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1. Introduction 

Aqueous ion-containing interfaces are ubiquitous and play a key role in a plethora of 

physical, chemical, atmospheric, and biological processes, from which we mention just a 

few illustrative examples. i) Ions at the air/water interface are important for atmospheric 

chemistry involving ocean surfaces and seawater aerosols,1-5 as well as that of the Arctic 

snowpack covered by sea spray.6,7 ii) Many salts (such as NaCl) tend to inhibit bubble 

coalescence,8-12 which is one of the reasons why foam is formed when waves break in the 

ocean but not in fresh water lakes. iii) Brine rejection occurring at the sea water/ice 

interface has profound climatic effects in polar regions.13 iv) Aqueous electrolyte/metal 

interface is involved in electrode and corrosion processes.14,15 v) Ion specificity plays an 

important role for interactions between colloid particles in electrolytes16 and for the 

stability of aggregates of amphiphilic species, such as vesicles or micelles, in salt 

solutions.17 vi) Ions at the bio(macro)molecule/water interface are crucial for protein 

stability,18,19 to name at least one biological implication.  

To cover specific ion effects at all possible aqueous interfaces would be an almost 

heroic endeavor. Our goal is more modest: we aim to focus at the simplest one, i.e., the 

air/water interface. The general atmospheric and technological importance of this interface 

justifies alone our selection. Moreover, interactions between ions and air or vapor are 

sufficiently weak so that the non-aqueous phase can often be viewed as vacuum. Thus, all 

that remains to be explored are the structural and dynamical consequences of specific 

interactions between ions and water molecules within the inhomogeneous interfacial 

region. In the subsequent chapters we attempt to review the rapidly expanding body of 

computer simulations of ions at the air/water interface. We focus on relatively small 

inorganic ions (which according to the traditional purely electrostatic picture should be 

actually always repelled from the aqueous surface) leaving aside the huge body of 

literature concerning technologically very important organic ionic surfactants. We present 

the computational results in the light of continuum models and, in particular, experimental 
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observations, ranging from traditional surface tension measurements to modern surface 

selective photoelectron and non-linear optical and vibrational spectroscopies, with the aim 

of capturing the emerging broader picture of ion specific behavior at the air/water 

interface. 

To set the stage for the development of a molecular picture, we begin by considering 

the simplest physical picture of an ion at an aqueous interface, shown in Figure 1. Within 

this model the ion is fully characterized by the size of its charge q and radius R. The 

aqueous and non-aqueous media are treated as dielectric continua defined solely by their 

dielectric constants and separated from each other by an infinitely sharp and perfectly flat 

interface. The free energy change upon moving an ion from air (vacuum) to water is 

within the crudest Born model20 given as ∆G = -(1 - 1/ε) q2/4πε0R, where ε ≈ 80 is the 

dielectric constant of water and ε0 is the permitivity of vacuum. The large drop in energy 

upon ion hydration is thus the reason for the preference of the ions for the aqueous bulk.  

A useful concept for understanding the solvation of ions at the water/low-dielectric 

medium interface is that of the image charge. It can be shown that an aqueous ion with 

charge q is effectively repelled from the air/water interface by a fictitious image charge   

q’ = q(ε  - 1)/( ε + 1), i.e., which is of the same polarity and practically the same value of 

charge (see Figure 1).21,22 The energy profile connected with moving an ion from water to 

the low-dielectric phase (air in this case) is depicted in Figure 2.23,24 Note that for a point 

charge the energy diverges at the infinitely sharp interface, while for finite ion radii the 

energy profile is continuous. Studies going beyond the model of an infinitely sharp flat 

interface have shown that a non-diverging energy profile is also obtained for a smooth 

gradual interface between the two media,25 and its shape is influenced by surface 

roughness.26-28 A very important and often overlooked result is that a finite size ion can be 

brought to the interface from the water side with an energy cost that is only a fraction of 

the ion hydration energy, since a steep rise in energy only occurs at the air side of the 

interface. For example, it only takes about 3 kT to bring an ion of roughly the size of Na+ 

(with hydration energy around 200 kT) from water to the interface (see Figure 2).23 This 
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relatively small increase in energy can still be sufficient to cause a significant depletion of 

the aqueous interface from ions provided, however, that no other than Coulomb 

interactions come into play. One of the main goals of the present review is to explore 

these “other” ion specific interactions and consequences thereof. 

Electrostatic forces, as described within the model of a charged sphere in a dielectric 

continuum, are of a key importance but they do not provide the whole picture. Such a 

model, e.g., does not distinguish between cation vs. anion solvation, since it lacks specific 

ion-water interactions in the first solvation shell, as well as polarization and dispersion 

effects, and it also underestimates solvation entropy effects.29,30 Polarization, dispersion, 

and solvophobic forces (the solvophobic effect is connected with the work necessary for 

creating the cavity to place the ion into the liquid23) can at least approximately be 

accounted for already within the continuum solvent framework. This is done to a varying 

extent in recent continuum models of ions at aqueous interfaces: as a result ion specific 

behavior is inferred including in some cases a propensity of certain types of ions for the 

air/water interface.23,31-36  

Continuum models, however, should not be pushed beyond their range of validity, i.e., 

to effects at sub-nanometer separations where the “granularity” of the ion-water and 

water-water interactions is of a key importance. This involves the first solvation shell 

structure, as well as the detailed behavior of ions at aqueous interfaces. Theoretical 

questions at the angstrom scale can hardly be properly addressed without calculations with 

atomic resolution. Statistically averaged results containing all the molecular details can be 

obtained by Molecular Dynamics (MD) or Monte Carlo (MC) simulations.37 These 

simulations employ either an empirical force field (i.e., a prescribed interatomic 

interaction potential of an analytical form)37 or the Car-Parrinello approach,38 where 

forces are evaluated by quantum chemical methods such as the different variants of the 

density functional theory.39 MD and MC calculations do not involve any macroscopic 

parameters (e.g., dielectric constants) but rather derive all properties from motions of 

mutually interacting atoms. An ion containing aqueous interface within this picture is 
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shown in Figure 3. This snapshot from a MD simulation demonstrates the atomic 

resolution one can obtain with all the details concerning ion distributions, molecular 

orientations, hydrogen bonding patterns, and surface corrugation accessible for analysis.        

 

 

2. Historical perspective and previous reviews 

The research field of surfaces of electrolytes was flourishing in the first half of the 20th 

century, following the pioneering measurements of surface tension of aqueous salt 

solutions by Heydweiller in 1910.40 The experimentally observed increase in surface 

tension upon adding salt was first theoretically addressed by Wagner21 and Onsager and 

Samaras.22 The surface tension increase was related via the Gibbs adsorption isotherm41 to 

a depletion of ions from the interfacial layer, and an existence of a universal limiting law 

(in the spirit of the Debye-Hückel theory for bulk electrolytes42) was proposed. Ion 

specificity, i.e., the experimentally observed weak cationic but strong anionic specific 

effects on surface tension40,43,44 was only marginally dealt with in the early theoretical 

works. Despite that and despite the disturbing fact that  strong monovalent acids (unlike 

salt and base solutions) actually decrease rather than increase surface tension,43,44 for the 

next half-century the common wisdom largely remained to be based on these pioneering 

studies. This is reflected, e.g., in the classic book by Adam45 and a series of two review 

articles by Randles46,47 which all invoke an essentially ion-free and inert surface layer of 

aqueous salt solutions.   

 After a relatively long period of stagnation which followed the early boom, the 1990s 

marked the beginning of a renewed interest in surfaces of simple electrolytes. The 

presence of halogen anions at the air-water interface was inferred from laboratory 

measurements, motivated by an interest in atmospheric chemical processes, of the reactive 

uptake of molecular halogens on droplets of sodium halide solutions1 and the kinetics of 

chloride oxidation in sea salt aerosol by hydroxyl radical.3 Also, the long neglected 
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problem of ion specificity at the air/water interface came into focus from the perspective 

of the Hofmeister series,18,48 an old concept familiar to biochemists but historically largely 

ignored by physical chemists. Hofmeister ordered ions with respect to their efficiency to 

precipitate a given protein from an aqueous solution.48 However, the importance of the 

series reaches far beyond salting-out of proteins, as demonstrated, e.g., in a recent Special 

Issue34 reviewing Hofmeister effects in biochemical systems, solutions, colloids, and at 

the air/water interface. 

Modern approaches to ion specificity at the air/water interface are threefold, based on 

surface selective experiments, theoretical continuum dielectric models, and molecular 

simulations. State-of-the-art experimental techniques probing the interfacial region of 

electrolyte solutions range from vibrational sum frequency generation spectroscopy 

(VSFG)49-54, second harmonic generation spectroscopy (SHG)55,56 and high pressure VUV 

photoelectron spectroscopy,57,58 to X-ray photoelectron spectroscopy combined with 

scanning electron microscopy (SEM)2,59, ion sputtering60,61 and metastable impact electron 

spectroscopy (MIES)62 (the last two methods investigate amorphous ice surfaces, while 

the one before probes wetted salt surfaces).  

Contemporary theoretical approaches based on the continuum dielectric description of 

the aqueous solvents and the surfaces thereof go beyond the early Born-type model of 

Onsager and Samaras22 and the Deryaguin-Landau-Verwet-Overbeek (DLVO) theory of 

colloids.63,64 Ion specific effects, such as dispersion, polarization, solvophobicity, and first 

solvation shell effects are accounted for to certain amounts and varying degrees of 

accuracy, as seen from several recent review and research articles.23,31-33,35,36,65 

Historically, the youngest approach to the problem of surfaces of electrolytes is via 

computer simulations with atomic resolution. Molecular dynamics simulations of 

extended solution/vapor interfaces were pioneered in the late 1980s and early 1990s66-68 

and partially reviewed in our 2002 Feature Article.69 The present review not only 

significantly expands the scope of the previous summaries, but also brings an up-to-date 

account of this thriving field of research at a point when it is reaching a new level of 
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maturity. At the same time, we aim at providing a unified molecular picture of the 

air/solution interface of aqueous inorganic salts, acids, and bases. 

 

3. Theoretical and computational results 

3.1 Single ions 

Strictly speaking, single ions in extended aqueous systems do not exist. In any realistic 

experimental situation there is always a finite ion concentration. Moreover, macroscopic 

neutrality requires that the charge of one type of ions is compensated by counterions. 

Nevertheless, it makes a lot of sense to study theoretically the “infinite dilution limit”, i.e., 

single ions in aqueous systems. In this way it is possible to investigate the genuine ion-

water interactions and to abstract from counterion effects present at finite concentrations. 

Moreover, single ions interacting with water molecules can also be observed 

experimentally, albeit only in cluster systems. 

