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Abstract
Recent experimental and theoretical studies showed the preference of the
hydronium ion to the vapor/water interface. To investigate the
mechanism responsible for the surface propensity of this ion, we
performed a series of novel quantum chemical simulations combined
with the theory of solutions. The solvation free energy of the H3O+ solute
placed at the interface was obtained as −97.9 kcal/mol, being more stable
by 3.6 kcal/mol than the solute embedded in the bulk. Further, we
decomposed the solvation free energies into contributions from the water
molecules residing in the oxygen and the hydrogen sides of the solute to
clarify the origin of the surface preference. When the solute was
displaced from the bulk to the interface, it was shown that the free energy
contribution from the oxygen side is destabilized by ~10 kcal/mol due to
a reduction of the number of surrounding solvent water molecules. It was
observed, however, that the free energy contribution due to the hydrogen
side of the solute is unexpectedly stabilizing and surpasses the
destabilization in the opposite side. We found that the stabilization in the
hydrogen side originates from the solute-solvent interaction in the
medium range beyond the nearest neighbor. It was also revealed that the
free energy contribution due to the solute’s electronic polarization
amounts to about the half of the total free energy change associated with
the solute displacement from the bulk to the interface.

2

1. Introduction
One of the special properties of water is its ability of autolysis. At every instant in the
aqueous bulk, one in ~600 million water molecules breaks into hydronium cation and
hydroxide anion, yielding the well-known value of pH = 7 for pure water. However, this
common knowledge is valid only in the bulk. At the surface, the properties of water are in
general different from those in the bulk. A naive expectation could be that the number of
autolyzed water molecules at the vapor/water interface is lower than in the bulk due to the
immediate presence of a low dielectric vapor phase. This simple reasoning, however, does not
take into consideration potential specific structural affinity of hydronium and/or hydroxide to
solvent water molecules at the water surface. The problem of ion propensity at surface has
direct relevance to atmospheric science in addition to its fundamental interests in physical
chemistry. A large number of water ion studies have been dedicated to their surface
propensities, in part also in connection with rather conflicting evidence about the origin of the
surface charge on water.(1-17) A quantitative discussion is awaited on the detailed molecular
mechanism responsible for this intriguing chemical event.
In order to investigate the underlying mechanism for the surface propensity of an ion, it
is essential to evaluate the free-energy change for the process of moving it from bulk water to
the surface. As for the hydroxide ion, classical and ab initio molecular dynamics (MD)
simulations agree that this free-energy change is close to zero, with method-dependent
variations of about ±1 kcal/mol.(7, 17) The calculations, thus, find that bringing hydroxide to
the surface is roughly thermoneutral, which disagrees with the usual interpretation of
electrophoretic and titration measurements in terms of a strong OH- adsorption(12-14) but is
in agreement with spectroscopic(15, 16) and surface-tension(18) experiments.
For the hydronium cation, there is a general agreement that it exhibits a certain degree of
surface affinity. However, accurate evaluation of the free-energy change upon moving form
the aqueous bulk to the interface and interpretation in terms of changes in electronic structure
and hydrogen bonding of H3O+ is difficult.(1-11) Although the ab initio MD simulation is the
most faithful approach to treating the electronic-structure change at the surface, as well as the
corresponding change in the hydrogen-bonding interaction, its application is limited to
systems with small sizes and relatively short timescale.(11) For these reasons, computational
studies on the surface propensity of the ions were mostly carried out with classical molecular
simulations with or without polarizable force fields,(1, 3, 7) possibly allowing for proton
transfer via the Empirical Valence Bond (EVB) approach.(2, 8) A major limitation of
classical simulations is the use of the model potential for the solute; due to the highly
inhomogeneous nature of the surface, it is desirable that the solute-solvent interactions are to
be determined from the first principles throughout the simulation. In this context, the hybrid
quantum mechanical/molecular mechanical (QM/MM) model(19, 20) represents a viable
alternative, where the accuracy can be consistently improved by extending the size of the QM
part of the system. For hydronium, a minimal size of the QM region is a proton chemically
bound to a single water molecule, i.e., the H3O+ cation, on which we focus in this study. In
this pioneering QM/MM study we thus limit ourselves to the Eigen limiting form of the
hydronium cation.(21)
It is well known that the computation of the free energy on the basis of the molecular
theories is computationally demanding, and it is even more so in the QM/MM simulations. In
the present work, to overcome this situation, we resort to an approach based on the QM/MM
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method combined with a theory of solutions in the energy representation
(QM/MM-ER).(22-25) Within the framework of the QM/MM-ER approach,(22) the free
energy is constructed from the molecular-level information, i.e., the distribution functions of
the solute-solvent pair interaction energies with a fully molecular description for solvent. The
accuracy and efficiency of the QM/MM-ER method were well established in previous
works.(1-28) We compute here the difference in the solvation free energies for the solute
placed at the interface and in the bulk by means of the QM/MM-ER approach. To identify the
factors governing the surface propensity of the hydronium ion, we decompose the solvation
free energies into contributions from water molecules in the proximity of the hydrophilic and
“hydrophobic” sides of the solute, that is, the hydrogen and oxygen sides of H3O+,
respectively. This analysis reveals that the solvation free energy is destabilized by no more
than 10 kcal/mol at the hydrophobic side of the H3O+ when the solute is displaced from the
bulk to the interface, moreover, this destabilization is smaller in magnitude than the
free-energy stabilization at the hydrophilic side.

