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The hydrated proton was studied at the water liquid/vapor interface using the multistate empirical valence
bond (MS-EVB) methodology, which enables the migration of the excess proton to and about the interface
through the fluctuating bond topology described by the Grotthuss shuttle mechanism. It was found in our
model that the hydrated excess proton displays a marked preference for water liquid/vapor interfaces. The
resulting stable surface structures can be explained through an examination of the bond network formed
between the water/proton moiety and solvating water. These results suggest the excess proton can effectively
behave as an amphiphile, displaying both hydrophobic and hydrophilic character.

In this communication, interesting new results are reported
for the excess proton at the water liquid/vapor interface. These
results are at odds with the conventional concepts of ionic
solvation and have their origin in the strong solvation asymmetry
of the hydronium cation. In particular, the water liquid/vapor
interface for the H(H,0);000 C1™ system, constituting a “slab!2
geometry for the water molecules and the two ions, was studied
via molecular dynamics (MD) simulations using rectangular
periodic boundaries at 300 K and a constant volume of
dimensions 31.2 x 31.2 x 75.0 A3. Starting configurations were
generated from a constant temperature trajectory after an initial
equilibration of 500 ps with the Nose—Hoover thermostat. Ten
independent microcanonical trajectories were then collected, for
a total of 2.5 ns of simulation time, using MD simulations
performed with the MS-EVB2 model,>* and the Ewald sum-
mation method was implemented for all electrostatic interactions.
The MS-EVB2 model has been successfully used to treat proton
transport in bulk liquids and several biological systems.>~8 The
important distinction in this approach is that the definition of
the protonated species can change during the dynamical process;
that is, the proton can hop along an optimal conformation of
water molecules consistent with the Grotthuss mechanism of
proton transfer.!% As a result of the present simulation, it was
found that the proton was preferentially distributed on the
surface of the water/vacuum interface. This surface localization
of the hydronium was also evident for a simple “classical” model
of the cation, that is, one which is unable to participate in
Grotthuss hopping (see Figure 1). The orientation of the hydrated
proton is such that the lone-pair side was directed away from
the aqueous portion of the interface. A representative structure
from an MS-EVB2 trajectory is shown in Figure 2 with the
hydronium (orange) located at the interface and the counterion,
in this case chloride (green), visible several molecules below
the surface. Although not discussed here in detail, it is worth
noting that the simulated chloride ion’s radial distribution,
diffusion, and coordination are in agreement with previously
published values.!-1?
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Figure 1. Individually normalized molecular densities for the
H™CI~(H20)1000 water slab: water (black); MS-EVB2 excess proton
(solid red); classical hydronium (dashed red); chloride counterion for
the MS-EVB2 simulation (solid green); chloride counterion in the
classical hydronium simulation (dashed green). The surface of the water
slab is normal with the z-axis along which all densities were calculated.

While the phenomenon of the “surface” excess proton
observed in this work is perhaps counterintuitive, it can be
explained on the basis of the hydrogen bonding pattern of the
protonated species with adjacent solvating water molecules. A
water molecule has, on average, just less than four hydrogen
bonds in liquid water. One each is donated to other waters from
its covalently bound hydrogens, while two hydrogen bonds are
donated to the lone pairs on its oxygen atom. When the water
molecule forms a covalent bond with an excess proton to form
hydronium, it also gains a net positive charge. The coordination
also changes from the approximately four hydrogen bonds of
the water molecule to three very strongly solvated waters on
one side of the hydronium cation (forming the so-called “Eigen
cation”, HoO4 ™). On average, the center of positive charge in
the hydronium resides on the oxygen atom. Hence, while the
hydrogen atoms in the hydronium retain their hydrogen bonds
to the oxygen of neighboring water molecules, the oxygen is
unable to support a fourth full hydrogen bond being donated to
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Figure 2. Representative structure from the MS-EVB2 simulation of
the two-dimensional slab of water molecules. The vertical direction
defines the liquid/vapor interface, across which the so-called dangling
O—H bonds of the water protrude (arrow). The hydronium ion on the
surface is highlighted in orange, with its lone-pair side pointing outward
away from the liquid interface. The negative chloride counterion is
seen a few solvation shells below in green.

