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Abstract: Molecular dynamics simulations have been performed to analyze microscopic details related to
aqueous solvation of excess protons along the supercritical T ) 673 K isotherm, spanning a density interval
from a typical liquid down to vapor environments. The simulation methodology relies on a multistate empirical
valence bond Hamiltonian model that includes a proton translocation mechanism. Our results predict a
gradual stabilization of the solvated Eigen cation [H3O‚(H2O)3]+ at lower densities, in detriment of the
symmetric Zundel dimer [H‚(H2O)2]+. At all densities, the average solvation structure in the close vicinity of
the hydronium is characterized by three hydrogen bond acceptor water molecules and presents minor
changes in the solute water distances. Characteristic times for the proton translocation jumps have been
computed using population relaxation time correlation functions. Compared to room temperature results,
the rates at high densities are 4 times faster and become progressively slower in steamlike environments.
Diffusion coefficients for the excess proton have also been computed. In agreement with conductometric
data, our results show that contributions from the Grotthus mechanism to the overall proton transport diminish
at lower densities and predict that in steamlike environments, the proton diffusion is almost 1 order of
magnitude slower than that for pure water. Spectroscopic information for the solvated proton is accordant
to the gradual prevalence of proton localization in Eigen-like structures at lower densities.

Introduction

Protons represent a ubiquitous species in aqueous solutions
and play a key role controlling many processes of fundamental
importance in both chemistry and biology, such as acid-base
equilibria and charge transport across biological membranes.1,2

In the past and despite its apparent simplicity, the microscopic
nature of the solvated proton raised several controversial
issues3-6 that have found appropriate interpretations only in
recent times. For example, one important question to be
answered was whether the prevailing microscopic solvation
structure for the excess charge would correspond to the Zundel
dimer7 [H‚(H2O)2]+ or the Eigen cation8 [H3O‚(H2O)3]+. At
present, there seems to be sufficient evidence that these
complexes actually represent limiting structures and that the
most appropriate picture for the hydrated proton is that of a
fluxional defect immersed in the hydrogen-bonded network of

liquid water, whose dynamics is very much controlled and
modulated by that of the hydrogen bonding in the host liquid.9

From the dynamical point of view, perhaps the most striking
feature that distinguishes aqueous protons from the rest of simple
cations is its abnormally large mobility. In 1806, Grotthus
introduced the idea of a mechanism for the transport which does
not involve the individual diffusion of a tagged proton;10 instead,
it would require successive spatial rearrangements along chains
of hydrogen bonds, resulting in a translocation of the average
position of the excess charge over length scales well beyond
the size of a water molecule. Surprisingly enough, recent ab
initio molecular dynamics simulations have confirmed the
validity of this picture, which was postulated almost two
centuries ago.9,11-13

Bearing in mind this picture, it is interesting to speculate about
the changes that should take place if one is interested in
analyzing the solvation of aqueous protons at elevated temper-
atures, i.e., above the normal boiling point, with the realm of
supercritical (SC) states of water (T > 374 °C) as limiting
environments. This subject is of great importance not only in
fundamental chemistry but also from a technological point of
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view, since the control of many hydrothermal processes such
as oxidation for safe disposal of hazardous organic wastes as
well as corrosion, catalytic, precipitation, and hydrolysis
processes is very much dependent on the pH prevailing in the
environment.14,15

In this context, one important modification that operates in
high-temperature water is the drastic drop in its macroscopic
dielectric constant, down to a value of∼6 at near critical
conditions. Consequently, one could anticipate that these
changes in the solvent polarity should be translated into
nonnegligible shifts in chemical equilibria and absorption line
shapes involving ionic species. We bring into consideration as
one clear example recent spectroscopic measurements of aque-
ous solutions of H2SO4 that show that the strength of the acid
decreases considerably as one surpassesT ≈ 350 °C.16 Of
course, the drop in water polarity reflects important changes in
its microscopic structure, most notably those involving the
architecture of the hydrogen bond network. Although the degree
of persistence of hydrogen bonding in SC water is still subjected
to some uncertainty,17 the modifications in the structure of water
are sufficiently strong so as to affect the equilibrium aspects of
proton solvation in a sensible way.