 

3.1.1 Clusters 

  Historically, cluster simulations at ambient conditions (or at somewhat reduced 

temperatures in order to prevent rapid evaporation) of systems containing from several up 

to few hundreds of water molecules were the first calculations to predict asymmetric 

(surface) aqueous solvation of certain ions such as heavier halides, i.e., chloride, bromide, 

and iodide.70-87 The first solvation shell of monovalent atomic ions typically contains 

around six water molecules. We, therefore, focus on clusters at and above this critical size, 

where the simulations can already start distinguishing between surface and interior ion 

solvation. A key ingredient of the above MD simulations for the surface propensity of the 

ion has been the use of polarizable force fields. Without polarization interactions heavier 

halides prefer interior solvation in water clusters, similarly as in the case of, e.g., alkali 

cations. This is demonstrated in Figure 4 which shows the degree of asymmetricity of ion 

solvation by depicting distances of chloride from the center of mass of the cluster and 
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snapshots from simulations with polarizable vs. non-polarizable force field of a Cl-(H2O)14 

cluster.87 A detailed analysis of the simulations shows that both ion and water 

polarizabilities contribute to the surface solvation of soft ions,84,85,88 and so do the ionic 

size and to some extent also polarity (anions being more easily accommodated at the 

surface than cations).67,70,84 Finally, the entropy effects are non-negligible as well, 

although it is the enthalpy contribution that primarily decides about the surface vs. interior 

preference of a particular ion.84 Predictions of asymmetric cluster solvation of large 

polarizable halides, as opposed to small non-polarizable ions such as fluoride, sodium, or 

potassium which exhibit interior solvation, were verified by photoelectron spectroscopy 

measurements,89,90 vibrational spectroscopy,91 as well as electronic structure 

calculations92-97 and ab initio molecular dynamics and Monte Carlo.98,99 

 Asymmetric solvation in water clusters was also predicted for soft molecular inorganic 

anions such as nitrate and azide via quantum chemical and MD calculations, supported by 

photoelectron spectroscopy.100-102 Using the same computational methods, another such 

soft anion, sulfate, was shown to solvate in the center of a water cluster,103 in agreement 

with photoelectron spectroscopy measurements.104,105 The reason for the preference of 

SO4
2- for the aqueous bulk is the multiplicity of the charge of the dianion. Consequently, 

electrostatic interactions, which favor bulk solvation and are significantly stronger here 

than for monovalent ions, overwhelm the surface-driving polarization effects. Similar 

preference for the interior of water clusters was also observed for other doubly charged 

negative ions, such as the small dicarboxylate dianions from oxalate up to about 

adipate.104 Larger dicarboxylate dianions, starting roughly with suberate, accommodate, 

however, at the surface of water clusters.106,107 In this case (as well as for other organic 

ionic surfactants), the surface driving force is the hydrophobic interaction of the aliphatic 

chain rather than polarization effects.  

 Last but not least, we mention the ionic product of water, i.e., the hydronium cation 

and hydroxide anion. The proton as a bare positive charge has the largest hydration energy 

among monovalent ions108 and its polarizability is by definition equal to zero. Therefore, 
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it seems that it should solvate in the interior of water clusters similarly to the alkali 

cations. However, a hydrated proton readily forms transient chemical bonds with the 

surrounding water molecules. The classical (Eigen) form of hydronium is thus a H3O+ 

cation where each of the hydrogens is strongly bound to a water molecule forming a 

H9O4
+ complex.109 The proton can also be equally shared by two neighboring water 

molecules forming the so called Zundel cation H5O2
+.110 In reality, proton in aqueous 

environment oscillates between these two extreme forms and also frequently (roughly 

every 1-2 ps) hops from one site to another.111 

 As a results of the above complex nature of the hydrated proton a rigorous description 

requires a quantum mechanical description of both its electronic structure and nuclear 

dynamics.112 However, classical molecular dynamics suffices in many cases, particularly 

for qualitatively or semi-quantitatively answering structural questions which are in the 

focus of this review. A most recent ab initio MD study employing B3LYP and BLYP 

functionals of a proton hydrated in large water clusters somewhat surprisingly shows that 

it prefers asymmetric surface solvation.113 The main reason behind this is the amphiphilic 

nature of the hydronium cation which can donate three strong hydrogen bonds but due to 

the small partial charge on the oxygen atom is a very bad hydrogen bond acceptor.113 

Therefore, hydronium prefers to accommodate at the surface of a water cluster with 

oxygen pointing into the gas phase rather then disrupt the hydrogen bonding network 

inside the cluster. This behavior is also born out from high level ab initio calculations, 

supported by photoelectron spectroscopy measurements, for a proton on water clusters 

including the “magic number” dodecahedral system, containing 21 water molecules.114 

Similar surface propensity of H3O+ is observed even using a carefully parameterized 

empirical polarizable potential,115,116 while a simple non-polarizable model did not seem 

to show an appreciable surface effect.117,118 

 For hydroxide anion electronic quantum effects are important as well, since it forms as 

an acceptor very strong hydrogen bonds with an appreciable degree of charge transfer to 

three neighboring water molecules.119 High level ab initio calculations show that 
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hydroxide solvates asymmetrically (similarly, e.g., to chloride) in clusters up to water 

hexamer.120,121 Classical MD and Monte Carlo simulations of OH- in larger water clusters 

also show a weak tendency for asymmetric solvation, although the anion becomes rather 

delocalized within the cluster at higher temperature corresponding to the liquid 

state.117,118,122 

 

3.1.2 Extended interfaces 

It is questionable how well a cluster surface can represent the extended surface of an 

electrolyte solution. Even at the current computational limit for classical MD simulations 

of about 105-106 atoms the cluster is still very small (diameter in the order of tens of 

nanometers). At this size the cluster surface is far from flat and curvature effects strongly 

influence macroscopic properties (such as surface tension) as well the distributions of ions 

within the cluster.86 A simple computational trick which allows for moving from a finite 

size cluster to an extended water/vapor interface is the employment of a special type of 

periodic boundary conditions. The use of a standard (most often cubic) periodic unit cell 

leads to a simulation of a bulk region of the liquid, typically under constant pressure 

conditions.37 In order to model the interface it is necessary to significantly extend one 

dimension of the box and run a constant volume simulation.66-68 For this prismatic unit 

cell the aqueous system collapses into an infinite slab with two water/vapor interfaces, as 

depicted in Figure 5. More precisely, the use of 3D periodic boundary conditions results in 

a situation where the system comprises an infinite set of identical slabs, parallel to each 

other and separated from each other by a vapor region. For a sufficient elongation of the 

unit prism (typically the largest box dimension should be at least twice or three times 

larger than the other two dimensions) the interactions between the slabs become small and 

one can use the fast 3D particle mesh Ewald approach123 to account for long range 

electrostatic interactions. This is demonstrated in Figure 6, which shows density profiles 

from a series of slab calculations for 1 M aqueous NaI. Figures 6a-c compare results 

employing 3D Ewald summation for two different elongations of the unit cell to a 
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calculation emplying a simple slab correction.124 Within the statistical noise the density 

profiles of iodide are the same in all three simulations and the sodium density profiles are 

also very similar to each other (see below for a detailed discussion of the surface 

propensity of iodide and other ions).This indicates that the periodicity in the direction 

perpendicular to the surface does not introduce any artifacts. The results for a simulation 

with the Ewald summation turned off (Figure 6d) are also similar to the previous ones, the 

subtle differences in density profiles being due to the influence of the long  range 

electrostatics on the structure of the solution.  

Another option how to account for long range electrostatic interactions in slabs is to 

employ 2D periodic boundary conditions. This has made the evaluation of the long range 

electrostatic contribution computationally rather slow previously, however, there has been 

significant progress in efficient 2D Ewald algorithms recently.125-130 Finally, note that for 

a typically employed size of a prismatic unit cell of roughly 3 x 3 x 10 nm and for normal 

atmospheric pressure there is only about one nitrogen or oxygen molecule per unit box. 

The effect of the gaseous phase on the interfacial ionic distributions is, therefore, 

negligible and for the purpose of the present discussion we can interchangeably talk about 

water/vapor and water/air interface. 

The pioneering simulations of single ions in aqueous slabs did not show any 

propensity of ions for the air/water interface.66-68 This was partially due to the choice of 

investigated ions which, with the exception of chloride, encompassed only small hard ions 

(sodium and fluoride), and also due to the neglect of polarization interactions in the 

employed force fields. Nevertheless, already these early studies showed some ionic 

specificity with respect to the interface. For example, it was demonstrated that anions tend 

to penetrate closer to the surface than cations.67 

First slab simulations of  ions at the air/water interface employing polarizable 

potentials appeared around the turn of the millennium and, consequently, the picture 

changed considerably.3,86,131 A single polarizable chloride anion was shown in long direct 

MD simulations to exhibit a weak surface propensity maintaining an almost intact first 
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solvation shell (while sodium cation remains to be repelled from the air/water 

interface).86,131 In addition, an increasing surface propensity in the series Cl- < Br- < I- 

emerged from direct simulations of slabs containing concentrated aqueous salt 

solutions.132 Shortly thereafter, the same effect was also shown by potential of mean force 

calculations, in which a single ion is moved in small steps across the slab and the 

corresponding free energy profile is evaluated.133,134 Indeed, the free energy profiles of 

moving a single bromide or iodide from the aqueous bulk into the vapor phase across the 

air/water interface exhibit  surface minima of around 1 kcal/mol and chloride moves 

towards the surface without an appreciable barrier, provided polarizable potentials for ions 

and water are employed.133,134 Figure 7 shows the free energy profiles of moving an iodide 

anion from the aqueous bulk across the air/water interface calculated using polarizable 

and non-polarizable force fields.133 We see that only in the former case a surface free 

energy minimum, which is directly related to the enhancement of I- at the surface, 

develops.  

The effect of ion polarizability on the surface propensity can be in a simplified and 

somewhat schematic way rationalized as follows. While in the bulk the water environment 

around an ion is roughly symmetric and, consequently, the electric field created by the 

vector sum of the water dipoles and acting on the ion is relatively small. At the surface, 

however, the environment is asymmetric and, as a result, the resulting large solvent 

electric field strongly polarizes the ion.88 Similarly, polarization of the solvent molecules 

also plays a role here.84,88 For a sufficiently soft ion this polarization stabilization can 

overwhelm the electrostatic penalty due to a partial loss of solvation, leading in the end to 

a surface affinity. Of course, the situation drawn here represents necessarily an 

oversimplified qualitative picture which neglects, e.g., the surface roughness of an 

aqueous solution, however, it is at least qualitatively supported by the simulations (for a 

representative snapsoht of a bulk vs surface solvated chloride see Figure 8).  

Recently, similar surface propensity as for heavier halides was also observed for a 

single nitrate or azide anion in a water slab,101,102 while another soft inorganic molecular 
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ion, sulfate, was shown to strongly favor interior solvation.103 As in the clusters, the 

multiple charge on the latter ion is responsible for the preference of bulk solvation.   

 Simulations of a single hydronium cation in a water slab have been performed recently 

using a polarizable force field, as well as an empirical valence-bond approach which 

allows for proton hopping.115,116,135 Calculations based on the potential of mean force 

methodology showed that hydronium can penetrate much closer to the aqueous surface 

than other small cations such as sodium.115 Direct simulations employing both potential 

models mentioned above showed a strong preference of the hydrated proton for the 

air/water interface,116,135 similarly as in water clusters. Figure 9 depicts a representative 

snapshot from a simulation showing a surface located single hydronium cation with 

oxygen pointing into the gas phase and hydrogens exhibiting strong hydrogen bonds with 

neighboring water molecules.116 On the other hand, classical polarizable MD simulations 

of a single hydroxide in a water slab indicate a much weaker (if any) surface propensity of 

OH- than that observed in small clusters.136 

While the extended air/water interface clearly differs from the surface of a finite size 

water cluster, where curvature effects are important (leading for example to a significant 

reduction in surface tension),86 there is some correlation between the two environments in 

terms of surface vs. bulk preference of host ions. However, one should keep in mind that 

there are significant quantitative and in some cases even qualitative differences, and that 

generally the ionic surface propensity tends to be stronger in clusters than that in extended 

slabs.86 Moreover, some of the cluster calculations are performed at very low temperatures 

where the system is more solid-like than liquid-like. In that case the ions could be found at 

the surface solely from the simple reason that they were excluded from the interior of the 

ice nanoparticle by a microscopic analogy of the well known brine rejection process.13,137 

 

3.2 Finite ion concentrations and counterion effects 
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There are several merits to straightforward calculations of distributions of ions at 

extended air/solution interfaces of aqueous electrolytes. First, the finite amount of ions 

directly reflects the experimental reality of surfaces of electrolytes with typical 

concentrations up to several mol/l. Second, finite concentration and counterion effects, 

which can play an important role at the air/solution interface, are directly modeled. Third, 

from the technical point of view using an appreciable amount of ions significantly 

improves the statistics of the simulation and allows evaluating distributions of ions at the 

air/water interface, as well as macroscopic measurables, such as the changes in surface 

tension with respect to neat water. Provided that the free energy difference between bulk 

an interfacial ionic solvation is relatively small (of the order of several kT) a direct and 

sufficiently long simulation of a concentrated aqueous slab gives converged distributions 

of the individual ionic species in the whole interfacial layer. This turns out to be true for 

practically all simple inorganic ions.  

