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Self-consistent molecular dynamics formulation for electric-field-mediated electrolyte transport

through nanochannels
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A self-consistent molecular dynamics (SCMD) formulation is presented for electric-field-mediated transport
of water and ions through a nanochannel connected to reservoirs or baths. The SCMD formulation is compared
with a uniform field MD approach, where the applied electric field is assumed to be uniform, for 2 nm and
3.5 nm wide nanochannels immersed in a 0.5M KCI solution. Reservoir ionic concentrations are maintained
using the dual-control-volume grand canonical molecular dynamics technique. Simulation results with varying
channel height indicate that the SCMD approach calculates the electrostatic potential in the simulation domain
more accurately compared to the uniform field approach, with the deviation in results increasing with the
channel height. The translocation times and ionic fluxes predicted by uniform field MD can be substantially
different from those predicted by the SCMD approach. Our results also indicate that during a 2 ns simulation
time K* ions can permeate through a 1 nm channel when the applied electric field is computed self-

consistently, while the permeation is not observed when the electric field is assumed to be uniform.
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I. INTRODUCTION

Understanding the behavior of water and electrolytes in
confined geometries such as nanopores and nanometer chan-
nels is of significant interest to many applications in biology
and engineering [1]. For example, selective transport of ions
in biological ion channels is responsible for the generation of
action potentials in nerves and muscles and the regulation of
hormone release from endocrine cells [2]. Similarly, water
and ion transport in engineered and synthetic ion channels is
essential to the development of novel sensing, energy, and
desalination systems [3]. A popular mechanism to transport
water and ions through nanopores and nanochannels is to use
an external electric field. Modeling and simulation of electri-
cally mediated fluid flow in nanometer-wide channels and
pores can help address many of the fundamental issues gov-
erning water and ion transport and enable rapid design of
nanofluidic systems [4]. The majority of simulations analyz-
ing the flow of ions through nanochannels have been per-
formed using the Nernst-Planck (NP) [5,6], Poisson-Nernst-
Planck (PNP) [7,8], and Brownian dynamics (BD) [9,10]
simulations. These methods typically treat ions as point
charges and water as a dielectric continuum and, hence, their
applicability to accurately simulate confined nanochannels,
where the molecular nature of the ions, the discreteness of
the water molecules, and the interfacial behavior can signifi-
cantly affect the transport and dynamical properties [11,12],
can be questionable.

Recent developments in molecular dynamics (MD) simu-
lation of biological membranes and artificial nanochannels
have made it possible to understand ion and water transport,
and selectivity in nanoconfined geometries [13]. Atomistic
models of infinitely long nanochannels have been studied in
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great detail to analyze the structure and diffusion of water
molecules inside the channel [14,15]. Nonequilibrium MD
studies of membranes with an externally applied field
have helped in understanding the transport, dynamical prop-
erties, and energetics of ions in nanochannels [16]. To inves-
tigate the entry of ions and water into the nanochannel (or
nanopore) due to an applied external electric field, a
nanochannel (or nanopore) with finite length immersed in a
bath was investigated using BD [17] and MD [18] simula-
tions. The external electrical potentials are applied at either
end of the bath-nanochannel-bath system (hereafter, simply
referred to as the nanochannel-bath system), and a uniform
external electric field was assumed to be applied throughout
the nanochannel-bath system. This is referred to as the “uni-
form field” approximation in this paper. Typically, the size of
the bath is much larger compared to the critical size (width
or diameter) of the nanochannel and assuming a uniform
applied electric field in the entire nanochannel-bath system
can be a gross simplification. Ramakrishnan ez al. [19] modi-
fied the uniform field approach and applied a higher external
electric field inside the nanochannel and a lower electric field
in the bath, accounting for the water polarization near the
channel wall. In this paper, we introduce a self-consistent
MD (SCMD) methodology to accurately account for the ap-
plied external electric field in a MD simulation due to im-
mersed electrodes. In Sec. II, we introduce the SCMD
formulation. The dual-control-volume grand canonical mo-
lecular dynamics technique (DCV-GCMD) that is used to
maintain the ion concentration in the bath is described in
Sec. III. Section IV provides the simulation details and veri-
fication of the DCV-GCMD technique is discussed in Sec. V.
Numerical results comparing the electrical potential and field
distribution, ionic flux, and transport properties obtained us-
ing SCMD, uniform field MD, and continuum theory are
presented in Sec. VI. Finally, conclusions are presented in
Sec. VIL
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FIG. 1. The domain and boundaries of (a) the electrostatic problem to be solved [given by Eq. (6)] and its decomposition into (b) the
particular solution [given by Eq. (9)] and (c) the homogeneous solution [given by Eq. (12)].  is the entire nanochannel-bath system, I'’s
denote the various boundaries, ¢; is the dielectric constant of the fluid in contact with the channel wall, and €, is the dielectric constant of

the membrane exterior to the channel wall.

