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Abstract

The surface tension of the air-water interface increases upon the addition of inorganic salts,
implying a negative surface excess of ionic species. Acids, however, induce a lower increase or,
depending on anion type, even a decrease in surface tension, indicating a positive surface excess of
hydrated protons. In combination with the apparent negative charge at pure air-water interfaces
derived from electrokinetic experiments, this experimental fact has presented a source of intense
debate since the second half of the 19th century. Here, we calculate surface tensions and ionic
surface propensities at air-water interfaces from classical thermodynamically consistent molecular
dynamics simulations. The surface tensions of NaOH, HCI and NaCl solutions show outstanding
quantitative agreement with experiment at all concentrations. Of the studied ions, only H3O™
adsorbs to the air-water interface. The adsorption can be explained by the deep attractive potential
well caused by the orientation of the H3O™ dipole in the interfacial electric field, which reflects
enhanced proton hydrogen bonding capability at the interface. Ab initio simulations confirm the

interfacial orientation of H30™ and H;O.



Introduction. — It is hard to imagine a more long-standing and fundamental controversy in
physical chemistry than the one concerning the affinity of protons for air-water interfaces and
hydrophobic surfaces [1]. Tons at interfaces are subject to a range of forces, including steric
and van der Waals interactions, as well as electrostatic forces caused by surface potentials
and the inhomogeneity of the dielectric environment. The resulting interfacial adsorption or
depletion of ions dominates the interaction between air bubbles [2, 3] and uncharged lipid
membranes [4], as well as nanoparticle assembly [5] and the stability of colloidal suspensions
[6]. The air-water interface, being the simplest aqueous interface, is the pivotal case for
understanding the intricate properties of aqueous solutes. Onsager & Samaras showed that
the image charge repulsion is expected to induce a depletion of ions from the interfacial layer,
leading to an increase in surface tension with increasing salt concentration [7]. For most types
of salt, this is confirmed experimentally, with the extent of the surface tension increment
depending mainly on the valency of the ion [3, 8-10]. However, the surface tension of many
acids decreases [3, 8-10]. Via the Gibbs isotherm, a decrease in surface tension rigorously
implies a positive surface excess of ions, without any approximation involved. Because the
decrease is consistently found for acids only, the rational conclusion is that protons adsorb at
the air-water interface [9, 11]. Sum-frequency and second-harmonic generation experiments

confirm the enhanced concentration of H;O™ at the air-water interface [12-15].

The situation is confounded, however, by the results from kinetic and force measure-
ments. Electrophoresis measurements [16-19] and measurements of the disjoining pressure
of thin films [20-22] consistently indicate that the clean air-water interface at neutral pH
is negatively charged. Also measurements on oil-water emulsions at pH=9 show a decreas-
ing pH with increasing total surface area, suggesting OH~ adsorption [23]. Although the
experiments are unambiguous, the ionic surface propensities are inferred through theoret-
ical models, involving assumptions for the kinetic properties of the interface, such as the
viscosity, the dielectric response, possible charge transfer [24] and confinement-induced en-
hancement of the water auto-dissociation constant [25]. Calculations using the extended
Poisson-Boltzmann [26] or hypernetted chain approximations [27] show that dispersion, im-
age charge and solvation interactions are important to qualitatively reproduce ion-specific
adsorption, but quantitative agreement with surface tension experiments remains elusive.
For H30" and OH™, classical molecular dynamics (MD) simulations have been performed

using heuristic force fields, giving mixed results [28, 29]. Likewise, ab initio molecular dy-
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namics (OH™ adsorption [30, 31], H3O™ adsorption [28]) lead to disparate conclusions. Other
computational methods, such as emperical valence-bond based reactive molecular dynam-
ics [32-34] and continuum methods [35], show H3O" adsorption and therefore qualitative
agreement with surface tension measurements. Quantitative agreement is still inadequate,
however, owing to the sensitivity of the surface excess to the adsorption potential [35, 36].
An explicit calculation of the surface tension of acids using MD simulations has not been

attempted so far.