Several classical and ab initio molecular dynamics and Monte Carlo studies of 

concentrated aqueous bulk solutions of simple inorganic salts, acids, and bases have been 

performed recently.138-143 However, only after our first MD simulations of slabs 

containing concentrated salt solutions3,69,131,132 such a computational approach became 

established also for investigating air/solution interfaces.88,135,144-146 Two ingredients of the 

simulations proved to be of a crucial importance: i) the inclusion of polarization 

interactions which turned out to be responsible for a substantial part of the ionic surface 

propensity, and ii) the employment of finite (typically molar) ion concentrations which 

not only reflected the usual experimental reality, but also allowed for statistically relevant 

direct sampling of the distribution of ions across the aqueous slab. 

First simulations of this type were performed for simple inorganic salt solutions for 

which the application of a classical force field is more straightforward than for the 

corresponding acid or base solutions. The results of MD slab simulations of 1.2 M 

aqueous solutions of the sodium halide series are summarized in Figure 10.132  While in 

the NaF solution both ions are, in agreement with common wisdom,22,46,47 repelled from 
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the air/water interface leaving an almost ion-free top layer, none of the heavier halides 

behaves in accord with the standard theory of the surfaces of electrolytes.22 Namely, 

chloride penetrates all the way to the interface and bromide and iodide even exhibit a 

surface concentration peak followed by subsurface depletion. Anions in the topmost layer 

are not completely solvated, but they do maintain a substantial solvation shell, e.g., the 

ratio of the number of water molecules in the first solvation shell on the surface vs. in the 

bulk is 4:6.2, 4.5:6.8, and 4.7:7.8, for chloride, bromide, and iodide, respectively 

(unpublished results from the simulations reported Ref. 132). Note that the anion 

coordination number rapidly increases with depth below the surface, so that the average 

coordination number in the inhomogeneous interfacial region is close to the bulk value.69 

As shown in detail recently, the surface propensity of heavier halides is due to several 

factors, out of which the ion and water polarizability and ion size dominate.84,85,88 In terms 

of getting an anion to the surface of a solution, polarizability seems to be the most 

important factor, but size appears to be also essential for the full surfactant-like behavior 

of strongly adsorbing anions such as iodide. The surface neutrality requirement 

demonstrates itself by the fact that for the heavier halides solutions the sodium cations are 

dragged by the anions towards the interface and, consequently, exhibit a sub-surface peak. 

At the same time, the surface propensity of the heavier halides is somewhat weaker in 

concentrated solutions than at infinite dilution, where no counterion effects come into 

play.133,147 This effect, which is primarily due to crowding and mutual repulsion of anions 

at the aqueous surface, e.g., reduces the surface peak of thiocyanate by about 25 % upon 

increasing the concentration of aqueous NaSCN from 0.6 to 3.2 M.147  

The correspondence between the “virtual reality” of the MD simulations and surface 

tension and surface selective spectroscopic measurements is discussed in detail in the 

following chapter. Here, we touch upon the issue of the internal consistency of the 

simulations, particularly with respect to the employed interaction potential. How much 

can one rely on a simple, albeit polarizable force field, such as the three-site POL3148 or 

four-site DC97149 and TIP4P-FQ150 water models combined with polarizable 
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ions?72,134,150,151 A straightforward check of the empirical potential can be done via 

comparison of structures and energetics of small ion-water clusters against high quality 

quantum chemistry calculations and ab initio molecular dynamics. This benchmarking 

turns out to be favorable for the above polarizable force fields, while non-polarizable 

potentials tend to be inferior in many respects. For example, the former but not the latter 

potentials predict the correct asymmetric structure of the Cl-(H2O)6 cluster with surface 

solvated chloride anion.97,98 Generally speaking, non-polarizable potentials fail to predict 

appreciable surface propensities of soft anions.67,146 

Recently, a new generation of polarizable water models appeared. These potentials 

combine a more complex functional form with careful fitting to a large set of experimental 

and theoretical data. Typical representatives of these water potentials are the TTM2,152 

POL5/QZ,153 SAPT,154 VRT(ASP-W),155 and the Amoeba156 models. The last one is 

particularly suitable for the purpose of testing the results of previous MD simulations, 

since it also contains a consistent parametrization of alkali cations and halide anions.157 

The results of ion partitioning at the interface of 1 M solutions of NaCl, NaBr, and NaI 

simulated using the Amoeba potentials are presented in Figure 11.158 Despite the 

somewhat inferior statistics (calculations with Amoeba force field are computationally 

very demanding, therefore, a smaller slab system and shorter simulation times were 

employed) the results quantitatively agree with those obtained previously.132 In particular, 

the increasing anionic surface propensity in the series Cl- < Br- < I- is very well 

reproduced. 

Similar surface propensity as for heavier halides has also been observed in MD 

simulations of several soft monovalent inorganic molecular anions. From the technical 

point of view, constructing a polarizable force field for molecular ions is more 

complicated than that of atomic ions. Most MD programs employ isotropic atomic 

polarizabilities, therefore, molecular polarizability has to be cast into atomic contributions 

and possible effects of the polarization anisotropy should be considered. Within the force 

field parameterization polarizability of the isolated molecular ion is evaluated by ab initio 

methods (typically at the MP2 level with a sufficiently flexible basis set) and it is 

desirable to at least approximately account for the solvent effect, e.g., by replacing 
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surrounding water molecules by fractional charges using geometries from an MD 

simulation or employing a continuum solvation model.101,159,160 Note, that the aqueous 

environment reduces the ionic polarizability by ~5 - 25 %, depending on the particular 

ion.101,103,161 Out of the molecular anions studied so far most exhibit an appreciable 

surface propensity, a good example being thiocyanate.147 Sulfate salts, however, do not 

show any presence of ions at the air/water interface despite the fact that SO4
2- is more 

polarizable than, e.g., iodide.144 As already mentioned in previous subsection, the strong 

bulk driving electrostatic forces overwhelm the surface favoring polarization interactions 

for this (as well as other) multiply charged inorganic anion. The strong Coulomb 

interactions of multiply charged ions also tend to structure the ion free surface layer, 

which is broader than, e.g., for solutions of monovalent surface-repelled ions, such as 

aqueous NaF.144 

Most recently, classical MD simulations employing a simple polarizable force field 

have also been performed for slabs containing concentrated aqueous solutions of strong 

inorganic acids such as HCl, HBr, and HI, as well as a typical base like NaOH.135 This 

simple force field approach can describe neither quantum nuclear effects such as proton 

hopping nor quantitatively account for electronic delocalization and charge transfer within 

the very strong hydrogen bonds between water molecules and the hydroxide anion or 

hydronium cation. Nevertheless, the segregation of ions at the air/solution interface seems 

to be at least semi-quantitatively described. A composite Figure 12 showing snapshots and 

density profiles summarizes the interfacial ionic behavior for a typical acid (HCl), base 

(NaOH), and salt (NaCl) aqueous solution at a molar concentration. We see a prominent 

difference between acids on one side and salts and bases on the other side. While for acids 

both cations (hydronium) and anions (chlorides) exhibit an affinity for the air/solution 

interface, in salts and bases cations (sodiums) are repelled from the surface and anions 

show either a surface propensity (chlorides) or weak surface repulsion (hydroxides).135 

Important practical consequences of this difference between acids on one side and salts 

and bases on the other side are discussed towards the end of this review. 
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4. Experimental studies and comparison with simulation results 

The central theme of this review is the specificity in the adsorption behavior of ions at 

the air/water interface.  It has become apparent that some inorganic ions adsorb while 

others do not, and the principles that determine whether or not a given ion adsorbs are 

beginning to be well understood.  The idea that some inorganic ions exhibit a propensity 

for the aqueous surface is only a few years old.  For most of the last century, it was 

universally accepted that inorganic ions are repelled from the air/water interface.  In this 

section we review the data from a wide variety of experiments and related results from MD 

simulations that have contributed to the evolution of our understanding of the interfacial 

properties of electrolyte solutions.  We begin with the measurements and thermodynamic 

theory of surface tension that largely established the “old view” of an ion-free interface and 

allowed it to persist for decades. We then end up reviewing recent state-of-the-art 

spectroscopic measurements that appear to confirm the “new view” that some inorganic 

ions adsorb to the air/water interface, and that there is considerable ion specificity in the 

adsorption behavior, as predicted initially by MD simulations over the last five years. 

 

4.1 Surface tension 

We start with a brief review of the thermodynamic theory of surface tension since it is 

a cornerstone of the widely used practice of inferring interfacial composition from surface 

tension, and because we will refer to it when reconciling surface tension data with the 

seemingly contradictory predictions of MD simulations.  The thermodynamic theory of 

interfaces developed by Gibbs41 and expanded subsequently by many others (see, for 

example, Refs. 45,162-164) applies to interfaces between distinct phases containing an arbitrary 

number of components at equilibrium.  Here we restrict our attention to the liquid/vapor 
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interface and, to simplify the notation, we consider a system with only two components: a 

solvent (referred to as component 1), and a solute (referred to as component 2).  Moreover, we 

assume that both components have negligible densities in the vapor phase.  Thus, the 

description will be appropriate for ionic species or strongly polar molecules dissolved in 

water. 

 We consider a system with cylindrical symmetry, with the boundary between the two 

phases (α = liquid and β = vapor) placed perpendicular to the cylinder axis.  The separation 

between the phases is in reality an inhomogeneous region of a finite width.  To develop his 

thermodynamic theory of interfaces, Gibbs introduced a model in which the interface is 

defined by a plane parallel to and within or near the inhomogeneous region.  Once this 

fictitious “dividing surface” has been defined, it is possible to develop the thermodynamic 

theory of the interface in terms of surface excess quantities defined as the difference between 

the quantities in the entire system and the model system in which the liquid and gas phases 

extend right up to the dividing surface.  One of the most important consequences is the Gibbs-

Duhem equation for the surface, known as the Gibbs adsorption equation, which for two 

components at constant temperature and pressure of the whole system reads: 

 

 Adγ + SsdT + n1
sdµ1 + n2

sdµ2 = 0.     (1) 

 

Here A is the area of the dividing surface, γ is the surface tension, T is the temperature, µi is 

the chemical potential of species i, and Ss and ni
s are, respectively, the excess entropy and 

excess number of moles of species i.  The latter quantities are defined by: 

 

 ni
s = ni

t − ni
α − ni

β        (2) 

 Ss = St − Sα − Sβ        (3) 
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where the superscripts t, α, and β refer to quantities in the whole system and α and β phases, 

respectively.  Dividing equation (1) by A, and imposing constant T, we obtain the following 

equation, commonly referred to as the Gibbs adsorption isotherm: 

 

 dγ = −Γ1dµ1 − Γ2dµ2.       (4) 

 

Here Γi = ni
s / A, what Gibbs called the superficial density, now referred to as the Gibbs 

surface excess of species i.  Note that according to equations (2) and (4), Γi can be positive, 

zero, or negative, depending on the system and the choice of the location of the dividing 

surface (for a detailed analysis, see Ref.164).  Thus, at this point, the composition of the 

interface is not well defined due to the arbitrariness of the location of the dividing surface. 