II. SELF-CONSISTENT FORMULATION

A nanochannel-bath system filled with an electrolyte so-
lution is shown in Fig. 1. The Poisson equation, solved in the
electrostatic domain () (see Fig. 1), for this system is given
by:

N
V'(Eiv¢)=_pi0;1s=_FE ZiCi in Q’ (1)
i=1

where ¢ is the electrostatic potential, €; (=€,¢y) is the dielec-
tric permittivity of the fluid medium, e, is the relative dielec-
tric permittivity, €, is the dielectric constant of vacuum, p;,,,
is the charge density of the ions, N is the number of ionic
species, c; is the concentration of the ith ionic species, z; is
the valence of ion i, and F is the Faraday’s constant.

The externally applied electrostatic potential on the elec-
trodes at I'; and I'; will enforce a Dirichlet boundary
condition—i.e.,

b=, (2)

on Iy,

b=, (3)

The boundary conditions on the top and bottom surfaces I';,
I's, I'g, and I'g of the baths are given by (symmetric bound-
ary conditions)

¢

—=0 onT}
on ’

on I'5.

for j=3,5,6,8. 4)

The boundary conditions on the channel wall interfaces I',
and I'; are

db ¢
e—=€,— onl. forj=4,7, 5
Yoy~ an P ®

where n; and njl denote the inward and outward normals on
the boundary I';. €, is the dielectric constant of the exterior
(or outward) medium. Note that in the approach described

below, the values of ¢ and €, are not needed to satisfy this
boundary condition.

Due to the “layering” of water molecules in the interfacial
region [20], the dielectric constant of water at the interface
and inside the nanochannel is typically reduced [21] and can-
not be estimated accurately without a molecular description
of water. Therefore, in solving for electrostatics in MD, the
charge density of water molecules, p,,,.,» 1S included explic-
itly in the Poisson equation—i.e., p,;u=PionsT Pwater- ASSUM-
ing a dielectric constant of vacuum (e,=1), Eq. (1) becomes

V. (Vg)=— e ihq.
€

(6)

There are two major issues while trying to solve Eq. (6)
directly. First, as water molecules are accounted for in the
charge density explicitly, the domain () has to be resolved
into a fine grid with a grid-size comparable to the radius of a
single water molecule (=1 A). Second, the charge density is
assumed to have a continuous distribution which can lead to
an error in the calculated electrostatic potential, as the ionic
charges are discrete in nature. Both these limitations are re-
solved by decomposing Eq. (6) into a particular solution for
the charge distribution in an unbounded domain and a homo-
geneous solution within the given domain, with appropriate
boundary conditions [22]. Therefore, the solution to the Pois-
son problem, ¢, is now the sum of two solutions:

=90 +¢", (7)
w_iw o8 .
on on on

where ¢’ is the particular solution and ¢” is the homoge-
neous solution. The particular solution ¢’ is computed by
solving the following equation in the unbounded domain:
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FIG. 2. A sketch of a nanochannel-bath system to investigate electric field-mediated transport. The two control volumes on either side are

maintained at a constant chemical potential using DCV-GCMD.

V. (Ve) ==L Uy, 9)
€
where ()’ is the domain exterior to (). The solution to Eq. (9)
is given by [23]:

ptotal(r)dv

(10)
aua’ 4me|R -7l

¥ (R) =

Ny

qi
=>» — 11
i1 4me|R -1 (1)

Here, R is the point in space where the potential ¢’ is cal-
culated, pyo(7) is the charge density at position r, g; is the
charge on the ith atom in the system, N, is the total number
of charged atoms in the system, which includes both ions and
water, and 7; is the coordinate of the charged atom i in the
system. The particular solution can be obtained by using a
direct summation calculation of the Coulomb interactions or
by using particle methods for fast summations [24]. In this
study, the particle mesh Ewald (PME) [25] method was used
with a correction of the Ewald summation given by Yeh and
Berkowtz [26] to remove the periodicity in the x direction
and calculate ¢’ from Eq. (11). The solution to Eq. (11)
gives ¢'=¢; on I, i=1,2, and %‘;—:(%)l on I';, i
=3,...,8.

To obtain the homogeneous solution, appropriate bound-
ary conditions need to be applied such that the decomposed
solution retains the same boundary conditions as applied in
the original problem. The homogeneous equation along with
the corresponding boundary conditions is given by

V. (V¢')=0 inQ, (12)
¢'=¢—¢' only, (13)
¢”: ¢2— ¢’ on Fz, (14)

9 1 9 9 !

