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ABSTRACT: In the absence of an external electric field, it has
already been known that ion clusters are formed instanta-
neously in moderately concentrated ionic solutions. In this
work, we use molecular dynamics (MD) simulations to
investigate the changes of structural, dynamic, and transport
properties in a sodium chloride solution under an external
electric field from the ion cluster perspective. Our MD
simulation results indicate that, with a strong external electric
field E (>0.1 V/nm) applied, ion clusters become smaller and
less net charged, and the structures and dynamics as well as
transport properties of the ion solution become anisotropic.
The influence of the cluster structure and shell structure to

transport properties was analyzed and the Einstein relation was found invalid in this system.

1. INTRODUCTION

Ionic solutions play an essential role in many scientific and
engineering areas, such as chemical engineeringl_4 and
biology.>~” After the proposition of the Debye—Hiickel theory®
describing the infinitely dilute strong electrolyte solutions, the
thermodynamic and transport properties of dilute solutions have
been extensively investigated.”'" Moreover, some extended
theories were also applied to dilute weak electrolyte solutions.” In
contrast, ions are likely to associate to form clusters in
concentrated solutions,"" for which the Debye—Hiickel approx-
imation is not applicable, and thus it is very difficult to predict
solution behavior.

The formation of ion cluster (a set of ions spatially close to
each other) in ionic solutions was proposed a long time ago based
on the analysis of the discrepancies between theoretical and
experimental results.” Recently, some experiments'>~'® have
directly or indirectly detected the ion cluster formation at
ambient conditions. Many simulations have also observed the
cluster formation in sodium chloride (NaCl) solutions under
ambient conditions'’~>° and supercritical conditions.”"** The
nucleation mechanism>>** of ions in saturated solutions,
nucleation at interface,”® and the cluster morphology in NaCl
solutions®**” were exploited by simulation. Theoretically,
Scatchard’s empirical model*** can provide good thermody-
namic properties comparable with experiments for concentrated
solutions. Pitzer’s semiempirical model**™>* can be applied to
electrolyte solutions as concentrated as 6 M. However, both
models suffer from the same theoretical problem that they are
nonlinear and do not satisfy the superposition principle for
electric fields.*
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After the proposition of the Debye—Hiickel theory, many
theories have been developed to investigate the transport
properties of ionic solutions. Two main categories of mobility
theories are continuum models of mobility**>° and molecular
theories.*> The continuum models separate the system friction
into the hydrodynamic friction which is the usual Stokes friction
in hydrodynamics, and the dielectric friction which is the central
focus of developing the continuum models. The molecular
theories calculate the dielectric friction by using the random force
correlation function in the Brownian limit which is separated into
a hard repulsive term and a soft attractive term. Moreover,
Onsager’s limiting conductivity theory*' is able to describe the
conductivity of diluted ionic solutions but not concentrated ionic
solutions due to strong ion association. In the linear response
regime close to equilibrium, certain theories have been
developed to describe the relations between mobility, diffusion,
and conductivity. In particular, mobility and diffusion are
connected by the Einstein relation.”

Mobility and diffusion of ionic solutions have also been
investigated by computer simulation. Lee and Rasaiah*’
simulated the case of an extremely dilute solution containing
only one ion driven by an external electric field and found that the
external field changes the drift velocity and mean square
displacement, but not the shell structure and velocity correlation
function. Extremely dilute solutions with real and virtual ions as
well as neutral atoms were also simulated to explore the effect of
solvation structure on particle mobility.*> The friction
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coeflicients of ions in solution at the ambient condition were also
investigated** and the charge transport and ion—ion correlation
in ionic liquids were found to be different from electrolyte
solutions.*® In addition, Murad*® simulated a concentrated ionic
solution under different external electric fields and discovered the
relaxation effect of an electric field on the solvation shell, the
activation process of ion movement, and the nonlinear response
of ion dynamics. Yang et al.*’ investigated ionic solutions at
different concentrations under an alternating electromagnetic
field by both experiment and simulation, and found that the
diffusion and ion mobility decrease with increasing concentration
and increasing temperature. Despite the above investigations on
ionic solutions, it is still unclear how ion clusters and shell
structures change with an external electric field.