 Gibbs pointed out that the dividing surface could be located at the point that makes 

n1
t = n1

α + n1
β  , so that n1

s = 0 and Γ1 = 0.  Then equation (4) becomes 

 

 dγ = −Γ2
1dµ2         (5) 

 

where Γ2
1, reffered to as the relative surface excess, is the excess of amount of component 2 

adsorbed at the particular surface where the excess of component 1 is zero.  This choice is 

known as the Gibbs dividing surface.  Γ2
1 is a measure of the interfacial composition since, 

according to equation (5), 

 

 Γ2
1 =

−1
RT

∂γ
∂ ln a2

 

 
 

 

 
 

T

       (6) 
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where a2 is the activity (or concentration in the case of dilute solutions) of component 2. It 

may be shown (see, for example Ref. 162) that, in the case where the amount of solute in the 

vapor (phase β) is negligible, 

 

 Γ2
1 =

1
A

n2
t − n1

t n2
α

n1
α

 

 
 

 

 
 .       (7) 

 

This equation provides a basis for interpreting Γ2
1, the excess at the hypothetical but well 

defined Gibbs dividing surface, in terms of properties of the liquid phase of the real system.   

 Chattoraj163 has made the interpretation more illuminating by defining the absolute 

amount of species i, ∆ni, in the inhomogeneous region of the real system via 

 

 ni
t = ni

α + ni
β + ∆ni,       (8) 

 

where indices α and β refer to homogeneous liquid and vapor regions. Hence equation (7) 

becomes, for the case where the vapor may be neglected: 

 

 Γ2
1 =

1
A

∆n2 − ∆n1
n2

α

n1
α

 

 
 

 

 
 .      (9) 

 

Note that by definition ∆ni must be greater than or equal to zero, in contrast to the ni
s defined 

in equation (2), which can also be negative.  The quantity ∆n2 − ∆n1 n2
α / n1

α( ) is the excess 

amount (relative to the bulk liquid phase α) of component 2 associated with ∆n1 moles of 

component 1 in the interfacial region, and it (and hence, Γ2
1) may be positive or negative.  

When component 1 is the solvent, a positive relative surface excess Γ2
1 of component 2 means 
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that there is a greater amount of component 2 (per unit area) associated with a given amount 

of solvent in the interfacial region vs. the bulk, i.e. there is an enhancement of component 2 in 

the interfacial region.  Conversely, a negative Γ2
1 means that there is a depletion of component 

2 in the interfacial region. The above approach can be readily extended to systems containing 

more than two components. Note that for an aqueous solution of a single strong electrolyte, 

which contains three components (i.e., water, cations, and anions), the surface neutrality 

condition comes into play, too.  

 The two above scenarios are illustrated in Figure 13 by surface tension vs. 

concentration data and snapshots from MD simulations depicting the conventional 

interpretation of the corresponding Gibbs surface excesses.  The surface tension of aqueous 

solutions of amphiphilic organic substances decreases with increasing concentration (Figure 

13a), giving a positive Gibbs surface excess according to equation (6).  This may be 

interpreted according to equation (9) as an enhancement of solute concentration in the 

interfacial region, i.e., as surfactant behavior (Figure 13b).  In contrast, the inorganic salts, 

exemplified by the alkali halide data plotted in Figure 13c, increase the surface tension of 

solution/air interface.  Qualitatively, this corresponds to a negative Gibbs surface excess, i.e., 

a net depletion of the solute in the interfacial region, and this is usually taken as an indication 

that the ions are repelled from the interface, leaving an ion-free region at the interface (Figure 

13d).  This physical picture has been firmly in place since it formed the basis of the 

continuum theory advanced by Wagner21 in 1924 following the first measurements of the 

surface tension of salt solutions by Heydweiller40 in 1910, and it has persisted in the 

numerous refinements to Wagner’s theory that followed, including the famous paper by 

Onsager and Samaras.22  

A quantitative analysis based on equation (9) (i.e., making use of the linear 

dependence of Γ2
1 on n2

α / n1
α ) has afforded values of ∆n1 on the order of 10-9 mol/cm2 and 
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∆n2 ≈ 0 for 1:1 electrolytes.163 Based on this analysis it was concluded that a negligible 

amount of electrolyte is associated with the interfacial water.  Using reasonable geometric 

parameters for a water molecule, the corresponding number of layers of water molecules 

constituting the ion-free interfacial zone was estimated to be between 0.9 and 1.7.163  

The data shown in Figure 13c show that, while the surface excess is not very sensitive 

to the identity of the (monovalent) cation, it is anion specific, decreasing (i.e., increasing in 

absolute value but becoming more negative) in the order I– > Br– > Cl– > F–.  Thus, the 

depletion of ions in the interfacial region increases in the order I– < Br– < Cl– < F–.  A similar 

analysis of the data plotted in Figure 14 suggests that the interface of strong base solutions is 

depleted of ions, similar to the alkali halide salt solutions, while strong acid solutions contain 

surface active species (i.e., the surface tension decrease with concentration implies a positive 

surface excess), and hence are qualitatively different from the bases and salts. 

Inferring interfacial composition from surface excesses determined by the 

concentration dependence of the surface tension, as exemplified for a few systems here, has 

been common practice in countless applications for many decades.  However, it is important 

to keep in mind is that the interfacial region is not an idealized planar surface, and that the 

excess is defined over the entire inhomogeneous interfacial region, which may extend for a 

few to many molecular diameters, depending on the system. In the case of electrolyte/air 

interfaces, oscillations in solute concentrations within the finite dimension of the interface 

have important consequences for the microscopic interpretation of the surface excess.  With 

the benefit of simulation data, we shall see that in the case of salt solutions the surface excess 

does not always tell the whole story. 

The microscopic theory of surface tension (see, for example, Ref. 165), embodied in 

equation (10) below provides a basis for computing the surface tension from a MD 

simulation: 
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 γ = pN z( )− pT z( )[ ]dz
zα

zβ∫       (10) 

 

Here z is a coordinate along the surface normal, zα and zβ are points in the bulk α and β 

phases, respectively, pN is the component of the pressure tensor that is normal to the interface, 

and pT is the tangential component.  For a planar interface in the xy plane, pN(z) = pN = 

constant for mechanical stability.  In the case of a simulation of an interfacial system in a slab 

geometry (Figure 5), equation (10) becomes 

 

 γ = 1
2 Lz Pzz − 1

2 Pxx + Pyy( )       (11) 

 

where Lz is the length of the box in the z direction, the Pii are the diagonal components of the 

pressure tensor, and the angular brackets denote a time average, and the prefactor of 1/2 

accounts for the presence of two interfaces in the slab.  For the sizes of systems typical for 

current solution simulations in the slab geometry, the fluctuations in the components of the 

pressure tensor produce statistical uncertainties in the surface tension in the range of one to 

several mN/m. 

Surface tensions computed from MD simulations using equation (11) have been 

reported for a variety of electrolyte solutions in several recent papers.  We performed 

simulations of 1.2 M solutions of the sodium halide series using polarizable force fields132 and 

found that the surface tension of all of the solutions was greater than that of neat water, and 

that the order of increase was NaI < NaBr < NaCl < NaF, in good agreement with the 

experimental data plotted in Figure 13.  However, the same simulations predicted that the 

concentration of the heavier halides (Br– and I–) on the surface of the solution was greater 

than in the bulk (see Figure 10), in seeming contradiction to the Gibbs adsorption analysis.  
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This important point, which has been considered a potential stumbling block in the 

advancement of the “new view” of salt interfaces,166 will be discussed further below. 

Bhatt et al. have compared the concentration dependence of the surface tensions of 

alkali halide solutions computed from MD simulations.145,146  Their simulations employed 

non-polarizable models including explicit water for NaF, NaCl, and NaBr solutions, and a 

continuum solvent model for NaF and NaCl.  For the most part, they found that the surface 

tension of the solutions was greater than that of neat water, in qualitative agreement with 

experimental data.  The simulations employing the explicit solvent model gave the correct 

order of increase, namely NaBr < NaCl < NaF, while the continuum model incorrectly 

predicted that the surface tension of NaCl was greater than that of NaF over a wide 

concentration range.  Direct calculation of surface excesses via density profiles from explicit 

solvent simulations of NaCl and NaBr solutions gave negative values at some concentrations 

and positive values at others, and were consistent with the non-monotonous increase in the 

computed surface tensions with concentration.  The density profiles of Bhatt et al.145,146 

clearly indicated that both the anions and cations are repelled from interfaces, consistent with 

previous simulations employing non-polarizable force fields,66-68 but in qualitative 

disagreement with simulations employing polarizable force fields. 

As was discussed above in section 3.1.1, the superiority of polarizable force fields has 

been firmly established by their ability to correctly predict the surface location of the heavier 

halide anions on water clusters observed unambiguously in numerous experiments, as 

opposed to the qualitatively incorrect interior location predicted by non-polarizable force 

fields.  However, the adsorption of the heavier halides to the air/solution interface must be 

reconciled with the indisputable negative Gibbs excess associated with the surface tension 

increase. 
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Our simulations suggest two scenarios that are consistent with a negative Gibbs 

excess.88  This may be seen by writing Gibbs’ definition of the relative surface excess of the 

solute component 2, using equation (2) for n2
s , in terms of density profiles (e.g., the quantities 

plotted in Figure 10): 

 

Γ2
1 = ρ2 z( )dz − ρ2

α dz − ρ2
β dz

zGibbs

∞∫−∞

zGibbs∫−∞

∞∫     (12) 

 

where the position of the dividing surface between the solution and air phases, zGibbs, is chosen 

so that Γ1 = 0, and ρ2
α  and ρ2

β  are, respectively, the (constant) densities of the solute in the 

bulk α (liquid, z < zGibbs) and β (gas, z > zGibbs) phases.  Noting that for an ion, ρ2
β = 0, after 

rearranging equation (12) we obtain: 

 

Γ2
1 = ρ2 z( )− ρ2

α[ ]dz + ρ2 z( )dz
zGibbs

∞∫−∞

zGibbs∫ .       (13) 

 

The first term is nonzero only when ρ2 z( )≠ ρ2
α , and gives a negative contribution to Γ2 when 

ρ2 z( )< ρ2
α , and a positive contribution when ρ2 z( )> ρ2

α .  The second term gives a positive 

contribution to Γ2 when ρ2 z( )> 0. 

Figure 15 schematically depicts two classes of density profile, both based on 

simulation results for anions, which give Γ2 < 0.  Figure 15a shows the scenario embodied in 

the traditional view of salt solution/air interfaces, where the ions are repelled from the 

interface, as observed in simulations of F–.  Figure 15b depicts the behavior observed in 

simulations of the heavier halide anions (e.g., Br– and I–), where there is a density 

enhancement on the surface of the solution followed by a depletion in the subsurface region.  

For an oscillatory density profile, such as the one in Figure 15b, as long as the magnitude of 
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the subsurface depletion is greater than the surface enhancement, the Gibbs surface excess 

will be negative.  In this case an increase of surface tension with salt concentration does not 

rule out the presence of ions at the interface.  Thus, care should be taken when inferring 

interfacial composition from surface data on electrolyte solutions in cases where the ions 

exhibit oscillatory density profiles.  Simulations with polarizable force fields predict that this 

is the case, e.g., for the sodium bromide and iodide. Note, however, that in the simulations, 

which necessarily employ a finite size of the unit cell, it is very difficult to obtain the 

subsurface ion depletion quantitatively. Indeed, while the surface peak of ions such as Br– and 

I– is well established in systems containing several hundreds of water molecules, the exact 

profile of the subsurface depletion is not completely converged and it is not presently known 

how large the system must be in order to fully quantitatively establish the surface-bulk 

equilibrium.132  

Here we have restricted our attention to atomic anions which, according to 

simulations, can be either repelled from or adsorb to the interface, depending on the ion.  A 

similar analysis could be carried out for cations, but since inorganic cations are generally 

repelled from the interface, their behavior does not appear to contradict the conclusion drawn 

from a straightforward analysis based on the Gibbs adsorption equation.  Note, however, that, 

for electroneutrality of the interfacial region, the Gibbs surface excesses of the anions and 

cations must be equal. For this reason, there is a subsurface sodium peak in the case of, e.g., 

NaBr or NaI solutions.132 

Very recent simulations by Mucha et al.135 suggest that the interfacial structure of 

solutions of strong acids and bases is essentially consistent with a standard application of the 

Gibbs adsorption equation to surface tension data.  Within statistical uncertainty the surface 

tension of the 1.2 M solution of HCl was the same as that of neat water and the surface 

tension of the HBr solution was lower than that of neat water by about 1 mN/m. The surface 
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tension of the 1.2 M NaOH solution, however, was higher by about 4 mN/m.  These results 

are semi-quantitatively consistent with the experimental data plotted in Figure 14.  A 

straightforward Gibbs adsorption analysis of the surface tension data predicts that the acids 

adsorb to the interface, more so in HBr than in HCl, and that NaOH is repelled from the 

interface, which is precisely what is seen in the simulations (see Figure 11 and Figure 1 of 

Ref. 135). 

