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Many physical phenomena are affected by the intrinsic acidity/basicity of the free liquid water surface,
yet it remains an active and controversial subject. Macroscopic bubble and droplet experiments have
been interpreted to indicate an air–water interface covered with hydroxide, whereas recent molecular-
scale studies produce the opposite conclusion, viz. that hydroxide is repelled from the interface while
hydronium is strongly adsorbed. Here we report results from resonant UV second harmonic generation
(SHG) experiments that are best modeled by surface depletion of hydroxide and establish at most a weak
surface adsorption. This finding is consistent with our earlier SHG measurements indicating surface
enhancement of hydrated protons, as well as with other molecular-scale experiments and simulations,
but stands in stark contrast to the results from macroscopic studies. The acidity, or basicity, of aqueous
surfaces could strongly influence heterogeneous atmospheric chemical processes, such as aerosol reac-
tions and gas uptake.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Our understanding of the surface properties of electrolyte solu-
tions is evolving rapidly. Until recently, the molecular structures of
interfaces had to be inferred from thermodynamic and macro-
scopic measurements, such as surface tension and surface poten-
tials, and were highly dependent on the models used to analyze
the data. Modern molecular dynamics simulations and surface sen-
sitive experiments can directly probe the molecular-level structure
and properties of interfaces. Some of these direct molecular mea-
surements may initially seem to contradict the paradigms derived
from the macroscopic experiments. One such example involves the
surface tension of electrolyte solutions. The increase in surface ten-
sion observed upon addition of inorganic salts and bases to water
indicates that the ions are depleted in the interfacial region, being
repelled by electrostatic interactions [1–5]. In the absence of fur-
ther microscopic information, ions have been assumed to be de-
pleted from the outermost liquid layer to the extent that
electrolyte solutions were covered by an essentially pure layer of
water, with ion concentrations uniformly increasing towards the
bulk. However, this simple picture was not able to explain either
the observed lowering of the surface tension of acidic solutions
without invoking molecular (undissociated) acid formation at the
ll rights reserved.
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interface, or the reaction kinetics recently observed in sea salt
aerosols [6–8].

A refined picture, arising from modern MD simulations and sur-
face sensitive experiments [9–14], indicates a more complex pic-
ture, wherein ‘soft’ anions (e.g., iodide) are surface active and
exhibit a non-monotonic distribution at the surface, i.e. they are
enhanced at the outermost liquid layer, but depleted in the adja-
cent sublayer, where the cations are, in turn, enhanced. The term
‘soft’ anions is here used to describe large, polarizable, and weakly
hydrated anions, since the exact mechanism and cause of the ob-
served surface propensity is still being debated. Small ‘hard’ anions
(e.g. fluoride) and cations behave classically and prefer bulk solva-
tion. The overall surface concentration of inorganic salts, as inte-
grated through the entire interfacial region, must be depleted
with respect to the bulk to be consistent with thermodynamics,
but the soft ions are present (or even strongly enhanced) at the
outermost layer of the interface, where they can play an active role
in the heterogeneous surface chemistry, for example. Hydronium is
a somewhat puzzling exception to this scenario and also exhibits
surface enhancement, ostensibly due to its asymmetric solvation
structure favoring surface solvation [15–19]. This newly-emerging
refined description can not only explain the surface tension behav-
ior of salt and base solutions, but also the surface tension results
for acids, as well as the enhanced reactivity of soft halides observed
in both field and laboratory experiments [6–8].

A particularly interesting problem involves the surface pH of
neat water, or more correctly, the surface concentrations of
hydroxide and hydronium, noting that the autoionization constant
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of water might very well be altered at the interface. The acidity of
the liquid water surface could affect the surface chemistry of atmo-
spheric particles, the kinetics of CO2 adsorption, and other vital
processes. The refined picture, which is based on molecular-scale
experiments and theory, indicates that hydroxide is repelled from
and hydronium is enhanced at the outermost liquid layer of the li-
quid water interface [9–14], but macroscopic bubble and droplet
experiments are interpreted to indicate the exact opposite [20–
27]. We have previously published results from SHG experiments
supporting the predicted surface enhancement of hydronium in
hydriodic acid solutions [16]. In this Frontiers article, we aim to
give a general overview of the controversy and present additional
SHG experiments unambiguously demonstrating that that hydrox-
ide does not exhibit the strong surface enhancement claimed by
the macroscopic community.