9P 0P 9P T 3568, (15)

on on on

%:0 only, i=4,7. (16)
on

Since the water and wall dielectric properties are explic-
itly taken into account in the particular solution, we impose
the boundary condition given in Eq. (16) on I'y and I'; for
the homogeneous equation. Other boundary conditions (e.g.,
%f:O) on I'y and T'; can also be easily implemented in the
approach presented here.

During each MD time step, Eq. (12) was solved using a
finite-difference scheme with a grid size of 0.25 nm. ¢” thus
obtained was mapped onto the atoms in the system using the
linear least-squares method [27]. The self-consistent simula-
tion methodology described above was adapted into the MD
simulation software GROMACS [28]. Implementation of the
electrostatic potential calculation in MD using this self-
consistent decomposition is relatively simple. The use of
coarse grids in discretization of Eq. (12) makes this decom-
position computationally less expensive as compared to di-
rectly solving the Poisson Eq. (6).

III. DUAL-CONTROL-VOLUME GRAND CANONICAL
MOLECULAR DYNAMICS

In the nanochannel-bath setup [see Fig. 1(a)], K* and CI~
ions migrate from one bath to the other through the
nanochannel in the presence of an external electric field. This
causes the depletion or the accumulation of the ions in the
bath. The concentration of K* and CI~ ions needs to be main-
tained constant in the bath. For this purpose, a grand canoni-
cal (uVT) MD simulation is needed to maintain the chemical
potential (and concentration), volume and temperature in the
MD simulation [29-32]. The two baths in the nanochannel-
bath setup are considered to be the two control volumes
where the concentration needs to be maintained. Using the
DCV-GCMD technique proposed by Heffelfinger and van
Swol [33], the chemical potential (and concentration) within
the control volumes is maintained. The original DCV-GCMD
technique was developed for Lennard-Jones (LJ) fluids, and
in this study it has been extended to electrolytic solutions.
Though the DCV-GCMD technique is necessary for the
model investigated here, it is computationally more expen-
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sive than standard NVT or NVE MD simulations due to the
extra effort required in the insertion and deletion of particles
into the system.

For the DCV-GCMD simulation of the nanochannel-bath
system, a control volume is placed in each of the two baths
(see Fig. 2). The control volumes are provided with the
chemical potential of the ionic species (K* and ClI~ ions) that
needs to be maintained during the MD simulation. During
the simulation, the stochastic insertion or deletion trials are
performed every n,,p time steps in MD. The MD simulation
is “frozen” in time after every n,,, time steps. This is fol-
lowed by a number of stochastic insertion or deletion trials,
denoted by n,,,;, performed in each control volume, using
the Metropolis algorithm [34]. This “stochastic” step main-
tains the chemical potential and concentration of the K* and
CI” ions in the control volume. A “ghost” reservoir contain-
ing LJ atoms is attached to the simulation setup (see Fig. 2).
The “ghost” reservoir contains LJ atoms with no charge and
these atoms do not enter the nanochannel-bath system due to
the presence of the confining walls. Whenever an ion is de-
leted from the control volume, it is placed into the “ghost”
reservoir, and if an atom needs to be inserted into the control
volume, it is taken from the “ghost” reservoir. This reservoir
thus ensures that the total number of atoms in the MD simu-
lation is constant during DCV-GCMD. It should be noted
that the “ghost” reservoir is used only to overcome a soft-
ware limitation and is not critical for the implementation of
DCV-GCMD. During the trial insertions or deletions, the
change in potential energy, AU, for inserting or deleting an
ion in the control volume is calculated by summing the elec-
trostatic and LJ interactions. AU is used in the insertion or
deletion acceptance criteria in DCV-GCMD, as well as to
calculate the chemical potential of the control volume using
the Widom’s particle insertion method [35]. The DCV-
GCMD simulation procedure, given in algorithm 1 in the
Appendix, has been implemented in GROMACS [28,36].

During the stochastic step, the probability of a trial inser-
tion or deletion (of K* or CI™ ions) in the control volumes is
equal. The probability of adjusting the number of any one of
the K* or CI™ ions in the control volume is also the same.
Trial insertion of an ionic species i into the control volume is
accepted if

1 Vlc) _
{m}exp[ﬁﬂi(c)‘FlHF—ﬁAUi =& (17)

1

where V(c), N,(c), and u;(c) are the volume, number of ions
of type 7, and the input chemical potential of type i in the
control volume c, respectively. S=1/kgT where kj is Boltz-
mann’s constant and 7 is the temperature, AU; is the change
in the potential energy of creating a particle of type i, A; is
the de Broglie wavelength, and & is a random number gen-
erated uniformly in (0, 1). If accepted, the ion inserted into
the control volume is given a velocity from the Gaussian
distribution [37] at the temperature at which the MD simu-
lation is performed. A deletion attempt in the control volume
is successful if
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TABLE 1. Parameters for the Lennard-Jones potential U(r)
=Cp/r'?=Celr".

