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Abstract

A polyelectrolyte chain confined in a slit nanochannel exhibits a structural transition from the one in free
space. In this paper, the effect of the long-range electrostatic interactions between the xanthan poly-
electrolyte and the slit wall on the confined xanthan conformation is investigated via the Brownian dynam-
ics simulation. A neutral and two negatively charged surfaces of polydimethylsiloxane (PDMS) and glass
are combined to make four kinds of slit channels with different charge characteristics: i) neutral-neutral, ii)
glass-glass, iii) neutral-PDMS and iv) neutral-glass walls. Their walls are characterized by uniform surface
charge densities determined from experimental data of zeta potential. Both the nonmonotonic chain size
variation and the loss of long-range bond vector correlation, previously observed under confinement in the
PDMS-PDMS slit, are also found in the neutral slit, demonstrating the nonelectrostatic origin of such cross-
over behaviors. As expected, the effect of wall charges is negligible at sufficiently high medium ionic
strength of 100 mM but it becomes significant in the opposite limit of 0.01 mM. In the latter case, the high
charge density of glass walls strengthens the effective confinement of a negatively charged polyelectrolyte
and produces a xanthan structure comparable to that confined in a much narrower neutral slit. The obtained
structural data suggest the possibility of controlling the structure of confined polyelectrolytes by the mod-
ification of surface charge characteristics of micro/nanofluidic devices in combination with the adjustment
of the medium ionic strength.

Keywords : polyelectrolyte structure, slit nanochannel, finitely extendable nonlinear elastic (FENE), coarse-
graining, Brownian dynamics simulation

1. Introduction

Polyelectrolytes confined in a micro/nanochannel envi-
ronment exhibit altered structure and dynamics compared
to their behavior in the bulk solution due to their inter-
action with the bounding surfaces. This confinement effect
has practical relevance to the development of high-
throughput micro total analysis system (#TAS) such as
electrophoresis, micro-biochip, cell counting and single
molecule detection (Chen et al., 2004; Jo et al., 2007).

The effect of one-dimensional confinement by two par-
allel walls on the structural and rheological properties of
neutral and flexible polymer chains have previously been
analyzed with theoretical and computational means. In par-
ticular, the theory of Daoud and de Gennes (1977) presents
a scaling behavior of a confined polymer qualitatively dif-
ferent from Flory’s celebrated bulk scaling law. Later, a
more refined theory of Cordeiro et al. (1997) and lattice

*Corresponding author: mschun@kist.re.kr
© 2007 by The Korean Society of Rheology

Korea-Australia Rheology Journal

Monte Carlo simulations (van Vliet and ten Brinke, 1990;
Wang and Teraoka, 2000) have established that the cross-
over from unbounded to confined structure exhibits a non-
monotonic size variation with a minimum where the slit
size is comparable to the chain end-to-end distance in bulk.
In contrast, the structure of confined polyelectrolytes tak-
ing a finite rigidity due to intrachain electrostatic repuision
has been analyzed under two-dimensional confinement in a
pore (Odijk, 1983; Brochard-Wyart et al., 2005).

Brownian dynamics (BD) simulations of coarse-grained
models have played important roles in understanding struc-
tural and rheological properties of polymers both in bulk
solution (Allison, 1986; Ottinger, 1996; Jian et al., 1997,
Hur et al., 2000) and under confinement (Jendrejack et al.,
2004; Hemandez-Ortiz et al., 2007), providing information
on, e.g., chain size, internal structure, translational and
rotational dynamics, and chain stretch and migration in
channels under flow.

Very recently, the authors have studied the structural
transition of a polyelectrolyte chain from unbounded to
confined states using the BD simulation with emphasis on
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the influences of chain intrinsic rigidity and the ionic
strength of the surrounding medium (Jeon and Chun,
2007). The confinement was influenced by the slit channel
formed by two parallel plates with surface charge density
similar to a level of polydimethylsiloxane (PDMS). This
study found that the aforementioned nonmonotonic size
variation is present in the confined polyelectrolytes with
finite rigidity as well as in neutral and flexible chains and,
moreover, the reduction in chain size at intermediate con-
finement is accompanied by severe loss of long-range bond
vector correlation measured by the persistence length at
long length scale. It also revealed that the effect of elec-
trostatic interactions on the structural transition can rea-
sonably be captured by the variable persistence length
within the framework of wormlike chain theory.