2. Historical overview

Chemists have been trying for a century to understand how
charges are accommodated on the free liquid water surface. The
experimental approaches have, until the advent of surface specific
techniques, mainly comprised surface tension and surface poten-
tial methods [1–5], as well as the bubble experiments described la-
ter. These macroscopic experiments have been reproduced several
times over the last century for different electrolytes with a varying
degree of accuracy, probably due to the rigorous requirements for
contamination-free samples. The first attempt of a theoretical
model dates back to Onsager and Samaras [28], exploiting the con-
cept of image charges, as suggested by Wagner [29]. This first mod-
el was based on point charges in a dielectric continuum, with the
surface modeled as a sharp discontinuity in the dielectricum. It
has since been expanded to include ion-specific effects [30–33]
and a smoothly varying dielectric constant [34,35]. Although, this
collection of experimental and theoretical techniques form a useful
framework for rationalizing many interfacial phenomena, they
intrinsically lack molecular specificity. The underlying molecular
structure is inferred from the theoretical models. The modern sur-
face-specific experimental techniques and molecular dynamics
simulations can directly probe the molecular structure at the inter-
face and have engendered the refined surface picture described
above. It is important to understand that the refined picture is a
unification of the molecular and macroscopic experiments.
Although it first appears to, it does not contradict, the macroscopic
measurements, which are not sensitive to the intrinsic microscopic
structure of the interface, but instead provides a more detailed pic-
ture of the interfacial structure that was previously unobtainable.
For a more detailed history of the study of ions at the liquid water
surface and the newly emerging refined picture, we refer the read-
er to our own [9] as well as other recent review articles [10–14].

Since these initial studies, several other studies have provided
evidence for enhanced ion concentrations at the water–air inter-
face [36–40]. Furthermore, these studies have been extended to
probe the propensity of ions for water–air interfaces covered with
an organic surfactant [41] and other interfaces, such as water–
hydrophobic interfaces [14,42], and the ice surface [43].

For the case of hydronium and hydroxide, the refined picture
treats hydroxide as a normal hard anion, which is repelled from
the surface, similarly to fluoride, but treats hydronium as a special
case. Hydronium is, as opposed to other cations, also surface active,
like the soft anions, but due to a different mechanism. The solva-
tion structure around hydronium is different from that of a water
molecule: hydronium donates three hydrogen bonds and accepts
one where a water molecule donates and accepts two. This asym-
metry causes the hydronium to act as a defect in the bulk hydro-
gen-bonded network, and accordingly, it is pushed to the surface,
as are lattice defects in crystals. This view was initially proposed
by Voth at several conferences before being published in 2004
[15]. Several other theoretical investigations have also shown this
effect [17,19,44–46]. Our experiments are not able to directly
probe the hydronium concentration at the water surface, but we
can obtain an indirect measure through comparison of the surface
iodide concentration with different cations [16]. A much higher
surface concentration of iodide was observed for hydriodic acid
solutions compared to sodium and potassium iodide solutions at
the same bulk concentration. This constitutes compelling indirect
evidence for an enhanced hydronium concentration, since the bal-
ancing of electrostatic forces would permit a higher iodide concen-
tration for a more surface active cation.

The SFG spectra of acids and hydroxide are also remarkably dif-
ferent. The first SFG experiments on acids were carried out by Shen
and co-workers [47] and Shultz and co-workers [48,49]. In those
experiments, acids were found to perturb the interfacial water
structure much more than did salts. In a recent combined experi-
mental and theoretical effort by Mucha et al. [45], the SFG spectra
of hydroxide and acid solutions are directly compared. The interfa-
cial water structure (as probed by the OH stretch vibrations) is ob-
served to be almost unaffected by sodium hydroxide, whereas
acids causes a large perturbation. This was also found by Richmond
and co-workers [50] and is consistent with hydroxide not being
present at the outermost liquid layer, whereas hydrated protons
are, in agreement with theoretical modeling and calculations
[45,46]. Furthermore, in a recent study, Allen and co-workers com-
pare the SFG spectra and acid halide solutions and find direct spec-
troscopic signatures, interpreted as due to hydrated protons at the
surface, and which increase with halide polarizability and bulk
concentration [18].

