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Classical force fields for molecular simulations of aqueous electrolytes are still controversial. We study
alkali and halide ions at the air/water interface using novel non-polarizable force fields that were opti-
mized based on bulk thermodynamics. In qualitative agreement with polarizable force-field simulations,
ion repulsion from the interface decreases with increasing ion size. Iodide is even enhanced at the inter-
face, which is rationalized by hydrophobic solvation at the interface, but exhibits a smaller surface pro-
pensity than in previous polarizable simulations. Surprisingly, lithium is less repelled than other cations
because of its tightly bound hydration shell. A generalized Poisson–Boltzmann approach that includes
ionic potentials of mean force from simulation almost quantitatively matches experimental interfacial
tension increments for 1 molar sodium halides and alkali chlorides. We conclude that properly optimized
non-polarizable force fields are transferable to interfacial environments and hold the potential for unrav-
elling ion-specific effects even in biological situations involving peptidic surfaces.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The behavior of ions at the air/water interface is a classic problem
of physical chemistry with many important implications and still
puzzling questions [1]. Experiments on ion adsorption at the surface
of water are notoriously difficult, specially for low salt concentra-
tions, because of the susceptibility to small traces of surface-active
contaminants. On the other hand, surface tension measurements al-
low to directly gain information of the surface activity of salts and
give reliable account of the interfacial thermodynamics [2]. Experi-
mentally, it is observed that salt addition to water typically in-
creases the surface tension, which implies that there is a negative
surface excess (i.e. depletion) in the sum of the density profiles of
anions and cations. However, there have been experiments that
indicate an increased density of some anions in the interfacial layer.
The majority of these experiments is based on sum frequency gener-
ation [3] or second harmonic generation nonlinear optical
techniques [4]. Direct evidence of iodide being enhanced at the
air/water interface was obtained with a completely different exper-
imental probe using grazing incidence X-ray fluorescence [5].

In their classical model, Onsager and Samaras identified the
interfacial forces acting on ions with electrostatic image forces,
which repel all ions from the interface between water ð�r ¼ 78Þ
and air ð�r ¼ 1Þ [6]. This theory relies on a continuum description
ll rights reserved.
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of water and cannot explain or describe ion-specific effects. Since
then, analytic models were refined and generalized to include
effects due to ion size [7] or dispersion interactions [8] and thus
can allow to treat ion-specific effects on a heuristic level. Using
molecular simulations, it was recognized that the discrete nature
of the water molecules crucially determines the molecular struc-
ture in the interfacial region [9]. As a consequence, solvation forces
acting on ions in the interfacial region cannot be described by
simple continuum models [10]. Nevertheless, information on the
properties of such complex systems are accessible by molecular
simulation methods, either Monte Carlo or molecular dynamics
(MD), employing suitable atomistic force fields. Soon after the
seminal works on the simulation of water at a hydrophobic surface
[11] and at the air/water interface [9], a simulation of a sodium ion
at the air/water interface was reported [12]. Polarizable force fields
for ions and water were applied to bulk water [13,14] and ions in
small water clusters [15]. During the last decade, there has been
a tremendous amount of simulation work on ions at interfaces.
Starting with the work of Jungwirth and Tobias [16], such polariz-
able force fields for ions and water have been extensively applied
for studies of ions at the air/water interface [17,18], and have also
been used for the study of ions at a solid hydrophobic self-assem-
bled monolayer [10]. The common rationale behind using polariz-
able force fields is the idea that ion affinity for an interface arises
from the favorable interaction of the polarizability of an ion [18]
with the interfacial electric field due to the mean orientation of
interfacial water molecules [19,11]. This view was supported by
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ig. 1. Scheme of the anion parameter optimization. The lines show combinations
f rIW and eIW that reproduce the experimental difference of the solvation free
nergy DGsolv relative to Smith–Dang chloride [28] (full line), the experimental
ifference of the solvation entropy DSsolv relative to Smith–Dang chloride (dashed
ne), and the position of the first maximum in the ion-oxygen RDF (dotted line). All
rves are based on analytical fitting functions. The symbols show our previously

ptimized parameters [26], which are given in Table 1. Three additional trial
arameter sets for iodide are shown. Set 1 is our previously optimized set that
produces the solvation free energy and the solvation entropy. Set 2 reproduces
e solvation free energy and the first maximum of the ion-oxygen RDF. Set 3
produces only the first maximum of the ion-oxygen RDF. Set 4 reproduces only
e solvation entropy.
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simulations where the ad hoc neglect of polarizability suppressed
the adsorption of iodide at the air/water interface [20]. On the
other hand, in subsequent simulations it was shown that even
non-polarizable anions are attracted to hydrophobic interfaces, if
their effective radius is chosen large enough [21–23]. It transpires
that in silicon there are many different mechanisms that can drive
ions to the air/water interface, but it is not exactly clear which
mechanism is actually responsible for iodide’s observed interfacial
activity. A systematic study of anion affinity to the air/water inter-
face using thermodynamically consistent force fields, which would
be able to answer this question, has not been reported so far.

