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Ionic current through a nanopore three nanometers in diameter
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Ionic current through a 3 nm in diameter nanopore has been investigated using molecular dynamics. Results
indicate that the ionic current increases linearly as the electrolyte concentration increases from 0.4 to 0.9 M,
beyond which the ionic current increases at a slower rate. In contradiction to the expectation that higher surface
charge density will lead to more ions in the nanopore, and therefore, higher ionic current, the ionic current
shows an increase-decrease profile as the surface charge density increases. These unusual observations are
attributed to the fact that ions close to the wall experience large viscous force, leading to low mobility.
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I. INTRODUCTION

Nanoscale Coulter-type sensors, such as those based on
naturally occurring protein nanopores or man-made inor-
ganic nanopores/nanochannels with dimensions comparable
to the size of single molecules or the Debye length, have
attracted significant attention over the past decade because of
their ability to detect single molecules [1-5]. These nano-
scale Coulter counters rely on sensing the ionic current
through the nanopore and its modulation from the transloca-
tion of individual nanoparticles or single molecules to detect
and interrogate the properties of the nanoparticles or mol-
ecules. The baseline ionic current itself, which is determined
by the pore size, the electrolyte concentration, the applied
electric field, and the surface properties of the nanopore, is of
significant interest because it discloses many unique phe-
nomena occurring in the nanochannels. In addition, the sta-
bility and noise of the baseline ionic current determine the
sensitivity of the nanoscale Coulter-type devices. Several ex-
perimental studies were carried out recently to understand
the ionic current through nanochannels. Stein ef al. [6] mea-
sured the electrical conductance of silica nanochannels filled
with different concentration KCI buffered solutions. Their
results indicated that at low concentration, the electrical con-
ductance was determined solely by the surface charge, inde-
pendent of the salt concentration. Daiguji et al. [7] first re-
ported theoretically the possibility of creating a unipolar
solution of counter ions in a 30 nm in diameter silica nano-
tubes and using a gate electrode to modulate the ionic current
through the nanotubes. Later, Karnik er al. [8] experimen-
tally observed the modulation of the electrical resistance
through both ~50 nm in diameter nanotubes and 40 nm
high, 1 uwm wide nanoslits by applying a gate potential.
Schoch and Renaud [9] measured and modeled the electrical
conductance of an electrolyte-filled nanoslit of 50 nm in
height. Their results indicated that at low-salt concentrations,
the electrical conductance was dominated by the effective
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surface charge density, which could be regulated by the pH
and external gate potential. To date, all studies indicate that
the ionic current at low concentrations (below about 0.1 M)
is determined by the surface charge density, while at higher
concentrations, the ionic current can be estimated based on
the bulk electrolyte concentration and the size of the nano-
pore. However, all previous research really focused on the
effects of overlapped electric double layers without paying
much attention to the ionic transport through nanopores for
high-concentration electrolytes with nonoverlapped double
layers. Therefore, the ionic current data for high-
concentration electrolyte through nanochannels are limited
and not systematic. Molecular dynamics (MD) simulations
can provide a detailed molecular description of the interac-
tions between the solvated ions and the solid surface, offer-
ing a valuable tool for studying the electrolyte behavior in
highly confined nanochannels. With the space positions and
the velocities of all particles at different time solved from the
Newton’s second law, statistical parameters can be obtained
from the simulation. In recent years, with the rapid increase
in the computational power, MD method has become an im-
portant tool to study the electrolyte behavior in the
nanochannels [10-23].

In this paper, we report on a MD study of ionic current
through a 3 nm in diameter nanopore. Results indicate that
the ionic current increases linearly as the electrolyte concen-
tration increases from 0.4 M to about 0.9 M, beyond which
the ionic current still increases but at a rate significantly
lower than linear. In addition, for the same electrolyte con-
centration, the ionic current follows an increase-decrease
profile as the surface charge density increases, which is con-
tradictory to the anticipation that higher surface charge den-
sity will lead to more mobile ions in the nanopore, and there-
fore, higher ionic current. Further examination of the ion
distribution and velocity profile discloses that at high-
electrolyte concentrations or high-surface charge densities,
more counter ions are in the near wall region, experiencing
larger viscous force, which could explain the slower increase
rate at high-electrolyte concentrations and the ionic current
reduction at high-surface charge densities.
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FIG. 1. (Color online) A schematic diagram of the nanopore
model. Discrete, fixed surface charges are assigned on the nanopore
surface. The length of the pore is 31 A, and the radius is 15 A.