These findings from molecular-level investigations stand in
stark contrast to the conclusions derived from macroscopic studies.
In those, hydronium is considered to be a normal cation, which is
repelled from the surface, and hydroxide is thought to be a special
case, exhibiting a strong and specific surface adsorption due to an
unknown mechanism. The proposed surface adsorption of hydrox-
ide results from decades of dynamical bubble and droplet experi-
ments [20,21,23–27]. In these experiments, air-bubbles and oil-
droplets in aqueous solution appear to move as though they carry
a negative charge when an electric field is applied. This appears to
be a very general phenomenon, being observed for a broad range of
gas bubbles and oil droplets in a variety of electrolyte solutions and
is generally attributed to surface adsorption of hydroxide to pro-
duce the negative charge, but without offering any theoretical
explanation for this. Several continuum models have adopted this
view of an intrinsic surface layer of hydroxide as integral parts of
the model [22,32]. The controversy between the macroscopic and
molecular-level viewpoints is highlighted in a recent comment
by Beattie [51] and response-to-comment by Vacha et al. [52].

3. Experimental methods

Our contributions to this field have been via surface sensitive
nonlinear optical spectroscopy experiments, exploiting resonance
enhancement of anionic transitions in the deep ultraviolet.
Through symmetry arguments, even order optical processes are
forbidden within the dipole approximation in centro-symmetric
materials. However, at the surface of such materials, the inversion
symmetry is necessarily broken, and even order processes are thus
surface specific probes of centro-symmetric materials, sampling
only the region at the interface that exhibits a net asymmetry. Sec-
ond order processes have become powerful methods for directly
probing interfaces between solids, liquids and gaseous phases
[47,53–56].
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There are two types of second order nonlinear processes: a
degenerate version (called second harmonic generation or SHG),
wherein two photons of equal energy are incident on the sample
and one photon of twice that energy is emitted, and a non-degen-
erate type (termed sum-frequency generation or SFG), wherein
two photons of different energy impinge on the sample and a pho-
ton with the sum of the energies is emitted. When the energy of
either incident photon and/or their sum is equal to that of a molec-
ular transition, resonance enhancement of the second order signal
by as much as a factor of 106 occurs. By scanning the photon ener-
gies and observing such resonances, the ‘surface-spectrum’ of the
interface can be obtained, although different selection rules apply.
Typically, SHG is used in the visible or UV and SFG is used with a
fixed visible or near-IR photon and a variable IR photon to obtain
the UV–visible and IR ‘surface spectra’, respectively.

SFG has been applied to the study of aqueous electrolyte sur-
faces by several groups, mainly monitoring the water OH stretch
spectrum and how it is affected by the ions [57,58]. We have taken
a different approach and applied SHG in the UV to directly probe
the interfacial ions. At the UV wavelengths used in these experi-
ments, water possesses no resonances, whereas several anions ex-
hibit strong charge-transfer-to-solvent (CTTS) transitions [59]. We
exploit this resonance enhancement to directly probe the concen-
tration of the anions at the liquid surface. The anion response is
separated from that of the water background by tuning the laser
on and off this CTTS resonance. Formally, the total SHG intensity
is the squared norm of the susceptibility sum of the water back-
ground and the anion contributions. The non-resonant response
from water is strictly real (NRWater), whereas the resonant response
of the anions contain a complex phase, and is given by the surface
concentration (NS

Anion) and the orientationally averaged molecular
hyperpolarizability (hbAnioniOrientation).

I2x / jNRWater þ NS
AnionhbAnioniOrientationj

2I2
x ð1Þ

SHG and SFG, in principle, probe the entire interfacial region;
that is, the region with net broken inversion symmetry. However,
this is a type of weighted average, and the corresponding probing
depths of these experiments are not yet well established. Calcula-
tions on pure water suggest that all of the SHG intensity [60] and
90% of the SFG intensity [61] comes from the outermost two liquid
water layers. For electrolyte solutions, the total interfacial width
increases. The water density profile itself changes little, but the
density profiles of the ions exhibit the monotonic behavior de-
scribes above before converging to the bulk value around 1 nm
from the surface. Recent calculations by Ishiyama and Morita
[62] suggest that different spectral components in the SFG spectra
originate from different positions in the interface. The dangling
OH-bond is found to originate from the outermost few Å and the
hydrogen-bonded OH-region originates from the adjacent sublayer
(3–7 Å below the Gibbs dividing surface) of the interface. A similar
calculation for the SHG intensity would be very informative. Thus
SHG and SFG have very shallow probing depths and mainly probe
the outermost liquid layers. But, that an anion exhibits surface
enhancement via a SHG/SFG experiment does not automatically
imply that it is enhanced in the entire interfacial region and thus
exhibits a net surface excess, which would violate thermodynam-
ics if the corresponding surface tension measurement showed a
decreasing surface tension with increasing bulk concentration.

