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CONSPECTUS

U nderstanding the hydrated proton is a citically important problem that Grotthuss
continues to engage the research efforts of chemists, physicists, and ieny  Eroton Shutding
biologists because of its involvement in a wide array of phenomena. Only (\:._Q‘\ .
recently have several unique properties of the hydrated proton been unraveled i i\:ﬂ_‘f @ =~

through computer simulations. One such process is the detailed molecular
mechanism by which protons hop between neighboring water molecules, thus
giving rise to the anomalously high diffusion of protons relative to other simple

. )
R

cations. Termed Grotthuss shuttling, this process occurs over multiple time and v !\.’ - i

length scales, presenting unique challenges for computer modeling and ‘Lw ',_':)
simulation. Because the hydrated proton is in reality a dynamical electronic v X ..
charge defect that spans multiple water molecules, the simulation methodology ) Gen \\;

must be able to dynamically readjust the chemical bonding topology. This
reactive nature of the chemical process is automatically captured with ab initio molecular dynamics (AIMD) simulation methods,
where the electronic degrees of freedom are treated explicitly. Unfortunately, these calculations can be prohibitively expensive for
more complex proton solvation and transport phenomena in the condensed phase. These AIMD simulations remain extremely
valuable, however, in validating empirical models, verifying results, and providing insight into molecular mechanisms.

In this Account, we discuss recent progress in understanding the solvation and transport properties of the hydrated excess proton. The
advances are based on results obtained from reactive molecular dynamics simulations using the multistate empirical valence bond (MS-
EVB) methodology. This approach relies on a dynamic linear combination of chemical bond topologies to model charge delocalization and
dynamic bonding environments. When parametrized via a variational force-matching algorithm from AIMD trajectories, the MS-EVB
method can be viewed as a multiscale bridging of ab initio simulation results to a simpler and more efficient representation. The process
allows sampling of longer time and length scales, which would normally be too computationally expensive with AIMD alone.

With the MS-EVB methodology, the statistically important components of the excess proton solvation and hopping mechanisms in
liquid water have been identified. The most likely solvation structure for the hydrated proton is a distorted Eigen-type complex
(Hg04 ™). Inthis state, the excess proton charge defect rapidly resonates between three possible distorted Eigen-type structures until a
successful proton hop occurs. This process, termed the “spedial-pair dance”, serves as a kind of preparatory phase for the proton
hopping while the neighboring water hydrogen-bonding network fluctuates and ultimately rearranges to facilitate a proton hop.

The modifications of the solvation structure and transport properties of the excess proton in concentrated acid solutions were
further investigated. The Eigen-type solvation structure also possesses both “hydrophilic’ and “hydrophobic” sides, which accounts
for the affinity of the hydrated proton for the air—water interface. This unusual “amphiphilic’ character of the hydrated proton
further leads to the metastable formation of contact ion pairs between two hydrated protons. It also engenders a surprisingly
constant degree of solubility of hydrophobic species as a function of acid concentration, which contrasts with a markedly variable
solubility as a function of salt (such as NaCl or KCl) concentration.

1. Introduction

The issue of proton solvation and transport remains a
challenging problem that continues to provide surprises
and promises to have features still to be discovered.
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Although it is commonly taught that the hydrated proton
exists as the classical hydronium cation, HzO™, it is more
appropriately described as a delocalized electronic charge
defect spanning multiple molecules. The spread of this
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charge defect blurs the identity of the excess “proton” among
several likely candidates, each of which corresponds to a
different classical hydronium-like character and chemical
bond arrangement. It is this charge delocalization and
dynamic chemical bonding that is at the heart of the interest-
ing solvation and transport properties of the hydrated
proton. One consequence of this behavior is that the mobi-
lity of the excess proton is larger than other cations of similar
size and charge. Unraveling the details of the mechanism for
this anonymously high diffusion, and other chemical pro-
cesses, is fundamental to understanding proton solvation
and transport in a wide range of materials and condensed
phase environments.

