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T
he understanding of aqueous elec-
trolyte solutions near charged sur-
faces continues to attract great at-

tention due to recent advances in

nanofabrication1�3 and a wide range of ap-

plications including nanofluidics and “lab-

on-chip” processes,4�7 manipulation of bio-

logical membranes and ion channels,8,9

design of ion-exclusion processes, and de-

salination membranes.10�12 The develop-

ment of nanoporous materials for any of

these applications requires a detailed

molecular-level understanding of

solvent�electrolyte behavior at interfaces

and under confinement. Additionally, a pre-

dictive understanding of fluid�matrix inter-

actions in subsurface systems also requires

insights into phenomena operating at the

atomistic and molecular scales.13

Computer simulation studies have been

used extensively to describe the structural

properties of water near solid surfaces at

various temperature and pressure

conditions.14�22 The dynamic behavior of in-

terfacial water has also been investigated

for a number of systems.23�26 The results of

these investigations support the conclusion

that interfacial water properties differ sig-

nificantly from those observed in the bulk.

A number of experimental studies con-

firmed the predicted behavior. Such stud-

ies include backscattering spectroscopy,27

quasi-elastic neutron scattering,28 attenu-

ated total reflectance infrared spectrosco-

py,29 X-ray reflectivity measurements,30 and

ultrafast infrared spectroscopy.31

For most of the applications mentioned

above, the fluid systems contain water with

electrolytes. We demonstrate herein that

understanding the properties of pure inter-

facial water is essential for accurately de-

scribing ion distributions under
confinement.

Our current theoretical understanding of
aqueous electrolyte solutions at interfaces is
not well-developed. The classical
Poisson�Boltzmann (PB) approach is ham-
pered by the mean-field approximation and
the infinitesimal description of ions it imple-
ments, which could lead to an unsatisfactory
description of the electric double layer. At
short distances from a charged surface, the
PB prediction for ion distributions cannot be
accurate due to the finite size ion effects32

and also because of the molecular nature of
water,33 as shown by the Monte Carlo simula-
tion results reported by Yang et al.34 The as-
sumption of uniform surface charge density
may also lead to unrealistic predictions of the
distributions of ions at interfaces. A promis-
ing approach to describe ion distribution at
interfaces has recently been used by Tavares
et al.35 This mean-field approach requires
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ABSTRACT All-atom molecular dynamics simulations were employed for the study of the structure and

dynamics of aqueous electrolyte solutions within slit-shaped silica nanopores with a width of 10.67 Å at ambient

temperature. All simulations were conducted for 250 ns to capture the dynamics of ion adsorption and to obtain

the equilibrium distribution of multiple ionic species (Na�, Cs�, and Cl�) within the pores. The results clearly

support the existence of ion-specific effects under confinement, which can be explained by the properties of

interfacial water. Cl� strongly adsorbs onto the silica surface. Although neither Na� nor Cs� is in contact with

the solid surface, they show ion-specific behavior. The differences between the density distributions of cations

within the pore are primarily due to size effects through their interaction with confined water molecules. The

majority of Na� ions appear within one water layer in close proximity to the silica surface, whereas Cs� is excluded

from well-defined water layers. As a consequence of this preferential distribution, we observe enhanced in-plane

mobility for Cs� ions, found near the center of the pore, compared to that for Na� ions, closer to the solid

substrate. These observations illustrate the key role of interfacial water in determining ion-specific effects under

confinement and have practical importance in several fields, from geology to biology.

KEYWORDS: molecular dynamics simulation · solid�liquid interfaces · silica · SPC/E
water · ions · aqueous electrolytes
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knowledge of the local value for the dielectric constant,
generally not available.

