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ABSTRACT: We demonstrate that the driving forces for ion adsorption to the air−water
interface for point charge models result from both cavitation and a term that is of the form
of a negative electrochemical surface potential. We carefully characterize the role of the free
energy due to the electrochemical surface potential computed from simple empirical models
and its role in ionic adsorption within the context of dielectric continuum theory. Our
research suggests that the electrochemical surface potential due to point charge models
provides anions with a significant driving force for adsoprtion to the air−water interface.
This is contrary to the results of ab initio simulations that indicate that the average
electrostatic surface potential should favor the desorption of anions at the air−water
interface. The results have profound implications for the studies of ionic distributions in
the vicinity of hydrophobic surfaces and proteins.

SECTION: Liquids; Chemical and Dynamical Processes in Solution

Wolfgang Pauli used to say, “God made the bulk; the
surface was invented by the devil.”1 Pauli’s frustration

referred to solid surfaces, which are relatively simple compared
to liquid interfaces. Besides the broken symmetry associated
with the solid surface, liquid−liquid and liquid−air interfaces
exhibit capillary fluctuations, making their study even more
difficult. If one of the liquid phases contains a mixture 
solvent plus solute  then the level of complexity deepens. We
can only speculate about what Pauli would say about such a
confounding geometry.
The first clues to the behavior of ions near the air−water

interface came from the measurements of excess surface tension
of electrolyte solutions.2 In particular, it was observed that
halide salts increase the surface tension of the air−solution
interface. For this to be the case, thermodynamics requires that
ions must be depleted from the interfacial region.3 Electro-
chemical measurements of Frumkin showed that the electrolyte
solutions possess an electrostatic potential gradient across their
surface.4 Frumkin’s work clearly indicated that cations and
anions can behave very differently near the surface by
demonstrating that anions are closer to the surface than
cations. Frumkin’s work was also consistent with another more
than 100 year old mystery: the Hofmeister series of electrolyte
solution.4 In 1888, Hofmeister observed that various mono-
valent electrolytes have very different effects on protein
solutions.5 Whereas some electrolytes help solubilize proteins,
denaturing them in the process, others lead to protein
precipitation. The interaction of ions with surfaces, such as

water−protein or air−water interfaces, has remained an
outstanding puzzle of physical chemistry.
Indications to the mechanism of the ion−surface interaction

started to appear when computational methods, hardware, and
software became sufficiently powerful to allow realistic
microscopic simulations. The work of Berkowitz on small
water clusters in the early 1990s6 and of Jungwirth and Tobias
(JT) on extended air−water interface a decade ago brought to
the attention of the physical chemistry community a new
phenomenon associated with aqueous electrolytes,7 namely,
that soft, polarizable anions can adsorb to the air−water
interface.
Levin and coworkers have recently shown that it is possible

to explain quantitatively the surface tension measurements and
the surface adsorption of large polarizable anions in terms of a
dielectric continuum theory (DCT) that explicitly takes into
account the finite size and a full polarization response of the
ions comprising the electrolyte to the presence of the
interface.8−10 By using the accepted literature values of anionic
radii and polarizabilities, the radius of the hydrated sodium
counterion was fit to reproduce quantitatively the surface
tension data of the alkali halide and other oxyanion salts. The
results of this polarizable anion dielectric continuum theory
(PA-DCT) were qualitatively consistent with the original work
of JT.
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An important difference between PA-DCT theory and JT is
that the predicted amount of adsorption for the most
polarizable iodide anion is significantly less in the former.
State-of-the-art direct surface measurements suggest that there
is indeed adsorption of large polarizable anions to the air−water
interface.11−13 However, precise measurements on the degree
of anion adsorption at low concentrations usually rely on using
the Gibbs’ adsorption isotherm (GAI) that relates surface
excess of anions to the electrolyte concentration dependence of
the surface tension.14 For the case of iodide, the large
adsorption free energies predicted by JT would produce
concentration-dependent surface tensions that characterize
surfactants rather than electrolytes.
Although quantitatively different, both JT and the PA-DCT

approaches point to the fundamental role of ionic polarizability
for ion adsorption. Recently, a potential of mean force (PMF)
of iodide at the air−water interface was computed using
molecular interactions based on the density functional theory
(DFT) (a so-called ab initio simulation that naturally takes into
account the full polarization response of the anion to the air−
water interface) and yielded results in almost quantitative
agreement with the PA-DCT.15