The transport of delocalized protonic charge defects is a
complicated process involving the coordinated rearrangement
of several water molecules over which the charge density is
distributed. For the hydrated proton, this diffusion process
involves two components: the excess proton hopping, or
shuttling, between molecules (Figure 1) and a vehicular com-
ponent involving the translational diffusion of the hydrated
proton solvation structure. The time scales for the hopping and
vehicular components are both intimately coupled to the
dynamics of the water hydrogen-bond (H-bond) network.
The proton shuttling mechanism of protons between water
molecules was first discussed in a paper by Grotthuss over two
centuries ago, and it has since been termed the “Grotthuss
mechanism”." In this mechanism, the proton is transferred
from one water molecule to an adjacent water molecule
without significant rearrangement of the center of masses
(Figure 1). The excess proton diffusion process thus occurs over
multiple length and time scales, a proper statistical sampling of
which is one of the main challenges to computationally
modeling this process in a complex condensed phase environ-
ment. Thus, any employed model for the simulation of proton
transport must be able to accurately account for the shuttling of
protons between molecules (i.e., “chemical diffusion”) and the
dynamic evolution of the chemical bonding topology and be
computationally tractable to sample the long time and length
scales necessary.

In this Account, recent progress on understanding the
solvation and transport of the hydrated excess proton from
computer simulation will be discussed. This will begin with a
brief review of the reactive multistate empirical valence
bond (MS-EVB) methodology developed for these studies
and its applications. This will be followed by discussion on
the formulation of the MS-EVB model through a multiscale
bridging of the model to condensed phase ab initio molec-
ular dynamics simulations.>~> The results from several
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FIGURE 1. lllustration of the Grotthuss shuttling process for the excess
proton in a small water wire. The excess protonic charge defect can be
transported significant distances with only a small shift in the center of
mass for each molecule.

studies on the proton solvation and transport properties will
then be presented.

2. Computer Modeling of Hydrated Protons

2.1. Reactive Molecular Dynamics. The modeling of
complex chemical processes, such as proton transport, is
impossible with traditional fixed-topology force fields, which
lack the ability to describe the formation and cleavage of
chemical bonds. One possible description of chemical reac-
tions and bond making/breaking processes requires high-
level electronic structure methods that explicitly treat the
electrons. Although advanced algorithms and cutting-edge
high-performance computing machines have enabled the
ab initio molecular simulation of condensed phase systems,
these calculations are still prohibitively too expensive to
properly sample the large time and length scales for the
chemical processes of interest. It should be stressed, though,
that these ab initio simulations are still quite valuable for the
parametrization and validation of empirical models as well
as in providing insight into molecular mechanisms.

To properly model the diffusion of the hydrated proton,
an empirical model must be able to describe the charge
delocalization across several molecules and be sufficiently
flexible to account for the dynamic evolution of the H-bond
network. One promising route to the simulation of these
complex processes is the reactive multistate molecular
dynamics (MS-MD) simulation methodology, which uses a



combination of multiple bonding topologies to describe the
chemically reactive system. The MS-EVB method is one ex-
ample of an MS-MD algorithm that has been quite successful in
the modeling of proton transport processes in a vatriety of
condensed phase systems.®~'° Only a brief review of the MS-
EVB methodology is discussed here. The reader is referred to
the literature and references cited therein for other MS-MD
approaches (e.g, refs 11—13).

The MS-EVB method is a multistate generalization of the
original EVB'"'* algorithm; the former dynamically identi-
fies those variable bonding topologies that result from
considering all possible reactions with a reactive species
and its immediate environment. In an MS-EVB simulation,
the system is represented as a linear combination of this
collection of chemical bonding topologies, as illustrated in
Figure 2 for the simple case of a gas-phase Eigen cation,
HoO4". The selection process is repeated for each of the
newly generated reactive species until the likelihood for a
successful reaction has negligible probability. For the case of
the hydrated excess proton in bulk water, this typically
corresponds to three or four proton hops away from the
initial hydronium cation, where the local H-bond network is
not yet prepared to solvate the excess proton. These bond-
ing topologies form a basis with which a quantum-like
Hamiltonian matrix can be constructed and diagonalized.
The coefficients of the ground state eigenvector serve as the
corresponding weights for the chemical bonding topologies.
For each bonding topology, a molecular mechanics force
field is used to evaluate the corresponding diagonal element
of the Hamiltonian matrix. The off-diagonal couplings serve
as the mechanism for transitioning from one bonding topol-
ogy to another. After the Hamiltonian matrix has been
constructed and diagonalized at each MD time step, the
coefficients from the ground state eigenvector are used with
the Hellman—Feynman theorem to calculate the force on
each atom, which are then used to integrate Newton's
equations of motion.