The other molecular-level experiments that have been applied
to aqueous surfaces are mainly photoelectron experiments in ul-
tra-high vacuum (UHV). In these experiments, the surface sensitiv-
ity arises from the finite escape depth of the measured
photoelectrons. The probing depth is an exponentially decaying
function over one to several nm, dependent on the kinetic energy
of the photoelectrons. The UHV requirements of these experiments
makes it difficult to apply them to aqueous solutions with high va-
por pressures, but they have been successfully applied to the thin
aqueous layers on salt crystals above the deliquescence point and
to microjets ejected into the vacuum chamber. The experiments
on the deliquesced salt crystals exhibit a clear surface enhance-
ment of soft anions versus cations and increases with anion polar-
izability in these saturated solutions at low temperatures [63]. The
enhancement of iodide over bromide at the liquid water surface
was also observed in the microjet experiments [64,65].

Other scattering experiments using neutral particles exhibit
surface sensitivity but have not yet been applied to aqueous sys-
tems due to the requirement of UHV. These include the Neutral Im-
pact Collision Ion Scattering Spectroscopy (NICISS) experiments
[66] that have the ability to directly measure the density profile
of solutes as a function of distance from the Gibbs dividing surface,
as well as other direct molecular scattering experiments that probe
the heterogeneous reactions of gas molecules striking a liquid sur-
face [67,68]. It would be interesting to apply these techniques to
liquid water surfaces using microjets.

One of the main problems in directly comparing results ob-
tained from different surface sensitive experiments is the differ-
ence and ambiguity in the respective probing depths, in addition
to the different experimental conditions employed, such as tem-
perature and pressure. However, given the number and variety of
experiments that have now demonstrated surface enhancement
of ions, this would seem to be a well established phenomenon

4. Surface propensity of ions in aqueous solutions

The essence of the controversy involves the propensity of se-
lected ions to reside in the interfacial region, and the mechanism
responsible for this behavior. It is important to realize that some
fraction of the ions will always be present at the interface, no mat-
ter how energetically unfavorable it is, due to thermal fluctuations.
It is thus not sufficient to simply measure the presence of ions at
the interface without trying to quantify their abundance. Since
the hyperpolarizabilities (nonlinear optical cross-sections) of the
ions are generally unknown, is it not feasible to extract ion concen-
trations directly from the SHG intensities alone. We have thus ta-
ken a different approach, quantifying the surface propensity of
various anions by measuring the surface concentration (via the
SHG intensity) as a function of the bulk concentration. This ap-
proach has been used for decades to quantify the surface adsorp-
tion of organic surfactants on aqueous solutions, as measured
through surface tension and other surface experiments [4]. The
Gibbs free energy of adsorption for the given species is then ob-
tained by expressing the surface concentration dependence on
the bulk concentration through models of varying complexity.

As in our previous studies [16,69–73], the surface concentration
of hydroxide is modeled by the standard Langmuir isotherm:

NS
Anion ¼

NS
max � CAnion

CAnion þ CWater � expðDGAds=RTÞ : ð2Þ

Here, NS
Anion is the surface concentration of the anion, NS

max is the
maximum obtainable surface concentration, CAnion and CWater are
the bulk anion and water concentration, respectively, and DGAds is
the Gibbs free energy of adsorption of the anion to the surface. At
dilute concentrations, the surface concentration will always vary
linearly with the bulk concentration, irrespective of surface
enhancement or depletion. For example, for an enhancement
(depletion) factor of 103, at a bulk mole fraction of 10�6, the surface
mole fraction will be 10�3 (10�9) and at a bulk mole fraction of
2 � 10�6, the surface mole fraction will be 2 � 10�3 (2 � 10�9). In
the case of surface enhancement, the surface concentration will
eventually saturate before the bulk does, as the bulk concentration
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is further increased. This is manifested as a sub-linear increase in
the surface concentration that, in turn, is observed as a sub-qua-
dratic increase in the SHG intensity, with respect to the bulk con-
centration. For the case of surface depletion, the opposite holds
true. The bulk will saturate before the surface, but due to the enor-
mous size discrepancy between the surface and bulk, only a slight
super-linear (super-quadratic for the SHG intensity) increase is ob-
served at very high concentrations. This method of quantifying the
surface propensity of a species is thus very sensitive to negative val-
ues of the Gibbs free energy of surface adsorption (surface enhance-
ment), but not very sensitive to positive values (surface depletion).
Fig. 1. SHG intensity of sodium and potassium hydroxide solutions as a function of
bulk concentration normalized to the pure water response. Panels a and b show the
data on linear and logarithmic scales, respectively, for better representation of
entire concentration range. The inset in Panel a shows the linear absorbance
spectrum of bulk sodium hydroxide with the probing wavelengths indicated.
5. Experimental details

Details regarding the experimental design and methods have
been given elsewhere [73]. Briefly: The output of a homebuilt
Ti:sapphire oscillator is amplified in a commercial regenerative
amplifier (Spectra Physics, Spitfire). The sub-100 fs amplified
800 nm pulse train is split to pump two commercial OPAs (Light
Conversion, TOPAS). The OPA used for the present experiments
generates light at 450 and 500 nm by sequentially doubling the id-
ler beam twice (fourth harmonic generation) and by sum-fre-
quency generation of the signal and remaining 800 nm light,
respectively. 400 nm light was generated by tuning off the crystal
angles in the OPA and doubling the unconverted 800 nm through
the OPA to ensure similar pulse characteristics.

All glassware in contact with the sample is cleaned with either
chromic acid or Nochromix (a chromic acid substitute). The solu-
tions are made using 18.2 MX Millipore water and 99.998% pure
NaOH and 99.99% pure KOH purchased from Sigma–Aldrich and
used without further purification. It should be noted however, that
in the process of transferring the solution to the sample vessel and
in subsequent dilutions, solution is pipetted from the bulk, leaving
behind the surface and thus potential organic contaminations. This
is akin to aspirating the surface.

6. Results

The SHG responses of sodium and potassium hydroxide solu-
tions were measured as a function of the bulk concentration at
200, 225 and 250 nm, corresponding to incident wavelengths of
400, 450 and 500 nm, respectively. Hydroxide exhibits a broad
charge-transfer-to-solvent (CTTS) transition centered at 187 nm
in the bulk [59], shown in the inset of Fig. 1. The 450 and
500 nm wavelengths are thus non-resonant, but the 400 nm inci-
dent light is two-photon resonant with the tail of the hydroxide
transition. Note that the surface spectrum may be shifted with re-
spect to the bulk, given that the previously studied surface-active
anions have been found to exhibit ca. 10 nm redshifts [16,69–73],
attributed to the lower effective solvent polarity at the interface.
The measured SHG intensities normalized to that of pure water,
are shown in Fig. 1. The data are presented on both a linear and
a logarithmic scale in order to accurately depict both the high
and dilute concentration ranges. At 250 nm, the SHG intensity re-
mains constant at dilute bulk concentrations, but increases weakly
above 2 M due to the change in surface water structure induced by
the ions, as previously described for halide solutions [73]. At
225 nm, the SHG intensity remains constant, within experimental
uncertainty, due to the limited concentration range explored. At
200 nm, however, the SHG intensity increases significantly at high
bulk concentration. Since such a bulk concentration-dependence
increase is not observed at the non-resonant wavelengths, this
constitutes a direct measurement of surface hydroxide ions at
these high concentrations. However, this does not in itself imply
surface enhancement of hydroxide. As described above, a small
fraction of hydroxide will always exist at the interface despite a
repulsive Gibbs free energy due to thermal fluctuations. In an at-
tempt to quantify the surface activity, the measured surface con-
centration was fit to the standard Langmuir model described
above. However, this analysis produces a diverging positive Gibbs
free energy of adsorption. Fig. 2 shows fits to the Langmuir model
with Gibbs free energies fixed at 10, 0, �1 and �2 kcal/mol, respec-
tively. As noted, the Langmuir model is very sensitive to negative
values of the Gibbs free energy, but positive values are not clearly
resolved, so that different fits with free energies above 10 kcal/mol
are indistinguishable. The fits with positive Gibbs free energy best
reproduce the curvature in the measured SHG data at high concen-
trations, although a small negative free energy cannot be com-
pletely excluded. A lower bound of �1 kcal/mol can be reliably
established, however. This means that hydroxide is most probably
repelled, and certainly is not strongly enhanced at the interface.
During the fitting procedure, the water concentration is assumed
constant at 55.5 M, which is not strictly correct at the high hydrox-
ide concentrations in this experiment. An analogous equation,
written in terms of mole fraction [73] that takes this effect into ac-
count, was also used, but yielded the same result.



