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We investigate the distributions of various salts about large hydrophobic polarizable solutes in
aqueous electrolyte solutions. The solutes are modeled as nanometer-sized cylindrical objects, a
scale relevant to biomolecules and nanomaterials, and particularly high aspect ratio nanoparticles.
Interactions, including image charge forces arising from the finite polarizability of the solute,
between explicit solvent/ions and the solute are computed explicitly using a molecular dynamics
simulation methodology we have recently introduced. Comparisons are made between several salt
species and different models of the force fields for each ionic component of the salt. We find
evidence that both small cations, Li+, and large anions, I−, adsorb at hydrophobic interfaces. Our
results indicate that the ion structure about the solute is strongly dependent on the force field
investigated, suggesting that ion selectivity is quite sensitive to the respective parameters defining
the ion’s size and binding energy as well as to the polarizability of the solute. © 2010 American
Institute of Physics. 关doi:10.1063/1.3499871兴
I. INTRODUCTION

The behavior of ions at interfaces is relevant to a wide
range of problems, from stability of foams and nucleation to
the regulation of interactions between materials and
biomolecules.1–4 A traditional approach to deal with ionic
mediated interactions has been the Poisson–Boltzmann 共PB兲
theory, which forms the basis of the DLVO 共Derjaguin, Landau, Verwey and Overbeek兲 theory.5,6 In the PB theory, water
is included as a dielectric continuum, and the ions are modeled as point charges. This theory has been useful for understanding the stability of thin films,1 and it has provided important clues on the interaction between DNA molecules.2 It
is fair to say that within its simplicity, this has been the most
successful theory to explain colloidal suspension stability.
However, there have been a number of studies that clearly
indicate that the approximations introduced in this mean field
theory become inaccurate near surfaces and, in general at
interfaces, where the properties of water deviate from those
of a continuum dielectric. As a matter of fact, recent computer simulation investigations have illustrated how confinement can modify the dielectric properties of water.7 It has
been suggested that such modification can introduce a contribution to the so-called hydration force, which appears in
conditions where water is confined in narrow spaces, typically of the order of a few nanometers.7–9 This force has been
observed in many systems,10 and its physical origin has been
the subject of a hot debate.11,12 Starting from the seminal
work of Marcelja and Radic,13 who explained hydration
forces in terms of water polarization, several other theoretia兲
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cal approaches have been developed.14,15 One important outcome of these studies is that the molecular properties of water cannot be ignored for distances from the surface of the
order of 1 nm. Similarly, in the context of ionic solutions, ion
size and dispersion interactions become a relevant variable,
especially for concentrations above the physiological one
共⬃0.15M兲, where the ionic interactions are strongly
screened. The relevance of dispersion interactions in ion selectivity has been discussed by Ninham and co-workers, who
proposed corrections to the traditional DLVO theory to
account for such effects.16,17
Ion selectivity phenomena have been known for many
years. They were first exposed by Hofmeister in a celebrated
article.18 A recent illustration of ion selectivity near interfaces has been shown by Jungwirth and Tobias 共JT兲, who
investigated several alkali halides near a water surface.3 Traditionally it has been considered that ions are depleted from
the aqueous surface. This idea was first put on a firm theoretical basis by Onsager and Samaras 共OS兲 共Ref. 19兲 using a
mean field approach that neglects the molecular character of
water as well as the size and dispersion interactions of the
ions. This theory remains qualitatively correct for some alkali halides, typically those involving small weakly polarizable anions. However, as described in this article, this theory
fails to capture, e.g., the physical behavior of very small
cations, Li+. Corrections for polarizable ions have been proposed very recently.20 As shown by JT, large ions can exhibit
adsorption at the water surface. The microscopic details on
the origin of this surface adsorption are still under discussion. There is evidence that ion polarizability3 can induce
adsorption, but there is also clear evidence of a correlation
between ion size and charge and ion segregation.21–26
The main conclusion from the discussion above is that
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the investigation of an aqueous solution near surfaces requires the inclusion of both explicit water as well as the
inclusion of the ion specificity through ion size and ionsurface interactions. These effects cannot be accounted for
by theories that depend on ion valency only.
In this paper, we discuss structural studies of aqueous
solutions next to neutral polarizable nanoparticles. This situation is of interest in materials science and biophysics, e.g.,
nanotubes and biomolecules. One main feature of these systems is the existence of a dielectric discontinuity between the
solute and the solvent. In the context of theoretical and simulation investigations, such discontinuities can be handled
through an image charge approach. This idea was employed
by OS to rationalize the increase in the surface tension with
increasing salt concentrations in aqueous solutions.19 In the
context of this mean field approach, which ignores the molecular character of water, the strength of the induced polarization on the substrate and the character of the resulting
ion-substrate interactions, being either repulsive or attractive,
is determined by a difference in the permittivities of the two
media. Such an approach has been considered in combination with more refined models of the ionic dispersion interactions in theoretical and simulation studies of aqueous
solutions.16,17,27–31 In general, these approaches neglect the
molecular structure of water and, consequently, the reported
deviations of the dielectric properties of interfacial water
with respect to bulk water.7,32
Here, we are interested in modeling the dielectric discontinuities arising in aqueous solutions at the solute-solvent
interface, including both water’s molecular structure and ion
specificity effects. Such an investigation can be performed
using a model we have introduced recently to investigate the
influence of solute polarization on hydrophobic forces.33–35
Extending this model to handle aqueous solutions requires
the incorporation of ion-ion and ion-solute interactions. It
has been noticed in theoretical work that ion selectivity is
fairly sensitive to the ion dispersion interactions. Similarly,
recent simulation work has shown that the properties of
highly concentrated ionic solutions are sensitive to the force
fields employed to model the ion interactions.36 Although
such differences are expected to be much smaller at lower
concentrations, e.g., below physiological ones, the sensitivity
of ion selectivity to the dispersion interaction makes it necessary to analyze the dependence of this property with the
ion force field. In this paper, then, we address two main
questions: 共1兲 how does the ion distribution near a solute
depend on solute polarizability and 共2兲 how does the ion
distribution change for different ion species?
The paper is structured as follows. First, we discuss the
implementation of our dielectric model to simulate aqueous
solutions along with details of the different ion force fields
used in this work. A discussion of the results for various
aqueous salt solutions next to dielectric solutes as a function
of solute polarizability follows. The main conclusions close
the paper.
II. MODEL AND SIMULATION DETAILS