 

4.2 Surface potentials 

According to equation (10), in order to have a non-zero surface tension, the tangential 

pressure must deviate from the normal (atmospheric) pressure in the interfacial region.  

Moreover, for a positive surface tension, the tangential pressure must be lower than the 

normal pressure.  Water has a high surface tension, and this implies a large, negative 

tangential pressure, presumably reflecting substantial restructuring, and, more specifically, 

reorientation, of the water molecules to maximize their hydrogen bonding in the 

undercoordinated environment at the air/water interface.  Thus, on average, the water 

molecules have a net orientation of their dipoles at the interface, in contrast to the isotropic 

orientation in the bulk liquid, and this contributes to a macroscopic electric potential 

difference across the liquid-air interface, χ = φliquid – φair. 

 It has not been possible to directly measure the absolute value of the surface potential 

across the air/water interface.  Given the fundamental importance of this quantity, there is a 

long list of estimates, both partially based on experimental measurements and purely 

theoretical, dating back to the 1920s.167  The values derived from experimental data, mostly 

based on changes in the potential with electrolyte concentration, range from about –0.5 V to 

+1.0 V.  Here, a positive value means that the liquid is positive relative to the vapor and, 

assuming that the dipolar contribution is the most important, this implies that the water 
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dipoles have a net orientation toward the liquid phase (i.e., H atoms pointing toward the 

liquid).  Reviewers of the immense literature on the water surface potential have tended to 

favor positive values.47,167,168 

Surface sensitive X-ray and nonlinear electronic and vibrational spectroscopies 

(discussed in more detail below) have provided some information on molecular orientation at 

the air/water interface, but the available information leads to potentially contradictory 

predictions of the sign of the surface potential.  Second harmonic generation data for the 

air/water interface have been interpreted in terms of a net orientation of the dipole toward the 

bulk liquid,169 which is consistent with a positive surface potential.  On the other hand, 

vibrational sum frequency generation spectroscopy shows unambiguously that there is a 

substantial population of water molecules at the air/water interface with free (i.e., not 

hydrogen bonded) OH bonds,52,170-172 and near-edge X-ray absorption fine-structure 

spectroscopy measurements on liquid microjets, in conjunction with density functional theory 

calculations, suggest that ~19% of the molecules on the water surface have both OH bonds 

free.173  Since a majority of water molecules with free OH bonds are expected to have their 

dipoles tilted at least slightly toward the air side, these data would be consistent with a 

negative surface potential. 

In principle, computer simulations could help at least to establish the sign of χ for the 

water-air interface.  The results reported to date show a strong dependence on both the force 

field and the method of calculating the surface potential, and span a wide range of values, 

although most simulations predict χ < 0.  Estimates by Matsumoto and Kataoka174 and 

Barraclough et al.168 based on integrating the density of molecular dipole moments have 

produced values of +0.16 V and +0.24 V, respectively, for water under ambient conditions, in 

apparent good agreement with the most commonly accepted experimentally derived values.  

However, when the potential is calculated more realistically by integrating the charge density, 
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so that contributions from higher moments (most notably, the quadrupole moments) and finite 

molecular size are included,175,176 it changes sign.  For example, Wilson et al. obtained a value 

of +0.79 V by integrating the dipole density and –0.13 V by integrating the charge density 

from an MD simulation of the TIP4P water model.176  Calculations based on the charge 

density have consistently produced negative surface potentials with magnitudes of a few 

hundred millivolts from simulations employing a variety of empirical force fields,177 

including the polarizable Dang-Chang potential,149 and different electrostatic energy and force 

truncation schemes.178  Ultimately, the discrepancy between the consensus experimental and 

simulation values may reside partially in the fact that the electrochemical techniques that are 

the basis of most of the experimental values contain a chemical contribution in addition to the 

electrostatic contribution that is computed from simulation trajectories.175  It is also clear that 

computed surface potentials are sensitive to the details of the molecular charge distribution 

assumed in the force fields,66,175,177 and so it is reasonable to suspect that inaccuracies in the 

force fields are an additional source of the discrepancy. 

Changes of surface potential with composition of the solution can be measured and, 

when extrapolated to infinite dilution, afford ∆χ = χ(solution) – χ(pure water),47 which 

provides some insight into the changes of the structure of the air/water interface upon addition 

of solute.  The values of ∆χ are generally positive for alkali solutions of halide salts, e.g. KCl, 

KBr, and KI (Figure 16a), and this has been interpreted as being indicative of an ionic double 

layer near the surface with its negative side pointing toward the air and its positive side 

toward the bulk solution, i.e., the anions are closer to the interface than the cations.47  The 

exception is KF, which exhibits a negative ∆χ, albeit with a relatively small magnitude which 

suggests that the anions and cations are well mixed in the interfacial region, with a slightly 

closer approach of the sodium cation toward the surface.  Our MD simulations of sodium 

halide solutions are entirely in accord with the interpretation of experimental ∆χ values in 
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terms of a double layer picture (see Figure 10).  The anions approach the surface more closely 

than the cations in our simulations of NaCl, NaBr, and NaI, and the increase in anion 

adsorption in the order Cl– < Br– < I– is consistent with the order of the ∆χ values at a given 

concentration, KCl < KBr < KI.  Moreover, the slightly greater repulsion of F– vs. Na+ from 

the interface in the simulation is consistent with the small, negative value of ∆χ for KF. 

The values of ∆χ for the corresponding strong acids are also positive and increase in 

the order HCl < HBr < HI at a given concentration (Figure 16b).47 The weak acid HF is 

anomalous due to incomplete dissociation and is therefore not discussed here.47  Our 

simulation results (see Figure 10 of this review, and Figures 1 and 2 of Ref. 135) are again 

consistent with the observed polarity and relative magnitudes of ∆χ for these acids: the halide 

anions approach the surface more closely than the hydronium cations, and the adsorption of 

the ions increases in the expected order HCl < HBr < HI.  Moreover, hydronium cations are 

oriented at the surface with their negatively charged oxygen atoms pointing into the gas 

phase.116,135 The origin of the greater value of ∆χ for the acid vs. the corresponding salt (e.g., 

HI vs. KI) at a given concentration, which is not obvious from the ion density profiles from 

the simulations, is a subject of on-going research.  The values of ∆χ for KOH solutions are 

negative, with small magnitudes as in the case of KF.47  Our simulation of NaOH predicts that 

Na+ and OH– are well mixed in the interfacial region,135 and this is qualitatively consistent 

with the small magnitude of ∆χ measured for KOH.  Overall, it appears that MD simulations 

confirm the double layer picture that has been used to interpret experimental surface 

potentials for completely dissociated inorganic electrolytes (salts, acids, and bases). 

 

4.3 Heterogeneous chemical processes 

The recent resurgence of interest in the interfacial composition of electrolytes was to a 

large extent stimulated by experiments aimed at elucidating the role of heterogeneous 
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processes in the chemistry of atmospheric aerosols.  One of the first suggestions that heavier 

halide anions reside at the air/water interface, where they are available to react with gas phase 

species, was made by Hu et al.1  These authors studied the uptake of molecular halogens X2 

(X = Cl or Br) by droplets (with diameters of the order of 100 µm) of aqueous NaY (Y = Br– 

or I–) solutions, which was attributed primarily to the reaction X2 + Y– –→ XY + X–.  The 

magnitude and concentration dependence of the measured uptake could not be described by a 

bulk phase reaction mechanism, and hence Hu et al. suggested that reactions involving Y– on 

the surfaces of the droplets play a significant role in the uptake process.1 

 Additional evidence for the presence of halide ions at the air/water interface has come 

from laboratory and kinetics modeling studies aimed at a developing a mechanistic 

description of the production of molecular halogens by sea salt particles that has been 

observed in field studies.  Field measurements have detected the presence of Cl2 in coastal 

air.179  Br2 and BrCl have been observed following polar sunrise in the Arctic,7,180 presumably 

produced from halide precursors, e.g., sea salt deposited as aerosol particles on the snow pack.  

A chlorine atom precursor has been reported to be generated upon irradiation of sea water in 

the presence of ozone,181 and the production of halogens in the Arctic has been correlated 

with depletion of ozone.180 

 Production of Cl2 from both sea salt and NaCl aerosols via reaction with hydroxyl 

radical (generated by photolysis of ozone in the presence of water vapor) has been reproduced 

in laboratory aerosol chamber studies.3,182  A chemical kinetics model based on 17 gas phase 

species undergoing 52 reactions and 32 aqueous phase species undergoing 99 reactions 

underestimated the observed rate of Cl2 production from NaCl aerosol by several orders of 

magnitude.3  MD simulations performed in conjunction with this study predicted that the 

surface of a saturated NaCl solution contained a substantial population of chloride anions 

(occupying approximately 12% of the surface area), and opened the door for consideration of 
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a surface reaction.  Quantum chemical calculations led to the proposal of a surface reaction 

proceeding via the formation of OH...Cl– complexes which, when incorporated into the 

chemical kinetics model with reasonable estimates of unknown parameters, allowed to 

reproduce the observed chlorine production semi-quantitatively.3  A subsequent MD 

simulation study of the uptake of OH by a concentrated NaCl solution showed that, while the 

presence of ions at the interface does not enhance the uptake, OH...Cl– complexes do indeed 

form frequently, thus providing support for the proposed surface reaction.183  Hydroxide 

anions, predicted to be a product in the proposed surface reaction, were recently detected in 

aqueous NaCl particles after exposure to OH.4 

 In addition to providing strong circumstantial evidence for the presence of chloride 

ions at the air/water interface, the combined experimental, theoretical, and kinetics modeling 

study summarized in the previous paragraph provided a mechanism for a potentially 

important source of highly reactive chlorine in the marine boundary layer.  The consequences 

for air quality in a polluted region of chlorine production via the proposed surface reaction of 

OH and Cl– on the surface of sea salt particles were explored recently using an airshed model 

of the Los Angeles basin.184  By comparing simulations with and without the surface reaction, 

it was demonstrated that chlorine emissions from sea salt could increase tropospheric ozone 

by as much as 12 ppb.  Given that the air quality standard is set at 80 ppb for ozone, and the 

unavoidable background is generally around 40 ppb, the contribution from the interfacial 

chlorine chemistry is appreciable. 

 An interfacial reaction has also been implicated in the production of Br2 via oxidation 

of bromide anions by ozone in sea salt in another comprehensive investigation involving 

aerosol chamber kinetics measurements, MD simulations, and computational kinetics 

modeling.185  Similar to the case of the OH reaction with NaCl particles, the measured rate of 

Br2 production by deliquesced NaBr particles upon exposure to ozone (in the absence of 
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ultraviolet radiation) in the aerosol chamber was underpredicted (by roughly an order of 

magnitude) by the kinetics model, which included all known bulk aqueous and gas phase 

chemistry.  Consistent with our previous study,132 the MD simulations predicted a substantial 

population of bromide anions on the surface of 1.2 M and ~6 M NaBr solutions.  Moreover, 

MD simulations of the ozone uptake by the NaBr solutions revealed that the ozone 

accumulates on the surface, where it has a long residence time, and O3-Br– contacts are 

frequent and last up to 50 ps.  A novel interfacial reaction for the production of Br2 from Br– 

via the formation of O3-Br– complexes was, therefore, incorporated into the computer kinetics 

model and good agreement with the aerosol chamber data was obtained.  Extrapolation of the 

results of this study to atmospheric conditions suggested that the contribution of the surface 

reaction should be at least competitive with the bulk aqueous phase chemistry. 