Fig. 2. Langmuir fits to the SHG data at 200 nm, which is in resonance with the
hydroxide CTTS transition. The colored lines are Langmuir fits with DGAds fixed at
10, 0, �1 and �2 kcal/mol, respectively. The upward curve at high concentrations is
best reproduced with positive values of the Gibbs free energy of adsorption, corr-
esponding to hydroxide being repelled from the surface, but a small negative value
cannot be entirely excluded and the lower bound is set to �1 kcal/mol. Clearly,
strong surface adsorption (DGAds < �2 kcal/mol) can be excluded, however.
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7. Discussion

One of the central insights to emerge from the molecular-level
picture of aqueous interfaces is the dramatically non-monotonic
ion distributions along the surface normal. The ‘soft’ anions are en-
hanced at the outermost liquid layer but depleted in the sublayer,
where the cations in turn are enhanced. Overall, the anions and
cations must have the same concentration in the interfacial region,
due to surface neutrality, and they be depleted with respect to the
bulk to be consistent with the macroscopic surface tension exper-
iments. But this does not preclude the existence of ionic substruc-
ture within the interfacial region. The macroscopic measurements,
such as surface tension, are not sensitive to such a molecular sub-
structure, but only measure the integrated properties of the inter-
facial region. The existence of non-monotonic surface distributions
of the ions has been the primary cause of most confusion and con-
troversy between the molecular-level and macroscopic-level
investigations.

Our direct experimental support for weak hydroxide and strong
hydronium [16] propensities for the water surface agrees with the
other molecular-level investigations, as described above, but are in
stark contrast to the interpretations of macroscopic bubble and
droplet electrophoresis experiments [20,21,23–27]. Those experi-
ments measure the motion of gas bubbles or oil droplets in aque-
ous solution when an electric field is applied. The motion of the
droplets/bubbles is analyzed in terms of their zeta-potential and
is interpreted as a measure of the overall charge of the droplet/
bubble. For neutral and basic pH, the derived zeta-potential is neg-
ative, implying that the droplets and bubbles carry a negative sur-
face charge, and only at low pH is a positive zeta-potential
observed, i.e. the isoelectric point is around pH 3–4. Such findings
appear universal for hydrophobic interfaces and have been inter-
preted as clear evidence for a strong surface enhancement of
hydroxide [20,21,23–27]. However, those experiments only show
that the bubbles and droplets behave as though they are negatively
charged, moving in a solvent bath that would have to be positively
charged, and not directly establishing that the outermost liquid
layer is covered by hydroxide.
The notion of zeta-potentials was developed for solid/liquid
interfaces to account for tightly bound counter ions. When a solid
particle itself or surfactants attached to it carry a net charge, or
when a solid surface is externally raised to a net potential, the po-
tential at the solid/liquid interface is compensated by an atmo-
sphere of counter-ions from solution, creating a charge double
layer. Depending on the magnitude of the true surface potential,
the counter ions can range from tightly bound to diffuse. The
zeta-potential is defined as the potential at the slip-plane of the
particle/surface, i.e. the potential at the boundary layer, within
the interfacial region, that moves along with the particle. The
extension of zeta-potential measurements to droplet and bubble
interfaces is not trivial. In these cases, the particle itself is not
inherently charged and interpretation of the zeta-potential as the
net charge of the particle is not straight forward. The charge distri-
bution near the interface is highly non-monotonic, as discussed
above, exhibiting a double layer structure. For the droplets to be-
have as though they are charged, the hydrodynamic slip plane,
i.e. the part of the interface that actually moves along with the
droplet, would have to be located within the interfacial region,
since both the bulk phases and the integrated interfacial region
must be electrically neutral. The apparent droplet charge will thus
depend sensitively on the location of this slip plane of the droplet
within the interfacial region, and could range from positive to
negative.