From the dynamical side, one should also expect important
alterations since collective and single particle orientational
modes in SC water are normally faster at lower densities;18-26

these modes affect the kinetics of hydrogen bonding27 and,
indirectly, should also alter the rates for proton transfer.28,29

Coming back to the subject of proton diffusion, one fundamental
question that still requires appropriate interpretation is establish-
ing which modifications in the microscopic mechanism drive
the proton transport at elevated temperatures compared to what
is normally perceived at ambient conditions. This problem is
intimately connected to that of ionic transport in high-temper-
ature aqueous solutions, a subject that has received a great deal
of attention in recent times.30-33 The physical picture that

emerges from these studies suggests that ionic mobility in
supercritical water is the result of a complex interplay in which
intervene in a non trivial fashion not only structural, but also
dynamical effects such as viscous and dielectric friction. As a
result, the mobility of simple ionic species may present
nonuniform, and even nonmonotonic, density dependence.32

Given this scenario, one would expect the analysis of the
transport of aqueous protons at elevated temperatures to be even
more complex since it should include some extent of the
“structural charge defect” transport mechanism present at
ambient conditions, in addition to the usual hydrodynamic
Stokes mass diffusion.

The previous paragraph has underlined the importance of the
main objective of this paper in which we present the first
microscopic approach to equilibrium and dynamical aspects of
the solvation of hydrated protons at SC conditions from a
molecular dynamics perspective. To that end, we performed a
series of computer simulation experiments along theT ) 673
K isotherm. To differentiate temperature from density effects,
we spanned a wide interval of solvent densities, ranging from
highly packed fluids,Fw ) 1 g cm-3, to typical steamlike
environments,Fw ) 0.1-0.05 g cm-3. The former state
corresponds to water at extreme pressures (∼0.7-0.8 GPa),
while the latter interval corresponds to that prevailing in most
technological applications. To tackle the problem, we adopted
a methodology based on an extended empirical valence bond
(EVB) model Hamiltonian. This approach has been successfully
implemented in analyzing proton solvation in water at ambient
conditions.34-45 One interesting feature of this methodology is
that it can incorporate quantum fluctuations arising from the
light nature of the proton. This has been carried out using a
reparametrization of the potential energy surface based on a path
integral representation of the quantum proton42 or instead, by
resorting to centroid molecular dynamics methods.34,46However,
at this stage we made no efforts either to look for possible
improvements of the performance of the Hamiltonian at higher
temperatures or to explicitly incorporate quantum effects in the
simulation experiments. Although the latter does modify the
equilibrium solvation structures and dynamics, the resulting
trends do not substantially differ from those obtained classi-
cally.36 Instead, we concentrated attention on the gross features
and qualitative changes that take place in well-differentiated
supercritical states, ranging from highly packed fluids to
vapor environments. In addition, we managed to establish a
proper comparison between our results at elevated temperatures
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and those obtained at ambient conditions using a similar
Hamiltonian.36-38

The organization of the present work is as follows. In the
next section, we present an overview of the model and the
simulation procedure. The central part of the paper is devoted
to the simulation results and includes a description of the
equilibrium solvation structures and dynamical information
pertaining to the rate of proton transfer and also to the proton
transport. In addition, we briefly analyze temperature and density
effects on the infrared absorption spectra. The concluding
remarks are summarized in the last section.

Model and Simulation Procedure

The computer simulations presented in this study were performed
using an EVB approach. The implementation of this methodology to
study chemical reactivity has been described extensively in the
literature;47-50 therefore, for the sake of concision, we will restrict our
presentation to the main features.

The basic idea is conceptually simple and assumes that the Born-
Oppenheimer potential energy surfaceε0({R}) that drives the dynamics
of the nuclei with coordinates{R} can be obtained from the lowest
instantaneous eigenvalue of the following EVB Hamiltonian:

In the previous equation, we have chosen a representation of the EVB
Hamiltonian in terms of the basis set{|φi〉} of diabatic valence bond
(VB) states. For the particular case of an excess proton in water, these
diabatic states designate configurations with the H+ located in a
particular water molecule. The ground state|ψ0〉 of ĤEVB satisfies:

and can be expanded as a linear combination of diabatic states as:

leading to the final expression for the potential energy surface:

The dynamics of the nuclei of massMk is governed by the following
Newton’s equation:

One of the features of EVB methods is that the different matrix elements
hij can be cast in terms of the different nuclear coordinates to agree
with results from very precise quantum calculations. The parametriza-
tion adopted here was similar to that proposed by Schmitt and Voth.36,51

Diagonal elementshii comprise contributions from stretching and
bending intramolecular interactions within the tagged H3O+ and in the
rest of the water molecules, which are modeled using the flexible TIP3P

mean field model.52 In addition, the diagonal elements include
hydronium-solvent and solvent-solvent intermolecular interactions.
The off-diagonal elementshij introduce the coupling between the
diabatic statesi and j and were modeled to include interatomic
contributions within the particular (H5O2)+ dimer spanned by states
|φi〉 and |φj〉 and also exchange Coulombic interactions between the
dimer and the rest of the solvent. The complete list of the parameters
can be found in ref 36. Within this level of approximation, Schmitt
and Voth were able to reproduce geometries and energetics of some
relevant protonated water clusters obtained with sophisticated ab initio
methods of electronic structure calculations.

The systems under investigation were composed by one proton
dissolved in 125 water molecules. All simulation experiments cor-
responded to microcanonical runs at temperaturesT ) 673 ( 20 K;
the water densities examined wereFw ) 0.05, 0.1, 0.3, 0.65, and 1 g
cm-3. The time step was set to∆t ) 0.5 fs; all simulations included an
equilibration period of approximately 20 ps, followed by trajectories
of typically ∼500 ps that were used to evaluate the statistical properties
of the systems. Long-range interactions derived from the different
Coulombic terms were handled by Ewald sum techniques53 by assuming
the presence of a uniform neutralizing background.

The construction of the EVB Hamiltonian was performed as
follows.36,42 First, it required the insertion of the excess proton within
a cavity in a previously equilibrated water sample as well as the
identification of the water molecule closest to the excess proton. This
fixed the initial H3O+ pivot and the first diabatic state. From this pivot,
the rest of the diabatic states were chosen in a treelike construction,
via a hydrogen-bond connectivity pattern. The wide range of investi-
gated solvent densities led us to impose a slightly modified criterion,
from the one proposed in ref 36, to establish a hydrogen bond. The
maximum oxygen acceptor-proton donor distance was relaxed up to
2.8 Å; in addition, we supplemented it with a geometrical restriction,
imposing a minimum threshold value of the H-O‚‚‚O angle of 30°.
All molecules lying in and up to the third solvation shell, showing a
connecting path with the original pivot, were included in the construc-
tion of theL × L, EVB Hamiltonian matrix. With this procedure, the
size of the Hamiltonian matrix varied fromL ≈ 20 at high solvent
densities, down toL ≈ 10 for low-density states. The resulting dynamics
was stable over the complete lengths of the simulation runs, with
fluctuations in the total energy that never surpassed 1%. At each step,
proton transfer was made possible by reassigning the pivot oxygen label
to the instantaneous state exhibiting the largestci

2. From this state, the
list of participating VB states was reconstructed using the connectivity
branching procedure mentioned above.

Results

Microscopic Solvation of H+. The presence of an excess
proton in bulk water promotes a disruption in the original
structure of hydrogen bonds in the neat liquid. At present, the
most widely accepted microscopic picture of the proton aqueous
solvation involves a whole series of intermediate structures
between those of the two limiting cations: the three-coordinated
hydronium [H3O‚(H2O)3]+ known as the Eigen cation8 and the
symmetric Zundel dimer7 [H‚(H2O)2]+. Along a typical simula-
tion run, one normally observes a continuous interconversion
between the two structures generating ahybrid (H9O4)+/(H5O2)+

complex;9,12 such interconversions take place typically in the
picosecond time scale and involve slight displacements in the
relevant O-O distances as well as subtle changes in the
hydrogen connectivity pattern between the complex and the
nearest solvation shell.
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Within the EVB model, the gross features of these structures
can be conveniently analyzed by considering the probability
densities associated to an appropriate order parameter. Following
previous studies,36,38 we computed:

where â is the inverse of Boltzmann constant times the
temperature and〈....〉 represents a statistical average.W(ê) is
the free energy associated with the probability distribution of
the asymmetric order parameter defined as:

c1 andc2 represent the two largest coefficients of the expansion
of the ground state of the Hamiltonian shown in eq 3. Eigen
and Zundel structures are characterized by values ofê close to
1 and 0, respectively. Profiles ofW(ê) are depicted in Figure 1.
Regardless of the temperature considered, Eigen cations in high-
density fluids are characterized by similar values of the order
parameterê ≈ 0.52. A moderate shift towardê ≈ 0.60 appears
as we move to lower densities. Thermal effects become more
evident as one inspects the widths of the distributions, the
supercritical ones being somewhat broader than those corre-
sponding to room temperature. For the former cases, there seems
to be a larger number of thermally accessible states exhibiting
ê J 0.6, i.e. configurations in which the proton is mainly
localized in one individual VB state.

A reasonable estimate for the prevalence of either limiting
structure can be obtained from the equilibrium constantKeq,
computed from the following ratio of partition functions:

wherexE andxZ ) 1 - xE represent the equilibrium concentra-
tions of Eigen and Zundel species, respectively.ê* represents

a value of the order parameter that characterizes the boundary
between Eigen from Zundel species and was located at the
mean value of the inflection points of all the free energy curves,
ê* ) 0.45. In the second and third columns of Table 1, we
present estimates for the equilibrium constants andxE, respec-
tively. At room temperature, approximately 55% of the con-
figurations exhibit Eigen-like characteristics in accordance with
ab initio molecular dynamics experiments.9,12 This proportion
increases monotonically as we move up in temperature and
down in density, reaching∼75% in the lowest SC density
investigated.

We now turn to the analysis of the average solvation structure.
Given the large disparity in the magnitude of solvent bulk
densities covered in this study (a factor of 20 between the highest
and the lowest values), we found it more convenient to analyze
the microscopic details of the solvation by considering the pivot
water local density fields defined as:

wherero* is the coordinate of the instantaneous pivot oxygen
and r i

R denotes the coordinate of site (R ) O, H) in the ith
solvent molecule.

Spatial correlations with respect to the pivot oxygen are
shown in Figure 2. Interestingly, at all the solvent densities
considered, the structures of the pivot oxygen profiles shown
in the top panel are dominated by the first solvation shells
centered atr ) 2.5 Åsmore structured and somewhat narrower
at ambient conditionssthat include three acceptor water mol-
ecules. The fact that, despite the differences in the bulk density,
the magnitudes of the main peaks remain comparable reveals
that in low-density SC states the proton is able to promote a
considerable degree of solvent clustering in its close vicinity.
The robustness of the first solvation shell in aqueous super-
critical environments has also been corroborated in recent X-ray
absorption experiments of aqueous Br-.54 The presence of a
second shell located atr ) 4.5 Å is also clearly perceptible in
all thermodynamic states investigated, with the exception of the
highest supercritical density case (Fw ) 1 g cm-3, T ) 673 K),
where the structure practically vanishes beyond the first peak.
These molecules correspond to the second solvation shell of
the hydronium, and some of them may act as hydrogen bond
acceptors or donors with respect to the inner ones. The analysis
of the oxygen pivot hydrogen water profiles shown in the bottom
panel provides complementary information. Here, in all cases,

(54) Wallen, S. L.; Palmer, B. J.; Pfund, D. M.; Fulton, J. L.; Newville, M.;
Ma, Y.; Stern, E. A.J. Phys. Chem. A1997, 101, 9632.

Figure 1. Free energy associated with the asymmetric order parameterê
(see text) for aqueous excess protons at different thermodynamic states along
theT ) 673 K isotherm.Fw ) 0.05 g cm-3 (diamonds),Fw ) 0.1 g cm-3

(squares),Fw ) 0.3 g cm-3 (triangles), andFw ) 1 g cm-3 (open circles).
Also shown are results for ambient conditions (black circles). Lines represent
least-squares fits and are included as an aid for the eye.