Unlike the theoretical approaches just summarized,
molecular simulations can explicitly account for the mo-
lecular nature of both ions and water, and they can
also treat surfaces with atomically detailed precision,
thus yielding heterogeneous distributions of surface
charges where appropriate. Although long simulation
times are required to achieve properly equilibrated
states, the growing interest in ion-exclusion processes,
ion selectivity, and ion transport through pores and
membranes justifies attempting atomistic simulations
for realistic systems.36�40 Shirono et al.41 employed
Monte Carlo and molecular dynamics simulations to
study KCl distribution and transport in silica nanopores
that contain both hydrophobic and hydrophilic surface
patches. Their results suggest adsorption of Cl� at the
silica walls and diffusion of K� through the center of the
hydrophilic pore region. Similar computational studies
conducted for various electrolyte solutions on a goet-
hite (�-FeOOH) surface have shown the importance of
the molecular structure of interfacial water in determin-
ing the distribution of ions near the solid substrate.42

Marry et al.43 showed that the nature of counterions
does not significantly alter the structure and dynamics
of water near a clay surface.

A large body of literature exists describing the prop-
erties of bulk electrolyte solutions that provide the
foundation for comparisons with behavior of confined
fluids. For example, Lee et al.44 used molecular dynam-
ics simulations to study the mobility and hydration
numbers of alkali metal ions and halides at ambient
temperature. Diffusion coefficients45 for Na� and Cl�

and the solubility of NaCl and KF in water have been re-
ported at different temperatures by Sanz and Vega.46

The effect of salt concentration on ionic structural and
transport properties of aqueous CsCl solutions have
been described by Du et al.47

In this study, we report structural and dynamic be-
havior of aqueous electrolyte solutions under nano-
scale confinement. We employed equilibrium all-atom
molecular dynamics simulations to study aqueous sys-
tems confined within a positively charged silica nano-
pore with a width of 10.67 Å. Because simulations con-
ducted on thin water films show that the
water�structure perturbation at the interface persists
for about 10 Å from the substrate, the pore width con-
sidered here ensures that the structure of the confined
solution is perturbed simultaneously by both surfaces.
After allowing for extensive equilibration times, we cal-
culated density profiles and mobilities for the confined
ions. The results clearly demonstrate the existence of
ion-specific effects under confinement. More impor-
tantly, however, we found that by describing the struc-
ture and dynamics of water we could adequately ex-
plain all of our results, suggesting that water�ion
correlations cannot be overlooked when a detailed pre-

diction of ionic behavior is required, especially under
nanoscale confinement.

SIMULATION DETAILS
Slit-shaped nanopore configurations were used in

our simulations. Two silica substrates with identical sur-
faces were placed at a distance of 10.67 Å along the
z-axis. The (111) crystallographic face of �-cristobalite48

was used to model the solid substrate. The surface area
of each periodic system is 104.8 � 100.8 Å2 (x�y plane)
with a plate thickness of 10.3 Å; details on the surface
preparation can be found elsewhere.49 To obtain a
chemically realistic surface, all of the nonbridging oxy-
gen atoms are hydroxylated. The resulting surface hy-
droxyl group density is �4.5 OH/nm2, which corre-
sponds to experimental densities observed on silica
surfaces.50 The surface charge density of the simulated
surface is 0.31 C/m2. The CLAYFF force field51 was imple-
mented to model the surface. The silicon and oxygen
atoms were held at fixed positions, while the surface hy-
drogen atoms were allowed to vibrate and thus ac-
count for momentum exchange between aqueous so-
lution and surface. We did not account for surface
reconstruction or silanol deprotonation. The rigid SPC/E
water model was used to describe water. This model is
known to adequately reproduce experimentally ob-
served structural and dynamic properties, such as pair
correlations and diffusion coefficients at ambient condi-
tions.52 Bond lengths and angles for water molecules
were kept fixed using the SETTLE algorithm.53 Non-
bonded interactions were modeled by means of disper-
sive and electrostatic forces. The van der Waals interac-
tions were treated according to the 12�6 Lennard-
Jones (LJ) potential. The LJ parameters for unlike
interactions were obtained using the
Lorentz�Berthelot mixing rules from pure component
ones.54 The electrostatic forces were described by a
Coulombic potential with a cutoff set to 9 Å. Long-
range interactions were calculated by the particle mesh
Ewald (PME) method.55 All simulations were performed
in the NVT ensemble.54