We have carried out molecular dynamics simulations of
polarizable cylindrical solutes in ionic solutions, considering

both water, which we model using the simple point charge/
extended 共SPC/E兲 potential, and ions explicitly. This solute
geometry is relevant in a number of problems of interest in
biophysics and materials science including DNA, nanotubes,
nanorods, and protein bundles. The polarizable solute is
modeled as a linear dielectric medium with permittivity in.
Following our previous work, induced surface charges on the
solute are modeled using a fixed grid of charges, which are
located near the cylinder surface and whose magnitudes vary
with the charge distribution of the external charges 共water
and ions兲.33,35,37 At each time step, the induced charge on the
cylinder due to any external charge, i.e., water partial
charges, ion charges, or induced charge on another cylinder,
is determined at every point on the cylinder surface using a
look-up table. The look-up table was constructed by computing the induced surface charge on a cylinder, due to an external point charge, as a function of the solute permittivity,
in.33 This induced surface charge is represented by an
evenly spaced grid, with a 1 ⫻ 1 Å2 mesh in the 共 , z兲 plane,
which envelops the cylinder. Every time step, the grid
charges are altered in response to the new positions of the
external charges. This method replicates the dielectric discontinuity existing between the solute and the solution. In
the present study, the surface charge grid was situated at a
solute radius Rc = 7 Å, a size relevant to many biomolecules
and nanorods. We note that the parameter Rc in combination
with the short range repulsive interaction defined below defines the effective diameter of the solute.
The calculation of the induced charge due to the external
charges has been refined in the present study as compared to
previous work.33–35 Here, we have optimized the spatial interpolation algorithm for calculating the induced charges to
provide a better representation of the dielectric discontinuity
at the solute surface. Furthermore, to account for the different ion sizes and to prevent the collapse of external charges
on the induced grid charges, we employed a repulsive potential of the form
Vcyl,␣共r兲 =

3冑3
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with the potential being cutoff at r = Rc + 冑6 3cyl,␣ so that it is
fully repulsive. We do not include an attractive mean field
term that accounts for the nonzero frequency dispersion interaction so as to isolate the effects of the zero-frequency
image charge contribution. The normal, Lorentz–Berthelot,
combining rules, ⑀cyl,␣ = 冑⑀cyl⑀␣ and cyl,␣ = ␣ / 2 共such that
the distance of closest approach of the ion to the dielectric
discontinuity of the cylinder wall is ⬃␣ / 2, where ␣ denotes
the ion species or SPC/E water oxygen atom兲, are applied.
Here, ⑀cyl is chosen to be 0.3845 kJ/mol such that, with the
combining rules, the SPC/E water oxygen interacts with the
cylinder with a value of ⑀cyl,o = 0.5 kJ/ mol. Such a choice for
⑀cyl realizes contact angle values similar to those of real materials for objects of different permittivities. For example,
GaAs has a permittivity value greater than 11 and a contact
angle of roughly 110°,38 which is not too different from the
contact angle we obtain for a permittivity around this
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TABLE I. Lennard-Jones parameters from Dang, Garrett, and Smith 共Refs. 39–42兲; Joung and Cheatham 共Ref.
44兲; and Jensen and Jorgensen 共Ref. 43兲 adapted for the combining rules of  and ⑀ and water models used in
these studies 共Ref. 44兲.
DGS