Interaction  Cq (kI nm®mol™")  Cp, (kIinm'?>mol™!) & (nm)
0-0 0.2634 X 1072 0.2667 X 1072 0.317
0-C 0.6254 X 1072 0.7752 X 1072 0.328
O-Cl 0.6011x 1072 0.1678 X 107 0.375
O-K 0.2459 % 1072 0.2897 X 1073 0.325
CI-Cl 0.1380%x 107! 0.1069 X 1073 0.445
Cl-C 0.1190x 107! 0.3501x 107 0.3785
Cl-K 0.5588 X 1072 0.1866 < 107 0.387
K-K 0.2286 % 1072 0.3123x 107 0.333
K-C 0.5808 X 1072 0.8336 X 1073 0.336
V(c)

Ni(c)exp _,Bﬂi(c)—lnF—,BAUi = ¢ (18)

In order to verify that the chemical potential in the control
volume is maintained, we also calculated the chemical po-
tential of each ionic species in the control volumes during
the DCV-GCMD simulation using the Widom’s particle in-
sertion method [35,38]. In this method the “test” atoms
(ions) are inserted at random positions into the control vol-
ume at regular intervals. These inserted “test” ions are as-
sumed to have no influence on the existing ions and water
molecules present in the system. If AU; denotes the energy of
the “test” ion i with respect to N atoms present in the control
volume, the chemical potential of that ionic species u’ in the
control volume is given by

B ,_ln(Ni(C)Oj
A )

) - In{exp(= BAUY), (19)

where (- --) denotes the grand canonical average over the test
atoms (ions) of type i in the control volume and o is the LJ
ion-ion distance parameter. The average is calculated over
statistical data from randomly inserted test particles of ionic
species i into the control volume.

IV. SIMULATION DETAILS

A snapshot of the nanochannel-bath system for self-
consistent DCV-GCMD simulation is shown in Fig. 2. The
time step used in the MD simulation was 2 fs. Periodic
boundary conditions are applied in the y and z directions, but
are omitted in the x direction. Walls on extremes of the
nanochannel-bath consists of LJ atoms with the parameters
of carbon obtained from the GROMOS force field. The entire
system between the confining walls was filled with an elec-
trolyte solution of 0.5 M KCI. It is assumed that water con-
centration in the baths does not change significantly with
applied electric fields, so it is not monitored during the DCV-
GCMD simulation. However, if the water concentration
needs to be maintained, umbrella sampling approaches can
be used [39]. The channel wall is single layered, with LJ
parameters of carbon (Table I). These channel wall atoms are
fixed to their original lattice positions, with lateral dimen-
sions of 1.5 nm X 4.1 nm. K* and CI” ions were modeled as
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TABLE II. The different nanochannel geometry cases studied,
along with the voltages applied on them using SCMD.

Channel Channel Channel Voltage
length (nm) height (nm) width (nm) applied (V)
1.5 0.5 2,35 0.9

1.5 1 2,35 0.9

1.5 1.5 2,35 0.9

1.5 4 2,35 0.9

charged LJ atoms with LJ parameters taken from Lynden-
Bell and Rasaiah [16,40] (see Table I). Water was modeled
using the simple point charge-extended (SPC/E) model. A
LINCS algorithm [41] was used to maintain the water geom-
etry specified by the SPC/E model. Electrostatic interactions
were calculated by using PME [25] and removing the peri-
odicity in the x direction using the implementation of Yeh
and Berkowitz [26]. Fourier grid spacing of the Ewald cal-
culation was 0.125 nm. The real-space cutoff for the electro-
static and LJ calculations was 1 nm. A Berendsen thermostat
[42] with a time constant of 0.1 ps was used to maintain the
temperature of the fluid at 300 K. The LJ parameters for the
“ghost” atoms are listed in Table I. The MD simulation is set
up with an initial input of the total number of atoms (“ghost”
atoms+ions+water molecules), which does not change dur-
ing the simulation.