Figure 3. (a) The isodensity surface for the oxygen (red) and hydrogen
(white) atoms of water molecules solvating a central water molecule
in a bulk water simulation. The surfaces correspond to points containing
4 times the average atomic densities. (b) The isodensity surface for
the oxygen (red) and hydrogen (white) atoms of water molecules
solvating the hydronium cation in a bulk phase MS-EVB2 simulation.
The surfaces again correspond to points containing 4 times the average
atomic densities. Note the reduced density on the lone-pair side of the
hydronium molecule.

it by a neighboring water molecule. This results in a very strong
solvation asymmetry of the hydronium cation due to its
molecular structure, although it is still a positively charged ion.

This solvation asymmetry is depicted in Figure 3 in which
panel a depicts an isodensity surface of solvating water
molecules surrounding a solute water molecule calculated from
a bulk water MD simulation. The oxygen (red) and hydrogen
(white) surfaces represent those points that on average contain
densities greater than 4 times the average atomic densities. The
density for those solvating molecules, which are accepting
hydrogen bonds, is clearly localized beneath the water mol-
ecule’s hydrogen atoms. Those molecules donating hydrogen
bonds are likewise restricted, albeit less localized, to the region
above the solvated molecule’s oxygen atom. Panel b depicts
similarly defined isodensity surfaces for solvating water mol-
ecules surrounding the solute hydronium molecule from a bulk
water MS-EVB2 simulation of the hydrated proton. The
reduction in coordination seems unmistakable. It should be noted
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that while the MS-EVB2 model may somewhat overexpress the
water density reduction on the lone-pair side of the hydronium
cation, the strong directional solvation asymmetry of this cation
is well-described by the model and is, in fact, present in even
a classical model of the hydronium cation in which Grotthuss
shuttling is not allowed.

Clearly, the hydronium ion is highly anisotropic from the
perspective of the surrounding solvent. In turn, this anisotropy
may lead to an enhanced ordering of the water molecules in
the vicinity of the hydronium, resulting in an unfavorable
decrease in entropy which is seemingly consistent with the
hydrophobic effect. Interestingly, however, if the hydronium
can migrate to a water/vapor (or other) interface, with the lone-
pair side of the oxygen atom pointing outward, it can still retain
its three strong hydrogen bonds while avoiding to some degree
the disturbance of the water network. Therefore, the protonated
species is apparently more stable at the interface with its oxygen
atom pointed outward, as seen in Figure 2. We have also found
that this is also the case for many protonated water clusters.!?

It should be noted that calculations have recently been carried
out by Dang?* of the potential of mean force (PMF) to reversibly
move a classical hydronium (with no Grotthuss shuttling) across
the water/air interface. These calculations yielded no substantial
minimum in the PMF at the interface. However, given that the
classical hydronium in these latter simulations drags water
molecules with it into the gas phase during the MD sampling
to calculate the PMF, the relationship with the present results
seems unclear.

The surface preference of the solvated proton apparent in our
computational study seems consistent with the experimental
findings of Shen!“!3 and Shultz and co-workers'® who performed
sum-frequency vibrational spectroscopy (SFVS) experiments on
liquid water/vapor interfaces. Shen and co-workers found that
the SFVS spectrum of the water liquid/vapor interface demon-
strates a sharp peak at 3700 cm™! corresponding to dangling
O—H bonds on the water surface, an example of which is shown
by the arrow in Figure 2. The intensity of this peak substantially
diminishes with increasing acid concentration. These results led
Shen and co-workers to the conjecture that the acid concentration
is greater near the surface, resulting in increased ordering of
the hydrogen bond network at the interface. Our results and
the qualitative reasoning that we provide here are consistent
with these experimental findings.