Furthermore, recent molecular dynamics simulations of hep-
tane droplets in pure water without any ions present reveal that
the heptane droplets still move against an applied external electric
field [74]. The droplets thus behave as though they are negatively
charged, despite the fact that there are no ions present! The move-
ment of the droplets is found to be an effect of dipolar alignment of
the water molecules combined with interfacial roughness, and the
computed mobilities are of the right magnitude as compared to the
electrophoresis experiments, when extrapolated. That the effect is
observed in simulations without any ions present calls into ques-
tion the analysis of electrophoresis experiments on droplets and
bubbles in terms of zeta-potentials; that is, in terms of formalism
derived from continuum models [74]. The observed pH effect on
droplet movement in the electrophoresis experiments results from
a combination of dipolar alignment and preferential ion
adsorption.

Curiously, the asymmetric concentration profiles of certain an-
ions and hydronium have recently been invoked to explain ion
specificity in another macroscopic bubble experiment, namely
bubble coalescence [75–77]. It has long been known that salts
selectively inhibit bubble coalescence according to the Hofmeister
series [78]. Salt water generates foams due to repressed coales-
cence, whereas fresh water does not, but until recently, there has
been no molecular level explanation for this phenomenon. First,
bubble coalescence of salts was systemized and rationalized by
empirically dividing both cations and anions into two types (a
and b). Bubble coalescence was observed to be inhibited for aa
and bb salts, but not for ab and ba salts [75]. It was then hypothe-
sized that a-cations and b-anions corresponded to bulk solvated
ions with monotonic surface concentration profiles and b-cations
and a-anions to surface active species with non-monotonic surface
concentration profiles [76]. This explanation was then further
tested against mixed electrolyte solutions [77]. Bubble coalescence
was found to be inhibited when a surface active and a bulk sol-
vated ion pair is present in solution, creating a charged double
layer at the interface, but it is not inhibited when only bulk or only
surface solvated ions are present and no such double layer exists.
In this simple categorization, both hydronium and hydroxide are
considered surface solvated, but nonetheless, the asymmetric sol-
vation is responsible for and can fully explain the observed phe-
nomena. Interestingly, it is hypothesized that the asymmetric ion
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solvation affects the bubble coalescence mechanism by introduc-
ing a partial-slip or no-slip boundary condition at the interface
[77]. As we discuss above, this effect could possibly explain the
apparent negative charge observed in the macroscopic zeta-poten-
tial measurements. It would certainly be interesting to investigate
the effect of changes in the slip-boundary condition on the hydro-
dynamic motions of bubbles and droplets in electrolyte solutions.

It is interesting to note that we do not observe the Jones–Ray ef-
fect in the present experiments on hydroxide. The Jones–Ray effect
comprises the observation of a minimum in the surface tension of
electrolyte solutions around 1 mM and dates back to the 1930s
[69,72,79,80]. A decreasing surface tension corresponds to a net
surface enhancement of the electrolytes and has recently been
re-confirmed by our SHG measurements of millimolar iodide and
ferrocyanide solutions at neutral pH [69,72]. The Jones–Ray effect
was likewise not observed in our previous experiments on hydri-
odic acid [16], indicating that it is strongly pH-dependent. The
strong hydroxide adsorption interpreted from the bubble experi-
ments happens at low bulk hydroxide concentrations and the total
surface coverage of hydroxide remains low. It has been argued that
the low concentration hydroxide adsorption, inferred from the
bubble experiments, is due to an unknown specific adsorption
mechanism and cannot be directly compared to the molecular-le-
vel experiments and simulations that are performed at molar bulk
concentrations [51]. This view is very similar to our interpretation
of the Jones–Ray effect for other anions [69,72], i.e. that there ex-
ists an unknown specific adsorption mechanism that is operational
at dilute (millimolar) bulk concentrations, and that this is a differ-
ent molecular mechanism from that operating than at molar con-
centrations. The specific surface adsorption of hydroxide has also
been implicated directly as the cause of the Jones–Ray effect
[22]. One could thus argue that we simply do not have the required
sensitivity in the SHG experiments to observe a low coverage
hydroxide adsorption. This is unlikely, however, when considering
the observed SHG signal strengths. Chromophores that exhibit
inversion symmetry would normally not give rise to a SHG signal.
When present at an interface, the inversion symmetry of a chromo-
phore can be perturbed enough to generate an SHG response. How-
ever, this perturbation-generated SHG signal will be rather weak
compared to that of a chromophore that does not exhibit inversion
symmetry. This is the explanation for the large SHG intensity dif-
ference between azide and thiocyanate solutions [70,71]. Likewise,
iodide is a spherical anion in the bulk and would normally not give
rise to a SHG response, whereas hydroxide does not exhibit inver-
sion symmetry. However, at molar bulk concentrations the SHG
intensity of iodide and hydroxide solutions is comparable due to
the much higher surface concentration of iodide. Since the Jones–
Ray effect is clearly observed for iodide [69], we would also expect
to be able to detect a potential Jones–Ray effect for hydroxide.
Since this is not the case, we conclude that hydroxide does not ex-
hibit Jones–Ray character and a low concentration specific adsorp-
tion of hydroxide is unlikely.