In a recent study, Horinek and coworkers have fit a
nonpolarizable point charge, soft-sphere interaction potential
for the alkali-halide salts in a fixed charge nonpolarizable water
model. The resulting PMF obtained from the simulation was
fitted to reproduce the experimentally measured surface
tensions as a function of electrolyte concentration.16 Interest-
ingly, the PMF of a single iodide anion from the ab initio
calculation and the PA-DCT compares well to the work of
Horinek and coworkers: all of the PMFs contain a shallow
minimum that is less than kBT, where kB is Boltzmann’s
constant and T = 300 K. This is to be contrasted with the
PMFs of iodide obtained with a polarizable force field similar to
those used in the original study of JT that predicts the surface
adsorption of roughly 3kBT.

15,17 The results of the fitted
nonpolarizable force fields of Horinek and coworkers18,19

provide additional validation of the depth of the PMF
minimum at the surface that is necessary to be consistent
with surface tension measurements. However, other questions
regarding the role of polarization in the driving force of anions
to interfaces remain unanswered.
The purpose of this Letter is to show that the driving force

for adsorption of large halide anions when using nonpolarizable
point charge models for both the anion and water is due to very
different physics than the ab initio MD simulation and PA-
DCT. We do not dispute the success of point charge models
(e.g., SPC/E) for describing a range of both bulk and interfacial
properties of neat water.20,21 However, clues to a possible
model dependence for the driving force of anions to interfaces
may lie in the surface potential of the neat air−water interface
that could strongly influence ionic adsorption.19 The surface
potential of the air−water interface computed utilizing a
classical point charge model, −0.6 V, differs in both sign and
magnitude with the ab initio result of +3 V.22−24 In this study,
we will make a distinction between the electrochemical surface
potential  the PMF that an ion experiences due to the
presence of an interface  and the average electrostatic
potential due to the presence of the interface, which is the
surface potential.
The PA-DCT is based on the assumption that there is no

signif icant free-energy contribution from the electrochemical
surface potential across the neat air−water interface. This

ansatz is corroborated by the good agreement of the computed
electrochemical surface potentials with PA-DCT and the
measurements of Frumkin on electrolyte solutions, which are
indeed small (on the order of millivolts).4 An important
conclusion that arises from the comparison of PA-DCT and ab
initio simulations is that ions in the DFT approximation, for
reasons that are not completely clear at this time, feel an
electrochemical surface potential of the air−water interface that
is nearly zero.13,15,25

In this Letter, we will isolate the effect of the electrochemical
surface potential on driving ions to interfaces by examining the
solvation of a hard-sphere ion in both an SPC/E model of
water and a Stockmayer fluid, which by symmetry has no
surface potential. Through the choice of a hard-sphere solute
we can cleanly isolate the volume-dependent cavitational
energy from the dielectric response of the charging process.
Therefore, we will demonstrate that the models presented
herein provide a straightforward decomposition of the ion
adsorption propensity into cavitation and self-energy. The tug-
of-war between the cavitation and self-energy penalty usually
favors the bulk ionic solvation for nonpolarizable models of
anions. However, we will show that for fixed point charge
models of ions and water there is an additional contribution to
the free energy due to the electrochemical surface potential of
the air−water interface. From these results, two important
findings will emerge: first, it will be shown that the free energy
due to the electrochemical surface potential that a charged hard
sphere feels as it approaches the interface is not the average
surface potential of the air−water interface as is normally
computed.19,24,26,27 Second, we will demonstrate that the
principles of anion adsorption are model-dependent. The
fundamental role of the electrochemical surface potential as the
driving force of ions to interfaces found in point charge models
appears to be inconsistent with the mechanism that arises when
a quantum mechanical description of the charge density is
utilized.
An extended interfacial system containing 215 solvent

molecules and a single iodide anion was modeled in slab
geometry within a supercell of 15 × 15 × 75 Å3. This choice of
system size has been shown to produce a stable bulk liquid in
the center of the slab and is able to quantitatively reproduce
structural properties of larger system sizes that have been used
elsewhere.21