The required input for any molecular simulation is the force field
acting on all atoms, based on which the simulation generates infor-
mation about, e.g. the solvation forces present in the system. The
underlying atomistic potential is either a classical force field that re-
lies on parameterized functions or a quantum-mechanically de-
rived potential, which is derived by an approximate method of
quantum chemistry. Both types of potentials have disadvantages:
quantum-chemical methods are relatively accurate, but their com-
putational demand poses a serious limitation for the accessible sim-
ulation times and system sizes (for a current state-of-the-art ab
initio MD simulation of a solvated ion at a graphite/water interface
see Ref. [24]), and converged spatial distribution functions of com-
plex systems cannot be expected even if sophisticated sampling
techniques are applied. Furthermore, density functional theory
methods, which are particularly popular in ab initio MD applica-
tions, should be considered with care in liquid state simulations, be-
cause they give a rather poor description of dispersion forces.
Simulations based on classical force fields are able to yield con-
verged potentials of mean force, but all results obtained depend
on the force field employed and thus inherit all inadequacies of that
force field. The functional form and the numerical parameters of a
force field are generally chosen such that a given set of experimen-
tal properties (or quantum mechanical energies) are reproduced as
well as possible. Therefore, classical simulation results should gen-
erally be interpreted with great care, and it is good practice to eval-
uate a force field’s transferability by comparison to reliable
experimental data that go beyond the particular set of experimental
data that has been used to optimize the force field in the first place.

The common wisdom concerning simulations of ions at inter-
faces is that the ion force fields should be optimized to correctly
reproduce ionic bulk properties. In the vapor phase, this is trivial
for mononuclear ions, and in the aqueous phase, an optimization
strategy could involve thermodynamic properties like the solva-
tion free energy or the solvation entropy. Standard non-polarizable
ion force fields require the optimization of the two Lennard-Jones
parameters, the diameter rIW and the interaction strength eIW, for
polarizable models a third parameter, the polarizability a, needs to
be optimized. Clearly, the solvation free energy by itself is not suf-
ficient for the simultaneous optimization of two or three parame-
ters. Recently, we have systematically studied the solvation
properties of monovalent non-polarizable cations and anions in
SPC/E water [25] as a function of the ion-water Lennard-Jones
parameters rIW and eIW [26]. In that work, we have calculated
the solvation free energy DGsolv, the solvation entropy DSsolv, and
R1, the first maximum of the ion-oxygen radial distribution func-
tion (RDF), on a 2D grid in the ðrIW; eIWÞ-plane and provided analyt-
ical fitting functions for these data. Thus, we constructed global
surfaces of DGsolv, DSsolv, and R1, for anions and cations. It turns
out that the direct optimization of ion parameters for single ions
is hampered by large uncertainties of the electrostatic potential
jump at the air/water interface [27]. As a way out, we chose one
reference ion (chloride described by the Smith–Dang parameters
[28]), and optimized the other ions by reproducing the sums of
experimental solvation free energies and entropies of neutral ion
pairs (for the alkali cations) and by reproducing the differences
of experimental free energies and entropies of like charged ion
pairs (for the halide anions). Obviously, these sums and differences
do not depend on the water surface potential. Thus, we obtain
three curves for every ion that demark the values of rIW and eIW

that reproduce the experimental values of DGsolv, DSsolv, and R1. In
Figs. 1 and 2, these curves are shown for halide anions and for al-
kali cations as solid, broken and dotted lines, respectively. The
symbols denote the optimal parameters we suggest. For Cl, Br,
and I, the solid and broken lines cross, the loci of which define
the optimal parameter values according to our optimization strat-
egy. For Br, the crossing point is not too far from the dotted line
(corresponding to the experimental value of R1 for Br), meaning
that the thermodynamically optimized Br force field also gets the
solvation structure quite right. By choosing Cl as the reference
ion, solid and broken lines for Cl by construction meet at one point,
the fact that the dotted line crosses at the same location is an
important validation of the Cl force field. For iodide, the three lines
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Fig. 2. Cation parameter optimization. The full lines show combinations of rIW and
eIW that reproduce the sum of experimental solvation free energies, DGsolv, of the
given cation and chloride when used in conjunction with the Smith–Dang
parameters for chloride [28]. The sum of experimental solvation entropies DSsolv

is reproduced by the dashed lines, and the position of the experimental first
maximum in the ion-oxygen RDF are shown as dotted lines. All curves are based on
analytical fitting functions. The symbols show our previously optimized parameters
[26] listed in Table 1.
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do not simultaneously meet, the point where the lines of DGsolv

(solid line) and DSsolv (broken line) cross was chosen as the optimal
parameter set, denoted by ‘1’, but we also consider in this Letter
alternative optimization strategies (leading to the force fields de-
noted by 2, 3, and 4). For fluoride, there is no crossing point, and
the point that reproduces DGsolv exactly and gives the smallest
error in DSsolv was chosen. For the cations, no crossing points at
all are obtained. Therefore, an unequivocal optimization of eIW

and rIW is not possible just based on single-ion bulk properties.
We thus choose three arbitrary values of eIW (1.00, 0.65, and
0.02 kJ/mol) and determine the respective values of rIW based on
the free energy of solvation curve (solid line). For every cation,
we thus end up with three parameter sets, labelled 1, 2, and 3 in
Fig. 2, which we use in the interfacial simulations. All parameter
sets are listed in Table 1.