In this work, we choose the aqueous sodium chloride solution
with a concentration of 2 M as an example of concentrated ionic
solutions and use molecular dynamics (MD) simulations to
systematically investigate the influence of an external static
electric field on the structural, dynamic, and transport properties
of concentrated ionic solutions. QOur MD simulation results
indicate that, with a strong external electric field E applied, ion
clusters become smaller and have less net charges, the structures
and dynamics as well as transport properties of the ionic solution
become anisotropic, and the change of ion clusters and
microscopic shell structures with the external field significantly
influences the ion transport properties. The Einstein relation was
also found to break down for driven ionic solutions, similar to the
case of ionic liquids.*®

2. SIMULATION METHODS

In order to roughly estimate the saturation point of NaCl at the
temperature T = 300 K and the pressure P = 1 atm, we did the
MD simulations at several concentrations for aqueous NaCl
solutions with the AMBER 94 force field**° and TIP3P water
models.>" The radial distribution functions (RDFs) calculated
based on the simulation data are shown in Figure 1. It can be seen
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Figure 1. Na—Cl radial distribution functions at T = 300 Kand P = 1
atm.

that the RDFs at the concentrations of 0.89 and 2.04 M,
respectively, have a high first peak and a wavy tail with small
fluctuations, which exhibits the feature of a liquid state. In
contrast, the RDFs at 3.20 and 4.89 M have several separated
high peaks, showing the feature of a solid state. Therefore, we
estimate that the saturation point of the NaCl solution with the
AMBER 94 and TIP3P force fields is well above 2.04 M and
below 3.2 M. We want to emphasize that this estimation does not
mean to accurately allocate the exact saturation point, as the
serious work done by Moucka et al,,** but to roughly know the
range of the saturation point to facilitate our choice of a suitable
concentration for our simulations below.
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Moreover, Hassan>’ showed that, when the concentration is
above 1 M, clusters with more than ten ions form in the NaCl
solution after the simulations were conducted for about 10—20
ns. On the basis of those factors, we chose to simulate the NaCl
solution at the concentration of 2 M, which is below the
saturation concentration and at the same time apparent ion
cluster formation takes place. Six different electric fields E = 0,
0.1,0.25,0.5,0.75, and 1 V/nm were applied to the X direction of
the simulated system, respectively. All our MD simulations were
carried out with the GROMACS package®>** and the system
temperature was kept constant by the Nosé—Hoover thermo-
stat.>>%% In the simulation software, the external electric field
took effect on a charged atom i (with a partial charge g; and a
mass m;) by applying an additional electric force g;E besides the
usual MD forces in equilibrium EMP, Correspondingly, the
equation of motion is m,(d’7;)/(df*) = FMP + g.E, where 7, is the
position of atom i and t is the time. The simulated system
contains 2700 water molecules, 105 sodium ions, and 105
chloride ions in a periodic cubic box with a side length of 4.40
nm, corresponding to a concentration of about 2 M. The periodic
boundary conditions were applied to all three dimensions and
the particle-mesh Ewald algorithm®”*® was employed to calculate
the long-range electrostatic interactions. The time step for all
MD simulations was 1 fs. For each E, a constant NPT MD
simulation was first performed at T'= 300 Kand P = 1 atm for 2 ns
to determine the system density, followed by a 4 ns constant
NVT MD simulation at T'= 300 K to allow the system to reach its
nonequilibrium steady state. To improve statistics, the NVT
procedure was independently repeated 20 times with their initial
configurations randomly sampled from a constant NVT MD
simulation at T = 2000 K, whose density was fixed to 1.07 g/cm®
determined at T = 300 K. For each of the 20 simulations, the
simulation time was 2 ns and 2000 instantaneous configurations
were sampled every 1000 steps for data analysis.