II. SIMULATION METHODS

Ionic current through a 3 nm in diameter nanopore was
modeled for different concentration sodium chloride solu-
tions under different surface charge densities using a modi-
fied TINKER 4.2 [24] molecular dynamics package. As shown
in Fig. 1, the model system was composed of a 3 nm in
diameter nanopore with periodical boundary conditions ap-
plied at each end of the nanopore. Discrete surface charges
were distributed on the surface of the nanopore [11] and the
model system was kept in electrical neutrality by initially
setting the net charge number of counter ions and co-ions in
the solution equal to the number of surface charges. About
1880 water molecules were included in the nanopore, which
varied slightly for different cases because of the different
number of ions in the nanopore. The water molecules were
modeled using the SPC/E (extended simple point charge)
model [25] and the intermolecular interactions were modeled
by the summation of Lennard-Jones potentials and electro-
static potentials, which were processed by the Ewald sum-
mation algorithm [26].

The wall is qualitatively like the hydrophilic surface of
silica, and the interactions between the surface and the fluid
molecules are the same as those reported in the literature [27]
using the Steele potential [28].
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where p,=42.76 nm™ and A=2.709 A. o, and &, are ob-
tained from bulk silica parameters, ¢,/kg=230 K and o,
=3.0 A, and the fluid molecular parameters by the Lorentz-
Berthelot rules. R is the radius of the cylindrical tube and r is
the distance of any molecule from the nanopore center. The
interactions between the ions and the solid surface include
contributions from the L-J potential and the electrostatic po-
tential. The parameters for these potentials are the same as
those in a previous publication [11]. The binding energy be-
tween an ion and the solid surface can be derived from the
summation of the Lennard-Jones and the electrostatic poten-
tial. Figure 2 presents the binding energy profile between the
Na* ions and the solid surface as a function of the distance
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FIG. 2. (Color online) The binding energy for the Na* ion as a
function of the distance from the nanopore center.

from the nanopore center. In our modeling, the potential at
R=0 A has been shifted to zero to reflect the zero potential
in the center of the nanopore. Figure 2 shows that the opti-
mal binding distance is approximately 2 A away from the
nanopore surface that is 15 A away from the nanopore cen-
ter and the binding energies are —65.5 and —71.6 kcal/mol
corresponding to the cases with surface charge densities of
-0.066 C/m? and —0.132 C/m?, respectively. Due to the
large binding energy of cations to the pore surface, it is ob-
served that Na* ions could stay near the surface charge sites
for the whole simulation period (4 ns), which indicates that
the Na* residence time at the surface charge sites in our
simulation can exceed (or be on the order of) 4 ns. Newton’s
equations of motion were integrated using the velocity Verlet
algorithm with a time step of 2 fs. Berendsen thermostat [29]
was used to keep the temperature at 298.0 K with a time
constant of 0.1 ps. Only velocity components in the x and y
directions were thermostated to not disturb the ion and fluid
transport along the axial direction. To extract useful statisti-
cal information from the strong thermal background noise,
the strongest electric field in the linear response regime was
applied in the simulation. According to our study, the electric
field of 1 V/nm is the upper limit of the linear response
regime, which was applied along the axial (z-) direction of
the nanopore to induce ionic current. The first 2 ns of the
simulation was used to equilibrate the simulation system and
then another 4 ns simulation was performed to extract the
ionic current through the nanopore.

The ionic current is calculated by summing the net
charges passing through a selected cross section in an inter-
val as

ENjq(7i - 2)

J
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where [ is the ionic current; N; is the net number of the j type
ion passing through the fixed cross section during the inter-
val At; g; is the charge on the j type ion; 7i is a unit vector
pointing to either the positive or negative z direction, repre-
senting the axial direction of the ion transport; and z is the
unit vector of the z axis.