In an attempt to quantify the dangling O—H bond effect, we
have calculated the radial distribution of these dangling bonds
as a function of distance from both the excess proton and the
chloride counterion, as well as from the water oxygens (Figure
4). All water molecules >10 A from the center of mass of the
slab in the z-direction were inspected for dangling bonds. Any
covalent O—H bond for which the hydrogen atom was further
from the z-origin than the bound oxygen and was not within
2.7 A of another oxygen was considered dangling. A radial
distribution parallel to the surface of the slab was constructed
for each ion and all of the water molecules. From these results,
a significant negative association is seen between the hydronium
oxygen and the dangling bonds and apparently a positive
association is seen for the chloride. For comparison, it may be
noted that our interface has an acid mole fraction of ~0.1 mol
%. Shen and co-workers found a significant reduction in the
dangling O—H bond concentration as the acid concentration was
increased. Their experimental dangling O—H bond concentration
became negligible as the acid concentration approached 6 mol
%. The results presented here are primarily “local” results within
the proximity of the ions at a much lower effective concentra-
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Figure 4. The chloride counterion (green), MS-EVB2 hydronium
oxygen (red), and water oxygen (black) (x,y) radial distribution of the

associated water dangling O—H bonds.

tion, so it would be expected that a higher concentration will
be required in the MD simulations in order to make direct
contact with experiment. This will be the topic of future
research.

Interesting MD results have been found for other ions solvated
in both clusters and at the water liquid/vapor interface.'”~23 lonic
charge and size appear to have a striking influence on the
behavior of solvated ions near the interface. For example,
positive ions such as Na™ are seen to prefer the interior,!823
while negative ions may prefer the surface or the interior,
apparently based primarily on their size.!”-'32023 The current
explanation of this effect is based on the symmetry of the
solvation shell for a positive ion, which is absent for the negative
ion. Furthermore, the presence of a negative counterion that
prefers the surface over the interior may force the positive ion
to also approach the surface.?> Our results, however, seem to
differ from these, since the hydronium is positively charged but
remains on the surface rather than the interior.

It clearly seems that the hydrogen bonding and lone-pair
directionality of the H;O™ ion fundamentally differentiate it from
other simple monovalent cations such as Na* and Li*. Rather,
our results suggest that the hydronium ion has a “hydrophobic”
region on the lone-pair side of the oxygen. This is a result of
the strong directional asymmetry of solvation of the hydronium
cation, so that water molecules are effectively “excluded” from
the volume on the side of the hydronium oxygen lone pair,
especially in comparison to the strong hydrogen bonds with three
waters on the opposite side. One can therefore define a
“directional hydrophobicity” for the hydronium ion, which is
typical of amphiphilic molecules. Indeed, it has been demon-
strated through computer simulation, as well as SFVS,!4 that
the liquid/vapor interfaces of amphiphilic solutions such as
methanol and methanol/water mixtures are more ordered than
the bulk. A gradient of increasing methanol concentration toward
the liquid interface exists in water/methanol solutions with a
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preferential orientation of the methyl group at the liquid
interface. The behavior seen in our MD simulations of the excess
proton in water is quite analogous to the amphiphilic nature of
methanol, which has a hydrophobic region around the methyl
group and a polar hydrophilic region around the hydroxyl group.
Our simulations would also seem to suggest the existence of a
negative pH gradient toward the water liquid/vapor interface.
We believe this finding may have significant implications for
excess protons in mixed hydrophobic/hydrophilic environments
such as proteins, lipid bilayers, liquid/vapor interfaces, water/
amphiphile solutions, and polymer membranes, as well as for
acidified atmospheric aerosols.

Note Added in Proof. Results for a smaller system of 125
water molecules plus an excess proton and chloride counterion
were first presented at the August 2002 National American
Chemical Society Meeting in Boston, MA, containing the same
qualitative conclusions as described in the present Letter.
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