3. RESULTS

3.1. lon clusters. As described in the Introduction, it has
been known that instantaneous ion clusters usually form in
concentrated ionic solutions. To quantitatively study ion clusters
in solution, we adopted the definition of ion clusters given in ref
27, namely, an ion cluster is defined as an array of ions with each
ion connected with at least one other ion. Two ions are
considered connected when their distance is within a certain
cutoff, which was selected in this work as 3.8 A, the position of the
first valley of the Na—Cl RDF. Through this paper, we denote
either an individual ion or an ion cluster as a particle.

The numbers of ions forming different sizes of particles are
shown in Figure 2a. With an increasing external electric field, ions
with opposite charges experience larger forces in opposite
directions, which segregate large clusters into smaller ones. On
the other hand, increasing E allows more single ions to aggregate
and form small clusters to reduce the total net charge of particles.
The competition between these two factors results in the
decrease of the number of single ions and the increase of the
number of clusters containing 2—10 ions with E, as shown in
Figure 2a. Although as shown in Figure 2b, the decreased
numbers of single ions and large clusters with E results in the
increase of both the total number of clusters and the overall net
charges, the average net charges taken by positive and negative
particles, respectively, decrease with E, as shown in Figure 2c.
This phenomenon can be qualitatively understood by the
following argument. In the absence of the external electric field,
the ion cluster distribution in the solution is determined by the
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Figure 2. (a) Number of ions forming particles with different sizes. (b) Number of clusters and net charges they take. (c) Ratio of net charges of positive
or negative particles with respect to their numbers. (d) Time correlation functions of clusters quantifying their lifetimes.

competition between the molecular interactions and the thermal
energy. When an E is applied, the oppositely net-charged ion
clusters feel effective Coulomb forces in opposite directions.
Therefore, the system responds to the increase of the external
electric field by decreasing the average charge each ion takes, so
that the effective forces felt by ions are reduced and the new
balance contrast to the thermal energy is reached with a different
ion cluster distribution. Moreover, more clusters are positively
charged, probably due to the anisotropy of the aqueous solvation
environment formed by water molecules, whose negative charge
density is higher than positive charge density.

The time correlation function quantifying the mean lifetime of
a cluster® is defined as

N T/2

2 2 8tk + 1)

i=2

) =~
A (1)
where A is a normalization constant, J is a delta function whose
value is 1 if a cluster with i ions still exists at time ¢ and zero
otherwise, N is the size of the largest cluster, and T is the sample
time. As shown in Figure 2d, when E is larger than 0.25 V/nm,
the cluster lifetime significantly decreases with increasing E,
consistent with the description given by Onsager’s theory,>
which shows that a dilute weak electrolyte solution under an
electric field deviates from Ohm’s law by increasing its
dissociation constant and accelerating the dissociation process.
Since ions associate to form clusters in a concentrated NaCl
solution, it can also be regarded effectively as a weak electrolyte
solution and thus Onsager’s theory can be applied to explain the
decrease of its lifetime with E in this system.

3.2. Shell Structures and Dynamics. We then calculated
the Na—Cl, Na—water, and Cl—water RDFs around a central ion
to examine the effect of the external electric field on the local
structures of the system. As an external electric field is applied,
the local structures should become different for the two
directions parallel and perpendicular to the field direction. In
addition, the local structures along and opposite to the field
direction should also be different. Therefore, the angle-resolved
RDFs (ARRDFs)* were employed to quantify the spatial
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asymmetry of the structure. An ARRDF is defined as the RDF
falling into the cone region with an angle cutoff 6, around the X,
Y, or Z axes, which is just the regular RDF not averaged in all
directions but in a solid angle. The ARRDF can be expressed as
g(r) = (6(r — r1)), where & takes 1 when the azimuth of vector r —
r, with respect to the designated direction is smaller than 6, or
larger than 7 — 0, and takes zero otherwise. In this work, we
choose 6, = 7/6 and the positive direction (the azimuth smaller
than 6,) and the negative direction (the azimuth larger than 7 —
0.) were calculated separately.