It is clear from our results (see the Supporting Information
(SI)) that we have a stable liquid for the Stockmayer fluid that
can be used to embed a charged hard sphere cavity. Moreover,
the surface potentials for both the Stockmayer and SPC/E fluid
can be computed using the simple formula first presented by
Wilson et al.28 The resulting surface potential for SPC/E water
is in excellent agreement with all studies performed on this
system to date yielding a value of roughly −0.6 V and validating
our choice of system size. As expected, due to symmetry, the
Stockmayer fluid yields a value of ∼0 V. To make contact with
a DCT we estimate the dielectric constant of both SPC/E
water and the Stockmayer fluid using the same number of
solvent molecules in a cubic box at the estimated bulk density.29

The dielectric constant for the SPC/E (65) is in good
agreement with the reported values for 216 water molecules by
van der Spoel et al. (69),29 as our estimated bulk density is a bit
lower.
Therefore, we are positioned to compare the statistical

mechanics of ion adsorption of a dielectric medium with zero
and finite values of the surface potential. The DCT presented
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herein is built by considering various contributions to the
solvation free energy of a hard-sphere ion (which differs from
the PA-DCT discussed above). We first note that to transfer an
ion into water requires the creation of a cavity. For small
cavities, <4 Å, the cavitational energy is proportional to the
volume of the cavity. When the ion of charge q moves across
the interface, the cavitation energy decreases proportionally to
the volume exposed to the vapor phase. The cavitation energy
for an ion of radius a located at distance z [−a,a] from the
Gibbs dividing surface (GDS)30 (positive z is toward water) is
given by

β = + −⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠F z a

z
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z
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where Fcav is in units of kBT and the prefactor is in units of Å−3.8

When the ion is in the bulk water, its electrostatic field is
screened by the surrounding water molecules so that the
electrostatic self-energy is βFself = λB/2a, where the Bjerrum
length is λB = e2/εwkBT. When the ion is at distance z = a from
the interface, besides its interaction with the water molecules, it
also interacts with the induced charge on the dielectric
interface. The electric field produced by the induced charge is
exactly the same as the field produced by a point image charge
located across the interface. Because the dielectric contrast
between water and air is so large, the image charge has the same
sign and magnitude as the ion and is located at z = −a. The
electrostatic self-energy of an ion located at z = a can then be
easily calculated to be βFself(a) = 3λB/4a. When the ion crosses
the interface and is at z = −a, it sees an image in water, which
has the charge −q, and the self-energy is therefore βFself(−a) =
εwλB/4εaira. Unfortunately, there is no simple way to calculate
the self-energy for an ion that has only partially penetrated the
interface; the energy will depend on the precise model that is
used to treat the interior of an ion, and even simple models
result in very complicated mathematical expressions.31 Within
the mixed dielectric model of Tamashiro and Constantino,31 we
can make an estimate of the electrostatic self-energy of an ion

located at z = 0, βFself(a) = 5.2λB/a, for the SPC/E water with
εw = 65. We can now interpolate between the different limits to
obtain Fself(z) on the interval [−a,a]
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Finally, we relate the −0.6 V surface potential of SPC/E water
to a free energy difference across the air−water interface. If we
approximate this free energy as a discontinuous drop across a
point dipole layer, then we obtain the following model for free
energy change due to the surface potential as the ion moves
across the GDS

β χ= −F z q z a( ) (1 / )pot (3)

Here χ will be determined by the value of the electrochemical
surface potential. Combining all of these contributions, we
obtain the total potential for the ion in the SPC/E water,
Fspce(z).
For the Stockmayer liquid there is no free energy due to the

electrochemical surface potential contribution to the solvation
free energy. The cavitational energy is more difficult to define
because the air−water interface of the Stockmayer liquid is very
diffuse. However, if we adjust the energy scale so that the ion is
fully solvated at one ionic radius from the GDS, then the
cavitation energy can be written as
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The electrostatic self-energy of an ion inside a Stockmayer
liquid with εw = 140 is
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and the total energy Fstock(z) is the sum of these two
contributions.