In this paper, the structure of single polyelectrolyte chain
confined in slit channels is investigated with channel walls
of different surface charge densities. Three types of walls,
representing neutral, PDMS, and glass surfaces, are con-
sidered and four different silt channels formed by them are
used to assess their effects on the polyelectrolyte structure.
By following our previous study, the electrostatic potential
is described at the level of Debye-Hiickel (DH) approx-
imation. This will provide insights into i) how much of the
confinement effect comes from the electrostatic repuision
between the polyelectrolyte and the wall as opposed to the
steric repulsion between them and ii) the possibility of
nano/microchannel design according to optimized wall
charge characteristics with proper materials or coating.

2. Computational methodology

The computational methods similar to our previous study
(Jeon and Chun, 2007) are employed except for the de-
scription of the asymmetric wall charge density for the
neutral-PDMS and neutral-glass slits. Here, a brief review
of the polyelectrolyte model and the BD simulation
method is provided together with the DH description of the
bead-wall electrostatic interaction in the asymmetrically
charged slit.

2.1. Coarse-grained modeling of polyelectrolyte

We first develop a coarse-grained model of polyelec-
trolytes with polysaccharide xanthan as the model system.
Xanthan is generally accepted as a semiflexible polymer at
room temperature due to the double stranded structure with
intrinsic persistence length of at least 100 nm (Paradossi
and Brant, 1982; Sato et al., 1984; Sho et al., 1986; Chun
and Park, 1994). It has up to two ionizable carboxyl groups
per repeat unit.

The polyelectrolyte is modeled as a bead-spring chain
with additional electrostatic, hydrodynamic and Lennard-
Jones (LJ) interactions between beads. For the spring, the
finitely extendable nonlinear elastic (FENE) potential of
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Warner (1972) is employed as follows

2 2
g =l 1-(42Y) ] g
where r;;,; is the distance between beads i and i+1, [, is the
equilibrium bond length, and [, is the maximum bond
length allowed. In the limit of large .., E " is reduced
to a harmonic potential with force constant kg (Tran-Canh
and Tran-Cong, 2004). The dispersion-repulsion interac-
tion between beads are taken into account by the standard
LJ potential with parameters &; and 0, set equal to the
Boltzmann thermal energy ksT and [, respectively

Oi; 12 o 6
EY = 46”[(7,-,-) —(—r;) } @)
The electrostatic interaction between beads are described
by the DH potential
o BTk 3
p _Zﬂ—e‘r_,-j_ BTZb_.'je . 3)
Here, gy is the bead charge, £=g¢g is the electric per-
mittivity of the medium defined in terms of dielectric con-
stant & and vacuum permittivity &, x= (87rlBNAI)”2 is the
inverse Debye screening length defined in terms of
Avogadro’s number N, and medium ionic strength I, [ =
é'/(drekgT) is the Bjerrum length (cf. I =0.71 nm for
water at room temperature, see Manning, 1969), and
% = gv/e is the bead charge in units of positive elementary
charge e (ie., 1.6x10™ C). The finite rigidity of the chain
is modeled by the following harmonic bending potential

EXN = lkAeim; 051 = COS_I(l;i‘BHl) “

i+l = 2 ii+
where k, is the bending force constant and b; = (r;,~r,)/
[r,,,—r;] is the i-th bond vector of unit size.

A xanthan chain with molecular weight of 1.13x10° g/
mol (~1220 monomers) has l,= 120 nm and the contour
length R¢ =580 nm at ionic strength /=100 mM (Chun
and Park, 1994). With the ratio R./lp~35, this chain can be
regarded as a continuous wormlike chain. This is modeled
as a discrete wormlike chain (Allison, 1986) with 25 beads
(N, =25), with about 10 beads representing a Kuhn seg-
ment of length 2. This choice ensures a smooth per-
sistence length variation with changing environmental
conditions. The bead hydrodynamic radius a is chosen as
5 nm. The spring and charge parameters s, ly, /., ka and
Z, are optimized with short BD simulations so that the
chain in bulk solution reproduces experimental values of
R:=1580 and 880 nm and /=120 and 200 nm at ionic
strengths [ = 100 and 0.2 mM, respectively. The optimized
model parameters are summarized in Table 1.