2. Methodology
As described in Introduction the major task is to compute and analyze the solvation free
energies of the hydronium ions at the surface and in the bulk to elucidate the mechanism that
the cation favors the interfacial region. In this section, we present a concise review of our
approach to compute free energy changes along with QM/MM simulations. The point of our
method (QM/MM-ER)(22) is that we resort to a novel density functional theory of solutions,
referred to as theory of energy representation (ER),(23-25) to reduce the computational cost in
the simulation based on the method of quantum chemistry. In the following, a theoretical
framework of QM/MM-ER will be outlined. We refer the readers to previous works(22, 23)
for detailed description.
In the QM/MM approach,(19, 20) the total energy of the system is given by sum of three
terms as
.

(1)

The term EQM in the right hand side of Eq. (1) is the energy of the subsystem described by the
method of quantum chemistry, while EMM denotes that of the subsystem represented by
classical force field. EQM/MM is the interaction potential between these two subsystems. In the
applications to solution systems, we usually regard the solute as a QM object and the
remaining solvent molecules as MM subsystem. The energy EQM can be given as an
expectation value of the wave function Ψ of the solute in solution for the Hamiltonian H0 of
the isolated solute including the nuclear repulsion energy, thus,
(2)
where Ψ is obtained as a solution for the following Schrödinger equation for the solute
immersed in water,
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(3)
Vpc(r) in Eq. (3) is the electrostatic potential formed by the point charges on the MM water
molecules. EELS is the electrostatic energy of the electron density of the solute interacting with
the potential Vpc. Then, the interaction energy EQM/MM can be described as,
,

(4)

where ENs is the Coulomb interaction between the nuclei of the solute and the point charges in
the MM subsystem. ELJ in Eq. (4) denotes the van der Waals interaction approximated by the
Lennard-Jones (LJ) potential for instance.
Now, we formulate the solvation free energy Δµ of a solute molecule within the
framework of the QM/MM approach. First, we define the distortion energy Edist of a QM
solute associated with the solvation process, thus,
(5)
where Ψ0 is the wave function of the electronic ground state of the isolated solute. Then, the
solvation free energy Δµ is exactly expressed by

(6)

where X collectively denotes the full coordinates of the solvent molecules and n is the
electron density of the solute. β in Eq. (6) is the inverse of the Boltzmann constant kB
multiplied by temperature T. We note that Edist and the electron density n are obtained by
solving Eq. (3) and dependent on the instantaneous solvent coordinate X. Thus, the
solute-solvent interaction is not pairwise additive in the QM/MM approach. In the standard
method of energy representation, however, it is assumed that the solute-solvent interaction is
pairwise. To avoid this situation, we introduce the average value
of the distortion energy
Edist and the average distribution
of the electron density n(r) in solution. Then, the total
solvation free energy Δµ can be decomposed into three terms,
.