JC

JJ

Ion


共Å兲

⑀
共kJ/mol兲


共Å兲

⑀
共kJ/mol兲


共Å兲

⑀
共kJ/mol兲

Li+
Na+
K+
F−
Cl−
I−

1.506
2.35
3.332
3.168
4.401
5.167

0.690 4
0.543 92
0.418 4
0.836 8
0.418 4
0.418 4

1.4094
2.1595
2.8384
4.0215
4.8305
5.2011

1.4089
1.4755
1.7979
0.0310
0.0535
0.1790

2.8633
4.0116
4.9221
3.0491
3.9675
4.6358

0.002 09
0.002 09
0.002 09
2.970 6
2.970 6
2.970 6

value.34 However, the water structure about the cylinder was
generally insensitive to the power-law form used for this
repulsive potential or to the choice of ⑀cyl, as long as the
latter was not varied by more than 50%.
In our simulations, the external charges that polarize the
solute may be either the partial charges of water or the ion
charges. Because we use an explicit solvent, the dielectric
permittivity of the volume outside the polarizable solute is
taken to be out = 1. Note that the electrostatic interaction
between the induced charge of the polarizable solutes and an
external charge is necessarily attractive since out = 1 ⱕ in.
Ions were modeled using a combination of LennardJones 共LJ兲 and Coulombic potentials. We have considered
only monovalent ions in this study, sampling the LennardJones parameters for three independent models39–44 of the
ionic force fields optimized for the SPC/E water model.
Those attributed to Dang, Garrett, and Smith 共DGS兲 共Refs.
39–42兲 have been widely used in many simulation studies
and were optimized according to the ion-water interaction
with values of ⑀ chosen somewhat arbitrarily. Likewise, the ⑀
values of Jensen and Jorgensen 共JJ兲 共Ref. 43兲 were also determined somewhat subjectively, but with values of  derived by reproducing the correct ion-water radial distribution
functions and hydration free energies in periodic or solvent
boundary simulations without using Ewald summation methods. Lastly, Joung and Cheatham 共JC兲 共Ref. 44兲 recently defined LJ ion parameters upon optimizing these with respect
to achieving the correct hydration free energies as well as the
approximate crystal lattice constants and energies of the various monovalent 1:1 salts and ion-water binding distances.
The LJ values for these various ion models with respect to
SPC/E water are provided in Table I, with ions interacting
with each other and with the SPC/E oxygen atom via the
usual 12–6 LJ potential
V␣,␤共r兲 = 4⑀␣,␤

冋冉 冊 冉 冊 册
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12

−
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r ␣,␤

6

共2兲

and with the same combining rules as that of the cylinder
关⑀␣,␤ = 冑⑀␣⑀␤ and ␣,␤ = 共␣ + ␤兲 / 2兴. Each of these models
provides relatively similar values of the ion hydration
energies44 共see Table II兲 albeit using different combinations
of ⑀ and . As shown in Table I, the DGS values for both ⑀
and  for the cation and anion are intermediate to those of
the JC and JJ models. Compared to the DGS parameters, the

JC values have a relatively smaller cation  and larger anion
 共in combination with, respectively, larger/smaller ⑀ values
to account for roughly the same hydration energies兲 and the
JJ values, the reverse.
Note that both the ions and water models employed in
our simulations are nonpolarizable. We have used such models to isolate the effects of the solute’s polarizability and to
avoid results that depend on the polarizable model used for
the ion/water force fields. Nonetheless, we have found very
similar water structure near the solute using a flexible water
model that accounts for the dipole moment change at
interfaces.36 Indeed, other studies have shown that water
properties for polarizable and nonpolarizable models next to
surfaces are fairly independent of solvent polarizability for a
wide range of surface permittivity.45
Simulations were performed within the canonical ensemble 共NVT兲 at T = 298 K using the Nosé–Hoover thermostat. In order to maintain the systems at liquid-vapor equilibrium, a liquid-vapor interface, far from the cylindrical solute,
was imposed. We note that similar approaches have been
considered in other studies.46,47 Using such an interface
keeps the system at coexistence conditions without having to
use a barostat, which may introduce artifacts due to large
variations in local pressure at solvent-substrate surfaces. This
method also obviates altering the number of the atoms in the
NVT simulations, which would be required to maintain similar pressures across different simulations if the interface had
not been used. The dimensions of the simulation box were
160⫻ 70⫻ 34 Å3 with the cylinder’s axis along the z-axis.
The solute was completely immersed in water, with the
liquid-vapor interface imposed at x = ⫾ 50 Å. Simulations of
this volume required about 7 ⫻ 103 water molecules.
The electrostatic interactions between charges, both the
TABLE II. Hydration free energies 共in kJ/mol兲 for the three different ion
models in SPC/E water 共from Ref. 44兲.
Ion

DGS

JC

JJ

Li+
Na+
K+
F−
Cl−
I−

475.7
364.8
273.2
518.0
367.4
300.4

474.0
369.9
297.1
501.2
373.6
311.3

441.8
319.7
248.9
500.4
380.7
324.3
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FIG. 1. Oxygen and hydrogen radial density profiles around the cylindrical
solute as a function of solute permittivity. The vertical dash-dotted line in
this plot, and all following plots, shows the location of the cylindrical solute
hard wall, which is also the location of the image charge plane 共Rc = 7 Å兲.

external water/ion charges and the induced charges on the
polarizable solutes, were calculated using the threedimensional Ewald summation method with “conducting”
boundary conditions. Short-ranged non-Coulombic forces
共atomic r−6 van der Waals forces兲 were cut off at a distance
of 14 Å. A typical simulation consisted of ⬃105 equilibration
steps, with a time step of 2 fs, followed by ⬃106 production
steps to achieve adequate statistics. Simulations were completed for eight different alkali-halide salts 共LiCl, LiI, NaF,
NaCl, NaI, KF, KCl, and KI兲 using the LJ parameters of each
of the three models at three different values 共in = 1, 2, and 5兲
of the cylinder permittivity.
III. RESULTS
A. Polarizable solutes in pure water