Three different electrolyte solutions, each including
3570 water molecules, were confined between the two
identical silica substrates. The three electrolyte mix-
tures consisted of 64 pairs of either NaCl or CsCl and
32 pairs of both NaCl and CsCl, respectively. The ionic
strength in all of the systems was 1 M. The potential pa-
rameters for sodium (Na�), cesium (Cs�), and chloride
(Cl�) ions were fitted for the SPC/E water model by
Dang and collaborators to reproduce accurately the
bulk properties.56,57 The parameters have been used
previously to study ion mobility in water44 and ion ad-
sorption at solid�liquid interfaces.58 The system tem-
perature was maintained at 300 K by using the
Nosé�Hoover thermostat59,60 with a relaxation time of
100 fs. Periodic boundary conditions were applied in
the three directions. The equations of motion were
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solved using the molecular dynamics
package GROMACS,61�63 by implement-
ing the leapfrog algorithm64 with a time
step of 1.0 fs. The total simulation time
for all cases was 250 ns (250 � 106 time
steps). Only the last 40 ns were used to
calculate the properties of interest. We
found that long simulations are neces-
sary to obtain reliable results.

RESULTS AND DISCUSSION
Cation�Anion Distributions. A side view

of the slit-shaped silica pore with the 64
pairs of NaCl ions is shown in Figure 1a.
The pore width of 10.67 Å is defined by
the distance between the two planes of
nonbridging oxygen atoms facing across
the pore volume. This simulation snap-
shot is taken after 250 ns of simulation
time. Sodium and chloride ions are pre-
sented as purple and green spheres, re-
spectively; water molecules are not
shown for clarity. In this figure, we ob-
serve the adsorption of Cl� on the posi-
tively charged silica surface and the dis-
tribution of Na� throughout the pore
width. Similar qualitative observations
are valid for the CsCl solution. Further,
we observe a noticeable reorientation of
the surface hydroxyl groups associated

with Cl� ion adsorption, as shown in Fig-

ure 1b. This reorientation demonstrates that account-

ing for the heterogeneous distribution of surface

charged sites is crucial for obtaining a realistic descrip-

tion of the ionic distribution accurate at the atomic

level.

The ion density profiles for NaCl and CsCl solutions

are presented in Figure 2a,b, respectively. The refer-

ence plane (z � 0) for all calculations is the lower inner-
most plane of silicon atoms (brown spheres in Figure
1a). The results indicate the formation of two chloride
layers in contact with the pore surfaces (peaks at 2.45
and 11.30 Å) for both systems considered. As expected,
these results confirm that the positively charged sur-
faces attract the counterions (Cl�). We point out that

Figure 1. (a) Side view of the silica pore with a width of 10.67 Å. Na� (purple spheres) and
Cl� (green spheres) ions in the silica pore are shown after 250 ns of simulation at 300 K. White,
red, and brown spheres represent hydrogen, oxygen, and silicon atoms of the solid sub-
strate, respectively. Water molecules are not shown for clarity. (b) Enlarged detail of one simu-
lation snapshot illustrating one Cl� ion in contact with the silica surface. Only selected at-
oms from the solid substrate are shown to illustrate the reorientation of the surface hydroxyl
groups near the Cl� ion.

Figure 2. Atomic density profiles for Na�, Cs�, and Cl� ions as a function of the distance z from the fully hy-
droxylated silica surfaces. Panels a and b show data for NaCl and CsCl aqueous solutions, respectively. The ref-
erence (z � 0) for these calculations is the first innermost plane of silicon atoms. All simulations are conducted
at T � 300 K, and results are obtained as an average during the last 40 ns of the 250 ns simulations.
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the Cl� layers formed in contact with the SiO2 surface
are rather sparse due to the relatively low Cl� concen-
tration. No significant changes in the density profiles
were observed within the last 40 ns of our simulations,
but it should be pointed out that adsorbed Cl� ions very
rarely desorb from the solid substrate.