Even though it is well known that in nanochannels with
overlapped electric double layers, neither the counter ion
concentration nor the co-ion concentration will be that of the
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FIG. 3. (Color online) Ionic current as a function of the electro-
lyte concentration for surface charge densities of —0.066 and
-0.132 C/m”.

bulk electrolyte, there is no theory that can accurately predict
the concentration of counter and co-ions in the nanochannels.
It is a common practice in the literature of molecular dynam-
ics simulation of electrokinetic phenomena to regard the co-
ion concentration as the electrolyte concentration [30]. Here,
we follow this practice and use the co-ion concentration to
denote the electrolyte concentration.

III. RESULTS AND DISCUSSIONS

The effect of electrolyte concentration on ionic current
was studied with two surface charge densities (o):
-0.066 C/m? and —0.132 C/m?. Figure 3 shows the ionic
current as a function of the electrolyte concentration from
0.4 to 2 M, which indicates that the ionic current increases
almost linearly as the electrolyte concentration increases
from 0.4 M to about 0.9 M, beyond which the increase de-
viates from linear to a significantly lower rate. The total
number of mobile ions in the nanopore increases linearly
with the electrolyte concentration, which should lead to lin-
ear ionic current increase, as when the electrolyte concentra-
tion increases from 0.4 to 0.9 M. However, for even higher
electrolyte concentrations, the electric double layer becomes
extremely thin. The highly packed counter ions in the thin
near wall layer experience significantly larger viscous drag
force from the wall, which leads to much lower mobility. The
lower mobility at higher concentrations can be seen from the
velocity profile of Na* ions, as shown in Fig. 4, which indi-
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FIG. 4. (Color online) The Na* ion velocity profile for electro-
lyte concentrations of 0.4, 0.9, and 1.6 M.
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FIG. 5. (Color online) The electrical conductivity of bulk NaCl
electrolyte versus molar concentration from MD simulation and
CRC handbook [31]. The lines in the figure are drawn to guide eyes
and the inset shows the simulation system for bulk electrolyte.

cates that the velocity of the Na* ions decreases as the elec-
trolyte concentration increases. To verify that the deviation
from the linear trend in the concentration range of 0.9 to 2 M
is truly because of the nanoscale channel, MD of bulk elec-
trolyte was performed on a 3.2X3.2X3.2 nm’ simulation
domain with periodic boundary conditions along the lateral
directions (x and y directions) and 1 V/nm electric field in
the z direction. The calculated electrical conductivity of the
bulk electrolyte and that from the CRC Handbook [31] are
plotted in Fig. 5. The calculated electrical conductivity fits
that from the handbook very well, and both indicate that the
electrical conductivity, and hence the electrical current,
should increase approximately linearly with the electrolyte
concentration in bulk solution till 2 M.

Compared to the nonlinearity of the ionic current at con-
centrations beyond 0.9 M, a more unexpected observation
from Fig. 3 is that under the same concentration, the ionic
current is always higher for a surface charge density of
-0.066 C/m? than that of —0.132 C/m?>. It is well known
that for higher surface charge densities, more mobile counter
ions exist in a nanopore to balance the surface charges.
Therefore, one would expect that the ionic current should be
higher for higher surface charge densities, as suggested by
the published reports on ionic current through nanochannels
of tens of nanometers in diameter [6—8]. To further under-
stand this unexpected result, we modeled the ionic current as
a function of surface charge density at three electrolyte con-
centrations and the results are shown in Fig. 6.

Figure 6 shows that at the same concentration, the ionic
current first increases with the surface charge density, a trend
the same as that reported in the literature, which can be at-
tributed to the increased number of mobile counter ions in
the nanochannel. However, above certain critical value, the
ionic current starts to decline as the surface-charge density
further increases. This increase-decrease trend is the same
for all three electrolyte concentrations (0.6, 1.3, and 2.0 M)
calculated but more significant at lower electrolyte concen-
tration. To further understand the contributions of the
counter-ion (Na*) and the co-ion (CI7) to the total ionic cur-
rent, Fig. 7 presents the ionic currents calculated based on
Na* ions and CI™ ions at 0.6 M electrolyte concentration, the
sum of which gives the total ionic current. It can be seen
from Fig. 7 that the Na* current follows an increase-decrease
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FIG. 6. (Color online) Ionic current as a function of the surface
charge density for electrolyte concentrations of 0.6, 1.3, and 2 M.

profile while the CI~ current follows an exactly opposite
decrease-increase profile, which indicates that the increase-
decrease profile for the total ionic current in Fig. 6 comes
from the behavior of the Na* current. The Na* and CI~ cur-
rent at 1.3 and 2 M electrolyte concentrations shows similar
profiles as those in Fig. 7.