2.2. Bead-wall interactions
As depicted in Fig. 1, the simulation of a confined chain
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Table 1. Parameters of the model polyelectrolyte of xanthan
chain and other simulation parameters

Number of beads, N, (dimensionless) 25
Bead hydrodynamic radius, a (nm) 5.0
Bond bending force constant, ks (ksT) 4.0
Bond stretch force constant, ks (ks77ly) 25
Equilibrium bond length, I, (nm) 10.0
Maximum bond length, I, (nm) 150.0
Bead charge, g, (e) -35.0
Lennard-Jones energy parameter, &; (kgT) 1.0
Lennard-Jones size parameter, Gi; () 1.0
Surface charge density of wall, oy (C/md) 0 (Neutral)

~5.15x10* (PDMS)
-1.03x107 (Glass)

Bead-wall steric force constant, ky (l*ks7) 2.5
Dielectric constant of aqueous medium, & 78.4
(dimensionless)
Viscosity of fluid, 77 (mPa-s) 0.89
Temperature, T (K) 298.15
Step size of simulation time, At (ns) 20

J — z=1,

—z=0

C ]

Fig. 1. A polyelectrolyte chain confined in the slit channel. The
employed coordinate system is also shown.

requires the specification of the bead-wall interactions. For
the bead-wall steric repulsion, the following empirical
potential (Fernandes et al., 2000) is used for all three types
of surfaces (i.e., neutral, PDMS and glass)

WR kW
R W 5
(z]-2Zo) ©)

with ky = 2.5 lf,kBT and Z; as the half-width of the slit. For
the electrostatic potential, we employ the DH interaction of
a point charge with two infinite charged plates. For a slit
formed by two walls with surface charge density o (at z=
Zy) and o, (at z=-7Z,), the electrostatic energy E;"*° of
bead i due to the walls is

WES _ 9

i = Z‘K'—Sinh(Z——K'ZO){ o, cosh[ K(z;+Z;)] + 0, cosh[ x(z,—-Zy)]}

©)

where z; is the z coordinate of bead i with the z axis per-

stant charge condition at the walls. When the two walls
have identical surface charge density ow, Eq. (6) is reduced
to the expression used in our previous study. The surface
charge density Gy is set to —5.15x10* and —1.03x107
C/m’* for the PDMS and glass walls, respectively. These
values are very close to those determined from zeta poten-
tial ¢ (cf. —18 and -36 mV for PDMS and glass, respec-
tively) at solution pH 7.0, with the relationship ow=¢€x¢
(Russel, Saville and Schowalter, 1989; Chun and Lee,
2005). For simplicity, the ionic strength dependence of the
wall charge density is not considered in the present study.

2.3. Brownian dynamics simulation

The generalized Langevin equation provides the refer-
ence for the generation of molecular trajectories. The
dynamics of the polyelectrolyte chain is described by the
following BD equation of motion that also accounts for the
bead-bead hydrodynamic interaction (Ermak and McCam-
mon, 1978)

r,'-'+1=rl'.'+AtZIML+AtZ V.-D; + R/ )

7 kT T

where F; = —~VE™ (1) is the force on bead i at time step
n, R} is the random displacement due to the solvent and Az
is the time step size. The Rotne-Prager diffusion tensor Dj;
describes the hydrodynamic interaction between beads
(Rotne and Prager, 1969). The distribution of R} is Gaus-
sian with zero mean and covariance, expressed as

(RIR]) = 2DjAt ®)

where integration time step At is chosen as 2.0 ns. This sat-
isfies the condition me/(6ma) << At << 6na’lksT, where
n is the fluid viscosity and my is the bead mass (Ermak and
McCammon, 1978). In this study, the hydrodynamic inter-
action between the wall and the beads is not taken into
account, but this does not alter structural properties in the
absence of fluid flow.