Figure 1. Potential of mean force of transferring a hard-sphere anion with varying charge across the liquid−air interface (negative z bulk, positive air)
by molecular simulations in a Stockmayer (b) and SPC/E (d) fluid compared with DCT results for ions with fixed charge with ε = 140 and 65,
respectively. Each curve represents a different charge state of the hard sphere. The excellent qualitative agreement with DCT is apparent in both
cases, indicating that DCT theory presented here for hard charged sphere adsorption does contain the essential physics to model the adsorption seen
in our molecular simulations. The Stockmayer fluid is modeled with an electrochemical surface potential of χ = 0, and the SPC/E water employs the
value χ = 5.82 in eq 3. Without the electrochemical surface potential, the cavity should have the lowest free energy of adsorption. For the SPC/E, it is
clear this is not the case, and the subtle effects obtained from molecular simulation are within the error bars of the WHAM method32,33 (see Figure 3
in the SI). For completeness, we have presented the PMF for q = −1 (a fully charged monovalent ion) for comparison with the DCT model in the
SI, where similar agreement is obtained. Therefore, it is clear that we can model the statistical mechanics of the full range of monovalent charges for
hard-sphere adsorption with the procedure presented in this letter.
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To compare the free energy of ion adsorption from the
aforementioned classical MD simulations to the DCT outlined
above, we have used restrained molecular dynamics runs where
the histogram of the z coordinate of the ion is reconstructed
using the weighted histogram analysis method (WHAM),32,33

specifically, 32 windows spanning the range from [−5,3] Å and
[−6,2] Å relative to the GDS for the SPC/E and Stockmayer
fluid, respectively. The ion position was restrained with a
harmonic force constant of 42.82 kcal/(mol Å), and each
window was simulated for at least 2 ns.
The main result of our study is presented in Figure 1. Here

one can see excellent qualitative agreement with simulation and
DCT for the case of a fractionally charged hard sphere in SPC/
E water and the Stockmayer fluid. The comparison between the
simulation and the DCT in Figure 1 in different panels has
been made to establish an important point. The results in
Figure 1 are not a result of a fit to one another but are the
results of two different modeling approaches. Because of its
technical nature, a detailed explanation of the quantitative
differences between the simulations and the DCT is given in
the SI.
In the case of SPC/E water interacting with a hard sphere in

the limit of zero charge, the cavity potential for our simulations
is in excellent agreement with the studies of Rajamani et al.,
which were obtained using Widom insertion techniques.34 It
should also be pointed out that in the DCT study the cavitation
potential given in eq 1 is fit to the simulation results of
Rajamani et al.,34 not the simulation results presented here.
(See the SI for an explanation of these differences.) Without
the inclusion of the electrochemical surface potential, the DCT
for fixed charge ions dictates that the uncharged cavity PMF
should produce the lowest free energy in the charged cavity
series. In the case of the SPC/E simulations, this is clearly not
the case. Our study shows that indeed small charges adsorb
more than the uncharged cavity. These, small but real effects
can only be accounted for through DCT by the inclusion of an
electrochemical surface potential of approximately −0.3 V
corresponding to χ = 5.82 in eq 3, or 10kBT, which is roughly
half of the computed surface potential for SPC/E water.
It is important to recall that DCT theory assumes, in general,