âW(ễ)∝ - ln[〈δ(ê - ễ)〉] (6)

ê ) c1
2 - c2

2 (7)

Keq )
xE

xZ
)

∫ê*

∞
exp(-âW(ê)) dê

∫0

ê*
exp(-âW(ê)) dê

(8)

Table 1. Equilibrium and Dynamical Properties for the Aqueous
H+ at Different Thermodynamic States along the T ) 673 K
Isotherma

Fw x E Keq τtr
-1 DH+ Dw DH+

/

0.05 0.76 3.2 2.4( 0.5 6.2( 0.4 54.1 7.5
0.1 0.73 2.7 3.6( 0.4 5.5( 0.8 24.8 5.3
0.3 0.70 2.3 6.8( 0.8 3.0( 0.8 9.2 2.6
0.65 0.67 2.1 9.7( 1.0 2.7( 0.7 5.0 1.9
1 0.63 1.7 11.7( 1.2 2.6( 0.5 2.4 d
1b 0.55 1.2 3.0b 0.45( 0.11b 0.32c

a Densities are expressed in g cm-3; rates in 10-1 ps-1; diffusion
coefficients in Å2 ps-1. b Results forT ) 300 K from ref 38.c Results
fom ref 62.d See ref 63.

Fo*R(r) )
1

4πr2
〈∑

i

δ(|ro* - r i
R| - r)〉 (9)
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we found main peaks located atr ) 3.15 Å. At low SC
densities, these peaks exclusively include the six hydrogen
atoms corresponding to the water molecules which belong to
the first solvation shell. As the density increases, the number
of hydrogen atoms included in the first peak rises to∼9-11.
An analysis of the connectivity of these new hydrogen
atoms shows that typically, two of them belong to mole-
cules from the second shell which act as hydrogen bond
donors to the inner ones. We finally remark that, regardless of
the density and/or temperature investigated, we found no
evidence of pivot acceptor hydrogen bonding of the type
O-H‚‚‚O*.

Rates for the Proton Transfer. Perhaps the simplest and
most direct route to gain a first insight into the nature of proton
transfer dynamics in different aqueous environments is by direct
inspection of the time evolutions of the pivot oxygen label that
are shown in Figure 3. By simply counting the number of
transitions in the three plots, temperature and density effects
upon the rate of proton transfer are self-evident: AtT ) 300 K
(bottom panel), during the 50 ps temporal interval displayed,
approximately 10 water molecules retain the pivot label during
periods of of 0.5 ps or longer. That number is at least 4-fold
larger, as we move to SC temperatures, keeping the density
constant (middle panel). Results for high-temperature, steamlike
environments shown in the top panel predict that the number
of transitions drops to values comparable to those originally
found at ambient conditions. The overall jump patterns, though,

look quite similar in the three plots and can be pictured as a
sequence of episodes in which the proton resides in one water
during a few picoseconds, interrupted by intervals in which the
proton resonates rapidly between two VB states, thus establish-
ing what is usually referred to as a “special bond”.11-13,42 A
few isolated spikes corresponding to single attempts of aborted
transitions complete the description.

The crude picture provided in the previous paragraph can be
substantially improved by performing an analysis based on time
correlation functions. We remark that in all cases, proton
transfers were sufficiently frequent to collect adequate statistics
without resorting to special techniques designed to analyze rare
event dynamics. Important quantities in this context are the
equilibrium time correlation functions for the population
relaxations of different reactant species. These functions present
the general form:

whereδhi(t) ) hi(t) - 〈hi〉 denotes the instantaneous fluctuation
of the population of theith reactant away from its equilibrium
value. The characteristic functionhi(t) is unity if the tagged
reactant species is present in the system at timet, and zero
otherwise. Invoking Onsager’s regression hypothesis,55 the
inverse of the proton-transfer rateτtr

-1 can be obtained from the
temporal decay ofC(t) at long time spans.56

Population relaxations for the pivot label appear as natural
functions to investigate. The previous observations anticipate
that the time correlations will have incorporated at least
three different time scales: (i) a resonant time in the sub-
picosecond scale, associated with the rapid alternation of the
pivot label along a “special bond”, (ii) a second time scale

(55) Chandler, D. InIntroduction to Modern Statistical Mechanics; Oxford
University Press: New York, 1987; Chapter 8.

(56) To establish an appropriate correspondence between the long time relaxation
of C(t) and the rate of proton jump, we assumed thath(t) vanishes at all
times, following a 0.5 ps time interval in whichh(t) is continuously zero.