The electrodes are placed 1.5 nm away on either side of
the nanochannel in the x direction. The applied external elec-
tric field was treated using the two different approaches. In
self-consistent DCV-GCMD simulations, 0.9 and 0 V were
applied on the left and right electrodes, respectively. In the
uniform field MD simulation, a uniform potential drop of
0.2 V/nm (obtained assuming 0.9 V drops uniformly) was
applied across the length of 4.5 nm from the end of one bath
to the other. When a potential is applied on the electrodes,
the channel length, channel height, and channel width are the
important dimensions that affect the electric field distribution
in and around the nanochannel. From the Poisson solution,
the higher the channel height to the channel width ratio, the
higher is the potential drop in the nanochannel compared to
the potential drop in the bath. The dimensions of the
nanochannel and baths along with the applied potential and
field when using SCMD and uniform field MD simulations
are given in Table II. The four nanochannel models studied
have channel heights of 0.5 nm, 1 nm, 1.5 nm, and 4 nm.
The nanochannel has a length of 1.5 nm. Two different chan-
nel widths of 3.5 nm and 2 nm are considered in this study.
The x and y directions of the simulation box have dimen-
sions of 6 nm and 4.1 nm, respectively. The box length in the
z direction varies depending on the channel height and chan-
nel width. The length of the control volume in each bath is
0.75 nm and the length of the “ghost” reservoir is 1.5 nm in
the x direction. The two control volumes are maintained at a
concentration of 0.5 M KCI. With an applied electric field of
0.2 V/nm in the x direction, the chemical potentials of K*
and CI” ions were calculated using Widom’s test particle
method on four test NVT MD simulations with 0.5 M KClI in
a 4 nm X4 nm X4 nm box. The calculated chemical poten-
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FIG. 3. Concentration profiles (axial) of the potassium (K*) and
chloride (CI7) ions at the center of the channel (top) and at half the
channel height (bottom) with an applied field of 0.2 V/nm.

tials for the K* and CI” ions, input to the two control vol-
umes in DCV-GCMD simulations studied hereafter, are
found to be —2.45 and —1.87 kJ mol~!, respectively.

V. VERIFICATION OF DCV-GCMD

In DCV-GCMD simulations, the stochastic insertion or
deletion step to the MD step ratio (1,,;,: nyp) is important in
maintaining the ion density and chemical potential in the
control volume. After every n,, MD steps, the system is
frozen in time to perform n,,;, insertion or deletion trials.
n,., needs to be as small as possible to reduce the computa-
tional time, while being large enough to maintain the density
of ions in the control volumes. Incorrect n,,;, will lead to
incorrect ionic densities of K* and CI~ ions in the control
volumes. If the n,,, parameter is too high, then the control
volume could lose more ions compared to the ions that are
inserted from the stochastic step, thus steadily decreasing the
concentration of the ions in the control volume or vice versa.
For the nanochannel-bath example considered here, the con-
centrations of K* and CI~ ions in both the control volumes
are maintained using a small value of 7,,,,, since the number
of K* and CI” ions added or removed from the control vol-
ume is small.

Verification of the DCV-GCMD simulation was carried
out for a 3.5-nm-wide channel with a channel height of
0.5 nm using a uniform external electric field of 0.2 V/nm in
the x direction. n,,, values ranging from 20 to 200 were
tested to obtain an optimum value of 50 to maintain a 0.5M
KCI concentration in the control volume. To select n,;,, the
number of K* and CI~ ions moving in and out of the control
volume for nyp of 50, 100, and 200 was estimated. The
optimum value of n,,,=100 was chosen because with the
applied electric field of 0.2 V/nm, the number of ions mov-
ing in or out of the control volume in 0.02 ps is on an aver-
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FIG. 4. Equilibrium velocity autocorrelation function (VACF)
calculations of K* (top) and CI~ (bottom) ions in the reservoirs of
the nanochannel-bath system maintained at 0.5 M KCI. The bulk
values and DCV-GCMD results are comparable.

age 0.7, which corresponds to a 0.08M ion concentration
fluctuation in the control volume. Thus, the n,,;, to n,,p ratio
was kept at 50:100 for all channel dimensions studied in this
paper. The concentration profiles for the K* and CI~ ions
along the axial direction were calculated using the “binning”
method [43]. Figure 3 shows the density profiles for the K*
and Cl1” ions along the centerline in the x direction (z=L./2,
where L =4.5 nm is the box length in the z direction). The
concentration profiles along the axial direction at half the
channel height have also been plotted. The concentrations of
the K* and CI ions in the two control volumes are main-
tained at 0.5 M, indicating that the chemical potential used
for K™ and CI” ions is reasonably accurate.