With an external E applied, the ion atmosphere should also
become asymmetric, which can be quantified by the angle
distribution function (ADF) defined as

N
§(0) = Y8017 - 71, 4, 0)

A )
where r; is the position vector of the ith ion, ¢ is the zenith angle
and 6 is the azimuth angle, 9(IA,,0) is the Heaviside unit step
function taking 1 if [fl < . and —¢, < ¢ < @ and 0 otherwise, A is
the normalization factor, and N is the total number of ions in this
region. As illustrated in the inset in Figure 4a, the ADF actually
counts the average number of ion pairs inside the spherical region
with a radius of r, excluding the two cones. In this work, we
choose r, = 3.8 A and ¢, = 7/3.

The ARRDFs of Na—Cl (Cl™ is at the center) at different
electric fields are shown in Figure 3 and the ADFs are shown in
Figure 4. It is obvious that under an external electric field, the
solution structure is not isotropic anymore. Because of
symmetry, the Y and Z directions, which are perpendicular to
the X direction along which E is applied, are always identical, so
only the results in the X and Y directions are plotted. The first
peaks in the Na—Cl ARRDFs correspond to the ion atmosphere
defined in the Debye—Hiickel theory, and the high peaks indicate
that the ions are strongly associated in the solution, consistent
with the cluster formation data shown in Figure 2. In the absence
of E, the ARRDFs in all directions are identical. When an E is
applied, the first-peak height and width of the X+ ARRDFs
significantly increase with E, but the X— and Y+ ARRDFs have
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Figure 3. Na—Cl ARRDFs under different external electric fields in the
X+ direction (a), the X— direction (b), and the Y+ direction (c).

the opposite trend, indicating that more counterions distribute in
the X+ direction than in the X— direction and Y direction.
Consistently, the ADF data shown in Figure 4 indicate that, with
an increasing E, more ions distribute in the X+ direction and less
in the X— direction, and less ions are in the directions
perpendicular to E although they always distribute uniformly in
those directions. This ion rearrangement effectively balances the
applied external electric field.

The ARRDFs of water shells are shown in Figure 5. The ion—
water ARRDFs (ion is at the center) have much lower first peaks
than the Na—CI ARRDFs, and the trends of the first-peak height
and width changes are opposite, because more ions occupy the
positions along the X+ direction and water molecules are forced
to distribute more along other directions. In contrast, the Cl—
water ARRDFs show almost the same trend as the Na—Cl
ARRDFs because sodium and chloride ions take opposite

charges and the space they occupy is correlated. Moreover, the
Na—water and Cl—water ARRDFs show a distinctive feature that
the external electric field only evidently affects the first hydration
shell of Na*, but the influence extends to the second and third
hydration shells of C1~, which may be attributed to the anisotropy
of water orientations around Na* and CI™> that the oxygen atom
of a water molecule is more likely to orient toward Na* and the
two hydrogen atoms tend to orient toward CI™. This anisotropy
of water molecules leads to different structural changes of the
Na* and CI~ hydration shells under an external electric field.

The dynamics of ion atmospheres and hydration shells
characterized by the residence correlation functions* are
shown in Figure 6. The lifetime of each shell decreases with
increasing E because the stronger opposite forces applied on
counterions make ions more likely to be apart and thus the
deformed shell structure becomes less stable, consistent with the
data shown in Figure 2. Since the interactions between two ions
are stronger than those between one ion and one water molecule,
the lifetimes of ion atmospheres are much longer than hydration
shells. Besides the structural change described above, the
anisotropy of water molecules is also responsible for the slightly
longer Na* hydration shell lifetime than CI™.