Simple point charge models for water like SPC/E and associated
ion parameters are nothing but a crude approximation of the forces
acting in electrolytes. One possible improvement is the inclusion of
atomic polarizabilities. Ions, like any molecular or atomic species,
acquire an induced dipole moment in an electric field. In a quan-
tum-chemical framework, the value of the ionic polarizability can
be directly obtained from the response of the molecular wavefunc-
tion to an external electric field [29]. In a classical simulation, elec-
tronic polarization can be taken into account by including
parameterized atomic polarizabilities in the force field. In princi-
ple, such polarizable force fields have the potential to be closer
to the full quantum chemical description of molecular systems;
however, two severe drawbacks have so far prevented polarizable
force fields from reaching their full potential. As explained above,
even the rational optimization of the two Lennard-Jones parame-
ters for non-polarizable ionic force fields based on thermodynamic
bulk properties is not straightforward. A global optimization of io-
nic polarizable force fields has not been attempted so far, but it
seems plausible that the addition of a third parameter in the opti-
mization procedure further increases the complexity and ambigu-
ity. In the supplementary information, we actually show that a
polarizable ionic force field that was recently used for the simula-
tion of ion-specificity at an alkane self-assembled monolayer/
water interface [10], is inferior to properly optimized non-polariz-
able ionic force fields when applied to bulk solvation properties
(see Appendix). Secondly, polarizable force fields based on induced
point dipoles can show a polarization catastrophe: the iterative
procedure that self-consistently determines the induced dipoles
diverges for too large atomic polarizabilities. As shown in the sup-
plement, if a cutoff is used to regularize this divergence, another
parameter is introduced into the problem (see Appendix).

In this Letter we study the transferability of non-polarizable io-
nic force fields that have been optimized in bulk (as described
above) to an interfacial adsorption scenario. Specifically, we con-
sider the adsorption of halide and alkali ions to the air/water inter-
face. We present extensive single-ion simulations, from which we
extract single-ion interfacial potentials of mean force (PMFs). Feed-
ing those PMFs into a generalized mean-field Poisson–Boltzmann
(PB) approach, we calculate ionic density profiles, ionic surface ex-
cesses and interfacial tension increments. We validate the general-
ized PB approach by explicit MD simulations at salt concentration of
0.85 mol/l and find satisfactory agreement for the density profiles
and surface excess within the numerical error (see Appendix). Final-
ly, we compare the interfacial tension increment with experimental
data. At 1 mol/l, we almost quantitatively reproduce the experi-
mental interfacial tensions and in specific capture the Hofmeister
trends: the larger ions show a weaker increase of interfacial tension
and thus less repulsion from the interface. This transpires when
comparing NaI with NaF or when comparing CsCl with LiCl. Inter-
estingly, for Li we correctly observe the reversal of the Hofmeister
trend, i.e., Li is less repelled from the interface than the larger Na
ion. This effect we rationalize by the strong binding of the first sol-
vation shell of water, which makes Li appear larger. Our conclusion
from the simulation results is that non-polarizable ionic force fields
that are rationally optimized with respect to thermodynamic bulk
properties seem to capture interfacial effects quite well. The stron-
ger interfacial activity of the larger halide ions is described by an
adapted version of the theory of hydrophobic solvation developed
in the context of neutral solutes [30]. According to that theory,
the free energy cost to solvate a small neutral cavity scales with
the cavity volume. Since iodide is by far the largest of all ions con-
sidered by us, this suggests that adsorption of iodide at the air/
water interface is dominated by its partially hydrophobic nature.

2. Methods

2.1. Potentials of mean force (PMFs) of non-polarizable ions at the air/
water interface

Simulations are performed in a rectangular box of 30 Å � 30 Å �
90 Å. A slab of water comprised of 2670 water molecules is placed



Table 1
Lennard-Jones parameters of the non-polarizable force fields used for the description of ions in the molecular dynamics simulations. The parameters are optimized such that they
reproduce the solvation thermodynamics in a consistent manner, choosing chloride as a reference ion described by the Smith–Dang parameters [28]. For cations, an unambiguous
determination of the parameters is not possible, and three different parameter sets are used, for details see Ref. [26]. The labeling of the parameter sets is identical to Figs. 1 and 2.
rIW is given in units of Å, and eIW is given in units of kJ/mol.

Ion Set 1 Set 2 Set 3 Set 4

rIW eIW rIW eIW rIW eIW rIW eIW

Li 2.27 1.00 2.32 0.65 3.02 0.02
Na 2.65 1.00 2.70 0.65 3.49 0.02
K 2.97 1.00 3.03 0.65 3.85 0.02
Cs 3.25 1.00 3.30 0.65 4.17 0.02
F 3.30 0.55
Cl 3.78 0.52
Br 4.00 0.37
I 4.25 0.32 4.09 0.80 4.25 0.50 4.09 0.53

176 D. Horinek et al. / Chemical Physics Letters 479 (2009) 173–183
in the simulation box that spontaneously forms two air/water
interfaces normal to the z-axis, and one water molecule is replaced
by an ion. The simulations are done at a temperature of 300 K in
the NVT (constant number of particles, volume, and temperature)
ensemble. Periodic boundary conditions are applied, and long-
range Coulomb forces are calculated using particle-mesh Ewald
summation [31]. A cutoff radius of 11 Å is used for the van der
Waals interactions. We calculate the PMFs for ion adsorption at
the air/water interface. The studied ions are the alkali metal cat-
ions Liþ, Naþ, Kþ, Csþ, and the halide anions F�, Cl�, Br�, and I�.
The water model used is the extended simple point charge (SPC/
E) model [25], and the ion parameters, which are shown in Table
1, were previously optimized for reproducing thermodynamic bulk
solvation properties within molecular dynamics simulations [26].
In order to gain a feeling for the sensitivity of surface properties
on the ionic force fields employed, for iodide, we calculate the
PMF for three additional parameter combinations, also shown in
Table 1 and Fig. 1. The original parameters for iodide (set 1) repro-
duce the solvation free energy and the solvation entropy of iodide.
Set 2 reproduces the solvation free energy and the first maximum
of the ion-oxygen RDF. Set 3 reproduces only the first maximum of
the ion-oxygen RDF, and set 4 reproduces only the solvation entro-
py. In addition to the simulations for ions, we also calculate the
PMFs for neutral particles with Lennard-Jones parameters identical
to a fluoride ion and an iodide ion as given in parameter set 1 in
Table 1. All PMFs are calculated by umbrella sampling [32] (win-
dow spacing 0.25 Å, 1 ns simulation time), and WHAM [33]. In
every simulation the ion-oxygen RDF gIWðrÞ is obtained, from
which the coordination number