Simulations were first performed on single cylindrical
solutes, with varying degrees of polarizability, completely
immersed in pure water. We have considered polarizable solutes with permittivities of in = 1 – 5, which make up a range
of values used in predictive macroscopic models of
proteins48–51 and dielectric values of carbon nanoparticles.52
Radial density profiles of water oxygen and hydrogen
atoms about the solutes are shown in Fig. 1. Increasing the
permittivity of the solute results in greater solvation of the
solute. For in = 1 and 2, the solute remains perfectly hydrophobic, as observed in long simulations of cylindrical solutes
that are initially half immersed in water, i.e., starting with an
initial configuration with a planar liquid-vapor interface defined by the long axis of the cylindrical solute and the 
= 0 ,  azimuthal vectors of the cylinder, in which the solute
completely dewets. For larger permittivities, which possess
finite contact angles when starting simulations with the cylinder half immersed, a high density contact layer of water
forms at the solute surface. This layer resembles the one seen
at water-metal interfaces.53–55 Furthermore, there is greater
polar structure of the water near the solute as the permittivity
of the solute is increased. Here, the water dipoles preferentially align parallel or antiparallel to the radial vector perpendicular to the solute’s surface, as evident in the offset in the
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FIG. 2. Oxygen radial density profiles around a cylindrical solute of in
= 2 for sodium-anion salts with different anion counterparts 共inset: cationchloride salts with different cations兲 for the DGS ion models.

hydrogen and oxygen peaks in Fig. 1. This ordering disrupts
the hydrogen bonding among the water molecules near the
solute so that the water density does not attain its bulk value
until up to ⬃10 Å 共⬇3 water molecular diameters兲 away
from the solute surface for larger values of in. Furthermore,
there is an enhancement of the positive 共hydrogen兲 partial
charges of the SPC/E water close to the cylinder, which has
been observed at interfaces in other explicit water
simulations.56
B. Salt solutions about hydrophobic solutes

In the following, we investigate the structure of the
aqueous solutions next to a hydrophobic substrate with dielectric constant in = 2. Computations of the contact angles
of this substrate34 indicate that this object is hydrophobic
with a contact angle of 180°. We have performed simulations
of aqueous solutions at a specific concentration, 1.3 molal,
which is in the range relevant for studies of Hofmeister effects in protein solutions and other media57–60 and which has
been utilized in simulation studies of specific ion effects at
interfaces.61,62 Upon adding salt to the cylinder-water system, a number of features emerge, which depend on the type
of salt as well as the force fields of the specific ionic model
employed. The most apparent of these is the change in the
density of the bulk solvent. 共Hence, we have kept the bulk
molality of the added salt, i.e., the ratio of added salt ions to
water molecules, constant in each salt simulation rather than
the molarity.兲 Again, being that the simulations are performed with an explicit vapor-liquid interface, these density
changes of the water suggest a great variability of the osmotic coefficients with salt species at vapor-liquid coexistence. As shown in Fig. 2, the density hinges dramatically on
the halide anion of the salt, having only a weak dependence
on the associated alkali counterion. This reduction of solvent
density with increasing anion size, displayed by all three
共DGS, JJ, and JC兲 ion models,63 corresponds to the increase
in the osmotic coefficient for larger anions observed in recent
simulation studies.64
For the sodium ion with LJ parameters defined by the
various ionic models, the ion density slowly increases from
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FIG. 4. Lithium radial density profiles around a cylindrical solute of in
= 2 for lithium-anion salts with different anion counterparts for the three ion
models. 共Inset兲 Cumulative 共integrated兲 Li+ and Cl− radial ion densities and
their difference showing the dependence on the ion models.

stronger than that of Na+ discussed above. Our simulation
results show the opposite trend; Li+ is observed to approach
the solute-water interface more so than Na+ and K+ 共see
supplement63 for K+ distribution兲 for any of the salts. There
is evidence from recent simulations of aqueous solutions that
Li+ is less repelled than other ions from the water-air
interface.65 This observation is reproduced by all the force
fields investigated in this work, although there are quantitative differences across force fields in the height of the first
peak next to the solute.
This observation may be rationalized upon analyzing the
structure of water about the Li+ ion near the interface. First,
as compared to the Na+ ion, the coordination number of waters about the Li+ ion remains relatively unchanged upon
comparing the cation-oxygen radial distribution functions
共RDFs兲 for ions near the surface and those in the bulk 共see
Fig. 5兲. Integrating the first peak of the RDFs 共inset of Fig. 5兲
16
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14
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the cylinder surface, reaching the bulk concentration at
⬃7 – 10 Å away from the surface 共see Fig. 3兲. Our results
indicate that Na+ ions are depleted from the surface. Complete solvation of the ions in the bulk solvent is expected to
be energetically favored over the partial solvation that would
result if the ions approach the cylinder surface. Moreover,
the hydrogen bonding of the water structure is disrupted by
water reorganization about the surface, which may further
diminish ion hydration as ions approach the cylinder. We
also note that the depletion from the cylinder surface is compatible with the results that would be obtained by considering water as a dielectric continuum. This would be the approach used in most mean field theories that rely on the
solution of the Poisson–Boltzmann equation. In that case, the
interaction between Na+ and the dielectric should be repulsive because in = 2 would be smaller than the bulk water
dielectric constant, and thus Na+ would be depleted from the
surface. We note, however, that the physical principle behind
the depletion in our simulations is not connected to the image charge repulsion since in our system, this interaction is
attractive and small.
Investigation of a smaller cation provides further proof
that mean field approaches based on a dielectric continuum
are inaccurate near dielectric discontinuities. The lithium ion
distributions of LiCl and LiI exhibit an initial peak at ⬃3 Å
from the cylinder surface, roughly at the location of the first
major oxygen peak of the water profile about the cylinder
共see Fig. 4兲. This is not a trivial result. Lithium has a high
hydration free energy, the highest of the three cations investigated here 共cf. Table II兲. This should result in stronger hydration preventing the ion from approaching the solute interface. From the point of view of mean field theories that
neglect the molecular structure of water and model water as
a dielectric medium with permittivity of ⬇80, Li+ should feel
a strong image repulsion, and it should be repelled from the
surface. If the ion size is considered, this repulsion should be