In this paper, we report on the calculation of both the surface tension and the individual
surface propensities of H3O" and OH™ using MD simulations. Importantly, we use a ther-
modynamically consistent approach, requiring that the water-water, ion-water and ion-ion
interactions are reproduced accurately and in agreement with the known macroscopic ther-
modynamic properties. This is accomplished by using force fields for the ions (H;O™, OH™,
Na™, C17) which have been optimized to reproduce the macroscopic experimental solvation
free energy (determined by the ion-water interactions) and the activity of the ion pairs as
a function of salt concentration (determined by the balance between ion-water and ion-ion
interactions) [37]. For water, we use the SPC/E model [38], which reproduces the density, di-
electric properties, structure factor and air-water surface tension with high accuracy. While
the ions OH™, Cl~ and Na™ are repelled from the air-water interface, we find that H3O™
is adsorbed with an energy of 1 kg1, caused by its orientation with the hydrogen atoms
pointing toward the water phase, which is favored by the interfacial electric field caused by
the orientation of the water molecules. Note that the same behavior of adsorption and ori-
entation has been previously proposed [39] and observed [12, 28, 32, 40|, but a quantitative
analysis has been lacking. Clearly, our classical simulation method will neither reproduce
the proton dynamics, nor the intramolecular electronic structure, but this will not affect the
macroscopic equilibrium thermodynamics we are investigating, because the effects of the
intramolecular structure are accounted for by the force field optimization, which has been
performed with respect to experimental properties. As a consistency check, we also perform
ab initio simulations of the aqueous interface and show that the orientations of HoO and

H30™ found in the classical simulations are in excellent agreement with the ab initio results.

Ion adsorption and the Gibbs isotherm. — We consider an interface of surface area A
with surface tension +, separating the water (w) and vapor (v) phases. Excess quantities

pertaining to the surface are labeled o. Adsorbed at the surface are N7 particles of type 1,
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having chemical potential p;. The Gibbs isotherm relates the total ionic surface excess to

the surface tension [41],

N?
The number of adsorbed particles at a planar interface located at z = zy equals
Na' 20 oo
/; = / (ci(z) — ¢f)dz +/ (ci(2) — ) dz, (2)
—00 20

with ¢; being the concentration of species 7, and z being the coordinate perpendicular to
the interface. Choosing zy equal to the Gibbs dividing surface zgps of the water (defined as

the position for which the water excess vanishes), N7

1,0 = 0 and the sum in Eq. 1 reduces

to a sum over the ion species + and —. Writing du; = kg7T'dIna;, with a; being the ionic

activity and kg being Boltzmann’s constant, we find

r;d(
dy = _kBTZ Iid(lnay) deo, (3)

with ¢y being the bulk salt concentration, and ay = (af.a?)#+9 being the mean activity of
a salt with stoichiometric coefficients p and ¢q. The log-log-derivative d(Ina4)/d(Incg) is a
function of ¢y which is close to 1 for moderate ¢g. In Eq. 3, the ionic excess at the air-water
interface is defined as

r, = / " ()ds + / 7 (el2) = o). ()
Therefore, the sign of dvy/dcy is determined by the sign of ) . I';; dy/dcy < 0 indicates
adsorption, dvy/dcy > 0 indicates depletion. See Fig. 1 for simulation snapshots and density
profiles ¢;(z), with zgps indicated. Information on the individual ionic surface propensities
can be obtained from comparing ion pairs with one common species.

FExperimental literature data. — The experimental data of the surface tension v as a func-
tion of the salt concentration ¢y for ion pairs that fully dissociate in solution follow straight
lines [3, 8]. We show the experimentally determined derivatives of these lines, dv/dcy, for
different ion pairs in Fig. 2. The derivatives follow the anionic Hofmeister series, i.e. dvy/dcg
decreases as ions become more chaotropic going from left to right [42]. For the salt solu-
tions, the surface tension derivatives are all positive and similar for different cations, only
depending on valency, as expected from Onsager & Samaras theory [7]. Strikingly, however,

the surface tension derivatives for the acids are significantly lower for all ionic combinations,
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FIG. 1. Snapshots of the simulations (A and C) and density profiles ¢;(z)/co (B and D), where ¢
is the bulk salt concentration, as a function of z — zgps, Where zgpg is the Gibbs dividing surface of
the water. The solutions shown are HCI (A and B) and NaOH (C and D) at ¢y ~ 0.5 mol/l. The
inset in (A) highlights the prevalent orientation of H3O™ with its hydrogen atoms pointing toward

the water phase.
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FIG. 2. Derivative of the experimental surface tension v with respect to the salt concentration cg

for different ion pairs. The data correspond to the averages of the literature data [3, 9].

and negative for all anions to the right of hydroxide. This provides clear evidence for the
special effect of the solvated proton. Based on the experimental data, explanations other
than a strong adsorption of protons to the interface are hard to rationalize.