ncðrÞ ¼
Z r

0
4pr2gIWðr0Þdr0 ð1Þ

is derived. The average number of water molecules in the ion’s first
hydration shell is denoted as n1 ¼ ncðr1Þ, where r1 is the position of
the first minimum of the radial distribution function. In the evalua-
tion of n1 we assume that the position of the minimum of the radial
distribution function does not depend on the ion’s separation from
the Gibbs dividing surface, which is very well satisfied. All simula-
tions are performed with the GROMACS 3.3.1 [34] simulation package.

2.2. Simulations for polarizable ions

In the supplement we explain the methodology and show re-
sults for the bulk solvation free energy and the induced dipole dis-
tribution of polarizable ions (see Appendix).

2.3. Extended Poisson–Boltzmann equation

Our calculated PMFs are valid for infinite dilution only. The link
to experimental data at finite concentration is achieved with an
extended Poisson–Boltzmann (PB) approach, in which the PMF
from MD simulations, VPMF, is included. The extended PB equation
for unpolarizable ions reads [8,35,36,10]

�0
d
dz
�rðzÞ

d
dz

UðzÞ ¼ �
X

i

qic
bulk
i e� VPMF

i ðzÞ�qiUðzÞ½ �=kBT ; ð2Þ

where qi is the charge of ions of type i; cbulk
i is their bulk concentration,

and �0 is the dielectric constant of vacuum. �r is the relative dielectric
constant, which is assumed to be constant. The extended PB equation
is solved numerically with the boundary conditions that the poten-
tial UðzÞ is (i) zero inside the water bulk ðz!1Þ and (ii) constant
in the vapor phase ðz! �1Þ. The numerical solution is performed
on a one-dimensional grid with a lattice constant of 1 pm, for which
discretization effects are negligible. Validation of the PB approach is
done by comparison to MD simulation at a finite salt concentration of
0.85 mol/l, as explained in the supplement (see Appendix).

2.4. Surface tension

The surface tension change is obtained from the surface excess

Ci ¼
Z zGDS

�1
ciðzÞdzþ

Z 1

zGDS

ciðzÞ � cbulk
i

� �
dz; ð3Þ

where ciðzÞ ¼ cbulk
i e�½V

PMFðzÞþqiUðzÞ�=kBT is the local concentration of spe-
cies i as a function of z. The location of the Gibbs diving surface zGDS

is defined by the requirement that the surface excess of water, Cwat,
vanishes. For a given bulk concentration cbulk

i , the concentration
profiles ciðzÞ are obtained self-consistently from the converged solu-
tion of the extended PB equation. The Gibbs equation relates the
surface excess to the change in surface tension. For ideal solutions,
i.e. assuming that the activities equal the concentrations, it reads

DcðcbulkÞ ¼ �kBT
Z cbulk

0
dc0

X
i

Ciðc0Þ
c0 : ð4Þ

Corrections due to the non-ideality of the solution are quite small
and can be neglected for most practical applications [37]. The inte-
gration in Eq. (4) is performed numerically in steps of 0.01 mol/l.

3. Results and discussion

For all cation force-field parameters given in Table 1, the PMF
for a single ion at the air/water interface is shown in Fig. 3a. All cat-
ions are repelled, there is no free energy minimum close to the
interface. For every cation species, three different parameter sets
are studied. For a given alkali ion, the PMFs obtained with
eIW ¼ 0:65 kJ=mol and eIW ¼ 1:0 kJ=mol are very similar. The PMFs
obtained with eIW ¼ 0:02 kJ=mol differ more significantly from the
two other ones. This shows that the interfacial properties of a
cation are to a good approximation but not entirely determined
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Fig. 3. Potentials of mean force at the air/water interface obtained by molecular
dynamics simulations for (A) alkali metal cations with the parameter sets 1, 2, and 3
shown in Table 1 and (B) halide anions with the parameter set 1 used for iodide. All
cation potentials of mean force are repulsive. For all three parameter sets, the
repulsion of Liþ , the smallest cation, is significantly weaker than for the other
cations. For the halides, there is a clear ordering of the potentials of mean force: the
largest anion, iodide, is attracted to the interface, the smaller anions are increas-
ingly repelled from the interface with decreasing ion size.
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by its solvation free energy, which is identical for the three param-
eter sets. In fact, the trends are similar for the three force field sets:
lithium, despite its small radius, feels the least repulsion from the
interface. This observation is notable, because the image repulsion
an ion experiences at the air/water interface is, according to a sim-
ple dielectric continuum model, strongest for small ions [38]. So-
dium, the second smallest cation, feels the strongest repulsion.
For the larger potassium ion, the repulsion is weaker than for so-
dium, but slightly larger than for cesium, the biggest cation in
our study. The unexpected behavior of lithium is related to its
strongly bound first solvation shell of water. To explore this fur-
ther, in Fig. 4, we show the average number of water molecules
in the first solvation shell of all cations, n1, as a function of the ion’s
separation from the interface. For lithium, the first solvation shell
stays intact for all separations from the interface. For the larger cat-
ions, the first solvation shell partially dissolves as they approach
the interface: n1 decreases steadily as the ions get closer to the
Gibbs dividing surface. Thus, in our simulations we observe the
PMF of a fully solvated lithium, which has an effectively large ra-
dius, while the PMFs of the larger cations takes the gradual degra-
dation of the solvent shell as the ions approach the interface into
account. It seems plausible that a continuum model based on a
dielectric sphere corresponding to the bare ionic radius breaks
down for the larger cations, in line with our simulation results.