The difference in the intensity of the Cl� density
peaks near the two solid surfaces exhibited in Figure
2a is due to a slightly higher number of chloride ions ad-
sorbed on the upper pore surface. Note that all ions
were initially randomly placed near the pore center. Be-
cause the asymmetry observed in Figure 2a is prima-
rily due to the slow adsorption�desorption process
with respect to the length of our simulation, simula-
tions far longer than those conducted here are neces-
sary to obtain symmetric distributions for the Cl� ions
across the pore. In contrast, the results presented in Fig-
ure 2b for the CsCl solution present two equally dense
chloride layers near the solid surfaces. To better under-
stand the kinetic effects responsible for the asymmetric
density distribution observed in some cases for Cl�

ions, the results from different simulation time seg-
ments are shown in Figure 3, demonstrating how the
Cl� density profile changes as the simulation
progresses. These results clearly highlight that long
simulations are required to obtain reliable data. Al-
though no significant change in the Cl� density pro-
files is observed from 100 to 140 ns of simulation (solid
black line in Figure 3), we continued our simulation for
250 ns, and only Cl� density data obtained from 210 to
250 ns were used to draw our conclusions. We note
that Na� and Cs� ions in all cases reached the equilib-
rium density profile within the first 20 ns, and no

changes were observed in their density distributions

from that point forward. The data in Figure 2 also sug-

gest that a limited number of Cl� ions remain in the

center of the pore at specific distances from the two

surfaces (�5 Å).

More important for our discussion are the density

distributions of cations, for which we report ion-specific

behavior. The density data for Na� in Figure 2a sug-

gest the formation of two peaks near each of the pore

surfaces. The first pronounced peaks appear at 3.75 Å

from the surface, whereas the broader second peaks

form at 5.90 Å from each surface. Our results suggest

that 76% of Na� ions accumulate at 3.75 Å from the sur-

face and the rest within the central region of the pore.

In contrast, the data for Cs� in Figure 2b do not show

well-defined density peaks and thus provide no evi-

dence supporting the formation of local structures. We

observe only a minimal accumulation occurring at

�4.60 Å, which is in contact with interfacial water

layers.

Relation between Water Structure and Ion Distributions. The

different density distributions of Na� and Cs� ions

within the pores are related to size effects (the diam-

eters of Na� and Cs� are 2.58 and 3.88 Å, respectively,

while all other parameters used for these ions remain

the same for both simulations) but also to the structure

of interfacial water. Numerous simulation studies have

reported on the structural and dynamic behavior of in-

terfacial water on silica.19,20,65,66 In general, highly struc-

tured water is observed for up to 10 Å from the solid

substrate, and slower dynamics is observed in this inter-

facial region compared to bulk water. The specific de-

tails of this behavior, however, depend on the features

of the solid substrate. The water density profiles within

the fully hydrated silica nanopores considered in this

study are given in Figure 4. The atomic density profile

for oxygen shows the formation of two hydration

Figure 3. Atomic density profiles for Cl� ions as a function
of the distance z obtained at different simulation time seg-
ments. The data shown are for the system with 64 pairs of
NaCl ions. Dotted black line and dashed blue, red, and green,
and solid black lines correspond to density profiles at 20,
40, 60, 100, and 140 ns, respectively. Each curve is obtained
as an average of simulation results observed during 40 ns of
simulation (e.g., data obtained from 60 to 100 ns are shown
as the green dashed line labeled “100 ns”). The reference (z
� 0) for this calculation is the first innermost plane of silicon
atoms.

Figure 4. Atomic density profiles for water oxygen and hy-
drogen atoms as a function of the position z across the silica
pore. The reference (z � 0) is the first innermost plane of sili-
con atoms. Results are identical in all systems considered in
this study.
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layers near each surface, with peaks appearing at 2.35
and 3.90 Å. Correspondingly, the data for water hydro-
gen density distribution show the formation of two
atomic layers located at 3.05 and 4.65 Å from each sur-
face. The hydrogen density distribution also shows a
small shoulder at 2.20 Å, suggesting localized water
structuring at the contact with the silica surfaces. Al-
though local perturbations in the water structure near
each ion are likely because of ion-hydration phenom-
ena, we note that the differences observed in the aver-
aged water density profiles are negligible when either
NaCl or CsCl is in solution and that the density profiles
for water are similar to those obtained for pure water,
shown in Figure 4. This suggests that the ions consid-
ered in this study, at 1 M concentration, do not alter the
interfacial water structure significantly. Similar results
were reported by Marry et al.43 for aqueous solutions of
NaCl and CsCl confined within clay pores. The posi-
tions of all atomic layers are reported in Table 1. The
Lennard-Jones size parameters for Na�, Cs�, and water
are 2.58, 3.88, and 3.17 Å, respectively. A comparison of
results for density profiles suggests that the dense inter-

facial water layer at 3.90 Å plays a significant role in de-

termining the ionic distribution. This water layer ap-

pears permeable to Na� ions, allowing them to being

incorporated within its structure (the first Na� density

peak also appears at 3.90 Å). In contrast, Cs�, due to

volume-exclusion effects, cannot fit within the well-

defined water layer located at 3.90 Å.