9

r (Å)

r (Å)
FIG. 3. Sodium radial density profiles around a cylindrical solute of in = 2
for sodium-anion salts with different anion counterparts for the three ion
models. 共Inset兲 Cumulative 共integrated兲 Na+ and Cl− radial ion density and
their difference showing the dependence on the ion models. 共Note that the
salt ion concentrations in this and subsequent figures are defined in terms of
molarity, rather than molality, so that the number of ions in a given volume
can be easily worked out in these systems. Again, the bulk water density is
found to change when varying salt species.兲
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FIG. 5. The radial distribution functions of water about the Li+ and Na+ ions
in 共DGS兲 LiCl and NaCl salt simulations of a cylindrical solute of in = 2.
Curves labeled “surface” correspond to the RDFs of ions within ⬇3 Å of the
solute surface, which accounts for those ions within the peak 共r ⬍ 11 Å兲 of
the Li+ distribution shown in Fig. 4. Note the slightly larger Li+ – O peak for
ions near the surface. 共Inset兲 The integrated RDF, which reveals the coordination number of water molecules in the ions’ first solvation shells.
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FIG. 6. The probability distribution, such that 兰P共 P兲d⍀ = 1 for each of the
O – C+ – O bond pair angles, of the bond angle defined by the two vectors
connecting the cation and two of the water oxygen atoms in the first solvation shell for 共DGS兲 LiCl and NaCl salt simulations. The dashed line corresponds to the tetrahedral angle 共arccos共−1 / 3兲 = 109.5°兲 and the dotted line to
the octahedral angle 共90°兲. N p corresponds to the number of distinct
O – C+ – O configurations of the water oxygen atoms within the first solvation shell, e.g., for fourfold water coordination about the cation, N p = 6.

reveals that the water coordination number for Li+ is NC
⬇ 4 for both the surface and bulk ions, whereas the Na+
coordination changes from NC ⬇ 5.3 共surface兲 to NC ⬇ 5.6
共bulk兲, demonstrating that Li+ remains as solvated near the
surface of the cylinder as it does in the bulk solvent. 共Note
that the first peak in the RDF for Li+ ions near the surface is
even larger than that for ions in the bulk solvent, which
suggests that the first solvation shell is more tightly bound
for Li+ near the surface than in the bulk.兲 Li+ ions can remain
solvated near the surface since the water molecules, being
fourfold coordinated about the ion both for ions near the
solute surface and in bulk water, are arranged tetrahedrally
about the Li+ ion 共see Fig. 6兲. This tetrahedral structure,
commensurate with the usual tetrahedral structure of water
via their hydrogen bonds, sits comfortably at the surface,
with only a slight distortion of the tetrahedron at the solute
surface and with the “legs” of the tetrahedron adjacent to the
surface. This geometrical configuration can be extracted
from a distribution plot of the angle, r, between the directional vector joining the cation and the oxygen atom of the
water molecule and the directional radial vector emanating
from the cylinder axis to the location of the cation, i.e.,
cos共r兲 = r̂C+−O · r̂C+ 共see Fig. 7兲 Similar distributions are seen
for Li+ ions near a solute with in = 1,63 suggesting that the
concentration of these ions may be enhanced at a generic
liquid-vapor interface. The RDFs for the larger Na+ ions,
however, demonstrate a much larger discrepancy between
those ions that lie near the surface and those in the bulk. As
shown in Fig. 6, the angle between the vectors of neighboring solvating waters about the Na+ ion is ⬇90°, suggesting a
nearly octahedral “bonding” structure. Near the solute surface, a more severe, and hence energetically costly, distortion
of the solvation structure at the surface occurs as compared
to that of the tetrahedral structure for solvated Li+. As shown
in Fig. 7, the three pyramidal legs of the octahedral structure
adjacent to the solute surface bend away from the surface.