For the anions described by parameter set 1 in Table 1, the PMFs
are shown in Fig. 3b. The large iodide ion is considerably attracted to
the air/water interface: there is a 2 kJ/mol deep minimum in the PMF
2 Å away from the Gibbs dividing surface. We do not observe a min-
imum in the PMFs for the smaller halide ions. Bromide, chloride and
fluoride are increasingly repelled from the interface with decreasing
distance to the GDS. This behavior qualitatively agrees with polariz-
able force field simulations, but we note that the surface enhance-
ment we observe for iodide is much milder than previously
obtained for polarizable force fields [16,43]. In fact, our results for
non-polarizable force fields seem to suggest that ionic polarizability
is not essential for iodide to adsorb to the air/water interface, in
agreement with other recent simulation studies [21–23].

In order to gain understanding of the mechanisms involved in
the surface activity of the large halide ions, we turn to neutral par-
ticles for the moment. In Fig. 5b we show the PMFs for neutral par-
ticles with the Lennard-Jones parameters corresponding to fluoride
and iodide ions. In this figure, we also show as solid lines the pre-
dictions from a simple theory for the solvation free energy of a
hydrophobic spherical cavity as a function of the separation from
the air/water interface. This theory is a generalization of the so-
called information theory approach to hydrophobic solvation in
bulk [30]. According to that theory, the solvation free energy of a
hard-sphere cavity of radius R is essentially equal to the logarithm
of the probability of spontaneously forming a void matching the
cavity volume. In the supplement we apply the information theory
approach to SPC/E water and show that the bulk solvation free en-
ergy for the radii of interest in the current context can be accu-
rately described by the expression lex ¼ n4pR3=3 and thus is
proportional to the cavity volume, as shown previously [30]. The
prefactor for SPC/E water is given by n ¼ 0:195 kJ=mol Å

�3
(see

Appendix). Following the idea of Bocquet and coworkers [22], we
model the solvation free energy of a sphere that partially pene-
trates the air/water interface as proportional to the fraction of its
volume that is still immersed in water. For a sharp air/water inter-
face located at z ¼ 0 and a sharply defined cavity surface of radius
R, the z-dependent solvation free energy (with the reference state
defined as the bulk solvated state) thus reads

V0
cavðzÞ=n ¼

� 4p
3 R3 z < �R;

� 2p
3 R3 þ pR2z� p

3 z3 �R < z < R;

0 z > R:

8><
>: ð5Þ

However, both the planar air/water interface and the water
interface surrounding the spherical cavity are rough. The intrinsic



Fig. 4. (A) Cation coordination number in the first solvation shell, n1, as defined in
Eq. (1), as a function of its distance z from the Gibbs dividing surface. Simulations
are done with the cationic parameter set 3. (B) Radial distribution function gIWðrÞ
and coordination number ncðrÞ for Liþ , Naþ , Kþ , and Csþ obtained from simulations
with the parameter set 3 (eIW ¼ 0:02 kJ=mol) for z ¼ 8:5 Å. The arrows indicate the
positions of the first minimum of gIWðrÞ, which defines the number of water
molecules in the first solvation shell, n1. The steady decrease of the first shell
coordination number n1 for Naþ , Kþ , and Csþ as the ion gets closer to the interface
indicates reduced ion hydration. In contrast, the first solvation shell of Liþ stays
intact. This intuitively explains the finding that lithium feels the least repulsion
from the interface of all cations. The ion radii (the first maximum of gIWðrÞ) are
1.91 Å (Li), 2.28 Å (Na), 2.54 Å (K), and 2.79 Å (Cs).

Fig. 5. (A) Schematic picture of the solvation of a hydrophobic sphere of radius R
that partially penetrates the vapor/liquid interface. The inset shows the actual
water density profile �qðzÞ from the simulation. (B) Potentials of mean force for
adsorption of neutral Lennard-Jones particles with parameters of fluoride and
iodide. Shown are simulation results (noisy curves) and theoretical results from the
adapted hydrophobic solvation theory, Eq. (6), without accounting for a deforma-
tion of the air–water interface, i.e. Dz ¼ 0. The cavity radii R for the theoretical
estimates are obtained from the position of the first maximum in the corresponding
ion-water radial distribution function, RF ¼ 2:74 Å and RI ¼ 3:55 Å, further details
are given in the supplement (see Appendix). The qualitative agreement is good.
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interfacial broadness of the planar air/water interface leads to a
smeared-out normalized density profile �qðzÞ ¼ 0:5½1þ tanhð2z=wÞ�,
where the intrinsic width w ¼ 3:3 Å was recently extracted from
MD simulations [39]. Since the smearing of the solvation interaction
involves the simultaneous influence of two interfaces, we take as an
effective width twice that value, i.e. w ¼ 6:6 Å. The solvation energy
at the broadened interfaces is then given by the convolution