 Sea water contains a relatively low concentration of bromide anions (the chloride to 

bromide ratio is roughly 650).  The relevance in the atmosphere of the chemistry studied in 

the aerosol chamber experiments, which were performed using particles with bromide 

concentrations roughly a factor of 1000 higher than sea water, was established by additional 

considerations.185  Key among these is the finding that bromide anions selectively adsorb to 

the surface of concentrated solutions of chloride salts containing a small amount of bromide 

anions.  This selective enhancement of bromide at the interface has been observed both in MD 

simulations and experiments that will be discussed in the next subsection. 

 

4.4 Photoelectron spectroscopy 

The experiments discussed thus far in this section have been used to infer the 

interfacial composition of electrolyte solutions either from macroscopic properties of the 

surface as a whole (e.g., surface tension or surface potential) or by using circumstantial 

evidence from presumed heterogeneous chemical reactions.  Roughly a decade ago, surface 
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sensitive techniques that probe particular chemical species began to be applied to aqueous salt 

solutions.  One of these is photoelectron spectroscopy, which involves analysis of the kinetic 

energies of electrons ejected from materials following impact by photons.  The species 

selectivity comes from the ability to derive electron binding energies (valence or core) from 

the photoelectron kinetic energies, and the surface selectivity comes from the limited mean 

free path of electrons in condensed matter.  Photoelectron signals from ions and water 

molecules have been used in several studies to elucidate the surface composition of aqueous 

salt solutions. 

Böhm et al. measured He(I) photoelectron spectra from the surfaces of highly 

concentrated aqueous CsF solutions (CsF·4.2H2O to CsF·2.6 H2O).186  Using absolute 

photoionization cross sections, they were able to relate the signal strengths of the ions to those 

of the water molecules, and the results suggested that the ions were strongly depleted in the 

interfacial region.  Furthermore, they estimated that the salt free zone was roughly two water 

monolayers thick.  The depletion of CsF from the interface is consistent with MD simulation 

results for NaF (Figure 10), and the traditional view of an ion-free interface inferred from 

surface tension data for salts composed of hard ions (Figure 15a).  Addition of a small amount 

of CsI to a solution of CsF·3H2O produced a significant change in the photoelectron signal 

that led Böhm et al. to conclude that I– was surface active.  Although in such a highly 

concentrated solution it is not clear that the surface activity is intrinsic and not a consequence 

of crowding out, this appears to be the first suggestion of the surface activity of a halogen 

anion. 

The surface activity of the heavier halogen anions was the subject of several recent 

photoelectron spectroscopic studies.  Weber et al. reported valence band photoemission data 

on liquid microjets of alkali metal iodide solutions spanning a wide range of concentration 

(0.5 m to 12 m).57  Their data were were consistent with a negative surface excess for NaI, 
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and showed essentially no cation selectivity.  The absence of anion enhancement on the 

surface appears to contradict the predictions of MD simulations, but the probe depth of the 

experiments, purported to be a few water layers, was insufficient for resolving the relatively 

small scale inhomogeneities in the ion density profiles observed in the simulation results 

(Figure 10).  Analogous experiments performed on tetrabutylammonium iodide (TBAI) 

solutions showed a large enhancement of iodide at the interface in TBAI(aq) vs. NaI(aq), 

which was backed up by MD simulations.58  Evidently, the strongly surface active 

hydrophobic TBA cations drag additional iodide anions to the surface in order to maintain 

local electroneutrality.  

 The surface composition of concentrated solutions of KBr and KI (specifically, 

freshly cleaved crystals exposed to water vapor up to the deliquescence point) has very 

recently been probed with high spatial resolution using high-pressure X-ray photoelectron 

spectroscopy.187  The anion/cation ratios were determined as a function of photoelectron 

energy, which, because of the energy dependence of the electron mean free path, is a measure 

of the probe depth.  The data demonstrated that the anion concentrations were enhanced 

relative to the cation concentrations in the interfacial region, and more so for iodide than 

bromide (Figure 17).  Thus, the results appeared to validate the qualitative predictions of MD 

simulations.132 As a matter of fact, the experimental data indicated that the anion enhancement 

at the interface is even greater than that observed in the simulations. 

 To gain insight into the relatively high reactivity of bromide toward ozone in spite of 

its low abundance compared to chloride in sea salt aerosols, X-ray photoelectron 

measurements were performed on bromide-doped NaCl crystals.59  On the dry surface the 

ratio of bromide to chloride was found to be the same as in the bulk crystal.  However, 

following exposure to water vapor and redrying, the bromide to chloride surface ratio 

increased significantly, and scanning electron microscopy images revealed that NaBr 
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crystallites form on the surface.  Thus, with sufficient water present to provide ionic mobility, 

bromide appears to segregate to the surface of a salt solution containing both bromide and 

chloride.  This phenomenon was subsequently confirmed by MD simulations.69  A single 

bromide anion placed on the surface of a slab of a ~6 M NaCl solution remained there during 

the entire 800 ps simulation, while in a second simulation a single bromide anion placed 

initially in the middle of the slab found its way to the surface after 300 ps and remained there 

for the rest of the trajectory.  The concentration dependence of the relative surface 

propensities of bromide and chloride was explored in additional simulations.  In a low 

concentration mixture of NaBr and NaCl (each at 0.6 M) the interfacial concentration of 

bromide was enhanced relative to that of chloride by a factor roughly equal to the ratio of 

interfacial concentrations found in pure solutions of 1.2 M NaBr and 1.2 M NaCl.  However, 

in a higher concentration mixture (3.0 M each) the bromide anions were selectively enhanced 

at the expense of chloride anions, which were displaced by bromide from the interfacial 

region.  Thus, both photoelectron spectroscopy and MD simulations support the notion that 

the enhanced reactivity of bromide in sea salt is at least in part due to surface segregation of 

the bromide anions. 

 

4.5 Surface selective nonlinear spectroscopies 

Second harmonic generation and vibrational sum frequency generation are nonlinear 

optical processes in which two incident laser beams overlap in a medium and generate, via the 

second-order nonlinear susceptibility of the medium, an output at the sum of the frequencies 

of the incident beams.  In the case of SHG, the incident beams are at the same frequency, ω, 

and the output is at 2ω; while for VSFG the incident frequencies, ωIR and ωV are typically in 

the infrared and visible, respectively, and the output is at ωSFG = ωIR + ωV.  When the 

frequency of the incident radiation (ω in the case of SHG and ωIR in the case of VSFG) is 
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coincident with transition in the medium (electronic for SHG and vibrational for VSFG), the 

output signal is resonantly enhanced. As second order processes, within the dipole 

approximation both SHG and VSFG are forbidden in media with inversion symmetry (e.g., 

bulk solutions), but are allowed where inversion symmetry is broken (e.g., at surfaces and 

interfaces).  For recent reviews of the techniques and applications of SHG and VSFG 

spectroscopies to aqueous interfaces, see Refs. 171,188-190 and several reviews in this Special 

Issue.  Here, we briefly review recent VSFG studies that indirectly probe the surface 

composition of aqueous electrolyte solutions through observation of changes in the 

vibrational spectrum of water molecules in the interfacial region, and SHG studies that 

directly probe electronic transitions of ions at the air/solution interface. 

 VSFG spectra of aqueous systems are usually measured over a spectral range spanning 

water OH stretching frequencies.  The water OH stretching frequency is sensitive to the 

hydrogen bonding environment, and hence reports indirectly the presence of solutes in the 

interfacial region via their interactions with water molecules.  A typical VSFG spectrum 

measured for the neat air/water interface using the ssp polarization combination is shown in 

Figure 18a.  Although other polarization combinations are possible,191 the ssp combination, 

which probes transition dipoles perpendicular to the interface, is the most commonly 

employed.  The ssp polarized VSFG spectrum of the air/water interface displays two 

prominent features: a sharp peak at ~3700 cm–1 and a broad band spanning ~3100 cm–1 to 

~3600 cm–1.  Within the later there appears to be two peaks, one centered around 3200 cm–1 

and the other around 3400 cm–1. 

 The ability to infer structure and intermolecular interactions from VSFG spectra relies 

heavily on the assignment of the spectral features.  The assignments of vibrational spectra of 

interfacial water, which are based on assignments of linear IR and Raman spectra of ice, 

water, and aqueous solutions, have been discussed extensively elsewhere,52,171,192,193 so we 
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give just a brief summary here.  The peak at 3700 cm–1 is generally attributed to uncoupled 

“free” OH oscillators not participating in hydrogen bonding interactions.  It is reasonable to 

expect that the majority of the free OH bonds are protruding from the surface of the liquid.  

The lower frequency bands are definitely attributable to OH oscillators involved in hydrogen 

bonding, but the precise origin of the bands is a subject of on-going discussion, and it is safe 

to say that, at this time, their assignment remains controversial.  Broadly speaking, there are 

two schools of thought.  One attributes the 3400 cm–1 feature to disordered but hydrogen 

bonded water molecules on the surface, e.g., the hydrogen bonded OH bond (“donor” OH) of 

a water molecule containing a free OH bond, and the 3200 cm–1 band to OH bonds in 

tetrahedrally coordinated water molecules.  The other posits that the donor OH participates in 

strong hydrogen bonds, and hence is the origin of the 3200 cm–1 band, while the tetrahedrally 

coordinated water molecules give rise to the 3400 cm–1 band. A very recent theoretical 

analysis also suggests that the 3400 cm–1 band is due to tetrahedrally coordinated water 

molecules, while the 3200 cm–1 band arise from collective excitations of intermolecularly 

coupled vibrations.194 

 There have been several reports of theoretical calculations of the VSFG spectrum from 

MD simulations of the air/water interface.  The first was from Benjamin,195 who actually 

computed an IR spectrum for molecules in the interfacial region, and compared it to the 

corresponding bulk IR spectrum.  The surface IR spectrum qualitatively resembled the 

experimental VSFG spectrum, and the simulation confirmed that the sharp, high frequency 

band was due to a high population (~25%) of free OH bonds on the surface of the liquid.  A 

surface IR spectrum computed from an ab initio MD simulation of the air/water interface 

exhibited similar, qualitative agreement with experimental VSFG spectra.196 

Three different approaches to computing the more complicated (compared to surface 

IR) VSFG lineshape from MD simulations of water have been developed by two groups.  
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Morita and Hynes developed two approaches.  The first is applicable to configrations sampled 

from MD simulations of rigid water models and incorporates environmental effects on the 

normal modes of the OH stretching vibrations, their frequency shifts and hyperpolarizability, 

but treats the nonresonant contribution as an adjustable parameter.192  The second is a time-

dependent approach in which the resonant contribution (frequency dependent 

hyperpolarizability) is expressed in terms of the time correlation function of the system 

polarizability tensor and dipole moment, which is computed from an MD simulation of a 

flexible water model, including electronic polarization effects.197  Both approaches predicted 

VSFG spectra for the air/water interface that were in good qualitative agreement with 

experimental spectra.  Analysis of the nonlinear susceptibilities revealed that the high 

frequency band of the VSFG spectrum is essentially determined by the free OH oscillators in 

the topmost layer of the liquid, while the broad, low frequency band contains contributions 

from subsurface water molecules.  Perry et al. 198 developed a method for computing the 

VSFG spectrum from instantaneous normal modes (INM), as well as a time correlation 

function (TCF) approach similar to that of Morita and Hynes.197  Both the TCF and INM 

spectra computed by Perry et al. from MD simulations of a flexible water model were 

qualitatively similar to experimental results.  The INM method enables the spectrum to be 

decomposed into contributions from individual modes, and Perry et al. used this feature to 

show that antisymmetric stretching dominates the spectrum at higher frequencies while 

symmetric stretching dominates at lower frequencies, and that OH stretches on the surface of 

the liquid are primarily local modes. 