(7)

in Eq. (7) is the solvation free energy of a solute with the electron density fixed at
while δµ is the free energy contribution due to the electron density fluctuation around
in response to the solvent motion.
is represented by the following equation,

.
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(8)

,

We note that the average distribution
no longer responds to the solvent fluctuation and,
hence, the EQM/MM interaction in Eq. (8) is pairwise. Then, we can apply the standard version
of the theory of energy representation to evaluate the major contribution
to the total free
energy. The remaining contribution δµ in Eq. (7) corresponds to the free energy originating
from the many-body nature of the QM-MM interaction. δµ can also be computed by
performing additional QM/MM simulations within the framework of the method of the energy
representation. For more details of obtaining δµ we refer the readers to Ref. (22). Next, we
address the theory of energy representation.
Within the framework of the energy representation, the solvation free energy
of a
solute is described in terms of the distribution functions of the solute-solvent interaction
energy. First, we define the instantaneous energy distribution as
(9)

where xi is the full coordinate of the solvent i specifying its position and orientation with
respect to the solute molecule. The function v in Eq. (9) is a potential function introduced to
define the energy coordinate for the solvent and is usually taken as the solute-solvent
interaction of interest. Then, the energy distribution function is obtained as the ensemble
average of
, that is,

,

(10)

where Uss is the solvent-solvent interaction energy. The notation <…>u in Eq. (10) stands for
the ensemble average under the condition that solute-solvent interaction is u. When u is taken
as the solute-solvent interaction potential v, the system is referred to as solution system and
the distribution function is simply denoted as ρ(ε). On the other hand, the system is identified
as the pure solvent system (or reference system) when u = 0 and the resulting distribution
function is denoted as ρ0(ε) in particular. In terms of these distribution functions the solvation
free energy
of a solute can be exactly given by

,

(11)

where λ is the coupling parameter for the solute-solvent interaction and is introduced to
express the gradual insertion of the solute into the solvent. ω in Eq. (11) is the indirect part of
the solute-solvent potential of mean force. We note that Eq. (11) is completely parallel to the
conventional functional based on the spatial distribution function and includes no
approximation. In the numerical implementation, however, the integration of ω with respect
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to λ is evaluated by a functional based on the PY and HNC approximations in which a
correlation matrix χ0(ξ, η) for the pure solvent system is utilized. The detailed form of the
functional was presented in Ref. (24) or (22). In the QM/MM-ER approach we evaluate the
free energy
defined by Eq. (11) by adopting the distributions ρ(ε), ρ0(ε), and χ0(ξ, η)
constructed through a set of molecular simulations for the solute with electron density
.
The remaining free energy δµ due to electron density fluctuation of the solute may not
seriously affect the energetics in practical applications, especially when we make subtraction
of the solvation free energies between the final and the initial states of a process. The electron
density of a cationic molecule is rather hard to fluctuate as compared with anionic or neutral
species. In our previous investigations, δµ for H3O+ was evaluated as only -0.6 kcal/mol in
ambient water. Hence, in the present application, we reasonably neglected the difference in δµ
between hydronium ions in bulk and at surface.