The set of molecules which correspond to the classical
hydronium cation in each MS-EVB state form a reactive
complex where the chemical bonding topology is variable
and defined by the MS-EVB weights. Within the MS-EVB
framework, the extent of delocalization of the protonic
charge defect'® can be ascertained by examining the rela-
tive weight for each of the bonding topologies. With these
weights, one can construct a coordinate to describe the
center of excess charge (CEQ) distribution as the weighted
average of the position of the classical hydronium in each
MS-EVB state.? This CEC coordinate proves useful in the
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FIGURE 2. A description of the hydrated proton and the Grotthuss
proton shuttling process is achieved in MS-EVB simulations by consid-
ering a collection of chemical bonding topologies. The classical hydro-
nium for each topology is highlighted in this figure for the case of a gas
phase Eigen cation, HoO4 ", and transitions between bonding topologies
as a result of a successful proton hop are indicated with arrows.

calculation of the potential of mean force, for example, for
the deprotonation of amino acids'® and in rationalizing
unexpected phenomena, such as the formation of contact
jon pairs in acidic solutions,'”"'® as discussed below.

For systems involving multiple excess protons, the self-
consistent iterative (SCI) MS-EVB algorithm'® can be utilized.
In this iterative algorithm, the ground state eigenvector for
each reactive complex s calculated in the effective field of all
other reactive complexes. The loop over all reactive com-
plexes corresponds to a single step in the iterative calcula-
tion and is continued until self-consistency has been reached
with respect to all reactive complexes. The SCI-MS-EVB
algorithm has been successfully applied to aqueous hydro-
chloric solutions,'®'® as discussed below, and the concen-
trated environment of proton exchange membranes.?%?!

2.2. Force Matching Reactive Models. It is critically
important that any force field constructed be properly vali-
dated against high-level, accurate computational and ex-
perimental results. The validation and paramettization of
reactive EVB models to ab initio methods is commonly
achieved with high-level Schrodinger wave function meth-
ods, such as MP2 with a large basis set, on a representative
set of configurations.?* For MS-EVB models describing the
hydrated proton, the proton transfer barriers in several
water clusters were used to calculate a potential energy
surface (PES) which was used to fit the MS-EVB model para-
meters for the off-diagonal couplings, short-ranged repulsions,
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and nonbonded hydronium—water interactions.® #'° The
intramolecular model for the classical hydronium cation was
also determined from gas-phase ab initio calculations. A
previously defined water model, such as the classical simple
point charge flexible (SPC/Fw) model, can be used to define
the remaining interactions. One potential issue with this
procedure of parametrizing models in the gas phase is that
of transferability to the condensed phase environment of
interest. For the case of the reactive amino acid models, the
issue of transferability was resolved by fitting MS-EVB para-
meters in a second round of parametrization to reproduce
the solution pKj, values.'® In another study, issues of trans-
ferability were further reduced by using a QM/MM proce-
dure to calculate the minimum energy path for the
deprotonation of zinc-bound water in the HCA-II system.>*
It is becoming possible to apply ab initio molecular
dynamics (AIMD) simulations to small condensed phase
systems that are representative of larger systems of interest
due to recent advances in algorithms and computational
hardware. However, these calculations are limited in the
number of atoms contained in the AIMD system, and it can
often be computationally too expensive to carry out these
simulations for sufficiently long times to properly sample the
environmental degrees of freedom or to calculate thermo-
dynamic and dynamic properties with sufficient statistical
accuracy. Also, until one is capable of simulating condensed
phase systems with high-level Schrodinger wave function
methods, such as MP2, one is also limited by the accuracy of
the present density functionals. It will therefore prove in-
valuable to have a flexible and systematic algorithm to
reliably make a multiscale connection between accurate
electronic structure calculations and the parametrization of
models to describe complex reactive processes. These em-
pirical models should reproduce the thermodynamic and
dynamic properties of the original high-level AIMD calcula-
tion at a significantly reduced computational cost. With
these models in hand, one can then in principle sample
the long time and length scales necessary to explore com-
plex phenomena in condensed phase environments.
Arigorous and flexible route to developing reactive force
fields is to use force matching algorithms and reference data
directly from ab initio condensed phase simulations.?*~2° In
these algorithms, a fitting function is constructed as the
squared difference between the forces on atoms calculated
from the high-level accurate method and the effective
interactions of the empirical model. This function is then
variationally minimized with respect to the model para-
meters to generate a model that best reproduces the forces