Figure 2. Pivot solvent density fields at different supercritical states of
water.Fw ) 0.05 g cm-3 (solid lines),Fw ) 0.3 g cm-3 (dashed lines),Fw

) 0.65 g cm-3 (dot-dashed lines), andFw ) 1 g cm-3 (black circles).
Open circles correspond to results for ambient conditions.

Figure 3. Time evolution of pivot oxygen labeling in different SC aqueous
environments (T ) 673 K). Fw ) 0.05 g cm-3 (top panel), andFw ) 1 g
cm-3 (central panel). The bottom panel displays results for water at ambient
conditions.

C(t) )
〈hi(t)‚δhi(0)〉

〈(δhi)
2〉

(10)
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characterizing the lifetime of the resonance episodes, and
(iii) the largest residence timeτtr of the proton labeling localized
in one particular oxygen, which is the relevant time scale
characterizing the rate for the proton transfer. Results for the
population relaxations of the pivot label over a 4 ps time
interval appear in Figure 4. After a 0.5 ps transientsmost
likely related to the fast processes mentioned abovesall
curves can be reasonably well described as single expo-
nentials, although we do not discard the possibility of addi-
tional slower processes affecting the proton-transfer rate that
are not captured in the time interval investigated. Results
for the best fits of the decays are listed in the fourth column
of Table 1 along with those reported for ambient conditions.
It becomes clear that the predicted rates, as reflected by
the magnitude ofτtr

-1, diminish as we move to lower den-
sities.

The microscopic interpretation of the reduction in the
rates requires a careful analysis of the mechanisms that drive
the proton transfer. Normally, in adiabatic proton-transfer
processes occurring in polar media, one focuses attention on
the characteristics of the polarization fluctuations of the environ-
ment as the key effects determining the rates.57,58 For the
particular case of aqueous protons, the characterization of such
fluctuations is more complex since it is intimately related to
the hydrogen bond dynamics. At ambient conditions, there exists
evidence that the rate-limiting step for proton transfer in water
is the result of a subtle hydrogen bond cleavage occurring in
the second solvation shell.11,12,37,59In this context, we foresee
that important modifications in the reaction mechanism would
operate at SC conditions due to at least two factors: (i) the
overall shorter lifetime of the hydrogen bonds27 and (ii) the
changes in the solute-solvent and the solvent-solvent spatial
and orientational correlations, especially those occurring beyond

the first solvation shell. In principle, the rigorous analysis of
the connectivity pattern and the characterization of the ensemble
of transition states can be performed by appropriate sampling
of reactive trajectories.60 This, though, is well beyond the scope
of the present paper, thus, we will not proceed further along
this direction. Yet, our results suggest that, similar to what has
been reported for ambient conditions, proton transfers in SC
environments are not exclusively triggered by solvent polariza-
tion fluctuations that make donor and acceptor diabatic states
degenerate. Using simple transition state theory arguments, if
the bottleneck that separates reactants from product states is
characterized byê ≈ 0, one would predict only minor temper-
ature effects on the free energy curves shown in Figure 1, in
passing fromT ) 300 K toT ) 673 K.61 Note that this argument
is not compatible with the observed dynamics. Our results do
confirm, however, that the magnitude of the free energy barrier
at the corresponding transition states increases as we move
toward smaller densities, which in turn, would support the idea
of a much more localized proton in steamlike environments.

Proton Transport. The diffusion coefficient of aqueous
protons at ambient conditions is known to be approximately a
factor of 4 times larger than that observed for neat water. This
difference rises to almost 1 order of magnitude when a similar
comparison is established with a small cation such as Li+. The
large enhancement of proton mobility is normally ascribed to
charge transport contributions from the Grotthus translocation
mechanism,10 in addition to the usual hydrodynamic Stokes mass
diffusion.

A similar analysis performed in aqueous systems at elevated
temperatures and lower densities shows interesting changes. In
Table 2, we list experimental results for the diffusion coefficients
of aqueous H+, Li+, and water covering a wide temperature
range along the liquid-vapor coexistence curve. The results
were obtained from conductometric measurements of aqueous
solutions of HCl, LiCl, and KCl62-66 by first estimating the
individual ionic conductivitiesλM

o from:

(57) Borgis, D.; Tarjus, G.; Azzouz, H.J. Chem. Phys.1992, 97, 1390.
(58) Laria, D.; Ciccotti, G.; Ferrario, M.; Kapral, R.J. Chem. Phys.1992, 97,

378.
(59) Agmon, N.Chem. Phys. Lett.1995, 244, 456.