The strength of the VSFG response for a given polarization combination depends on 

several factors,52,197 including the oscillator strengths and phases of the vibrations being 

probed, the number of oscillators contributing from a noncentrosymmetric environment (i.e., 

the width of the inhomogeneous region in liquid/air interfacial systems), the degree of 
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orientational ordering of the oscillators, and local field effects.  All of these factors must be 

considered, in addition to having at hand an assignment of spectral features on some level, 

when inferring changes in composition and intermolecular interactions in the interfacial 

region upon addition of solutes to water.  In some cases the changes in the spectra are 

dramatic, and hence a qualitative molecular level description of the perturbation of the 

interfacial structure is straightforward, while in other cases the changes are subtle, leaving 

room for ambiguities in the interpretation. 

 An example of the latter is the case of the sodium halide solutions.  Essentially the 

same sets of VSFG spectra of ~1 M to ~2 M aqueous solutions of NaF, NaCl, NaBr, and NaI 

were reported by two independent groups at roughly the same time recently.53,54  The spectra 

of the NaF and NaCl solutions were found to be very similar to the neat water spectrum 

(similar results for NaCl were reported previously by Schnitzer et al.50), while the spectra for 

NaBr and NaI exhibited an enhancement of intensity in the 3400 cm–1 band that grew with 

increasing salt concentration (for example, see the NaI data from Liu et al.53 shown in Figure 

18).  Both reports discussed the spectra in terms of our MD simulations,132 which predicted 

that the heavier halide anions adsorb to the air/water interface.  Based on the comparison of 

the VSFG spectra with bulk IR and Raman data, Liu et al.53 concluded that there was a higher 

concentration of bromide and iodide anions in the interfacial region with a concomitant 

increase in interfacial depth, consistent with the predictions of the MD simulations.  

Meanwhile, Raymond and Richmond,54 based on spectral fitting with assignments based on 

isotopic dilution measurements concluded that, while there are anions in the interfacial region 

probed by the experiments (signaled by changes in bands assigned to tetrahedrally 

coordinated water), the insensitivity of the donor OH band to addition of salt indicate a 

significantly diminished population of anions in the uppermost layer of the solutions.  The 

latter contradicts the predictions of the MD simulations.  The somewhat different conclusions 
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reached by two groups interpreting essentially the same data indicates that more work is 

required to unambiguously assign the features in the hydrogen bonded OH region of the 

VSFG spectrum of aqueous solutions. 

A very recent MD simulation study suggests that the increase of the band at 3400 cm–1 

upon addition of the heavier halides is correlated with the population of anions at the air-

solution interface.199  Brown et al. applied the Morita-Hynes TCF approach to compute the 

VSFG spectra of neat water and 1 M sodium iodide solutions.199  The flexible, nonpolarizable 

model of water developed by Ferguson200 was used for water, and two separate simulations of 

aqueous sodium iodide employed either polarizable or nonpolarizable models for the ions.  

Both models led to an adsorption of iodide anions to the interface, but it was much less 

pronounced in the nonpolarizable model vs. the polarizable.  The resulting VSFG spectra are 

shown in Figure 18b.  Consistent with the experimental spectra (Figure 18a), there is an 

increase in the 3400 cm–1 band upon addition of NaI.  The increase (vs. neat water) relative to 

the free OH band is larger for the polarizable iodide compared to the nonpolarizable iodide, 

and this reinforces the correlation between the increase in the intensity of the 3400 cm–1 band 

and the adsorption of the anions to the solution/air interface. 

 In contrast to the sodium halide salts, addition of the corresponding acids (HX, X = 

Cl–, Br–, I–) to water gives rise to pronounced changes throughout the OH stretching region of 

the VSFG spectrum.  Spectra measured in different laboratories all show a decrease in the 

intensity of the free OH band and an increase in intensity throughout the range of hydrogen 

bonded bands in the acid solutions vs. neat water.50,135  In a very recent combined VSFG and 

MD simulation study of salt, acid, and base solutions,135 it was found that the perturbation of 

the VSFG spectrum of HX solutions vs. neat water increased in the order HCl < HBr < HI.  

Moreover, in the same study, additional intensity below 3200 cm–1 in spectra of HX solutions, 

which was not seen for neat water or aqueous NaCl and NaOH, was attributed to Eigen109 
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(hydronium) and Zundel110 cations.  The VSFG spectrum of aqueous NaOH was essentially 

identical to the spectrum of NaCl, which was in turn very similar to the neat water spectrum.  

The qualitative trends in the VSFG spectra appeared to confirm the predictions of the MD 

simulations, namely, that in acid solutions the hydronium cation is a surface active species 

along with the heavier halide anions, while the sodium cation and hydroxide anion are 

repelled from the interface.  The agreement between the VSFG and MD results was 

strengthened by free OH bond populations computed from the simulations, which tracked the 

intensity of the free OH peaks in the VSFG spectra. 

Another very recent combination of VSFG spectroscopy and MD simulations sought 

to characterize the interfaces of aqueous solutions containing the important atmospheric 

aerosol species, ammonium and sulfate ions.144  The simulations of sulfate solutions at finite 

concentration reinforced predictions from an earlier simulation at infinite dilution that sulfate 

anions are strongly repelled from the air/water interface.103  An interesting consequence is that 

the positively charged counterions approach the interface more closely than the anions, 

ammonium slightly more so than sodium.  This results in an electrical double layer at the 

interface that has the opposite polarity of that in halide solutions, e.g., the ammonium chloride 

considered in the present study,144 and the sodium halides studied previously.132  The 

predictions of the simulations were backed up by surface tension measurements and the 

VSFG spectra.  Pronounced differences between the spectra of neat water, ammonium 

chloride, sodium sulfate, and ammonium sulfate were observed, primarily in the hydrogen 

bonded OH region of the spectrum: ammonium chloride produced a small increase of 

intensity around 3400 cm–1, while the sulfate salts increased the intensity throughout the 

hydrogen bonded region, more so with the ammonium than with sodium counterion.  The 

spectral changes were considered in light of a detailed analysis of the MD simulations, and 

could be explained primarily in terms of differences in the interfacial widths, specifically, a 
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broadening of the interface of the electrolyte solutions vs. neat water that is greatest for the 

sulfate solutions, but not in terms of changes in the populations of free and hydrogen-bonded 

OH bonds. 

SHG measurements based on charge-transfer-to-solvent (CTTS) transitions in 

inorganic anions have recently been applied by Saykally and coworkers to the quantification 

of the adsorption of several ions to the air/water interface.55,56,147,201  In each case, the 

concentration dependence of the SHG response of the anion was found to be described well 

by a Langmuir isotherm, from which surface excess free energies could be estimated.  The 

free energy values for the azide and iodide anions were found to be –2.4 kJ/mol and –6.2 

kcal/mol, respectively.55,56  Thus, the SHG data indicate that both of these anions adsorb 

strongly to the air/water interface.  In the case of the iodide anion, the surface population 

appeared to saturate at a bulk concentration of about 100 mM.  The strong surface propensity 

of iodide revealed by the SHG data is qualitatively consistent with the results of MD 

simulations,132,133 but the experimentally derived free energy of adsorption is considerable 

larger than that estimated either by direct free energy calculations or from the ratio of surface 

to bulk concentrations in the simulations.  The increase in iodide adsorption detected by SHG 

in HI vs. NaI or KI was recently used to argue that the hydronium cation adsorbs to a greater 

extent than the alkali metal cations,201 and this provides additional support to the surface 

activity of hydronium cations in hydrogen halide acids predicted by MD simulations.135  SHG 

and MD simulations also corroborated each other in a very recent collaborative investigation 

of the surface activity of the thiocyanate anion.147  The SHG data exhibited an onset of 

saturation in the surface concentration of the anion at a bulk concentration of about 1 M, 

which was consistent with the trend in interfacial anion populations observed in the 

simulations.  This study, along with others summarized in this subsection, illustrate the utility 

of combining state-of-the-art surface sensitive spectroscopic measurements with MD 
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simulations in order to elucidate the interfacial structure of aqueous electrolyte solutions.  

Continuing collaborative efforts along these lines will continue to provide additional insight 

into the microscopic details of structure and dynamics at aqueous interfaces in the near future. 

 

5. Future developments 

Recent significant progress in computations, theory, and experiments concerning 

specific ion effects at the air/water interface is changing our perception of surfaces of 

electrolytes and, at the same time, opens new questions. The first class of questions concerns 

future developments in computational techniques. Most of the computational results presented 

in this review are based on molecular dynamics simulations employing relatively simple 

polarizable potentials. New, more sophisticated and accurate force fields152-156 are now 

becoming available and are starting to be used in this type of simulations. This force field 

development, in combination with the use of larger system (unit cell) sizes and longer 

simulations should provide more quantitative and converged results and also allow studying 

hitherto unexplored molecular ions, for which interaction potentials have not been constructed 

yet. Although it is unlikely that such simulations will significantly change the present picture, 

it is desirable to eventually reach the limits of the predictive power of classical MD 

simulations.  

At the same time, thanks to continuous progress in hardware and software, ab initio 

molecular dynamics simulations for relevant system sizes (hundreds to thousands of atoms) 

and timescales (hundreds of picoseconds to nanoseconds) will become feasible in the near 

future. On one hand, the prospect of exploring propensities of ions for extended aqueous 

interfaces with electronic structure and forces evaluated from first principles is exciting. This 

has been the obvious “next step” for quite a while, hindered only by immense requirements on 

computational resources. On the other hand, it remains to be established whether the present 

standard level of electronic structure theory in ab initio molecular dynamics (i.e., the BLYP or 
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similar density functional) is sufficient for quantitative predictions or whether it will be 

necessary to employ more accurate (and costly) quantum chemical approaches. 

Future will hopefully bring also progress in theories of surfaces of aqueous 

electrolytes. It is always desirable to have a simple, elegant, and correct model which allows 

performing fast back-of-the-envelope calculations (rather than tedious and time consuming 

simulations) to provide at least semi-quantitative estimates. At present, several continuum 

models exist, which respect ions specificity by including dispersion, polarization, and 

solvophobic forces.23,31-33,35,36,65 There has clearly been tremendous progress since the early 

model by Onsager and Samaras.22 Nevertheless, the present theories still suffer from several 

shortcomings. The first one, the neglect of the detailed molecular structure of at least the first 

solvation shell around the ion is inherent to continuum models. Possibly, some kind of a shell 

model, which would respect the “granularity” of the solvent at short separations, could be 

applied to the study of ions at aqueous interfaces in the near future. The second shortcoming 

of some of the present continuum theories is that they to a certain extent involve ad hoc 

assumptions, e.g., concerning adsorption of certain ions at the aqueous surface.32 Future will 

probably bring refined theories which will “connect hierarchies” in the sense that they will 

respect converged results at the molecular level. These can be provided primarily by 

electronic structure calculations and ab initio molecular dynamics, which give a picture with 

atomic resolution, albeit mainly for small systems.  

The progress in surface selective experimental techniques for probing the air/solution 

interface has been spectacular in the last half-decade. A major leap forward has been achieved 

by minimizing the system size (e.g., via microjets) allowing for the application of standard 

vacuum techniques for volatile liquids such as water. Another way to circumvent the vapor 

problem is to use amorphous solid water as a model for liquid water. An important issue for 

methods such as the high pressure photoelectron spectroscopy or non-linear vibrational and 

optical techniques is to quantitatively establish the probing depth. This is highly non-trivial 

for a (sub)nanometer liquid interface, which exhibits disorder, corrugation, and capillary 
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waves. Nevertheless, there is good hope that in the near future our experimental knowledge of 

aqueous interfaces will approach in accuracy and detail that of solid state surfaces.  