For a given condition, 20 independent BD trajectories
each of more than 10 ms in length are analyzed for prop-
erties. Structural properties such as the chain radius of
gyration Rg, root-mean-square end-to-end distance Rg,
contour length Rc and persistence length /p, are determined
with the following formulae (Doi and Edwards, 1986)

Rl e ( ? 1% ©
== r,-r s PeM=—7 2 I,
G N, ’Z.I | ™M M N, 2‘1 )
N
2,122 b
Re=(Rp) :; Rg= Iy —I = ; (10)
Ny- N,-1

1
b, =

1 n=1

Rc=(Ny-1)b = 'E LR A (11)

pendicular to the walls and the origin at the center of the Noon2

slit (see Fig. 1). This expression was obtained by solving 1 < bz 13,..[,,.+,,> = exp(-s,/l}), (12a)
the linearized Poisson-Boltzmann equation with the con- No-n=2\ i
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1M
§ Z Z lri+m_ri+m—l| . (12b)

n=
Nb—-n i=1 m=1

In Egs. (9)-(12), the position of the center of mass rcy,
the average bond length b, the length of n-th bond b,, and
the average contour distance between beads separated by n
bonds s, are also introduced. [, becomes independent of n
only when the bond vector correlation decays exponen-
tially on the entire length scale. As written above, I, pro-
vides a useful measure of the relative strength of the short-
and long-range bond vector correlations. The translational
self diffusion coefficient is calculated from the Einstein
relation

Df = lim 5 [rBul(t+1)-riu()])  (@=x,32.  (13)

To better reveal the effect of confinement on diffusivity, we
consider only the two dimensional diffusion coefficient
D3 = (Di+D3%)2 both in bulk and under confinement. In
practice, the limit 7— <o on the right-hand side of Eq. (13)
is replaced by r=0.2 ms. The estimated error from this
choice is less than 2% in bulk solution and less than 5%
under confinement.

The simulation system is infinite in the x and y directions
and the size in the z direction is determined by the slit half-
width Z, as depicted in Fig. 1. The system is not periodic
because only a single chain is placed in the channel. The
system is equilibrated for 2 ms (1x10° time steps) and the
averages are taken for the next 14 ms (7x10° time steps).

3. Results and discussion

In this study, the medium ionic strength / and the channel
half-width Z, are varied for each of the four slit nanochan-
nels formed by the neutral-neutral (NN), neutral-PDMS
(NP), neutral-glass (NG), glass-glass (GG) walls. Com-
bined with our previous results on the PDMS-PDMS (PP)
channel, the structure and the distribution of a confined
polyelectrolyte chain in five different nanochannels are
analyzed.

3.1. Effect of wall charges on the polyelectrolyte chain
conformation

Figs. 2 and 3 display the chain size variation with the slit
half-width Z, at three different /. The sigmoidal transitions
of Rg and (Re/Rg)* with Z, at I = 0.01 mM (Figs. 2a and 3a)
and the nonmonotonic variation of the same quantities at
higher I (Figs. 2b and 2c¢ and Figs. 3b and 3c) are qual-
itatively the same as in Jeon and Chun (2007). This behav-
ior arises because the model chain is rigid at the lowest /
of 0.01 mM due to the intrachain electrostatic repulsion
and this suppresses the nonmonotonic size variation of
neutral flexible chain. On the other hand, semiflexible
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Fig. 2. The variation of the chain’s radius of gyration R¢ with slit
half-width Z;. The results from slits with different wall
charges are shown for ionic strength (a) 7 =0.01 mM, (b)
I=1 mM, and (c) I=100 mM.

chains at intermediate and high 7 still possess a flexible
nature and the nonmonotonic size variation is preserved.