VcavðzÞ ¼
Z 1

�1
V0

cavðz0Þ�q0ðz� z0 � DzÞdz0; ð6Þ

where the shift Dz accounts for a deformation of the planar air/
water interface due to the presence of a particle or ion close to
the interface and �q0ðzÞ ¼ d�qðzÞ=dz. For the effective radii R of the
cavities we use the first maximum in the ion-oxygen RDF,
RF ¼ 2:74 Å and RI ¼ 3:55 Å, details are given in the supplement
(see Appendix). Fig. 5b shows that the theoretical solvation interac-
tion Eq. (6) (where we put Dz ¼ 0 for the moment) gives a good esti-
mate of the actual PMF of uncharged particles. In the simulations,
the free energy drops by 16 kJ/mol when a ‘neutral fluoride’ particle
leaves the water phase, very close to what is obtained from Eq. (6).
For the ‘neutral iodide’ particle the free energy change in the simu-
lation (�39 kJ/mol) is slightly underestimated by Eq. (6) (�36 kJ/
mol). Allowing for a shift of the interface position via the parameter
Dz is justified since the presence of a hydrophobic particle close to
the interface leads to considerable interface deformation. In Fig. 7
we show snapshots from simulations of iodide and fluoride ions
and their neutral counterparts at the air/water interface. The largest
interface deformation is observed for the neutral iodide species in
(c), but even the charged iodide species in (a) shows considerable
deformation. The effect is reduced but still visible for the smaller
neutral fluoride species in (d), and only for the charged fluoride
ion in (b), there is no visible bending of the interface. The ion keeps
an intact first solvation sphere upon approach to the interface,
which demonstrates the strong water binding affinity of the small
fluoride ion. What we directly appreciate from these snapshots is
that even the charged iodide ion behaves as a hydrophobic particle
when it approaches the interface and sheds off a large fraction of its
water hydration shell.



Fig. 6. Difference in potential of mean force at the air/water interface,
DVX ¼ VX � VF , relative to fluoride of chloride (red), bromide (black), and iodide
(blue). The three noisy curves are the differences derived from the simulation data
for the charged ions (shown in Fig 3). The smooth curves are the differences derived
from the hydrophobic solvation theory for neutral particles adapted to the
interfacial geometry, Eq. (6). The dashed lines are obtained without shifting the
interface ðDz ¼ 0Þ, the full lines are obtained with shifts of Dz ¼ 0:1 Å (chloride),
Dz ¼ 0:25 Å (bromide), and Dz ¼ 0:8 Å (iodide). The shift for fluoride is zero. The
cavity radii R for the theoretical estimates are obtained from the position of the first
maxima in the corresponding ion-water radial distribution function, RF ¼ 2:74 Å,
RCl ¼ 3:23 Å, RBr ¼ 3:35 Å and RI ¼ 3:55 Å, further details are given in the supple-
ment (see Appendix).

Fig. 8. Interfacial tension increment at the air/water interface as a function of the
salt concentration for alkali halides obtained from the Gibbs adsorption equation,
Eq. (4), in conjunction with the extended Poisson–Boltzmann equation, Eq. (2). The
input for the extended Poisson–Boltzmann equation are analytical fit expressions of
the potentials of mean force from the simulations in Fig. 3 (see Appendix). The force
fields used are the parameter sets 1 (anions) and 3 (cations).
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For charged ions at the air/water interface, the question now is
whether the hydrophobic solvation of uncharged species, studied
in Fig. 5, can explain the interfacial activity observed with iodide.
To separate effects due to the ion’s charge, which are less ion-spe-
cific than the strongly ion radius dependent hydrophobic solvation
effects, we subtract the fluoride PMF from the other halide PMFs. In
Fig. 6 we show these differential PMFs, DVX ¼ VX � VF, for Cl, Br,
and I. Since the small fluoride ion feels the strongest repulsion at
the air/water interface, DVX is increasingly negative for Cl, Br,
and I. Also shown are the corresponding differences of the theoret-
ical predictions according to Eq. (6), using the corresponding ionic
radii R and for zero shift Dz ¼ 0 (broken lines). The theoretical pre-
dictions account reasonably for the differential PMFs of the anions.
Note also that the results for uncharged and charged species are
comparable, lending support to the idea that the ion-specific differ-
ence of the halide PMFs is due to hydrophobic solvation effects. The
agreement between Eq. (6) and the MD results becomes nearly
ideal, when we allow for a finite shift Dz of the interfacial solvation
potential. In Fig. 6 we also show the predictions for the differential
Fig. 7. Snapshots of simulations of (a) an iodide ion, (b) a fluoride ion, (c) a neutral parti
Lennard-Jones parameters of fluoride. The snapshots are taken from simulations in which
water phase. In snapshots (a) and (c) it is seen that iodide bends the interface in the neu
interface bending is only weak, and for the charged fluoride in (b) bending is completel
PMFs according to Eq. (6) with a fitted shift Dz ¼ 0:8 Å for iodide,
Dz ¼ 0:25 Å for bromide, and Dz ¼ 0:1 Å for chloride as solid lines
(while the shift for fluoride was assumed to vanish). This shows
that the ion-specific part of the interaction of anions with the
air/water interface, which we single out by looking at the differ-
ence between the PMFs of two different ions, is well-described
by standard hydrophobic solvation theory that is adapted to the
interfacial geometry. We conclude that polarizability effects most
likely have only a small influence on the interfacial activity of
ions, and in specific are not responsible for the ion-specificity of
cle with the Lennard-Jones parameters of iodide, and (d) a neutral particle with the
the ion is restrained to a position 2.5 Å away from the Gibbs dividing surface in the