To ensure that the dynamics of the DCV-GCMD simula-
tion was not affected by the stochastic step, the velocity au-
tocorrelation function (VACF), which is a measure of the
time an atom takes to loose its thermally gained velocity

PHYSICAL REVIEW E 76, 011202 (2007)

(wiD)ve(0))
CROLR(O)

where v,(7) is the velocity of ion k at time ¢. An equilibrium
DCV-GCMD simulation with no external electric field was
carried out with the same setup as described above. The
VACF was calculated in the reservoir region 0.4 nm away
from the membrane. After equilibration for 1 ns, statistics
were collected every 0.1 ps for 2 ns. The VACF for K* and
CI™ ions is found to be comparable to that given in [45] for a
0.88-M bulk KCI solution, as shown in Fig. 4. The transla-
tional self-diffusion coefficient D, of an ion k can then be
calculated from the time integral of the VACF in the Green-
Kubo integrand [46], given by

Cv;k(t) = (20)

kgT [
D=~ f C,ul0dt, 1)
my Jo

where kg is the Boltzmann constant and my, is the mass of ion
k. Dy, calculated in the DCV-GCMD simulation for K* and
Cl™ ions are found to be 1.79X 107 cm?s™' and 1.53
X 1075 cm? s7!, respectively. The bulk diffusion coefficient
values for K* (1.82X107% cm?s™') and CI= (1.55
X 107 cm? s7!) ions [46] are comparable to those obtained
from the reservoirs in the DCV-GCMD simulation. The rea-
sonable D, values and constant concentrations maintained
over the DCV-GCMD simulation implies that the dynamics
of the DCV-GCMD simulation is preserved.

VI. RESULTS

In this section, we present several examples comparing
the SCMD simulations, uniform applied electric field MD
simulations, and classical continuum theory simulations. The
classical continuum theory for electric-field-mediated ion
transport is given by the Poisson equation (1) and the Nernst-
Planck equation

[44], was calculated using the expression V.-7;=0 inQ, (22)
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FIG. 5. Self-consistent vs uniform field MD calculations: potential (left) and electric field (right) calculations in the axial direction along
the center of the 3.5-nm-wide nanochannel; channel height=0.5 nm (top), 1.5 nm (bottom).
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FIG. 6. Self-consistent vs continuum calculations: potential (left) and electric field (right) calculations in the axial direction along the
center of the 3.5-nm-wide nanochannel; channel height=0.5 nm (top), 1.5 nm (bottom).

Ji:_DiVCi_MiZiFCiV¢ inQ, i:1,...,N. (23)
In the above equations, ¢ is the electrostatic potential ob-
tained by solving Eq. (1), J; is the flux of ionic species i, c; is
the concentration of the ith ionic species, z; is the valency of
the species i, D; and u; are the diffusion coefficient and
mobility of species i, respectively, and N is the total number
of species. For continuum calculations, the relative permit-
tivity of water, €,, in Eq. (1), is assumed to be 80, its bulk
value. Boundary conditions to solve Eq. (1) are as given in
Egs. (3-6). The boundary conditions to solve Egs. (22) and
(23) are zero flux on I';, i=3,...,8, and Dirichlet boundary
conditions, ¢;=0.5 M, on I'; and T,.

A. Comparison of the electrical potential and field

Electrical potential and electric field calculations in MD
simulations of nanochannels are important as they affect the
water and ion transport, ion selectivity, and current-voltage
(I-V) characteristics in the channel. The electrical potential ¢
(¢ is the total potential including the particular solution and
the homogeneous solution) is calculated as described in Sec.
II. Figure 5 shows the SCMD and uniform field MD results
for the electrical potential and the x component of the elec-
tric field in the axial direction (x direction) along the center-
line of the 3.5 nm nanochannel for channel heights of 0.5
and 1.5 nm, respectively. For the potential and electric field
profiles obtained in the large channel height case of 1.5 nm,
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g 0.8 0
T 06 §0.3
“E ~
o 04 o 277>
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FIG. 7. Self-consistent vs uniform field MD calculations for a 2-nm-wide channel: potential (left) and electric field (right) calculations
in the axial direction along the center of the nanochannel system; channel height=0.5 nm (top), 1.5 nm (bottom).
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FIG. 8. Self-consistent vs continuum calculations for a 2-nm-wide channel: potential (left) and electric field (right) calculations in the
axial direction along the center of the nanochannel system; channel height=0.5 nm (top), 1.5 nm (bottom).

