
Under a positive external electric field, the much higher degree
of collapse of the shorter chains leads to a significant reduction
in the steric and electrostatic repulsion between the shorter and
longer chains. On the contrary, if the longer chains were to col-
lapse more significantly than the shorter chains, the steric and
electrostatic repulsion between them would not be alleviated.
Under a negative external electric field, if the shorter chains
were to stretch more strongly than the longer chains, the steric
and electrostatic repulsion between them would become much
stronger than the case that the longer chains are more signifi-
cantly stretched as revealed from simulations.

0.05
0.04f
0.03f
0.02F
0.01f

ok
0.10
0.08F
0.06F
0.04F
0.02f

ok

Punon(2)

Pmon(2)

20 40 60 80 100
z

o

Fig. 8. (color online) Variations of total monomer density (¢Shor 4+ (pr]r?gr% )
profiles of the three types of discrete charge distributions and smeared
charge distributions with distance from the grafting electrode under a strong
negative (upper panel) and positive (bottom panel) at o5 = 0.0137 are dis-

played.
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Fig. 9. (color online) Plots of the total electric fields against the dis-
tance from the grafting electrode for different charge distributions of grafted
chains at different external electric field strengths: (a) E =—1.0,(b) E=1.0
(in LD unit). The grafting density corresponding to both panels (a) and (b)
is o; =0.0137.

It is found that under a strong negative or positive ex-
ternal electric field, the total monomer density profiles of the
three types of discrete charge distributions only slightly devi-

ate from that of smeared charge distribution (see Fig. 8). As

shown in the upper panel of Fig. 9, under a strong negative
external electric field, the total electric field corresponding to
discrete charge distribution oscillates more strongly than that
corresponding to smeared charge distribution near the grafting
electrode. On the other hand, the total electric field profiles
of the three types of discrete charge distributions almost com-
pletely overlap with each other under a strong positive external
electric field.

The probability distributions of positively charged coun-
terions along the z axis under external electric fields are ex-
amined and are shown in Fig. 10. Under a positive electric
field, a fraction of counterions are expelled from the inside of
PE brushes and accumulated near the negatively charged sec-
ond electrode. It can be clearly seen from Fig. 10 that the
fraction of counterions accumulated near the second electrode
increases with increasing the strength of the positive external
electric field but decreases with increasing grafting density. It
is found that the total of counterions accumulated near the sec-
ond electrode roughly equals that of the surface charges on
the second electrode. Thus, an approximate charge balance
is maintained near the second electrode. On the contrary, un-
der a negative external electric field, counterions are strongly

attracted towards the oppositely charged grafting electrode.
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Fig. 10. (color online) Probability distributions of counterions varying
with the distance from the grafting electrode in different external elec-
tric fields. The upper and bottom panels correspond to 6; = 0.0137 and
oy = 0.05, respectively. Note that the probability distribution of counteri-

ons is normalized such that j;)LZ 95 (z)dz=1.

4. Conclusions

In this paper, we perform Langevin Dynamics simula-
tions of bi-disperse PE brushes in response to external electric
fields. The grafted PE chains are strong polyacid. The total
electric forces acting on grafted shorter and longer PE chains
are calculated. Using the charge density distributions of the
brush system obtained from simulations, the total electric field

across the two oppositely charged electrodes is computed by
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numerically solving Poisson equations. Furthermore, the ef-
fects of smeared and discrete charge distributions of grafted
PE chains on the response of PE brushes to external electric
fields are also investigated.

Simulation results clearly show that, under a positive ex-
ternal electric field, in terms of the relative change in brush
height the grafted shorter PE chains collapse more strongly
than the longer PE chains in the bi-disperse brushes, and the
magnitude of the total electric force acting on one shorter PE
chain is larger than on one longer PE chain. On the contrary,
the opposite trends are found for bi-disperse PE brushes un-
der a negative external electric field. Under a positive external
electric field, the total electric field decays quickly away from
the positively charged grafting electrode. Beyond the tail re-
gion of the monomer density profile of the grafted shorter PE
chains, the negative charges on the grafted longer PE chains
play a dominant role in determining the total electric field, re-
sulting in a negative total electric field in the region between
the tails of the monomer density profiles of the two types of
PE chains. Therefore, under a positive external electric field,
the magnitude of the total electric force acting on a shorter
PE chain is larger than on a longer PE chain, resulting in a
higher degree of collapse of the shorter PE chains. However,
under a negative external electric field, the total electric field
everywhere between the two oppositely charged electrodes
points towards the grafting electrode, which leads to a stronger
stretching force acting on the longer PE chains. The stronger
electric force stretching the grafted longer PE chains suggests
that an external electric field can be used to separate strong
polyelectrolyte chains based on chain length, which is similar
to the scenario in the experiment of sorting ssDNA strands of
different chain lengths by external electric fields.

It is found from simulations that in terms of the relative
change in brush height, the discrete charge distribution devi-
ates by no more than 10% from the smeared charge distribu-
tion. Furthermore, the profile of the total electric force acting
on a grafted PE chain against the magnitude of the external
electric field of the discrete charge distribution only slightly
deviates from that of the smeared charge distribution. There-

fore, in studying strong polyelectrolytes in mono-valent salt

solutions, it is well justified to use a smeared charge distribu-
tion in continuum theories such as SCFT and ignore the dis-

crete nature of mono-valent monomer charges.
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