 

6. Conclusions 

 A new view of inorganic ions at the air/water interface is emerging from recent 

simulations and surface selective spectroscopic experiments.  Traditionally, surfaces of 

aqueous electrolytes are described as inactive and practically devoid of ions.22,47 This turns 

out to hold for hard (non-polarizable) ions, such as fluoride and alkali cations. Multiply 

charged ions, such as sulfate, are also strongly repelled from the surface but due to strong 

electrostatic interaction they tend to structure and broaden the interfacial water layer.144 

However, due to specific ion effects, and polarization interactions in particular, soft 

(polarizable) monovalent anions, such as the heavier halides and other polarizable inorganic 

anions exhibit a propensity for the air/water interface.69,132,134 Similarly, the hydronium cation 

shows an affinity for the aqueous surface, albeit primarily due to its specific hydrogen 

bonding features.113,116,135  

 Calculations show the importance of a detailed molecular description of the 

air/solution interface which accounts both for interactions within the first solvation shell and 

for long range effects. In particular, ion and water polarization, solvent exclusion, and 

hydrogen bonding rearrangements determine whether or not a particular ion is found at the 

aqueous surface. The “virtual reality” of molecular dynamics simulations is internally 

consistent in the sense that the use of a  broad range of polarizable force fields results in the 

surface activity of soft anions and hydronium cations.69,116,132,135,158 These force fields also 

benchmark well against ab initio results for the structures of ion-containing water clusters.92-

94,97,98,114  
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More importantly, predictions from MD simulations are supported by mounting 

experimental evidence for the presence of ions such as heavier halides, azide, thiocyanate, and 

hydronium at aqueous surfaces. Unlike solid state surfaces, the air/water interface is hard to 

probe experimentally. This (sub)nanometer layer is corrugated, disordered, and non-

stationary, being subject to capillary waves. Nevertheless, new experimental surface selective 

techniques applied to electrolyte solutions, such as high-pressure photoelectron spectroscopy 

(PES)57,187 or electronic (SHG)55,56,201 and vibrational53 (VSFG) non-linear spectroscopies, 

together with scanning electron miscroscopy (SEM)59, ion sputtering60,61 and metastable 

impact electron spectroscopy (MIES)62 directly or indirectly point to the presence of heavier 

halides and other soft anions, as well as that of hydronium at the air/water interface. 

Arguably, it is still too early to claim that the occurrence of these ions at aqueous surfaces is 

established beyond reasonable doubt, however, the body of computational and experimental 

evidence is significant and steadily increasing.  

The presence of ions at aqueous interfaces has important consequences for 

heterogeneous physics and chemistry relevant both for technology and for atmospheric 

processes. This is true for extended aqueous surfaces and, in particular, for small droplets 

which have a large surface-to-bulk ratio. Probably the best known example of such a process 

is the production of molecular chlorine and other reactive halogen compounds at the surfaces 

of aqueous sea salt aerosols in the polluted marine boundary layer and in atmospheric 

chambers mimicking the tropospheric conditions.1-5,182 Another atmospherically relevant case 

is the destruction of tropospheric ozone in high-latitude regions by reactive bromine species  

(Br2 and BrCl). It is now well established that these halogen compounds are released by 

chemical reactions from the bromide enriched surface of sea spray covered Arctic snowpack 

during polar sunrise.7,69,180 In summary, halide ions at aqueous surfaces contribute to the 

production of halogens in the lower atmosphere. This influences oxidative processes and thus 
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affects both chemistry and physics (such as droplet grows and, consequently, e.g., climatic 

effects of aerosols) in the troposphere.  

While the consequences of the presence of inorganic anions, such as the heavier 

halides and others, at aqueous surfaces have been broadly discussed, we are only now starting 

to realize the possible implications of the propensity of hydronium for surfaces of acid 

solutions. For example, it is well established that adding an alkali halide salt to water inhibits 

bubble coalescence (which is one of the reasons why wave activity creates foam on the ocean 

but not on freshwater lakes), while adding the corresponding acid has no effect.8,9,11,12 

Possibly, the much weaker surface segregation of cations and anions in these acids compared 

to the salts is responsible for this behavior. The presence of hydronium cations at aqueous 

surfaces should also have consequences for chemistry, such as corrosion processes, both in 

the atmosphere and in technological applications. It is likely that many more hitherto 

unexplored effects will be discovered now that the surface propensity of hydronium cations 

and soft (polarizable) inorganic anions has been established. 

 

Acknowledgement 

  We wish to thank to our present and former students and postdocs who worked on 

simulations of ions at the air/water interface, in particular to Martin Mucha, Martina 

Roeselová, Eric Brown, Luboš Vrbka, Babak Minofar, Tomaso Frigato, Pedro Salvador, 

Joseph Curtis, Michal Petrov, Robert Vácha, Petr Slavíček, and Raffaella D‘Auria . We also 

acknowledge fruitful discussions with our colleagues Barbara Finlayson-Pitts, Bernd Winter, 

Steve Bradforth, Heather Allen, John Hemminger, Liem Dang, Benny Gerber, Victoria Buch, 

Lai-Sheng Wang, Mary Shultz, and Werner Kunz. Finally, we thank John Hemminger for 

providing the photoelectron spectroscopy data plotted in Figure 17, Heather Allen for the sum 

frequency generation data plotted in Figure 18a, Alfredo Freites for assistance preparing 



 51

Figure 15, Martin Mucha for help with Figure 6c, and John Wheeler for illuminating 

discussions on the relation between ion density profiles and the Gibbs surface excess. Support 

from the Czech Ministry of Education, Youth and Sports via grants LC512 and ME644 and 

from the US-NSF (grants CHE 0431312 and CHE 0209719) is gratefully acknowledged. Part 

of the work in Prague was supported via the Research Project Z40550506. 

 



 52

Figure captions 

 

Figure 1: A continuum dielectric model of an ion at an aqueous interface. The ion is repelled 

from the interface into the aqueous phase by an “image” charge of the same size and polarity. 

Figure 2: Energy profile of an ion moving across the air/water interface. Note the 

disappearance of the energy divergence at the interface upon the change from a point charge 

(dashed line) to a finite size sodium ion (full line). Also note that in the latter case the energy 

starts to steeply rise only after crossing the interface into the gas phase. The energy in the 

aqueous phase is arbitrarily set to zero. (Reprinted with permission from Ref. 23. Copyright 

2002 American Chemical Society.) 

Figure 3: A cut from a snapshot from a molecular dynamics simulation of an aqueous salt 

solution/vapor interface demonstrating the atomic resolution of the obtained picture. The 

particular system shown here is NaBr(aq) with sodium in green and bromide in gold color. 

Figure 4: The time dependence of the distance to the chloride ion from the center of mass of 

Cl-(H20)14 cluster in the SPCE/POL model (solid line) and in the TIP4P model (dotted line). 

Also shown are typical cluster configurations obtained from the SPCE/POL model (right: 

surface solvation) and from the TIP4P model (left: interior solvation). (Reprinted with 

permission from Ref. 74. Copyright 1993 American Institute of Physics.) 

Figure 5: A prismatic unit cell with an aqueous slab containing a single ion. 

Figure 6: Density profiles (i.e., abundancies of individual species in layers parallel to the 

surface, from center of the slab across the interface to the gas phase) from 1 ns slab 

simulations of 1 M aqueous NaI employing: a) 3D Ewald summation with a unit cell of 

3x3x10 nm, b) 3D Ewald summation with a unit cell of 3x3x20 nm, c) 3D Ewald summation 

with a slab correction124 employing a 3x3x10 unit cell, and d) simulation employing a 3x3x10 

nm unit cell with Ewald summation turned off (employing a cutoff of 1.2 nm). 
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Figure 7: Free energy profile (potential of mean force) associated with moving iodide from 

the center of an aqueous slab across the air/water interface at 300 K. Note that a surface 

minimum only develops for a polarizable potential model. (Reprinted with permission from 

Ref. 133. Copyright 2002 American Chemical Society.) 

Figure 8: Snapshot from a molecular dynamics simulation of an aqueous chloride solution 

depicting two chloride anions and their first solvation shells in van der Waals sphere 

representation.  The anion in the lower right portion of the image is in the bulk interior of the 

solution and has a spherically symmetric solvation shell, on average.  The anion in the upper 

left is undercoordinated at the solution-air interface.  The asymmetric, incomplete solvation 

shell induces a sizable dipole on the anion at the interface.   

Figure 9: Representative structure from an effective valence bond MD simulation of a 

hydronium cation on an aqueous slab. (Reprinted with permission from Ref. 116. Copyright 

2004 American Chemical Society.) 

Figure 10: Snapshots (top and side views) of the solution/air interfaces of 1.2 M aqueous 

sodium halides from the molecular dynamics simulations and density profiles (number 

densities) of water oxygen atoms and ions plotted vs distance from the center of the slabs in 

the direction normal to the interface, normalized by the bulk water density.132  

Figure 11: Density profiles of water oxygen atoms and ions for 1 M NaCl, NaBr, and NaI 

solutions obtained using the Amoeba force field.158  

Figure 12: Density profiles and snapshots from MD simulations of 1.2 M HCl, NaOH, and 

NaCl.135 

Figure 13: Surface tension vs. concentration data for aqueous solutions of (a) amphiphilic 

organic molecules and (b) alkali halide salts.  All of the surface tension data were taken from 

Ref. 43 except for the surface tensions of NaF solutions, which were taken from Ref. 202.  

Snapshots from MD simulations depicting the conventional interpretation of the 
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corresponding Gibbs surface excesses are shown in (c) for the surface of an ethanol/water 

solution and (d) for the surface of an aqueous solution of NaF. 

Figure 14: Concentration dependence of surface tension for aqueous acid and base 

solutions.43 

Figure 15: Schematic density profiles depicting the determination of Gibbs surface excesses 

from ion density profiles.  The blue curves are the density profiles of water (component 1) and 

the red curves are the density profiles of an anion (component 2).  The vertical dashed lines 

indicate the position of the Gibbs dividing surface, and the horizontal dashed lines indicate 

the anion densities in the bulk solution.  The case of anion repulsion from the interface (e.g. 

F–) is shown in (a), and the case of an oscillatory density profile with a surfactant layer on the 

surface and a subsurface depletion zone (e.g. Br–, I–) is shown in (b).  The areas shaded green 

give negative contributions to the Gibbs surface excess, and the area shaded cyan gives a 

positive contribution (see text). 

Figure 16: Changes in surface potential relative to pure water, ∆χ = χ(solution) – χ(pure 

water): (a) potassium halide salts; (b) corresponding strong acids (data from of Ref. 47). 

Figure 17:  Left panels: snapshots from MD simulations of 1.2 M NaBr and NaI solutions 

(data from Ref. 132).  Right panels: show the anion/cation ratios in concentrated KBr and KI 

solutions determined by high-pressure X-ray photoelectron spectroscopy as a function of 

photoelectron kinetic energy, i.e., probe depth (data from Ref. 187).   

Figure 18: Vibrational sum frequency generation spectra in the region of the water OH 

stretching frequency for neat water and NaI solutions: (a) experimental spectra;53 (b) spectra 

computed from MD trajectories,199 normalized to have the same intensity at 3700 cm–1.  MD 

results are shown for 1.2 M NaI solutions in which the ions were modeled with a polarizable 

force field, which gave a strong anion adsorption, and a nonpolarizable force field, which 

gave a moderate anion adsorption. 
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Figure 2: 
 
(from Markin, V. S.; Volkov, A. G. J. Phys. Chem. B 2002, 106, 11810) 
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Figure 3: 
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Figure 4: 
 
(from Perera, L.; Berkowitz, M. L. J. Chem. Phys. 1993, 99, 4236) 
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Figure 6: 
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Figure 7: 
(from Dang, L. X.; Chang, T. M. Journal of Physical Chemistry B 2002, 106, 235) 
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Figure 9: 
 
(from Petersen, M. K.; Iyengar, S. S.; Day, T. J. F.; Voth, G. A. J. Phys. Chem. B 2004, 

108, 14804) 
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