tral and (weaker) in the charged version. For the smaller neutral fluoride in (d) the
y absent.
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interfacial ion adsorption. This conclusion was also reached based
on previous simulations employing polarizable force fields for ions
at hydrophobic substrates [10] and will be discussed in more detail
further below.

In Fig. 8 we show the interfacial tension increment with respect
to the bare air/water interface as a function of salt concentration
for all possible ion combinations using the alkali force field set 3,
calculated according to the extended PB Eq. (2) and the Gibbs
equation (4). The PB approximation is a mean-field approach that
is known to fail both for highly concentrated salt solutions because
of the neglect of excluded-volume interactions and for highly
charged ions because of the neglect of correlation effects [40]. In
order to check that the approximations inherent in the PB formal-
ism do not lead to drastic errors, we calculated ion concentration
profiles at finite concentration cbulk ¼ 0:85 mol=l for NaI and NaBr
both within the extended PB formalism and by MD simulations
(see supplement). The statistical fluctuations of the MD concentra-
tion profiles are considerable even after 100 ns simulation runs, in
contrast to previous MD simulations employing polarizable force
fields [18,41]; the reason for this is that the PMFs in the present
case show a much less pronounced minimum for iodide and no
minimum at all for bromide and thus the concentration variations
in the profile are very moderate. Nevertheless, MD simulation and
PB concentration profiles agree quite well which serves as a valida-
tion of our extended PB procedure (see Appendix). Note that the
cbulk ¼ 0:85 mol=l case is an upper estimate of the expected devia-
tions between MD and PB, since the concentration profiles by def-
inition become identical as one approaches the infinite-dilution
limit. The interfacial tension increments in Fig. 8 exhibit a nearly
γ
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γ
γ

ε

ε

ε

ε
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Fig. 9. (A) Interfacial tension increment of sodium halide solutions at concentration
1 mol/l. (B) Interfacial tension increment of 1 mol/l alkali chloride solution. Full
circles show experimental data from Ref. [42], the open symbols show our
predictions obtained by the extended Poisson–Boltzmann modeling. For the sodium
halides, the qualitative trend that the surface tension becomes smaller for the series
Cl–Br–I is reproduced. The experimental results of the alkali chloride solutions
show a maximum in the surface tension for sodium. This maximum is reproduced
by our modeling results.
linear dependence on the salt concentration, in agreement with
experimental results [42], the slopes of which correlate in a quite
intuitive manner with the PMFs in Fig. 3. The less repulsive the
PMF for the anion, the smaller the slope of the interfacial tension
becomes; for iodide this even leads to negative interfacial incre-
ments for LiI, KI and CsI. To quantitatively relate to experiments,
in Fig. 9 we compare our PB predictions for the interfacial tension
increment at cbulk ¼ 1 mol=l for (a) sodium halide solutions and (b)
alkali chloride solutions with experimental data [42]. The compar-
ison is almost quantitative, the Hofmeister trend as the ion size in-
creases is well captured, and even the anomaly of the lithium
chloride interfacial tension, which is smaller than the surface ten-
sion of a sodium chloride solution, is reproduced. The only glitch is
NaF, for which we predict a larger tension than for NaCl, in contra-
diction to the experimental situation. This failure is not surprising,
as the parameter optimization for fluoride did not work as well as
for Br, Cl and I due to the non-crossing between the energy and en-
tropy solvation curves (see Fig. 1). The variance between the three
different alkali force fields, denoted by the open symbols in Fig. 9,
is quite small, considering the vast difference of the actual Len-
nard-Jones parameter between the three alkali parameter sets
(compare Fig. 2). The overall agreement between our predictions
and the experimental data gives not only confidence into our
force-field optimization strategy, it also suggests that the force
fields, which are optimized in bulk, are transferable to interfacial
Fig. 10. Potentials of mean force for iodide at the air/water interface based on four
different trial parameter combinations shown in Fig. 1. The four potentials of mean
force differ significantly.



l

Fig. 11. Incremental interfacial tension for NaI. The sodium parameter is taken
from: (A) parameter set 1 in Table 1 (eIW ¼ 1:0 kJ=mol), (B) set 2 (eIW ¼ 0:65 kJ=mol),
and (C) set 3 (eIW ¼ 0:02 kJ=mol). Results for the four different iodide trial parameter
sets, denoted by numerals 1, 2, 3, 4, as indicated in Fig. 1, are shown. The interfacial
tension is calculated from the Gibbs adsorption equation (Eq. (4)) and the extended
Poisson–Boltzmann equation (Eq. (2)). Also shown is the interfacial tension from
previous simulations with polarizable ion parameters [43,10] (dashed-double
dotted line) and the experimental data (solid line with crosses).
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situations. This transferability of bulk-optimized force fields is a
priori not guaranteed but clearly of great importance, because it
implies that non-polarizable force fields should be able to correctly
model ion-specific situations where ions are present both at inter-
faces and in bulk (the normal situation for simulations involving,
e.g. protein surfaces). For the alkali metal cations, the interfacial
adsorption strength seems to be largely invariant with respect to
the position along the constant solvation free energy curve, which
leaves the freedom to potentially optimize the force-field parame-
ters with respect to some additional experimental observable.