An obvious issue to raise at this point is why protons should
prefer the liquid/vapor interface, while hydroxide is repelled, since
they should both act as defects in the aqueous hydrogen bond net-
work – the proton being a good triple donor and a poor acceptor,
and hydroxide being a quadruple acceptor and a poor donor. A re-
cent study [81] from our group may indicate why the hydroxide
ion prefers to be solvated in the bulk, rather than at the surface.
X-ray spectra, interpreted in terms of density functional theory cal-
culations, favor the hypercoordinated first solvation shell predicted
by recent ab initio MD simulations [82], wherein the oxygen ac-
cepts four hydrogen bonds in a square planar geometry and the
hydrogen does not donate. This type of solvation would difficult
to achieve at the outermost liquid layer, but perhaps an alternative
explanation is more compelling. Pegram and Record [36] have pre-
sented convincing thermodynamic results indicating a strong pro-
pensity for the proton to accumulate at the liquid/air interface,
while hydroxide is weakly excluded. They also find that iodide
and nitrate are present at the interface, in agreement with our re-
cent results [73,83] Cheng et al. [38] show that the relative surface
propensities of ions correlate strongly with their hydration free
energies, relative to the strength of water–water interactions. This
yields a model in which ions with stronger binding of their first
hydration shell (small ‘hard’ ions, like Li+) are less favored at the
surface, because they must at least partially dehydrate to reside
there, and releasing waters to the bulk water network would cost
energy. The hydration energy of the proton is about 3 times that
of hydroxide, indicating that the latter should actually be favored
at the surface. However, it is not really clear what hydration energy
should be used for the proton in this comparison ... should it be
that of bare H+, H3O+, or H5Oþ3 ? We do note that Kiriukhin and Col-
lins [84] have determined that the dynamic hydration numbers
(numbers of tightly bound waters surrounding the ion) are 1.9
and 2.8 for the proton and hydroxide, respectively, supporting a
higher surface propensity for hydrated protons in this model of
surface affinity. The different surface propensities could also result
from the different dynamical properties of hydronium and hydrox-
ide. Both hydroxide and hydrated protons exhibit much larger dif-
fusion constants in aqueous solutions compared to normal ions
due to their ability to quantum mechanically exchange protons
with water molecules in the hydrogen bond network. The proton
exchange mechanisms for hydroxide and hydrated protons with
water are expected to be different and could thus be affected dif-
ferently by the interfacial water structure.

8. Conclusions

We have presented new results from UV SHG experiments on
sodium and potassium hydroxide solutions spanning over five dec-
ades of bulk concentration that clearly exclude a strong surface
enhancement of hydroxide at both molar and millimolar concen-
trations. The SHG data are best reproduced by a Langmuir adsorp-
tion model with hydroxide being repelled from the surface, but a
weak surface enhancement cannot rigorously be excluded, due to
the experimental uncertainty. The lower limit for the Gibbs free
energy of surface adsorption for hydroxide is established to be
�1 kcal/mol. This result, and our previous support for an enhanced
surface concentration of hydronium [16], is consistent with other
molecular-scale studies [9–19,52], but is in direct conflict with
the current interpretations of macroscopic bubble experiments
[20–27,51].

We believe that this apparent discrepancy between macro-
scopic and microscopic experiments can be reconciled by explicitly
considering the microscopic structure and hydrodynamics of
hydrophobic droplets and bubbles in aqueous solutions. Such a
study would seem necessary to advance the understanding of elec-
trolyte solvation at the water surface and to resolve the intriguing
question of the surface pH of water.
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