3.3. Drift Velocity and Mobility. The ion drift velocity and
mobility are two important quantities characterizing the
transport properties of an ionic solution. When an external
electric field is applied, the displacement of an ion X(t) consists
of two parts: random diffusive displacement X,(¢) due to thermal
motion and unidirectional drift displacement v t driven by E:

(©)

where v, is drift velocity and ¢t is time. Taking the ensemble-
average of both sides and considering the randomness condition

lim(X,(£)) =0

X(t) = X,(t) + vyt

4)
One obtains
v; = lim M
d t— o0 t (5)

In our MD simulations, we performed 20 independent
trajectories to accurately determine the drift velocity, as had
been done for ionic liquid systems.** The mobility u is defined as

Vi
E

u=
(6)

The drift velocities and mobilities of ions and water molecules
are shown in Figure 7, parts a and b. The drift velocities of ions
and all water molecules increase nonlinearly when E ranges from
0.10 to 1.0 V/nm. The drift velocities of water molecules result
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Figure 4. Na—Cl ADFs under different external electric fields in the XZ plane (a) and the YZ plane (b). The inset in part a is the schematic of the angle

distribution function.
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Figure 5. ARRDFs of water shells under different external electric fields. (a) Na* water shell in the X+ direction. (b) Na* water shell in the X- direction.
(c) Na* water shell in the Y+ direction. (d) CI~ water shell in the X+ direction. (b) CI~ water shell in the X— direction. (c) Cl~ water shell in the Y+

direction.

from dragging by the solvated ions. As shown in Figure 7c, the
mobilities of both cations and anions are not constants, but first
decrease and then increase, and their values are much larger than
those reported for weak electric fields.”'® The increase of ion
mobility with the external electric field was previously reported
by Wien,” and a microscopic mechanism proposed by Onsager
and Kim®" attributes the increase of mobility to the separation of
the central ion and its nearest counterions, which can also be
applied to explaining our results.

In a steady state, the effective friction force on an ion by the ion
atmosphere f, = av, is equal to the electric force on the ion F, =
qE, where « is the frictional constant and q is the ion charge.
Thus, we obtain

_u_4
E « (7)
If we assume the Stokes law is satisfied in our system, we obtain
9
axX Ry = uox —
H (8)

where Ry is the hydrodynamic radius, whose value for an ion
cluster can be calculated by the Bloomfield equation®

RH=(Z/) )l Zp +ZZp2

i=1 j#i

_1>k

)

and for a single ion by

k
Ry =p, (10)
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where p; is the hydrodynamic radius of a single ion (p(Na*) =
0.1980 nm and p(Cl7) =0.1691 nm in our system, determined by
the method reported in ref 26), r; is the distance between ion i
andionjin a cluster, ( ), denotes the average over all clusters with
size k in one sampled configuration, and R}; is the hydrodynamic
radius of cluster k. With these relations, eq 6 for cation and anion
can be expressed as

AuT x
Z Rz’? (1)

where Au* is the mobility and g and R* are the charge and
hydrodynamic radius for cluster k, respectively. The related
results are shown in Figure 7d, which exhibit almost the same
trend as the mobility shown in Figure 7c. Therefore, the
nonmonotonical change of ion mobility with increasing E results
from the competition between the tendency of lowering the net
charges of ion clusters and the decrease of the hydrodynamic
radius.