SCMD simulation shows a higher potential drop in the chan-
nel region and a corresponding reduction in the potential
drop in the reservoir region when compared to the
0.5-nm-channel-height case. In the uniform field MD formu-
lation, the potential drop is lower across the nanochannel
compared to SCMD. Note that in the uniform field MD for-
mulation, though the applied electric field is constant, the
total electric field is not necessarily constant in the entire
nanochannel-bath system due to the electric field from the
particular solution. In the case of 1.5 nm channel height, a
difference of 8% in the electric field along the channel cen-
terline is observed in the middle of the channel between the
two formulations. This difference in the electric field can
result in different ion migration rates and transport properties
in the nanochannel system from SCMD and uniform field
MD simulations. SCMD results for the electrical potential
and electric field are also compared with the results from the
classical theory [see Eq. (22)]. We do not expect the results
from the classical theory to match with SCMD in the entire
system, but along the centerline of the channel, the classical
theory can be a good approximation because of the bulklike
nature of the electrolyte along the centerline. Figure 6 com-
pares the electrical potential and field obtained from con-
tinuum theory with SCMD for nanochannels with channel
heights of 0.5 and 1.5 nm. The potential profiles at the cen-
terline region along the x direction are in good agreement.
Figure 7 shows the electrical potential and field along the
centerline of the channel for a 2-nm-wide channel with chan-
nel heights of 0.5 and 1.5 nm, respectively. While the elec-
trical potential and field along the centerline region from
SCMD and uniform field MD simulations are comparable in
the 0.5-nm-channel-height case, the electric field in the
middle of the channel is 25% higher in SCMD for the
1.5-nm-channel-height case. Figure 8 compares the electrical
potential and the electric field obtained from continuum
theory with SCMD for nanochannel-bath systems with chan-
nel heights of 0.5 and 1.5 nm. The results compare well ex-

cept for the 1.5-nm-channel-height case where there is a
small deviation in the electric field between SCMD and con-
tinuum calculations. Though the electrical potential and field
obtained from the continuum theory are in good agreement
with SCMD results in the centerline region, the electrical
potential near the interfacial region from the continuum
theory can be in significant error when compared with the
SCMD results. For example, the electrical potentials along
the center of the nanochannel in the z direction for the 3.5-
and 2-nm-wide channels with a channel height of 1.5 nm are
shown in Figs. 9 and 10, respectively. Clearly, near the chan-
nel wall the deviation between the two theories is quite sig-
nificant. The continuum theory predicts a constant potential
which is not correct. The continuum theory prediction devi-
ates from the SCMD prediction due to the layering of water
and ions and finite-size effects of ions which are not included
in the continuum theory.
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2 100f 2
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0 02

FIG. 9. Concentration profile (top) and electrostatic potential
(bottom) in the midsection (parallel to channel wall normal) of the
3.5-nm-channel-width case with a channel height of 1.5 nm. The
potential is plotted until the center of the channel.
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1.5 nm. The potential is plotted until the center of the channel.

B. Translocation times and ionic fluxes

To understand the effect of the electric field on ion trans-
port properties, we computed the translocation times of ions
using the uniform field MD and SCMD approaches. The
translocation time of an ion is defined as the time it takes an
ion to travel from one end of the nanochannel to the other
end. The calculated translocation times for the channels with
widths of 3.5 nm and 2 nm are given in Table III. A number
of observations can be made from the data presented in the
table. First, for the same channel width, as the channel height
increases, the translocation times of ions decrease in the
SCMD approach. This is due to the corresponding increase
in the average electric field observed inside the channel re-
gion, as described in the previous section. However, in the
case of uniform field MD, the translocation times do not vary
significantly as there is no significant change in the average
electric field with increasing channel height. Second, for a
smaller channel height to width ratio, the translocation times
of ions are found to be similar using both SCMD and uni-
form field MD simulations. Therefore, we can conclude that
for smaller channel height to width ratios, the uniform field
MD treatment can still provide accurate results. Third, for
the same channel height, as the channel width decreases, the
translocation times of ions increase. This is because the
mobility of an ion decreases as the channel width decreases
due to confinement. For example, the average mobility
values of K* and CI” ions in the channel region for the

PHYSICAL REVIEW E 76, 011202 (2007)
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FIG. 11. Comparison of the accumulated K* ions per unit area

[number/(nm?)] with time in the 3.5-nm-channel-width case for a
channel height of 4 nm.

2-nm-wide channels are found to be 5.1 X 10™* cm? V~! 5!
and 4.18 X 10™* cm? V~!s7!, respectively, while the corre-
sponding mobility values in the channel region for the
3.5-nm-wide channels are 5.84 X 10™* cm? V™' s~ and 4.5
X10™* ecm? VgL