We believe that the increase-decrease profile of the ionic
current is the result of two competing effects: (1) the increas-
ing number of counter ions in the nanopore to meet the
charge neutrality requirement as the surface charge density
increases, which tends to increase the ionic current; and (2)
the lower mobility of the counter ions as the surface charge
density increases, which tends to reduce the ionic current.
The lower mobility at higher surface charge density comes
from the fact that at high-surface charge density, more
counter-ions are attracted to the near wall region, and expe-
rience larger viscous force. To verify this, we draw the dis-
tribution profile of Na* at different surface charge density
and the velocity of the Na* ions across the nanopore cross
section, as shown in Fig. 8. Figure 8(a) shows the number
density of Na* ions, which is calculated by dividing the
nanochannel into 30 layers along the radial direction and
solving for the statistical number of Na* ions per unit volume
in each layer. The number density distribution indicates that
as the surface charge density increases, more counter ions are
attracted to the first peak close to the nanopore surface. As a
consequence, the velocities of the Na* ions decrease at high-
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FIG. 7. (Color online) Contributions of Na* and CI~ ions to the

ionic current for 0.6 M NaCl solution under different surface charge
densities.
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FIG. 8. (Color online) (a) The distribution and (b) the velocity
profile of Na* ions in 0.6 M NaCl solution under different surface
charge densities.

surface charge density, as shown in Fig. 8(b). Figure 8 sup-
ports our explanation that the decreasing profile at high-
surface charge densities is the result of the lower mobility of
the counter ions (Na®) as the surface charge density in-
creases.

The opposite decrease-increase profile of the co-ions
(CI) can be explained by the competing effects of the elec-
trophoretic motion and the electroosmotic flow of the CI~
ions. The electroosmotic flow first becomes stronger as the
surface-charge density increases because of the increased
zeta potential associated with the increased surface charge
density; however, above the critical value, the reduced mo-
bility of the counter ions becomes more dominant and the
electroosmotic flow weakens. Since the electroosmotic flow
is in the opposite direction of the electrophoretic motion of
the CI™ ions, the calculated CI~ current first decreases and
then increases.

It is worth noting that we believe the observed unexpected
ionic current variation with the electrolyte concentration and
the surface charge density can be true only in nanochannels
of nanometer diameter. To observe the results, it requires that
the contribution to the ionic current from the very thin near
wall region to be comparable to or larger than that from the
nanopore center region. This is because the observation is
due to the ion mobility reduction, which occurs in the thin
near wall region and to see the effects of this mobility reduc-
tion, it requires that the total number of ions in the near wall
region to be comparable to or larger than that in the nanopore
center. Therefore, the phenomenon will not be able to be
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observed with nanochannels of tens of nanometers in diam-
eter where the total number of ions in the channel center will
be always higher than that in the thin near wall region. It is
also worth noting that to what extent molecular dynamics
results reflect reality depends on the level that the intermo-
lecular interactions used in the simulation approach the true
interactions. Therefore, it is important to experimentally
verify the interesting phenomena we observed with the mo-
lecular dynamics simulation.

IV. SUMMARY

In summary, we applied molecule dynamics to study the
ionic current of different concentration NaCl solutions
through a 3 nm in diameter nanopore with different surface
charge densities. Results show that for nanopores of this size,
surface effects can lead to phenomena such as (1) nonlinear
increase in ionic current with the electrolyte concentration as
the electrolyte concentrations is higher than 0.9 M; and (2)
the ionic current varies nonmonotonically as the surface

PHYSICAL REVIEW E 80, 021918 (2009)

charge density increases. These phenomena indicate that ion
transport in nanopore deviates from the bulk behavior even
at high-electrolyte concentration with nonoverlapped electric
double layers. Specifically, contrary to the common under-
standing, even the total number of mobile ions in the nano-
pore increases, the ionic current can decrease because of the
strong boundary effects.
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