Mixed Solute Behavior. In order to evaluate the impor-

tance of ion�ion correlations, and the possible compe-

tition between Na� and Cs� for adsorption sites within

the nanopore, a multi-ion mixture was studied by intro-

ducing 32 pairs of NaCl and CsCl while keeping the

ionic strength at 1 M. Density profiles for solvent�anion

and solvent�cation pairs are presented in Figure 5a,b,

respectively. We note that the formation of Na� and

Cs� layers (as shown in Figure 5a) occurs at the same

positions as those given in Figure 2a,b for NaCl and CsCl

solutions, respectively. The difference in the peak inten-

sities is due to the reduced number of each cation

type used for the simulations of mixtures, compared to

those used for the results in Figure 2. The incorporation

of Na� and exclusion of Cs� within the interfacial wa-

ter layer observed at 3.90 Å becomes more evident in

Figure 5a. In Figure 5b, the Cl� density data are plotted

together with those for water oxygen atoms. The for-

mation of one Cl� layer in contact with the surface is

clearly observed and is analogous with the results dis-

played in Figure 2. At the distance of 2.35 Å, we notice

evidence of water structuring. These findings suggest a

strong Cl� surface attraction that is not affected by the

repulsive forces that might arise because of the nega-

tively charged water oxygen atomic layer that also

forms in contact with the substrate. This is possible be-

cause Cl� ions strongly correlate with the surface hy-

droxyl groups, as shown in Figure 1b. In contrast, evi-

dence for a strong repulsion of Cl� due to a pronounced

water oxygen layer is observed at 3.90 Å, where the

Cl� density is effectively zero. The interfacial water layer

TABLE 1. Positions of the First Two Atomic Layers for
Cations, Anions, and Water Considered in This Studya

aqueous
electrolyte mixture

atomic species
position

of layers (Å)

NaCl�CsCl Na� 3.75/5.90
Cs� 4.60/5.75
Cl� 2.45/�5.45b

water O� 2.35/3.90
H� 2.20c/3.05/4.65

aThe data reported are for the mixture with 32 pairs of NaCl and CsCl. The same
layer positions are observed for the simulated systems with 64 pairs of NaCl or CsCl.
The distances given for the atomic layer positions are the same for both surfaces of
the nanopores. All distances are given with respect to the innermost plane of the sili-
con atoms in the nanopore along the z-axis. bThis distance from the surface corre-
sponds to a weakly pronounced layer of Cl� in which the anions preferentially accu-
mulate when present in the center of the nanopore. cThis feature on the density
profiles corresponds to a shoulder.

Figure 5. (a) Atomic density profiles of oxygen water with cations (Na�, Cs�) and (b) oxygen water with anions (Cl�) as a
function of distance z from the solid surface. The data are shown for the aqueous solution containing both NaCl and CsCl.
The reference (z � 0) for these results is the first innermost plane of silicon atoms.
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acts as a kinetic barrier to Cl� adsorption. The slow

transport of Cl� from the center of the pore to the
solid�liquid interface (documented in Figure 3) is re-
lated to the slow z-directional mobility of that ion, pre-
sumably due to the dense, negatively charged oxygen
water layer formed at 3.90 Å from the surface. The slow
mobility of Cl� ions perpendicular to the interface is
coupled with slow mobility in the direction parallel to
the interface, as described below. Selected snapshots of
Na� and Cl� are shown in Figure 6, along with the
layer of interfacial water formed at 3.90 Å, to schemati-
cally illustrate the role of water on the ion distribution at
the interface. Na� ions are easily incorporated within
the water layer, and the exchange identified in Figure
6a is consequently fast. On the other hand, Cl� ions are
repelled by the dense, negatively charged interfacial
water layer. Consequently, the transport event shown
in Figure 6b is kinetically slow.