Next, we compute the ionic fluxes to investigate the de-
pendence of the ionic flux on the electric field. The total
number of ions passing through the nanochannel was mea-
sured and accumulated over time to obtain the ionic flux. The
statistical data were collected every 0.1 ps from the MD
simulations after a 2 ns equilibration time. The average ac-
cumulation of K* ions over a 2 ns time scale for the
3.5-nm-wide channel with channel heights of 0.5 nm and
4 nm was calculated. The K ionic flux variation is observed
to be similar from both SCMD and uniform field MD simu-
lations for the 0.5-nm-channel-height case. However, when
the channel height is 4 nm, the accumulated K* ionic flux
calculated from SCMD is 4.66/(nm? ns) while that observed
in uniform field MD is 3.74/(nm? ns) (see Fig. 11). There-
fore, in SCMD, the ions go through the nanochannel faster,
leading to a higher flux, which is not captured in the uniform
field MD simulation. Similar observations were made for the
CI1™ ionic flux. We also studied the effect of the electric field
on the ionic fluxes in the 2-nm-wide channel. The observa-
tions were again consistent; i.e., the ionic fluxes from SCMD
and uniform field MD simulations are comparable for the
0.5-nm-channel-height case. For the 4-nm-channel-height
case, uniform field MD underestimates the K* ionic flux by

TABLE III. Translocation times of ions in picoseconds, calculated from the self-consistent and uniform

field MD treatments.

Channel width=3.5 nm

Channel width=2 nm

Channel height Species Self-consistent Uniform field Self-consistent Uniform field
0.5 nm K* 164 171 190 193
0.5 nm ClI- 202 210 231 236
1.5 nm K* 147 168 158 184
1.5 nm CI- 185 207 197 223
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25%. The variation of the total ionic flux (including both the
K* and CI™ ions) with channel height is shown in Fig. 12.
The results from both SCMD and uniform field MD are
shown for comparison. For increasing channel heights (i.e.,
as the channel height to width ratio increases), the results
from uniform field MD deviate significantly from SCMD,
signifying the effect of the geometry and the need for an
accurate treatment of the applied electric field in MD simu-
lations.

C. Channel selectivity

To understand the effect of the applied electric field on the
channel selectivity, SCMD and uniform field MD simula-
tions were compared for a 1-nm-wide channel with a channel
height of 1.5 nm. The electrode potentials were kept the
same as in the previous examples. It is found that during a
2 ns simulation time, the K* ions go through the channel in

Distance (nm)

Time (ps)

PHYSICAL REVIEW E 76, 011202 (2007)

SCMD simulations, while in the uniform field MD simula-
tions no ion gets through the nanochannel. Figure 13 shows
the trajectory of a K* ion transport in the SCMD and uniform
field MD simulations in 2 ns. This dramatic difference in the
transport of ions observed between the two simulations im-
plies that the selectivity of a nanochannel can be accurately
studied only with a proper treatment of the applied electric
field in molecular dynamics simulations.

VII. CONCLUSION

A self-consistent treatment of an externally applied
electric field in molecular dynamics simulations for a
nanochannel-bath system has been presented. The concentra-
tion of the ions in the reservoir is maintained by using the
DCV-GCMD technique extended for electrolytic solutions.
The SCMD approach has been compared with the uniform
field MD approach to understand the limitations of the uni-
form field treatment. By comparing results for different
channels widths and channel heights, it was found that as the
ratio of the channel height to width increases, the electro-
static potential and the electric field obtained with the SCMD
can be quite different from the uniform field approach. Fur-
thermore, the translocation times of ions and ionic fluxes
have been found to be quite different between SCMD and-
uniform field approaches. Finally, it was also observed that
for a 1-nm-wide channel, a K* ion does not permeate the
nanochannel with a uniform field approximation, but the K*
ion was found to permeate the nanochannel with a self-
consistent treatment of the applied electric field.
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FIG. 13. (Color online) Trajectory of K* ions in the uniform field MD (left) and SCMD (right) simulations of a 1-nm wide channel.
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APPENDIX

Algorithm: The DCV-GCMD approach
1: Input: N interacting atoms (ions and water molecules), force field, time step Az, number of
MD steps, nyp, after which a stochastic step is to be performed, and w;, the chemical

potential of species i.

2: Set n,,;,, the number of insertion and deletion trials and total MD steps, n,,,.
3: Start the DCV-GCMD simulation. Step n=0, time ¢=0.
4: Repeat
5: Set n=n+1
6: If n is a multiple of nyp, then
7: Freeze the MD simulation in time.
8: Perform n,,,,; insertion or deletion stochastic steps of ions in the two control volumes.
9: If insertion of an ion is accepted, a ghost; atom from the ghost reservoir is taken and
inserted into the control volume with appropriate LJ and charge parameters.
10: If deletion of an ion is accepted, the ion from the control volume is placed in the ghost
reservoir with ghost atom LJ parameters and no charge.
11: Calculate the change in potential for trial insertion and deletion of the ion in the control
volume AU.
12: Accumulate the Boltzmann factor exp(—BAU), for use in the Widom’s particle method
[see Eq. (19)].
13: End if
14: Perform MD step for time 7.
15: r=t+At
16: Until n>n,,,.
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