The effect of the wall charges is most pronounced at [ =
0.01 mM (Figs. 2a and 3a), where the structural transition
takes place at a larger Z, as we go from the neutral NN
channel to the highest charged GG channel. As expected
from the strength of the bead-wall electrostatic repulsion,
the degree of confinement is in the order NN, NP, NG, PP,
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Fig. 3. The variation of the squared ratio of the end-to-end dis-
tance Rp to R; with slit half-width Z,. The results from
slits with different wall charges are shown for ionic
strength (a) 7=0.01 mM, (b) /=1 mM, and (c) /=100
mM.

and GG from the smallest to the largest. The differences in
the effective confinement are very large. For example, the
chain size in the GG channel with Z, = 625 nm is already
larger than that in the NN channel with Z, =200 nm. This
suggests that a high degree of confinement of polyelec-
trolyte chains could suitably be achieved by the surface
charge modification without relying on sophisticated fab-
rication processes. This effect is, however, significant only
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Fig. 4. Dependence of the chain persistence length / ]1) measured
between neighboring beads on the slit half-width Z,.
Results at ionic strength (a) 0.01 mM and (b) 1 mM are
provided.

at low ionic strengths /=1 mM, the effect of wall charges
is quite small and is almost negligible at 100 mM (Figs. 2b
and 2¢ and Figs. 3b and 3c). In these cases, the Debye
screening length (x' = 9.6 and 0.96 nm at /=1 and 100
mM, respectively) is smaller than the average bead-wall
distance (see Section 3.2) and the chain feels little effect of
the wall charge.

Figs. 4 and 5 show the chain persistence length ; at
short (n=1) and long (n = 15) length scales with different
slit channels at 7 =0.01 and 1 mM. As in the Figs. 2 and
3, the qualitative behavior of I7 is similar in all channels
but the chain stretch (increase in [} ) is initiated at larger Z,
as the wall charge increases. We note that the sudden
decrease of I3’ near Z, = 200-400 nm (Fig. Sb) represents
the loss of long-range bond vector correlation at interme-
diate confinement. Remarkably, the magnitude of Iy’ in
this region is in the order NN, NP, NG, PP, and GG from
the largest to smallest, meaning that stronger electrostatic
repulsion results in a smaller persistence length. This is
contrary to the expectation based on the chain stretching
effect of the bead-wall electrostatic repulsion, which would
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Fig. 5. Dependence of the chain persistence length I3 measured
between beads separated by 15 bonds on the slit half-
width Z,. Results at ionic strength (a) 0.01 mM and (b) 1
mM are provided.

place the NN channel as the least effective in producing
large persistence length and the GG channel as the most
effective. Moreover, the minima in /}’ are all located at the
same Z, between 200 and 400 nm regardless of the wall
charge characteristics, in contrast with the location of struc-
tural transition observed at /=0.01 mM (Fig. 5a) which
exhibits a large change as the wall charge varies. There-
fore, the wall-bead electrostatic interaction near these min-
ima cannot be uniform over the entire chain and is likely
to be in effect only when a part of the chain, while per-
forming the Brownian motion, happens to approach the
wall within the Debye screening length. These explana-
tions are consistent with our previous interpretation (Jeon
and Chun, 2007) that both the nonmonotonic size variation
and the loss of bond vector correlation are the result of
local repulsive interactions between the wall and the ter-
minal beads of the rotationally diffusing chain.

3.2. Polyelectrolyte distribution and diffusion in nano-
channels
The distribution of a polyelectrolyte chain in the channel
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Fig. 6. The distribution of polyelectrolyte beads across the slit
channel at (a) /=1 mM and Z, = 62.5 nm and (b) I =1
mM and Z, = 400 nm, where ¥ = 9.6 nm at/ = | mM.
In asymmetric NP and NG slits, the wall with negative z
coordinate is charged.