that the two terms that contribute to the solvation free energy
are associated with the formation of a cavity, followed by the
charging process. The latter is assumed to be completely
determined by dielectric response. From the point of view of
hard-spheres in a dielectric, the asymmetry of cations and
anions in the adsorption at the air−water interface is due only
to the presence of the electrochemical surface potential. Recent
work by Arslanargin and Beck has described this term in the
context of molecular simulation as coming from both near- and
far-field electrostatic contributions.19 The near-field is due to
the local arrangements of water molecules around the ion, and
the far-field is due to the electrostatic potential (surface
potential) of the air−water interface. Both of these contribu-
tions are contained in eq 3, which gives a free energy gain of
10kBT, due to an electrochemical surface potential of
approximately −0.3 V, in good agreement with the value
obtained by Arslanargin and Beck.19

When comparing the DCT model to the simulation of a
charged hard sphere in a Stockmayer fluid, a very different
picture emerges. Again, we see excellent agreement between the
DCT and our simulations. However, we find that the uncharged
cavity indeed has the most negative adsorption free energy, as
expected. This is in stark contrast with the PMFs obtained for

the SPC/E water model, in which the uncharged cavity does
not exhibit the lowest free energy. Moreover, we have verified
that cations and anions give identical free energy profiles, as
dictated from the symmetry of the Stockmayer fluid. Therefore,
we have provided direct evidence through molecular simulation
that the principles for anion adsorption are different for the
Stockmayer fluid. In Stockmayer fluid only fully charged
monovalent anions of unrealistic size will be able to adsorb to
the air−water interface.
Horinek and coworkers have fit a point charge, soft-sphere

interaction potentials to yield PMF that reproduces the
experimentally measured surface tensions as a function of
electrolyte concentration.16 This, however, comes with a price
because other thermodynamic and structural properties will not
be well-described by modifications of the interaction
potential.16 It has been shown using ab-initio-based interaction
potentials that we recover the experimentally determined local
solvation structure around the anion.35 Therefore, our present
work suggests that the small adsorption predicted by Horinek
and coworkers is attributed to the electrochemical surface
potential of SPC/E water.19 In other words, the electrochemical
surface potential is implicitly contained in their simulated PMF,
whereas in our simplified model it appears explicitly; that is, it is
separated from the cavity and electrostatic self-energy
contributions to the free energy. Therefore, the driving force
for adsorption of large halide anions to the interface in point-
charge models of ions and water arises from different principles
than in our ab initio MD simulation and PA-DCT theory. For
example, fully charged, nonpolarizable anions of realistic size
will only adsorb if they couple to free energy at the air−water
interface corresponding to a electrochemical surface potential
of approximately −0.3 V.19 In contrast, DFT and PA-DCT
suggest it is only cavitation, aided by polarizability, that drives
large anions to the air−water interface.
It is clear that future research needs to be focused on the role

of the +3 V ab-initio-derived surface potential and how it
influences the free-energy profile for an ion in the vicinity of the
vapor−liquid interface. There have been other independent
studies that have speculated as to why an ion does not feel the
full surface potential given by point charge models.19,24,36

These studies give hints as to why it could be possible for an
ion in a quantum mechanical study to feel a very small and
possibly negligible surface potential. Verification of these ideas
with ab initio calculations is a subject for future research where,
once again, proper simulation protocols must be developed to
isolate the different contributions to the free energy of
adsorption of ions to the air−water interface.
We have studied the driving forces for the adsorption of ions

to the air−water interface using both molecular simulation and
DCT for nonpolarizable ions. Within the class of partial charge
water models (e.g., SPC/E), the free energy of adsorption for
nonpolarizable, hard sphere ions has two contributions:
cavitation and the negative electrochemical surface potential
of water. The microscopic origin of the cavitation energy is the
perturbation to the hydrogen bond network produced when
the ion is inside water. When the ion moves across the
interface, the perturbation to the hydrogen bond network
decreases as does the cavitation energy. In addition, the classical
water models give rise to a negative free energy of adsorption
that is associated with the electrochemical surface potential,
which has been shown elsewhere to have both near- and far-
field contributions.19 Our calculations suggest that the free
energy due to the surface potential that an ion experiences is