3. Computational Details
Setup of the Simulations
The major task in the present work is to perform canonical (NVT) QM/MM simulations
for the hydronium ion at the air/water interface as well as in the bulk water. The size of the
MM cell with 3-dimensional periodic boundary condition was taken as
=
= 37.4
Å and
= 237.5 Å, which leads to a formation of a water slab perpendicular to the z axis
of the cell with thickness of ~40 Å at 300 K. With the QM/MM-ER method we computed the
solvation free energies of hydronium ions at two positions along the z axis, i.e., at the
interface and in the bulk. The interfacial position was taken as the place at which the water
density acquires half the value of the bulk density. The z coordinate of the interface was set to
0.0 Å and the vapor side was taken as the positive region of the z axis. Since the QM/MM
simulation is a time-consuming technique, we consult the results of the previous calculations
to determine the setup about the position and orientation for the surface simulations.(29) For
the free energy analyses at the surface and in the bulk interior, the center of mass of the QM
solute was placed at z = −2.0 and −20.0 Å, respectively. The symmetry axis of the cation is
aligned parallel to the z axis (i.e., perpendicular to the interface) and fixed during the
simulations. These geometries of H3O+ are considered to be most favorable at the surface
from the results given by classical molecular simulations with polarizable force field and from
EVB simulations.(29, 30) In the QM/MM simulations, we employ the non-polarizable water
model for solvent. The surface effect on the water dipole moment was examined in ref. 31 in
terms of the average of the dipole moments conditioned by the z-coordinate of the water
molecules. The polarization effect expressed as the dipole value at z = 0 Å relative to the
value in the gas phase is already ~75% of the effect of bulk polarization. At z = −2.0 Å where
the QM/MM calculation was conducted, a ~95% recovery is observed for the polarization. It
is thus an acceptable approximation to account for the intramolecular polarization of the water
molecule in an averaged way as done in our QM/MM simulation using the SPC/E water
model.(32) Note that polarization of H3O+ by water molecules is explicitly accounted for
within the present QM/MM approach on the basis of the first principles for electronic
structures.
The QM/MM-ER approach requires only two simulations for the solution system of
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interest and for the pure-water system with random particle insertion. The QM/MM
simulation for the solution system was conducted for 100 ps, and the average distribution ρ(ε)
for the H3O+−H2O pair interaction energy ε was obtained at z = −2.0 and −20.0 Å. The 100-ps
simulation is sufficient for the solution system since the distribution function on the energy
coordinate converges quickly.(33,34) The simulation for pure (water) solvent was also carried
out for 100 ps, and the solvent configuration was sampled at every 100 fs for the random
particle insertions to determine the density of states ρ0(ε) for the solute-solvent pair
interaction ε and the water-water correlation matrix at each of z = −2.0 and −20.0 Å. We refer
the readers to reviews(33,34) for the summary of the computational procedures and
applications.
QM/MM simulations
The QM/MM simulations were performed using the code originally developed by one of
the authors (H.T)(35-37). The electron density of the QM subsystem was constructed by
means of the Kohn-Sham density functional theory (KS-DFT).(38) A notable feature of our
code is that it utilizes the real-space grids for the QM region to represent the wave functions
as well as the operators in the effective Hamiltonian in KS-DFT. Specifically, the kinetic
energy operator was approximated by the higher-order finite difference expressions proposed
by Chelikowsky et al.(39, 40) and the interaction between the valence electrons and ions was
expressed by the pseudopotentials in the form developed by Kleinman and Bylander.(41) The
one-electron wave functions for the QM solute (H3O+) were represented on the grids
contained in a cubic QM cell which had 64 grids along each axis. The grid spacing h was set
at 0.152 Å, which led the QM cell size of LQM = 9.71 Å. To realize the rapid changes of the
wave functions in the atomic core regions we introduced the time-saving double grid
approach, for which the width of the dense grid was set at h/3. The efficiency and adequacy of
the real-space grid DFT method were fully examined in previous works by performing
various types of applications. The molecular geometry of the hydronium ion used in this work
was that determined in the previous work(42) and kept fixed during the simulations. The size
parameter σ in the Lennard-Jones potential for the QM solute was set to 2.878 Å in accord
with our previous simulation.(42) We employed the BLYP functional to evaluate the
exchange correlation energy of the QM subsystem. We optimized fractional charges placed
on atoms by least-square fittings so that they faithfully reproduce the electrostatic potential
formed by average electron density and nuclear charges.
The solvent was composed of 1720 water molecules represented by the SPC/E
model.(32) The molecular dynamics simulation under constant NVT condition was realized
by rescaling velocities.(43) The internal structure of the SPC/E molecule was fixed and its
rotational motion was driven by using quaternion.(43) We numerically solved the Newtonian
equations of motion by the leap-frog algorithm(43) with time step of 1 fs. The Ewald
method(44) was utilized to evaluate the periodic Coulomb interactions between the MM
solvent molecules. It was not used, however, in the computation of the interaction between
the QM and MM molecules. The QM-MM Coulomb interaction was handled in the bare form
of 1/r, where no cutoff was introduced and all the MM solvent molecules were included in the
minimum image convention.
In the free energy calculation by the method of energy representation, the energy
distribution functions ρ(ε) and ρ0(ε) and the correlation matrix were constructed for the
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solvent molecules of which mass centers were located within a sphere Ω of radius 18 Å,
where the center of the sphere Ω was placed at the mass center of the solute. The free energy
contribution due to the water molecules outside the sphere Ω was evaluated by the equation
proposed in Ref. 45 on the basis of the continuum solvation model where we set the relative
permittivity of water as ε = 78.0. The continuum model at the interface has some intricacies
and is well described in ref. 45. In our analysis, the difference in the contributions from
continuum to the solvation free energy is negligible between the cation positions of z = −2 Å
(interface) and −20 Å (bulk). The free-energy contribution from the electron-density
fluctuation around its average was neglected in the present study since it was found to be
negligible for H3O+ in a previous work. The cavitation free energies were estimated by
performing the integration in the free energy functional over the energy region of ε > 10
kcal/mol. We refer the readers to the flow chart presented in Fig. 9.10 of chapter 9 in ref. 34
for the procedure to compute solvation free energy with the QM/MM-ER approach.