provides direct information on the degree of confinement.
Figs. 6 and 7 display the probability density P(z) of the
chain beads across the channel for the five slit channels
considered. P(z) was obtained by constructing the nor-
malized histogram of z coordinates of all the beads in a
polyelectrolyte chain over the trajectory in equilibrium.
P(z) of the NN channel at /= 1 mM and Z; = 62.5 nm (Fig,
6a) spans almost the entire channel width with depletion
region of about 10 nm near the wall. This curve is very
close to the distribution at /=100 mM, where the five
channels produce identical P(z) (data not shown). In the
symmetrically charged PP and GG channels, the distri-
bution significantly narrows down and the depletion region
extends twice to ~20 nm. In the asymmetric NP and NG
channels, a noticeable shift of ~10 nm toward the neutral
wall can be seen. Fig. 6b shows the distribution in a wider
channel of Z; =400 nm. Unlike in Fig. 6a, the distribution
is now insensitive to different wall charges and all five
curves are nearly identical. The bead distribution in this
case is not symmetric which indicates the possibility of
insufficient sampling. It would require a much longer sim-
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Fig. 7. The distribution of polyelectrolyte beads across the slit
channel at (a) / = 0.01 mM and Z, = 200 nm and (b) [ =
0.01 mM and Z, = 1000 nm, where A = 96 nm at [ =
0.01 mM. In asymmetric NP and NG slits, the wall with
negative z coordinate is charged.

ulation to resolve this issue in wide channels. Despite this
uncertainty, it is evident that the wall charge density affects
the polyelectrolyte distribution significantly even in chan-
nels with width an order of magnitude larger than the
Debye screening length (k' =9.6 nm at 7=1 mM). The
chain distributions at /=0.01 mM in Fig. 7 demonstrate
even more dramatic wall charge effect. In a slit four times
wider than the Debye screening length (' =96 nm at I =
0.01 mM) in Fig. 7a, the flat distribution in the NN channel
is narrowed by ~80% in charged channels. Moreover, the
chain migration away from the negatively charged wall in
the case of NP and NG channels is considerable, with the
chain occupying less than 25% of the total channel width.
Once again, the extent of migration is much larger than the
range of Debye screening. The narrow-down and shift of
distribution still persists at the channel width Z; = 1000 nm
in Fig. 7b.

Finally, Fig. 8 shows the two-dimensional self-diffusion
coefficients DZ” of a polyelectrolyte chain in silts with dif-
ferent wall charges. As in the structural parameters in Sec-
tion 3.1, the wall charge effect on D%D is largest at / = 0.01
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Fig. 8. Two-dimensional diffusion coefficient D> of a confined
polyelectrolyte, scaled by the corresponding bulk value,
as a function of the half slit width Z, D%D only reflects
displacement parallel to the walls.

mM (Fig. 8a) and is negligible at I = 100 mM (Fig. 8c). We
note that Dy° increases with stronger confinement in Fig.
8a because the bead-wall hydrodynamic interaction is not
included in the present BD simulation and the chain dif-
fusion reflects only configurational effect of confinement.
As explained in our previous study (Jeon and Chun, 2007),
confined chains in the absence of bead-wall hydrodynamic
interaction can diffuse faster parallel to the walls compared
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to a chain in free space because its cross-sectional area nor-
mal to the direction of movement is on average smaller.
This indicates that the hydrodynamic effect provides the
main contribution to the hindered diffusion of confined
chains. A full description of the hydrodynamic interaction
including the wall effect is currently underway.

4. Conclusions

The structure of a polyelectrolyte chain confined in a slit
nanochannel is affected by the wall charge density of the
channel. In this paper, the neutral and two negatively
charged surfaces of PDMS and glass were employed to
investigate their effect on the confined polyelectrolyte
behavior. It was found that the loss of long-range bond
vector correlation is higher in more negatively charged
channels and it could be inferred that this behavior arises
from the local electrostatic interaction between the chain
terminal beads and the wall. As expected, the wall charge
effect is found to be greatest at low ionic strength. How-
ever, it is not negligible even at the modest ionic strength
of 1 mM. The asymmetrically charged slit can induce
migration of the polyelectrolyte toward a less repulsive
wall as well as a narrow-down of chain distribution across
the channel. These results suggest that the surface treat-
ment of channels can be a useful method to confine and
extend polyelectrolytes without sophisticated fabrication
processes.

The computational methods employed in this study can
be improved in the following directions: i) inclusion of
explicit counterions to account for nonuniform distribution
of medium charge and its fluctuations and, on a related
note, a description of electrostatic interaction with full
Poisson-Boltzmann level, ii) inclusion of hydrodynamic
interaction between the chain and the wall to describe the
behavior under flow and relevant rheological properties.
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