104 = ACCOUNTS OF CHEMICAL RESEARCH = 101-109 = 2012 = Vol. 45, No. 1

from the original, high-level calculation. This method is
sufficiently flexible that only those portions of the model
one s interested in can be parametrized while the remaining
interactions can be defined with previously developed mod-
els. This flexibility allows for the reactive models to be
constructed in stages by first developing a nonreactive
model and then parametrizing the reactive portion of the
model separately.>°

The force matching procedure for reactive empirical force
fields was successfully used to develop a reactive model for
the hydrated excess proton.>° The reference data for this
model was generated from a Car—Parrinello molecular
dynamics simulation®' using the HCTH/120 density
functional.3? The first stage of development for this reactive
model was the construction of a nonreactive model for the
hydrated classical hydronium cation, HsO", using those
configurations from the trajectory for which the cation
solvation structure was largely characterized as a symmetric
Eigen cation. The hydronium—water interactions were then
each fit as a sum of pairwise spline functions whose para-
meters were determined as the linear least-squares solution
to the fitting function.?®2” This initial model describing the
solvation of the classical hydronium cation was then used as
the molecular mechanics force field to describe the chemical
bonding topologies in an MS-EVB simulation. The remaining
reactive, proton hopping, portions of the model were de-
fined using the functional forms for the off-diagonal cou-
plings and short-ranged repulsions in the MS-EVB3 model.'°
A new fitting residual, now a nonlinear function with respect
to the MS-EVB model parameters, was constructed and
minimized using a distribution of configurations sampled
from the entire ab initio trajectory.?®

The resulting force-match MS-EVB model qualitatively
reproduced the thermodynamic and dynamic properties of
the original Car—Parrinello simulation at a fraction of the
computational cost. One particularly important property
calculated from these simulations was the potential of mean
force along a proton transfer reaction coordinate where the
force-matched MS-EVB model was in excellent agreement
with the AIMD simulations. Good agreement with the MS-
EVB3 model, parametrized with high-level gas phase ab
initio calculations, was observed with the force-matched
MS-EVB model being in better agreement with experiment.
These results suggest that the optimal parameters for reac-
tive empirical models can be directly determined from
condensed phase AIMD simulations. As more accurate ab
initio methodologies become computationally tractable for
condensed phase simulations, force matching algorithms



can then be utilized to significantly extend the time and
length scales of these reactive simulations to explore com-
plex phenomena.

3. Hydrated Excess Proton

3.1. Special-Pair Dance. At the heart of understanding
the mechanism for the anonymously high diffusion of the
aqueous excess proton is a critical understanding of the
solvation structure and the role played by the local water
H-bond network. To investigate the mechanism for proton
shuttling between water molecules, equilibrium, condi-
tional, and time-dependent radial distribution functions
were calculated using several simulation methodologies.>3
The focus of this study was to statistically characterize the
behavior of the hydrated proton and any structural changes
that occurred during those times between proton transfer
events. Classical and quantum MS-EVB simulations with two
different models as well as AIMD simulations with two
different density functionals were analyzed. The mechanism
for proton transport in water does not occur within a single
step. The “Eigen—Zundel—Eigen” (EZE) mechanism, sug-
gested in earlier studies,®> was statistically validated with
several simulation methodologies, including AIMD simula-
tions, which ensured the EZE mechanism was independent
of any single simulation methodology. These findings for
the EZE mechanism for proton transport were also sup-
ported by photoelectron spectroscopy results.>*3>

The structure of the solvated proton is best described as a
distorted, nonsymmetric Eigen cation,'>>? with one H-bond
considerably shorter than the others at any given instant, as
illustrated in Figure 3. This distorted structure, the “resonat-
ing” state of the hydrated proton, is seen when the oxygen—
oxygen radial distribution function (rdf) between the classi-
cal hydronium and water is decomposed into contribu-
tions from waters in the solvation structure. While in this
resting state, thermal fluctuations cause the identity of the
short H-bond to rapidly change among the three possible
strong H-bonds with the hydronium cation shown in
Figure 3. This process, termed the “special-pair dance”, is
the preparatory stage for proton transport with rapid partner
exchanges, randomizing the proton hop direction, until the
final partner is found and a successful proton transfer
occurs.*>33 This special-pair dance was statistically probed
by tracking the identity of the special water over the course
of the simulations. The final partner was found to be that
water in the first solvation shell that accepted only a single
H-bond, as opposed to two H-bonds typical of water mole-
cules in the bulk. Configurations similar in character to the
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FIGURE 3. Illustration of a distorted Eigen-type complex near the end of
a special-pair (SP) dance session, where a successful partner has been

found. The special partner, to whom the arrow points, accepts a H-bond
from only a single water molecule (labeled A1) in its first solvation shell.