3.4. Self-Diffusion. Another important transport property of
ionic solutions is the self-diffusion driven by thermal energy. For
a nonequilibrium steady state, the drift velocity caused by the
external field has to be deducted from the total velocity to obtain
the self-diffusion coefficient, so the Einstein equation in the X
direction becomes

tlir?o (X(t) — ut)* = 2Dyt (12)
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Figure 6. Residence correlation functions of the ion atmosphere (a),
Na" hydration shell (b), and Cl~ hydration shell (c) under different
electric fields.

where Dy is the effective self-diffusion coefficient in the X
direction. The mean square displacements (MSDs) for various
components in different directions are shown in Figure 8 and the
corresponding self-diffusion coeflicients are shown in Figure 9.
The MSDs are all proportional to time, which indicates that the

modified Einstein equation in eq 12 is still valid. The diftusion
coefficients of ions increase with E in all directions, in agreement
with Yang and Huang’s work,*” which can be understood by
considering that the clusters become smaller and less charged, as
shown in Figure 2. The diffusion coefficients in the X direction
are much larger than in the Y direction when E is applied, because
the ion atmosphere or the water shell is anisotropically distorted,
resembling the ion cage distortion in ionic liquids.48 In addition,
Cl™ diffuses faster than Na* due to the asymmetric nature of
water molecules.

For simple liquids in the linear-response region, the diffusion
coefficient and the mobility satisfy the Einstein relation

D = uk,T (13)

where kg is the Boltzmann constant and T is temperature. As
shown in Figures 7c and 9, for our studied system, D and u show
different responses to the external electric field: the former
increases with E but the latter slightly decreases and then slightly
increases, indicating that the Einstein relation is invalid for our
studied system driven by a strong E which is out of the linear-
response regime. Recently, a microscopic mechanism attributes
the deviation of the Einstein relation in the KSCN solution to ion
association.’> The Einstein relation was also found breakdown
for ionic liquids under a strong external electric field.*®

4. CONCLUSIONS

In conclusion, we have carried out a series of MD simulations for
a concentrated NaCl solution under different external electric
fields. In a concentrated solution, ions associate to form clusters.
We studied the changes of cluster sizes and net charges with
respect to the external electric field E and found that clusters
become smaller and less charged with increasing E. Moreover,
the local structures as well as the dynamic and transport
properties become anisotropic under a strong electric field,
consistent with the results for ionic liquids.** The ARRDFs
indicate that, with an E applied, the first-shell structure around an
ion or a water molecule is distorted from spherical to ellipsoid,
and ions in an ion atmosphere distribute more along the field
direction but water molecules in a hydration shell distribute less
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Figure 7. (a) Drift velocities of ions. (b) Drift velocities of water molecules. (c) Ion mobility. (d) Charges divided by the hydrodynamic radii.
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along the field direction. The analysis of the transport properties
demonstrates that the drift velocities of all components increase
with E, and the mobilities of ions slightly decrease and then
slightly increase with E. Diffusion coefficients increase with E in
all directions but much faster along the field direction, and the
shell dynamics decrease with E. We also found that the different
solvation structures of Na* and Cl~ result in different response,
the velocity increase of Cl™ is larger than Na*, and the mobility
and diffusion of CI~ are larger than Na*. The Einstein relation is
invalid in this system due to the complex ion-cluster structure as
well as the far-from-equilibrium condition under a strong
external field. The phenomena we have observed and the
mechanisms we have proposed are anticipated to be helpful for
the applications of ionic solutions in nonequilibrium states, such
as plating, electrophoresis, and battery.

On the other hand, the cluster formation in ionic solutions
may play an important role in ion nucleation and crystallization
in ionic solutions.*> Since ionic solutions frequently work under
an external electric field, it is of interest to understand the
influence of the external electric field to the ion nucleation and
crystallization process. In particular, it is interesting to see how
the saturation concentration changes with the electric field. Our
present work demonstrates that the average size of ion clusters
tends to be smaller with increasing field strength, because the
stronger electric field makes ions more difficult to associate,
therefore it is natural to postulate that the saturation
concentration may increase with the field strength. As the field
strength increases, more clusters might be segregated, and it
seems reasonable that eventually there might exist a critical field
strength when any concentration of ions cannot crystallize.
Under such a strong electric field, the static definition of ion
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clusters might not work well and a dynamic definition introduced
by Hassan’s work”” may be necessary. More simulations and
analyses are required to study this interesting problem.
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