The Journal of Physical Chemistry Letters Letter

dx.doi.org/10.1021/jz300302t | J. Phys. Chem. Lett. 2012, 3, 1565−15701568



approximately half of the −0.6 V average electrostatic surface
potential of SPC/E water resulting in a significant driving force
for moving the ion across the interface. However, moving a
hard (nonpolarizable) ion completely into the low dielectric of
air results in a huge electrostatic self-energy penalty that
overwhelms the favorable contributions from the cavitational
energy and the electrostatic surface potential. Simulations of the
Stockmayer fluid, which by symmetry does not have a
contribution from the electrochemical surface potential, have
further emphasized the fundamental role played by the
electrostatic surface potential in determining the driving force
for ion adsorption within classical water models.
We anticipate that the effect of the electrochemical surface

potential of empirical water models utilizing polarizable force
fields will persist. It has been shown that the computed
electrochemical surface potential for water obtained from
simulations using a polarizable force field is similar to those
obtained using nonpolarizable point charge models.37 Addi-
tionally, as argued in many recent studies, the currently
available polarizable force fields tend to overpolarize even
under bulk conditions.26,35,38 There have been attempts to
remedy this problem using different methods for screening the
multipole electrostatics that yield dipole moments in good
agreement with DFT studies.37 However, even these modified
models will predict too much adsorption (2kBT), leading to an
incorrect, negative surface tension increment for solutions of
large halides.
At this point, it is important to stress that the −0.6 V surface

potential of classical water models is likely due to the nature of
a point charge model in the vicinity of a broken symmetry. This
has been argued in previous work,22−24,28 where it is shown that
as long as the width of the electron density is larger than that of
the positive nuclear charge density the mean-inner potential, or
surface potential, will be positive. Therefore, the real average
electrostatic potential across the air−water interface as
calculated using the ab initio simulations is +3 V (again, note
the difference in sign). In ref 24, it was determined that this
average potential can be probed by high-energy electron
holography measurements but does not translate directly into
the free energy felt by an anion. Our previous ab initio study
suggests that ions feel a free energy due to the electrochemical
surface potential that is small and possibly negligible.15

Insofar as charged hard-spheres in dielectric media are
concerned, it would seem that we have a way of decomposing
the interactions that drive ions to interfaces using molecular
simulation and DCT. Unfortunately, this simplified view does
not capture the degree of complexity that exists in real systems
modeled either by sophisticated interaction potentials derived
empirically or by quantum mechanics. Moreover, in the case of
soft-spheres (e.g., Lennard-Jones interactions) it is much more
difficult to make contact with DCT because one cannot easily
separate the cavitation free energy from the dielectric response.
Despite this complication, similar conclusions concerning the
role of the electrochemical surface potential in driving ions to
interfaces were obtained in a recent study of ion adsorption
using the soft sphere potentials of Horinek et al.19

Clearly, if the electrochemical surface potential is directly
related to the surface potential of water (say, +3 V, as computed
by DFT), then it should strongly favor anion repulsion from the
surface and not adsorption, as predicted by the classical water
models. The relationship between the surface potential (which
can be probed by high-energy electrons) and the electro-
chemical surface potential that an ion would feel is still not

apparent. In the present study, we have shown that we can
isolate the free-energy contribution due to an electrochemical
surface potential in the PMF for the adsorption of a hard sphere
ion to the air−water interface. The neglect of a free energy due
to the electrochemical surface potential in the PA-DCT leads to
excellent agreement with surface tension measurements and the
PMF for iodide adsorption obtained using DFT.15 These
interesting results suggest that the real electrochemical surface
potential that an ion feels is model-dependent and is likely
much smaller (∼ ±10 mV) than that obtained in simulations
employing classical water models. Given that we can achieve
agreement between molecular simulation and DCT theory for
fixed charge ions for the models employed in the present
investigation, we are confident that similar connections can be
made with ab initio simulation and PA-DCT.
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