Zundel cation correspond to the transition state for proton
transfer and only exist at times near a proton transfer event.
There is considerable electronic charge transfer that occurs
from the water molecule to the hydronium cation along the
special pair strong H-bond."'®

The time evolution of the proton transfer event was well
captured with time-dependent rdf's, where the transition
from Eigen to Zundel was observed.®® This partner ex-
change process occurs on a 50 fs time scale compared to
the overall proton transport process, which occurs over
several picoseconds. Evidence for proton transport predo-
minantly going through the EZE mechanism was also justi-
fied when analyzing radial distribution functions at times
just before and after successful proton transfer events. In the
oxygen—oxygen rdf's between hydronium and water, it was
observed that the first peak splits into two peaks, character-
istic of an Eigen-to-Zundel transition, which then coalesced
back into a single peak representative of the Eigen complex.
The mechanism for proton transport is a cooperative, diffu-
sive process and does not involve the correlated proton
hopping along chains of several water molecules. These
qualitative findings were independent of the simulation
details, such as the water model, classical or quantum
nuclear dynamics, or electronic density functional, despite
quantitative differences between methods, such as a factor
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of 2—3 in the proton transfer rate. The proton transfer
frequency was higher in quantum simulations due to the
lowering of the free energy barrier separating the Eigen—
Zundel distorted configurations. A successful decomposition
of the conditional rdf's into two separate contributions
corresponding to distorted Eigen and Zundel cations was
possible for the classical simulations, but the distinction
was not as clear for the quantum simulations where the
identities were blurred. The statistics required to fully under-
stand these processes were primarily made possible using the
computationally efficient MS-EVB models to extend the time
scales beyond what is possible with AIMD methods alone.

3.2. Kinetics of Proton Migration. The special-pair dance
is indicative of the intimate coupling between motion of the
excess proton and the surrounding H-bond network.*>33 To
understand the dynamic evolution of the H-bond network
and its influence on the proton transport process, the “his-
tory independent” pair correlation function was calculated
from long-time simulations with the MS-EVB methodology.>®
This correlation function describes the probability of a bound
pair at some initial time and whether the species are still
bound at some time in the future. This is the probability of the
species being bound at some time irrespective of its history,
which for the case of proton transport involves the many
proton-hopping attempts during the spedcial-pair dance.

It was found that all features of this correlation function
could be described with a reversible diffusion model with a
distance-dependent diffusivity describing the binding prob-
ability of a reversible geminate pair: C= A + B. When a fixed
diffusion coefficient was used, it was observed that the
correlation functions decayed too fast at intermediate times
as compared with the simulation results. The diffusion
coefficients for this study were calculated from the mean-
squared displacement (MSD) for the center of excess charge.
The time behavior of the MSD is divided into roughly two
regions. There is an initial increase of the MSD in the
subpicosecond regime that corresponds to the rapid reas-
signment of the most likely proton acceptor in the special-
pair dance. The expected linear time behavior of the MSD
was only observed in the long time limit, beyond 15 ps. The
time variation of the diffusion was attributed to a depen-
dence on the distance from the initial classical hydronium
cation. The diffusion is impeded at short distances due to
strong H-bonds in the first solvation shell of the hydronium
cation.?” Beyond the first solvation shell, as the strength of
the H-bonds approach that of bulk water, the linear time
dependence of the MSD should be observed. Using the
limiting diffusion coefficients for short and long times, the
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entire time dependence for the MSD was well captured by a
simple model, which was then used to obtain an expression
for a distance-dependent diffusion.