FIG. 7. The normalized probability distribution, without the solid-angle
correction, of the angle between the vector connecting the cation and a water
oxygen atom in the first solvation shell and the radial vector from the solute
axis to the cation location for 共DGS兲 LiCl and NaCl salt simulations. The
dashed line corresponds to the tetrahedral angle 共arccos共−1 / 3兲 = 109.5°兲 and
the dotted lines to the angle 共arccos共⫾共1 / 冑3兲兲兲 between the face-centered
bond vectors and the corner 共or opposite corner兲 of a cube defined by the
octahedral bonding structure as diagrammed in the figure. Nc corresponds to
the coordination number of water molecules about the cation. 共Inset兲 The
solid-angle corrected distribution, which takes into account the polar-angle
weighting.

Without distortion, the probability would peak at the angle
between the body-diagonal, which is defined by the cylindrical inwardly pointing radial vector normal to the solute surface 共r =  in this geometry兲 and the face-center vectors
along which the octahedral “bonds” are situated. However,
one sees that this angle is stretched with the peak at roughly
r = 0.65 rather than at r = arccos共−1 / 冑3兲 since the water is
pushed away from the solute surface. This distortion in turn
reduces the average coordination number of solvating waters
about Na+ near the surface as compared to the number in the
bulk. Hence, as compared to the larger cations, Li+ is more
readily accommodated at the surface, and, depending on the
force field used, it may even prefer to lie nearer the surface
than in the bulk 共see the peaks shown in Fig. 4兲.
We find that most ion distributions exhibit the same general features across the different ionic models, but there exist
some discrepancies among the specific ion models used. For
every salt parametrized by the JJ ion model, the cation distribution grows faster and earlier 共with respect to the cylinder
surface兲 than that of its anion counterpart. The cation distributions near the surface for ions using the DGS and JC
model parameters, however, may grow faster or slower than
that of the accompanying anion depending on the salt species. Figure 3, for example, shows the accumulated 共integrated兲 radial ionic charge distribution for NaCl for each of
the models, demonstrating this difference. This difference
may be attributed, in general, to the lower hydration energies
of the cations parametrized with the JJ values than those in
which the DGS or JC parameters are employed. Again, ions
with greater solvation energies would prefer to be deeper in
the bulk solvent, unless, as is the case for Li+, both the ion
and its first solvation shell may be contentedly moored near
the solute surface.
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FIG. 8. Iodide radial density profiles around a cylindrical solute of in = 2 for
cation-iodide salts with different cation counterparts for the three ion
models.

We also find that a very large disparity among the models for salts containing the iodide anion exists. For each of
these salts, an initial iodide peak appears near the cylinder
surface when the DGS and JC ion parameters are used,
whereas no peak is observed for the JJ model parameters as
shown in Fig. 8. This may be explained upon considering the
slightly smaller hydration energies of the DGS and JC models as compared to that of the JJ model for this ion. However,
the differences in these energies are quite small, indicating
how extremely sensitive the ion distributions are to the forcefield parameters employed. We note that the strong adsorption at the water-cylinder interface is reminiscent of the adsorption discussed by Jungwirth and Tobias,3 although,
according to these authors, the anion polarization was the
main driving force for ion adsorption. Our results show that
the same positive adsorption is achieved in nonpolarizable
ion models. These results agree with previous
simulations22–26 and integral equation studies,66 in which adsorption of larger ions at interfaces using rigid ion models
had been observed.
C. Salt solutions about polarizable solutes

In the following, we address the influence of solute polarizability on the ion adsorption. We consider here solutes
with a permittivity of in = 5. This permittivity results in contact angles of about 130°,34 i.e., changing the permittivity of
the cylinder from in = 2 to in = 5 results in partial wetting of
the formerly perfectly hydrophobic cylinder. The increased
interaction of the cylinder with the water molecules is accompanied by greater cylinder-ion interactions. Thus, the
strong sensitivity of the ionic distributions on the ion forcefield model employed is further enhanced upon increasing
the permittivity of the solute.
As for the solutes with in = 2, the ion distributions varied
significantly by ion species, as well as by the ion force-field
model employed, for the more polarizable solutes. Whereas
the cation concentration near the solute dominated that of the
anion one for the JJ model as compared to the DGS and JC
models for the hydrophobic cylinder, for the in = 5 cylinder,
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FIG. 9. Sodium radial density profiles around a cylindrical solute of in = 5
for sodium-anion salts with different anion counterparts for the three ion
models. 共Inset兲 Cumulative 共integrated兲 Na+ and Cl− radial ion densities and
their difference showing the dependence on the ion models.