The largest error is obtained for NaI; to look into this issue and
at the same time investigate the sensitivity of interfacial ionic
adsorption on force-field variations, we show in Fig. 10 the PMFs
for the four different trial iodide parameter sets indicated in
Fig. 1. In Fig. 11 we show the interfacial tension increments as a
function of salt concentration. For comparison, we also show re-
sults obtained previously for polarizable force fields [43,10]. Set
1, which reproduces the solvation free energy and the solvation en-
tropy, underestimates the interfacial tension. Set 3 gives an even
lower interfacial tension, which is not a surprise as the PMF exhib-
its a more pronounced minimum than set 1 (see Fig. 10). Sets 2 and
4 yield the best agreement with the experimental interfacial ten-
sion data. Sets 1 and 2 yield the same solvation free energy of io-
dide and the actual Lennard-Jones parameters differ only very
little, yet they predict a quite different interfacial affinity as judged
from the PMFs and interfacial tensions. This is quite different from
alkali cations, where wide force-field variations along the constant
solvation free energy line only lead to moderate interfacial tension
changes. This means that a further refinement of ionic force-field
parameters with respect to interfacial affinity is in principle possi-
ble, especially for the case of anions. The polarizable NaI force-field
parameters predict a negative interfacial tension increment, see
Fig. 11, in contrast to experimental data, which is caused by a
strongly attractive minimum in the PMF with a depth of more than
6 kJ/mol [43]. We conclude that the polarizable force fields de-
scribe the interfacial affinity of iodide less accurate than our
bulk-optimized non-polarizable force fields.

4. Conclusions

We describe the use of recently bulk-optimized non-polarizable
ion parameters for the study of adsorption properties at the air/
water interface. The surface affinity of iodide turns out to be quite
small, and exhibits an attractive minimum in the potential of mean
force of only about 2 kJ/mol. The difference of the interfacial affin-
ity between the halide anions, i.e. the ion-specific contribution, can
be explained by an interface-adapted version of the standard the-
ory of hydrophobic solvation. Since the interfacial affinities are
quite small, straight MD simulations at finite concentrations are
not able to yield properly converged concentration profiles and
therefore cannot be used to calculate interfacial tensions according
to the Gibbs equation. We therefore employ an extended Poisson–
Boltzmann equation based on the simulated ionic potentials of
mean force. The calculated interfacial tensions agree almost quan-
titatively with experimental data and capture the Hofmeister trend
as well as the anomalous behavior of lithium. We conclude that
properly bulk-optimized ionic force fields are transferable to inter-
facial situations and we thus explicitly demonstrate the linkage be-
tween bulk and interfacial Hofmeister ion-specific effects for the
(admittedly simple) case of the air/water interface.

We finally comment on the performance of polarizable versus
non-polarizable force fields in the context of interfacial electrolyte
simulations. Although the orientational polarizability of water is
much larger than its atomic polarizability, there is no doubt that
atomic polarization occurs and is important especially for water
and ions that are close to other small ions. In fact, quantum chem-
istry calculations demonstrate that polarizability effects give, e.g.,
for NaCl a sizeable contribution to the ion–ion interaction energy
of about 25 kJ/mol in vacuum and alone are sufficient to explain
the ionic binding energy without the need to invoke additional
quantum-chemical effects [44]. On a more simplistic level, a polar-
izable force field with three adjustable parameters should allow for
a more faithful description of reality than a non-polarizable force
field with just two parameters. Nevertheless, the polarizable ionic
force field from literature that we have tested is not well-opti-
mized and proves inferior to well-optimized non-polarizable force
fields. As shown in detail in the supplement, the solvation free
energies of sodium halides obtained with the polarizable force field
[43] are off from experimental values by typically 40 kJ/mol,
whereas our optimized non-polarizable force fields bring that error
down to about 1 kJ/mol (see Appendix). In light of this, it is not sur-
prising that the interfacial tension increment of NaI at 1 mol/l
comes out qualitatively wrong with the polarizable force field, as
shown in Fig. 11. Furthermore, if damping schemes are used in
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polarizable force-field simulations to avoid the polarization catas-
trophe, an additional force-field parameter is introduced that can,
in extreme cases, decisively influence the simulation results, as
we show in the supplement (see Appendix). It is often argued that
ions with a large polarizability preferentially adsorb on aqueous
interfaces because of the pronounced electric fields associated with
interfacial water dipole orientations, for a detailed discussion see
Ref. [45]. Besides the fact that hydrophobic solvation effects alone
are sufficient to explain the interfacial activity of, e.g. iodide ob-
served in the simulations (as we show in this Letter), this argument
is seriously flawed, as the excess polarizability (i.e. the difference
between the ion’s polarizability and the polarizability of the dis-
placed water) is negative [44]. Previous comparisons between
the performance of polarizable and non-polarizable force fields in
interfacial geometries used inferior non-polarizable force field
parameters and therefore have only limited suggestive power.
Likely, this will change in the future when rigorously optimized
polarizable force fields are available.
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