Simulations at finite concentration. — We simulate a slab of water with different concen-
trations of NaOH, HCI and NaCl. Details are described in the Supplement [36]. Snapshots

of the simulation box (cross section) are shown in Figs. 1 A and C. The corresponding den-
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FIG. 3. Change of the air-water surface tension A~y as a function of the bulk salt concentration ¢,
in experiments and classical simulations. The solid symbols correspond to the experimental data
[3, 9], with the shaded area indicating the 90% confidence interval. The open symbols correspond
to the simulations, where the surface tension has been calculated using Eq. 5. The solid lines are

linear fits to the simulation data, used to calculate the surface excess shown in Fig. 5.

sity profiles are shown in Figs. 1 B and D. Whereas H;O" is clearly present in the surface
layer, OH™, ClI~ and Na™ primarily reside in the bulk.
We calculate the surface tension of the air-water interface from the anisotropy of the

simulated stress tensor,

N =

Y= Lz(Pz_%(Px+Py))7 (5>

with L, being the size of the simulation box in the direction perpendicular to the surface,
the factor % stemming from the fact that there are two interfaces in every simulation box,
and P, and %(Px + P,) being the perpendicular and parallel components of the stress tensor,
respectively. For all ion pairs tested, the surface tension increments A-~, calculated as the
difference between the simulated surface tension of the electrolytes and pure water, agree
exceptionally well with the experimental data (Fig. 3). In particular, Fig. 3 demonstrates
that the strongly enhanced concentration of H3O™ at the interface, shown in Fig. 1B, leads
to dy/dcy < 0 for HCI, which is not observed for any other ion pair, including NaCl.

Infinite dilution. — The simulations described in the previous section are performed at



relatively high salt concentration, ¢y > 0.1 mol/l. In fact, the salt concentration of the
lowest HCI concentration corresponds to pH = 0.8. This is well beyond the isoelectric point
(2 < pH < 5, depending on experimental conditions [17, 18]), meaning that at such high
concentrations, also kinetic experiments indicate a positive surface charge. The experimental
situation is more ambiguous at low concentration, where some electrolytes exhibit a shallow
minimum in the surface tension (cy ~ 1072 mol/l), referred to as the Ray-Jones effect [43],

and the kinetic measurements appear to indicate a negative surface charge [17, 18].

To study the surface propensity of H3O1 at neutral pH, we calculate the potential of

mean force, V),

of single ions (i € {H30%, OH~, Cl7, Na*}) using umbrella sampling.
Also for a single H3OT ion, V439" exhibits a clear minimum around the position of zgps,
with a depth of ~ 1 kgT (Fig. 4A). The other ions are all expelled from the interfacial
region, with V! . ~ 3.5 kgT at z = z¢ps. At the clean air-water interface (pH = 7), the

concentration ¢; &~ cyexp [~V ./kgT] indeed indicates a surface excess of H3O1, with OH™

being expelled into the bulk (inset of Fig. 4A).

What causes the strong interfacial H3O" adsorption? The left inset in Fig. 4B, showing
the cosine of the angle 6 between the dipole and the the z-axis from classical MD simulations,
demonstrates that H3O" is almost perfectly oriented with the hydrogen atoms facing the
water phase (red solid line), a snapshot of which is shown in Fig. 1A. This orientation
is consistent with vibrational sum-frequency experiments [14]. Also the interfacial water
molecules tend to have a preferential orientation (blue solid line). The average orientations
of the H,O and H30™ molecules from classical simulations are in excellent agreement with
the results of ab initio simulations of the protonated oil-water surface (symbols in the left
inset of Fig. 4B), see Supplementary Information for details [36]. At the air-water interface, a
concordant HyO orientation has been reported earlier using classical and ab initio simulations
[44]. As the formation of hydrogen bonds in water depends on the relative orientation of
the OH bonds, we use the dipole energy of the oriented H3O™ in the z-dependent interfacial
electric field E,(z) caused by the oriented water molecules as a proxy for the hydrogen
bonding capability. The sign of F.(z) (right inset of Fig. 4B) is in agreement with the
results from ab initio simulations, taking into account that ions only probe the space between
the water molecules [45]. Note that F,(z) includes contributions from electric moments of
higher order than the dipole [46]. The z-dependent contribution to the free energy of the