as shown, e.g., for sodium salts in Fig. 9, there is a greater
concentration of the cation near the solute for the DGS and
JC models than for the JJ model. Here, the effective size of
the ion becomes more important than its hydration energy.
The smaller 共on average兲 hydration energy of the cations of
the JJ model with respect to the other ion models resulted in
the cation concentrations next to the hydrophobic 共in = 2兲
cylinder being larger than that for their anion counterparts.
This ionic property of the JJ model is now eclipsed by the
cations’ larger sizes 共see Table I兲 upon determining their distributions about the more polarizable cylinder. The smallersized cations of the DGS and JC models allow them to approach the cylinder more closely and, thus, to interact more
strongly with their attractive image charges. For these models, this results in a strong physisorption of the cations at the
cylinder surface. Although the same occurs for the JJ model,
it is much weaker. Nevertheless, for every model and for
each salt, the cation concentration near the cylinder surface
exceeds that of the anion.
The concentration of cations near the cylinder surface,
however, is not completely determined by the ion’s size. As
shown in Fig. 10, the distribution of sodium ions 共Na+兲 is
more heavily peaked at the cylinder surface 共for both the
DGS and JC models兲 than either the smaller Li+ or the larger
K+ ion. This nonmonotonicity in the distribution may be attributed to the subtle competition between the ion’s size and
its hydration energy. For example, although the Li+ ion is
smaller, and thus may interact more strongly with its attractive image charge reflected in the solute, its large hydration
energy in the bulk liquid must be overcome when it approaches the solute surface. Figures 11–13 show the radial
distribution functions and water distributions of the solvation
shell about ions adsorbed at the solute surface. For these
adsorbed ions, there is a decrease in the water coordination
number, but this loss in solvation energy is compensated by
the attractive interaction of the ion with the image charges of
the solute. Note that this reduction in the coordination number, however, does not dramatically affect the geometrical
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FIG. 10. Radial density profiles of the cations around a cylindrical solute of
in = 5 for cation-chloride salts. 共Inset兲 The corresponding cumulative 共integrated兲 radial ion densities.

structure 共type of bonding兲 of the solvation water about the
adsorbed ions, other than to eliminate one 共or two兲 of the
bonding water molecules.
The cation concentration at the cylinder surface also influences that of their anion counterparts. The strong Na+
peak at the surface attracts anions, engendering an anion
peak as well, although this depends on the anion species.
Figure 14 shows that the iodide ion, which, again, has the
smallest hydration energy of the anion species tested here, is
most heavily attracted to the solute surface, followed by the
chloride ion. However, in the DGS model, for example, the
smaller peak concentrations of the other cations 共Li+ and K+兲
are not large enough to induce the accumulation of chloride
ions at the solute surface 共see Fig. 14兲. Overall we find that
the adsorption increases with anion size, where the small ion,
F−, shows depletion from the surface, whereas I− shows ad-
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FIG. 12. The probability distribution of the bond angle defined by the vectors connecting the cation and two of the water oxygen atoms in the first
solvation shell for 共DGS兲 LiCl and NaCl salt simulations. The dashed line
corresponds to the tetrahedral angle 共arccos共−1 / 3兲 = 109.5°兲 and the dotted
line to the octahedral angle 共90°兲. The bonding configurations for both adsorbed Li+ and Na+ remain relatively unchanged as compared to the in = 2
case, with Li+ having a tetrahedral-like arrangement within its solvation
shell and Na+ having a slightly distorted octahedral arrangement. 共See Fig.
13.兲

sorption. Again, these results cannot be explained considering the image forces arising from a dielectric discontinuity
where water is modeled as a dielectric continuum, or using a
theory that relies on ion valency only. Yet, again, these anion
distributions depend very much on the ion force-field model
employed; whereas anion peaks may develop for some
cation-anion pairs in the DGS and JC models, no anion accumulation at the surface ever occurs for the JJ model 共see
Fig. 6 of the supplement63兲.
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FIG. 11. The radial distribution functions of water about the Li+ and Na+
ions in 共DGS兲 LiCl and NaCl salt simulations of a cylindrical solute of in
= 5. Curves labeled surface correspond to the RDFs of ions within ⬇1 Å of
the solute surface, which accounts for those adsorbed ions within the peak
共r ⬍ 9 Å兲 of the cation distribution shown in Fig. 10. 共Inset兲 The integrated
RDF, which reveals the reduction of the coordination number of water molecules in the ions’ first solvation shells for ions near the solute surface as
compared to bulk. Here, the Li+ coordination number is reduced by one
water molecule, whereas that for Na+ is reduced by two.

FIG. 13. The probability distribution of the angle between the vector connecting the cation and a water oxygen atom in the first solvation shell and
the radial vector from the solute axis to the cation location for 共DGS兲 LiCl
and NaCl salt, in = 5 simulations. The dashed line corresponds to the supplement of the tetrahedral angle 共180° −arccos共−1 / 3兲 = 70.5°兲. According to
these distributions and those shown in the previous figure 共Fig. 12兲, the
water bonding structure may be extracted and is given by the diagram within
this figure. Here, as opposed to the in = 2 case, the legs of the tetrahedron of
the Li+ point away from the solute surface, providing a threefold coordination for Li+. Likewise, the distributions suggest a distorted 共away from the
surface兲 square planar structure for the larger Na+ ion, with a coordination
number between three and four 共see Fig. 11兲. 共Inset兲 The solid-angle corrected distribution, which takes into account the polar-angle weighting.
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IV. CONCLUSIONS AND FINAL REMARKS