4. Results and Discussion
---------------------------Figure 1
---------------------------In Fig. 1 we present a snapshot of the QM/MM simulation for the solute placed at the
interface. As described in the Introduction, we decomposed the solvation free energy into
contributions due to the interactions from the solvent water molecules in the oxygen and
hydrogen sides of H3O+. This reveals the anisotropy of the interaction of the solute with the
surrounding water molecules and its effect on the surface preference of the cation. We thus
partitioned the QM-MM interaction sphere Ω of radius 18 Å into “northern” (ΩN) and
“southern” (ΩS) hemispheres as shown in Fig. 1. Then, we constructed the energy distribution
functions ρN(ε) and ρS(ε) by including water molecules found, within the regions ΩN and ΩS.
Clearly, the total distribution function ρ(ε) for the whole sphere Ω is given by the sum of
these distributions, thus,
. The same is also true for the densities of states
and
in the pure solvent system. By separately including the energy distribution
functions for ΩN and ΩS to the free-energy functional, it is possible to evaluate the free energy
contributions
and
, from the solvent water molecules in these two regions.
However, we note that the decomposition of the solvation free energy is only possible within
the formulation of the energy representation in a strict sense since the correlation effect of
solvent molecules between the two regions is inseparably involved in the energy distribution
functions. We also evaluated the free energy
by using the total distribution functions
ρ(ε) and ρ0(ε) (=
). Since the functional for the solvation free energy is
approximate, it is not guaranteed a priori that
is equal to the sum of
and
.
The robustness of our free-energy scheme can be verified by comparing
with the sum
+
.
---------------------------Figure 2
---------------------------To display the variation of the water density near the hydronium ion embedded in the
interfacial region (z = −2.0 Å), we plotted in Fig. 2 the density profile along the z axis for the