Calculation of the distance-dependent diffusion constant,
which was nonlinear, indicates that the motion of the proton
is intimately coupled with nearby water molecules, which
suggests that large clusters of waters are involved in the
proton transfer process.>® This implies that water molecules
in the second solvation shell of the hydronium cation also
play important roles in the shuttling of protons. This was
confirmed in recent terahertz time-domain dielectric relaxa-
tion experiments? under acidic conditions which found that
those waters in the first solvation shell are strongly bound,
with strong H-bonds, and those in the second shell partici-
pate at least Kinetically in the proton transfer process. The
data indicate that two proton hops must occur before the
local environment of the initial molecule is bulklike. The
long time behavior t>'2 of the correlation function was
observed out to 500 ps, in agreement with the theoretical
result for a reversible geminate pair. It was presently only
possible to obtain the long time behavior of the correlation
function from the MS-EVB simulations as the AIMD simula-
tions would have been prohibitively expensive and only the
early time behavior converged.

3.3. Structure and Dynamics of Strong Acidic Solutions.
The interactions between multiple hydrated protons are
expected to be more complicated than the electrostatic
interactions between simple cations because of the intimate
coupling to the H-bond network and the dynamically delo-
calized nature of the excess proton charge defects. One
would expect that two hydrated protons would repel one
another due to the strong electrostatic force between two
similarly charged species. As discussed below, this is found
to not always be the case as the contact ion pair formed from
two hydrated protons is rather quite stable in some
situations.

The influence on proton solvation and transport proper-
ties when additional excess protons are present has been
investigated by simulating concentrated HCI solutions'”"'®
(0.43—-3.26 M) with the SCI-MS-EVB methodology.'® In these
simulations, it was observed that the hydrated protons
actually formed metastable contact ion pairs, with the
hydronium lone-pair sides pointing toward one another.
This behavior arises at least in part from the unusual
“amphiphilic’ behavior of the hydrated excess protons.*°
This amphiphilic behavior is mostly due to the directional
H-bond asymmetry of the hydronium cation with water
molecules in the first solvation shell. The formation of three



FIGURE 4. Radial distribution functions for a 0.43 M acid solution
containing 256 H,0 and 2 dissociated HCl molecules (Figure 1 of ref 18).
The labels OW, OHy, CEC, and CI correspond to a water oxygen,
hydronium-like oxygen, excess proton center of excess charge, and
chloride ion, respectively. Also shown is an illustrative example of the
hydrated proton contact ion pair, where the centers of excess charge,
smaller blue spheres, are displaced away from one another.

strong H-bonds, in the Eigen-type complex, gives rise to a
hydrophilic character. The “hydrophobic” character arises
from the repulsion of H-bonds that are donated to the
hydronium on the lone pair side due to the net positive
charge of the cation and the resulting disruption of the water
H-bond network. To minimize the disruption on the local
H-bond network, the hydrated protons can point their lone
pair sides toward one another, thus forming contact ion
pairs. The presence of this region on the lone pair electron
side of the hydronium cation also has the consequence of
enhancing the concentration of protons at the air—water
interface for acidic solutions, which is supported by surface-
selective spectroscopic experiments, such as second harmo-
nic generation.*°~%? The lone pair side of the hydronium is
preferentially oriented toward the vapor to minimize the
local H-bond disruption.*®*' This same preferred orienta-
tion is also observed when the hydrated cation is in the
presence of an ideal hydrophobic interface,*' which again
acts to minimize the disruption on the local H-bond network.

The stability of these Eigen cation contact ion pairs
formed by similarly charged species is in part due to a
reduced electrostatic repulsion due to delocalization of the
excess protonic charge defect over surrounding water
molecules (Figure 4).'”'8 The center of excess charges for both
Eigen cations are repelled away from one another by ~1.0 A,
effectively reducing the electrostatic repulsion and allowing
the contact ion pair to form, as shown in Figure 4. At the
lowest concentrations studied, the average lifetime of the
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hydrated proton contact ion pairs was about 14 ps, which
contrasts with an average proton Grotthuss hopping time of
1-2 ps in dilute acid solutions. This result is consistent with
an estimate calculated from AIMD simulations of a 1 M HCI
solution.'® The average lifetime decreased to about 5 ps for
the largest HCI concentration examined. Although there was
an increase in the frequency of ion pairings with increasing
HCI concentration, the decreased averaged lifetime was
likely due to an increased charge repulsion, which destabi-
lized the ion pairs.