Dynamics of Confined Water and Ions. Because the in-
plane diffusion of interfacial water strongly depends
on the distance from a silica surface,26,67 it is likely that
the mobility of the ionic species within our system dif-
fers depending on the preferential distribution within

the pore. Namely, it is expected that
ions closer to the surface will exhibit
slower diffusion. The dynamic behavior
for each ionic species was assessed by
means of in-plane mean square displace-
ments, calculated along the direction
parallel to the solid surface. The results
are shown in Figure 7. The data shown
were calculated for the systems with 64
pairs of either NaCl or CsCl. No significant
difference was observed when the mixed
system in which 32 pairs of NaCl and 32
pairs of CsCl were simulated
simultaneously.

The results shown in Figure 7 confirm
that those ions that are further from the surface (Cs�)
move faster than the others. The x�y diffusion coeffi-
cients can be evaluated from the slope of the curves
shown in Figure 7. The calculated self-diffusion coeffi-
cients are �1.84 � 10�6, 4.37 � 10�6, and 1.98 � 10�7

cm2/s for Na�, Cs�, and Cl�, respectively. These data are
consistent with limited in-plane mobility for Cl�, which
is in contact with the surface. The larger diffusion coef-
ficient for Cs� is due to the fact that these cations are
found primarily at the center of the nanopore. Simula-
tion results indicate that Na� ions appear to have
slower diffusion than Cs�. This behavior is explained
by the incorporation of Na� in the dynamically hin-
dered hydration layer near the solid surface, where Na�

substitutes for interfacial water molecules.

CONCLUSIONS
Aqueous electrolyte solutions confined within silica

nanopores were studied by means of all-atom molecu-
lar dynamics simulations. Long (250 ns) molecular dy-
namics simulations were conducted to reach equilib-
rium and capture the structural and dynamical aspects
of the adsorption process. Three different electrolyte so-
lutions (NaCl, CsCl, and NaCl � CsCl) each with ionic
strength of 1 M were simulated at ambient tempera-
ture. To assess structural and dynamic behavior of elec-
trolytes, we calculated density profiles and in-plane dif-
fusion coefficients. Strong ion-specific behavior is
reported for both equilibrium ion distribution and mo-
bility. We provide evidence according to which the ob-
served difference in mobility for each ionic species is
determined by the equilibrium distributions within the
pores. We observed that Cl� ions preferentially adsorb
onto the positively charged surfaces, where they asso-
ciate with the surface hydroxyl groups. Na� ions are in-
corporated predominantly into the second adsorbed
water layer. The larger Cs� ions are excluded from the
interfacial water layers and for the most part accumu-
late at the pore center. As a consequence of these pref-
erential ionic distributions, we found that (1) Cl� mobil-
ity is the slowest of all simulated ions because Cl� ions
bond with hydroxyl groups present at the silica surface;

Figure 6. Simulation snapshots illustrating the movement of cations in the silica nanopores.
(a) Diffusion of Na� along its equilibrium positions. (b) Adsorption path for Cl� on the silica
surface. Only the second (at 3.90 Å; see Table 1) layer of interfacial water is shown for clarity.

Figure 7. In-plane mean square displacement of Na�, Cs�,
and Cl� in the silica pores. The data are shown for NaCl and
CsCl aqueous solutions. The in-plane mean square displace-
ment curve for Cl� is identical in both systems.
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(2) Na� ions move faster than Cl� ions, but because
they are strongly incorporated within an interfacial wa-
ter layer characterized by slow diffusion, their diffusivi-
ties are hindered; (3) Cs� ions, which predominately ac-
cumulate at the pore center, exhibit a self-diffusion
coefficient that is more than twice that obtained for
Na� ions. No significant difference in the structure and
dynamics is observed when Na� and Cs� coexist com-
pared to when either Na� or Cs� is simulated sepa-
rately. The above observations suggest that water�ion
and silica�ion interactions play primary roles in dictat-
ing the ion-specific behavior for the system considered
here, while ion�ion correlations have limited influence.
Consequently, a deep understanding of the properties
of interfacial water appears crucial toward accurately
predicting ion-specific effects under confinement.
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