9

solution and the pure solvent system obtained by QM/MM simulations. The value of the
density of the solution converges to that of the bulk water in the region below z = −3.0 Å. The
distinct peak seen at z = ~ −2.5 Å in the solution system can be attributed to the enhancement
of the hydration of the cation. This is visible in the density plot since the cation is fixed at z =
−2.0 Å during the simulation. Water density begins to decrease significantly only above z =
−2.0 Å. Thus, even at the surface, it is reasonable to assume that the hydration of H3O+ on the
hydrogen side of the solute is almost comparable to that in the bulk system. In contrast, on the
oxygen side, the hydration effect is substantially weakened as a consequence of the significant
decrease in water density.
---------------------------Figures 3(a) and 3(b)
---------------------------Figures 3(a) and 3(b) show the energy distribution functions constructed using the
ensemble of water molecules within the hemispheres ΩN and ΩS, respectively. As a notable
feature of the distributions in ΩS, we observe in Fig. 3(a) the prominent peaks at the energy
coordinate ε = ~ −35 kcal/mol for the solution systems both at the interface and in the bulk.
This corresponds to the strong hydrogen-bonding interaction between H3O+ and the
neighboring H2O molecules, which leads to the formation of an Eigen cation (H9O4+). Indeed,
the integration of the peak over ε < −25 kcal/mol translates to the number of water molecules
of ~3.0, confirming also the orientation of these three water molecules as hydrogen bond
acceptors to H3O+. The energy peak for the interfacial system is indistinguishable with that for
the bulk. This means that the short-range solute-solvent interaction in ΩS is not affected when
H3O+ is placed at the interface. In contrast to the distributions in ΩS, the peak around ε = −35
kcal/mol is completely missing in the distributions for ΩN both at the interface and in the bulk
(Fig. 3(b)), which implies that strong hydrogen bonds between solute and solvent cannot be
formed in the oxygen side of the solute.(29, 30, 46) The contribution of water molecules
located outside the first solvation shell appears in Figs. 3(a) and 3(b) in the energy range of
−10 to 10 kcal/mol. At the energy coordinate ε ~ −7 kcal/mol in Fig. 3(a), a small shoulder is
present in the distribution for each of the solution systems which corresponds to contribution
mostly from the second solvation shell. The population of the shoulder notably increases in
ΩS when the hydronium ion is moved from the bulk to the interface. By integrating the
distribution over the energy region of −11 < ε < −4 kcal/mol, it is revealed that number of
water molecules in the second shell increases by about one. The augmented contribution from
the second shell evidences that the hydrogen bond network around the hydronium cation is
more developed at the surface than in the bulk liquid. This is presumably because the water
molecules near the vapor are allowed to rearrange themselves to relieve the strain energy in
hydrogen-bonding network in southern region, which is indicative of hydrophobicity in the
oxygen side. For the distribution constructed in ΩS the favorable interaction from outer
solvation shell is thus more abundant at the interface. In contrast, as shown in Fig. 3(b), the
energy distributions in ΩN for the interface are substantially reduced as compared with those
for the bulk. This is a direct consequence of the fact that the number of water molecules in the
region of ΩN is drastically decreased when the solute is placed at the interface (Fig. 2).
---------------------------Table 1
----------------------------
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From the energy distribution functions introduced above and the corresponding
correlation matrices, we calculated the solvation free energies of the hydronium ion at the
interface and in the bulk.(23-25) The results are summarized in Table 1. The solvation free
energies
of H3O+ were computed as −97.9 and −94.3 kcal/mol at the interface and in the
bulk, respectively, yielding the surface preference of H3O+ by 3.6 kcal/mol. The bulk
solvation free energy −94.3 kcal/mol almost coincides with the value of −93.1 kcal/mol
obtained by a previous QM/MM-ER simulation(42) for the bulk water despite the fact that a
different model (TIP4P)(47) and different simulation cell were employed for the MM part. It
also compares favorably to the experimental estimate of −103.4 kcal/mol (note that it is
difficult to establish accurately hydration free energies of single ions since in the experiment
cations and anions are always dissolved together).(48) This shows the reliability and the
robustness of our approach to the free energy calculations using QM/MM force field. The
average distortion energy
of the solute's wave function at the interface was evaluated as
2.9 kcal/mol and found to be larger than that for the bulk by only 0.3 kcal/mol.
in Table 1 denotes the free energy of solvation for the solute with the electron
density fixed at its average; this is part of the total value
and is obtained from the energy
distribution functions through the functional in the QM/MM-ER method. The free energy
for the interface is lower than that for the bulk by 3.9 kcal/mol, which is the major origin
for the preference of the cation at the surface. The free energy contributions ΔµBorn due to the
water molecules outside the sphere Ω were evaluated as −9.0 kcal/mol for the interface and
−9.1 kcal/mol for the bulk, and do not affect the present discussions. The decomposition of
the free energy
into
and
reveals that the water molecules within the region
of ΩS dominate the total free energy
even for the solute in the bulk. Namely,
is
−69.0 kcal/mol, while
is only −18.9 kcal/mol for the solute in the bulk. This is fully
consistent with the behavior of the energy distribution functions presented in Figs. 3(a) and
3(b). Thus, it is shown on the energetic basis that the oxygen side of H3O+ is “hydrophobic”
and its contribution to the total solvation free energy is much smaller than that of the
hydrogen side. Importantly, the free energy
is destabilizing by 9.5 kcal/mol when the
solute is moved from the bulk to the interface, whereas the contribution
is, in contrast,
stabilizing by 13.1 kcal/mol. The destabilization of
at the interface can be naturally
attributed to the decrease in the number of water molecules in the northern region. On the
other hand, it is remarkable that the medium-range solute-solvent interaction in ΩS is
sufficiently enhanced at the interface so that it surpasses the destabilization of the solvation
free energy in the north region. Note that the nearest-neighbor contribution in the southern
region practically does not change between the bulk and interface, thus it is the medium-range
contribution which is responsible for the surface preference.
In accord with the slightly larger distortion energy
of the solute at the surface, the
partial negative charge qO on the oxygen atom of the cation is lowered to −0.63 at the surface
compared to −0.60 in the bulk. In both cases, however, the value of qO for hydronium ion was
much smaller in absolute value than that for the oxygen of SPC/E water (i.e., −0.85).(32)
Therefore, the surrounding water molecules around the cation favor other water molecules in
making hydrogen bonds over the hydronium ion. This adds to the “hydrophobicity” of the
oxygen side of the cation as revealed in the free energy decomposition. Further, we examined
the role of the solute polarization in stabilizing the solute at the interface. More specifically,
we computed the solvation free energy of H3O+ placed at the interface (z = −2.0 Å) with the
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electron density fixed at its average distribution in the bulk. With this artificial setup of the
electron density, the free-energy change associated with the solute displacement from the bulk
to the interface was obtained as −2.0 kcal/mol. Since the total free-energy change due to this
displacement is −3.6 kcal/mol, the contribution of the solute polarization is estimated as −1.6
kcal/mol. Thus, the polarization is sizable, but not a decisive factor of the solute stabilization
of H3O+ at the interface. Within this free-energy decomposition, the surface propensity is
mainly due to the fact that the interaction outside the first solvation shell in the southern
region is enhanced when the solute is moved to the interface.
According to Table 1 the sum of the free energies
and
is very close to the
value of
computed by using the distribution functions for the whole sphere Ω for the
solutes both at the interface and in the bulk. Although, as described in the first paragraph of
this section, the decomposition of
is possible only within the formulation in a strict
sense, the good agreement between
and
+
suggests the applicability of the
present decomposition analyses. Additionally, cavitation free energies were computed,
yielding 1.2 and 1.4 kcal/mol for the cations at the surface and in the bulk, respectively. This
shows that the cavitation free energy of H3O+ is not a major factor to in determining the
surface propensity of the cation. The surface behavior is thus not dictated by the repulsive part
of the H3O+-water interaction, but rather by the attractive part.