In this paper, we have investigated, using computer
simulations, aqueous electrolyte solutions next to cylindrical
hydrophobic objects in which the degree of their polarizability was defined via their dielectric permittivity. This situation
is relevant to a number of solutes, e.g., DNA, nanorods and
protein bundles. At the salt concentrations used here 共1.3 m兲,
the ionic interactions are expected to be significantly
screened. We have explicitly modeled the dielectric discontinuity arising from the different permittivity of the nanoscopic solute and the aqueous solution. With this purpose, we
have employed a computational algorithm we have introduced recently. In this way, we take a step beyond mean field
approaches by including discrete solvent effects explicitly.
Also, the simple image charge model for the solute takes into
account the collective many-body effects of the interactions
of every atom/molecule with its and other atom’s/molecule’s
image in the solute arising from the dielectric response of the
solute, which is infeasible upon using a mean field theory for
the solute-solvent particle dispersion interaction. The present
work has initially demonstrated that mean field theories cannot capture the effect this collective interaction has on the
solvent structure near the solute.
At hydrophobic solute surfaces, the ion distributions depend on a number of factors: 共i兲 the ion solvation energy
since ions with smaller solvation energies may be found
nearer the cylinder since they are less inclined as those with
larger solvation energies to be in the bulk solvent; 共ii兲 the
water structure about the cylinder and the corresponding role
it has on solvation; 共iii兲 the image charge interactions arising
from the dielectric discontinuities associated with the watersolute interface; and 共iv兲 the choice of the cylinder and ion
potentials, where the distance of closest approach to the cylinder depends on the size 共兲 of the ion.
The solvation energy is commonly used in the literature
to explain the depletion of ions from interfaces. Similarly
image charge interactions have been used before in the
Onsager–Samaras theory to explain the same effect. Mean
field theories model these interactions for a system consisting of two dielectric media of different permittivity. Accord-

ing to this, because the permittivity of the solute is smaller
than that of water, one would expect depletion of cations 共or
anions兲 from the interface, irrespective of the nature of the
cation 共or anion兲. We note that neither of these ideas, solvation or image forces, can explain the behavior of the smallest
cation we have investigated here, Li+. Despite having a
larger solvation energy, we find that Li+ exhibits adsorption
at a perfectly hydrophobic surface. Because we are not including frequency-dependent dispersion interactions, we
conclude that this is a water mediated effect. Note that the
Li+ adsorption peak at the interface may be overlooked in
studies of, e.g., the distribution of ions at the solvent-vapor
interface due to fluctuations of the interface 共capillary
waves兲,67 which are suppressed next to the solute surface.
Studies of ions at the solvent-vapor interface are currently
underway in which we account for interfacial fluctuations.
Similarly, we find strong adsorption of iodide at hydrophobic surfaces, although in this instance, this adsorption is
fairly sensitive to the force field employed. We find that two
popular force fields, Dang, Garrett, and Smith39–42 and Joung
and Cheatham44 predict adsorption, whereas the Jensen and
Jorgensen force field43 predicts depletion. We find that these
trends are independent of the counterion 共Li+, Na+, and K+兲
considered. This result indicates that selectivity due to ion
adsorption may be a subtle effect; hence, care has to be exercised in the modeling of these effects through modification
of the dispersion interactions. We also note that the iodide
adsorption we observe follows the observation reported first
by Jungwirth and Tobias and which has recently been a
popular subject of discussion in the literature. Nonetheless,
in agreement with more recent computations,22–26 it appears
that ion polarization is not needed to produce ion adsorption
at hydrophobic interfaces, i.e., adsorption is also observed
using rigid, nonpolarizable ion models.
We have further investigated the influence of solute polarizability on ion adsorption. Upon increasing the permittivity of the solute from in = 2 to in = 5, the cation interaction
with the solute begins to dominate that of the anion due to
the average smaller size of the cations. This, of course, depends on the ion force-field model employed. However, the
competition between an ion’s size and its hydration energy
provides some subtle difference in the ion distributions near
the solute surface, namely, the nonmonotonicity observed in
the concentration amplitude with cation size. Furthermore,
the anion distributions are also affected by their respective
cations, depending very much on the anion model employed.
We qualify that the strong cationic adsorption at the solutesolvent interface may be a remnant of the image charge
model used for the solute since such a model becomes inaccurate at the interface. A more rigorous, quantum mechanical
study would need to be performed to determine how the
electronic structure of the solute and solvent particles influence the adsorption, but this goes beyond the scope of the
present paper. However, we believe this is a quantitative issue being that the same method was used for all force fields
employed in this study and that trends similar to our results
would be expected in real systems.
We find ion selectivity cannot be accounted for by approaches in which the solvent is modeled as a dielectric con-
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tinuum. We also find that ion adsorption can be strongly
dependent on the force field investigated. For example, some
of the ions’ force fields may be too “soft” upon considering
their interactions at the solute-solvent interface, and therefore
model parameters necessarily influence the degree of ion adsorption at this interface. Nevertheless, the results for ion
adsorption should be considered when developing theoretical
approaches to explain ion effects, e.g., those ion-specific effects responsible for the Hofmeister series. We find strong
evidence that the adsorption characteristics of the ions are
determined by the water solvation around the ions. Hence,
the description of dielectric discontinuities in aqueous solutions requires the explicit consideration of the solvent. We
note that mean field models that include water as a dielectric
continuum to model dielectric discontinuities would predict
ion desorption on the basis of a repulsive image interaction.
Our results show this notion is incorrect both for cations and
for anions. Overall, our results indicate that modeling interfaces by considering water as a dielectric continuum may
provide incorrect trends for ion selectivity.
Finally, solute polarizability is shown to have a strong
effect on the adsorption of ions on neutral solutes. These
effects must be properly accounted for in order to develop a
full description of the interactions between ions and surfaces.
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