The (meta)stability of the hydrated proton contact ion
pairs in solution will lead to changes in the transport proper-
ties of the charged proton defect relative to the infinitely
dilute case. The diffusion coefficient for each of the hydrated
protons was calculated from the long-time slope of the MSD
for the center of excess charge. Over the concentration
range investigated, the diffusion of both the excess protons
and chloride ions was found to decrease with increasing acid
concentration,'® which is consistent with experimental ob-
servations. To gain more insight into the molecular mechan-
ism for the proton transport process, the diffusion coefficient
for the excess proton was partitioned into vehicular, proton
hopping, and the contribution from the correlation between
the two processes, which may be positive or negative on
average. The total diffusion of the excess proton is the sum
of these three contributions. At lower concentrations, the
vehicular component is nearly unchanged and the proton
hopping component accounts for the majority of the de-
crease in total diffusion. At the higher concentrations, all
components to the proton diffusion were found to decrease
with increasing HCI concentration, which is consistent with
nuclear magnetic resonance (NMR) experiments.43 The cal-
culated number of proton hopping events, successful or
unsuccessful, was effectively constant with respect to con-
centration. This indicates that there are fewer successful
proton hopping events with increasing concentration. At
the higher concentrations, the protons tend to ‘rattle”
between the same water molecules, thus decreasing the
Grotthuss hopping component to the long-ranged diffusion
of the excess protons. The correlation between the hopping
and vehicular components was negative for all concentra-
tions studied, which indicates that the two diffusion pro-
cesses, vehicular and hopping, can to some degree oppose
each other. This surprising effect was also first observed in
simulations of the acidic environment of the proton ex-
change membrane Nafion.*®

3.4. Hydrophobic Interactions. To gain further insight
into the molecular mechanism by which hydrophobic
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molecules have their solubility changed by the presence of
salts and addition of acid, a series of aqueous solutions of
neopentane was investigated.** Several systems at varying
acid and salt concentrations were used to probe the role of
the excess protons and salts on the aggregation/dispersion
properties of hydrophobic molecules. These systems con-
tained molar ratios of 1, 2, and 4 HCI/NaCl molecules per
neopentane molecule. The results from these simulations
were compared to those from ageuous NaCl solutions. The
salting out of neopentane was observed for all salt systems
as an increase in the first peak of a radial distribution
function between neopentane molecules corresponding to
an increased association. The degree of the salting out effect
increased with salt concentration, as one would have ex-
pected. Phase separation was observed in the 4:1 NaCl/
neopentane solution with mostly water and NaCl forming
one phase and neopentane the other phase. Additional
simulations with KCI salt solutions supported the general
conclusions from the NaCl solutions. In the acidic solutions,
no increase in the hydrophobic aggregation was observed
with increasing HCI concentration, leading to a largely un-
changed solubility of neopentane with acid concentration.
The solubility of the hydrocarbon molecules was thus found
to be much more sensitive to the salt concentration than the
acid concentration, in agreement with the available experi-
mental data.

In acidic solutions, the hydrophobic neopentane mole-
cules were found to prefer to be adjacent to the hydrated
protons rather than other water molecules in the system.
The formation of these pairs may be a general feature of
these systems and explain the increased solubility of
hydrophobic molecules in acidic solutions. This stabiliza-
tion with the hydrated proton has the effect of inhibiting
aggregation of the neopentane molecules. It was found
that the hydronium cations were preferentially oriented
with its lone-pair electrons pointed toward the hydrophobic
molecule, which is again rooted in the amphiphilic nature of
the hydrated proton discovered in our earlier work.*°

4. Future Outlook

Despite what its name may imply, the hydrated excess proton
is much more complicated than other similarly sized, simple
cations. The intimate coupling of the hydrated proton to water
molecules and, in turn, of the resulting electronic charge defect
to the local H-bond network leads to unique and sometimes
unexpected properties. An increasingly detailed understand-
ing of a number of complex phenomena demands that the
solvation properties and the molecular level mechanism for
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the transport of the hydrated proton continue to be unraveled.
The research highlighted here has provided an important
foundation for understanding proton solvation and transport
in aqueous systems. As computational resources continue to
become increasingly more powerful, empirical reactive simu-
lation methodologies, such as MS-EVB, will also prove crucially
important to extend ab initio simulation methodologies to
study complex condensed phase environments of interest to a
broad spectrum of scientific fields including chemistry, biology,
and materials science.
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