relative molecular orientations, —|u|{cos 0) E,(z), with the H;O" dipole moment being equal
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FIG. 4. (A) The potential of mean force, Vi, in units of kT, as a function of the distance to
the Gibbs Dividing Surface, zqps, for four different ions. The inset shows the predicted ion density
profiles, ¢;(z) ~ cgexp [Viy(2)], for pure water at pH = 7 (¢g = 1077 mol/1). (B) The dipole
contribution to the energy of an H3O" ion, —|u|E,(cos@). The orientation of H3O" and HyO are
shown in the left inset, calculated from classical simulations at ¢y = 1 mol/l (solid lines) and ab
initio simulations at ¢y = 5 mol/l (symbols). The ab initio simulations have been performed at
the hexane-water interface in order to better localize the surface [36]. The z-dependent classical
electric field E,(z) at the pure air-water interface, caused by the water orientation, is shown in the

right inset.

to |u| = 0.066 e nm [37], exhibits an attractive well of ~ 4 kgT (Fig. 4B). Using an extended
point charge distribution instead of an ideal dipole gives a similar result [36]. Although other
contributions, such as van der Waals and image charge interactions, are expected to play
a role as well, the deep attractive well shown in Fig. 4B demonstrates that the dipole

orientation energy is sufficient to explain the interfacial proton adsorption. This favorable
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FIG. 5. Rescaled ionic excess ) . , I'j/co at the air-water interface for NaOH, NaCl and
HCl. Columns correspond to experimental values (denoted ezp), simulations at finite ¢y using
Y iex Lifco = —(dy/dcg)/(kpT) (from the linear fit to v versus co shown in Fig. 3, denoted sim),

and calculations at vanishing ¢y using the simulated potentials of mean force (Eq. 6, denoted pmf).

relative orientation of the H3O" and water dipoles identifies enhanced hydrogen bonding
capability at the interface as the mechanism for the proton’s interface activity.

Surface excess. — The rescaled surface excess for NaOH, NaCl and HCI at finite ion
concentration is calculated from a linear fit to the simulations (solid lines in Fig. 3), using
YoiTu/co = —(dvy/dey)/(ksT). The calculated surface excess values, denoted sim, are
in excellent agreement with experimental results, denoted ezp (Fig. 5). At vanishing ion
concentration, we calculate the surface excess from V .(z),

Fi Zaps i &8} i
L / e_VPMF dz +/ <€_VPMF _ 1) dz. (6)
Co - Zaps

0
Also at vanishing ion concentration, denoted pmf, the calculated surface excess values agree
remarkably well with experiments and simulations at finite ¢y (Fig. 5), demonstrating the
consistency of our approach.

Discussion and conclusions. — Classical simulations of the air-water interface using a
thermodynamically consistent approach indicate that H3O™ is adsorbed at the air-water
interface at all concentrations, in quantitative agreement with surface tension measurements.
The adsorption can be understood in terms of the orientation of HsO™" in the interfacial
water layer. The orientations found in ab initio simulations corroborate this adsorption
mechanism. At low pH, the emerging picture of adsorbed protons at the interface is also in

line with kinetic measurements of the (-potential. At neutral pH, however, the adsorption



of protons found in this study is in apparent contradiction with a naive interpretation of
the kinetic measurements. This is not a fundamental contradiction, however, since it should
be kept in mind that apart from surface propensity, kinetic measurements probe various
other interfacial properties, such as the surface viscosity and the dielectric response. In fact,
the strong preferential orientation affecting the surface propensity will also influence the
kinetics of H30™, as has been shown previously [47]. We conclude that experiments and
thermodynamically consistent molecular dynamics simulations quantitatively agree: HzO™

adsorbs at the air-water interface.
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