5. Conclusion
We performed a series of QM/MM simulations combined with the theory of solutions
(QM/MM-ER) to investigate the mechanism responsible for the surface preference of the
hydronium ion at the air/water interface. The free energy analysis revealed that hydronium is
more stable at the surface than in the bulk by 3.6 kcal/mol, with the solvation free energy of
the cation placed at the interface amounting to −97.9 kcal/mol. We decomposed the solvation
free energy into contributions
and
from the water molecules inside the northern
(oxygen-side) and southern (hydrogen-side) hemispheres surrounding the solute. When the
solute is displaced from the bulk to the interface, the free energy
increases by ~10
kcal/mol due to reduction of the number of water molecules in the north region. However, the
stabilization in the free energy
overrides the destabilization in
, leading to the net
surface preference of the cation. The surface stabilization in the southern region of about -2
kcal/mol comes primarily from the interaction of the cation with water molecules beyond the
first solvation shell. The second solvation shell around the hydronium cation exhibits more
stable structure at the surface than in the bulk. Additionally, the free energy contribution due
to the solute polarization amounts to −1.6 kcal/mol being thus a secondary contribution to
surface stabilization of the hydronium cation.
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TABLE 1: Solvation free energies of H3O+ at the interface (z = -2.0 Å) and in the bulk (z =
-20.0 Å) of water.a Fractional charges qo on oxygen atom of hydronium ion were also
presented.b

a
b

Energies are in units of kcal/mol.
Fractional charges are in units of elementary charge.
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Figure 1. A QM/MM snapshot for the hydronium ion placed at z = -2.0 Å. The north and
south hemispheres, ΩN and ΩS, are also presented. The cubic box in the Figure indicates the
real-space grid cell to enclose the wave function of the QM solute. The yellow and the blue
surfaces represent the positive and negative isosurfaces for the HOMO of the solute with the
values of 0.001 a.u., respectively.
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Figure 2. Density profiles of water along the z axis for the solution and pure solvent system
when the solute is place at the interface. The arrow in the Figure indicates the position of the
hydronium ion (z = -2.0 Å).
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Figure 3. Energy distribution functions for the water molecules within the hemispheres of (a)
Ωs and (b) ΩN. Red lines are for the solute placed at the interface (z = -2.0 Å), while black
ones are for the solute in the interior region (z = -20.0 Å). In the distributions for Ωs, ρ0(ε) at
the interface and ρ0(ε) in the bulk are hardly discernible.
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