(60) For a general review of the formalism see: Bolhius, P. G.; Dellago, C.;
Chandler, D.; Geissler, P.Annu. ReV. Phys. Chem.2002, 53, 291.

(61) In fact, changes in temperature also affect the temporal prefactor of the
classical transition state theory expression for the rate that roughly scales
as the square root of the ratio of temperatures, which in this case is∼x2.

(62) Sansom, M. S. P.; Kerr, I. D.; Breed, J.; Sankararamakrishnan, R.Biophys.
J. 1996, 70, 693.

(63) The agreement between the overall shapes ofFo*R(r) for single and multiple
VB Hamiltonian pregressively worsens as we move to higher densities,
and therefore the caseFw ) 1 g cm-3 was not considered.

(64) Robinson, R. A.; Stokes, R. H.Electrolyte Solutions; Butterworths: London,
1959.

(65) Simpson, J. H.; Carr, H. Y.Phys. ReV. 1958, 111, 1201.
(66) (a) Ho, P. T.; Palmer, D. A.; Gruskiewicz, M. S.J. Phys. Chem. B2001,

105, 1260. (b) Ho, P. T.; Bianchi, H.; Palmer, D. A.; Wood, R. H.J. Sol.
Chem.2000, 29, 217.

Figure 4. Logarithm of the population relaxations of the pivot label at
different SC states of water along theT ) 673 K isotherm.Fw ) 0.05 g
cm-3 (solid line),Fw ) 0.1 g cm-3 (long-dashed lines),Fw ) 0.3 g cm-3

(dot-dashed line),Fw ) 0.65 g cm-3 (short-dashed line), andFw ) 1 g
cm-3 (dotted line).

Table 2. Experimental Diffusion Coefficients of H+, Li+, and Water
along the Liquid-Vapor Coexistence Curve

T
(K)

Fw

(g cm-3) DH+

Dw

(Å2 ps-1) DLi+

298.15 1.00 0.93a 0.21b 0.10a

373.15 0.96 2.1c 0.86b 0.4c

473.15 0.87 3.5c 2.4d 1.1c

573.15 0.72 4.5c 3.9e 2.0c

623.15 0.63 4.9c 5.1e 2.9c

673.15g 0.30 1.7c 11.2f 3.0c

a From ref 64.b From ref 65.c From ref 66.d From ref 67.e From
ref 68. f From ref 69.g Corresponds to a supercritical temperature.

A R T I C L E S Laria et al.

2130 J. AM. CHEM. SOC. 9 VOL. 126, NO. 7, 2004



whereΛo(MX) represents the limiting molar conductivity of
the MX electrolyte;t- represents the transport number of Cl-

in the KCl solution that was taken as 0.5 for all the states
considered.67-70 From individual conductivities, diffusion coef-
ficients can be readily obtained through Einstein’s relationship:

whereNA and e represent the Avogadro number and the charge
of the electron, respectively. Note that as we move to higher
temperatures and lower densities, the mobilities of the proton
and water become more comparable, being practically identical
at T ) 623 K, Fw ) 0.63 g cm-3. Table 2 also includes one
entry corresponding to the SC stateT ) 673 K, Fw ) 0.30 g
cm-3. It is clear that the original, room-temperature trend is
reversed: In moderate density SC environments, water mol-
ecules diffuse at least at 1 order of magnitude faster than protons,
which in turn would migrate even slower than Li+.

To shed light on the microscopic details of these changes,
we have computed diffusion coefficients from the limiting slopes
of the root mean square displacements of the proton coordinate
rp, namely:38

In the last equation, the proton coordinate was defined as a
weighted sum of the coordinatesrpvt

i corresponding to theL
oxygen participating in the construction of Hˆ EVB, namely:

Results for the diffusion coefficients are shown in Table 1 along
with those obtained for the TIP3P model (fifth and sixth
columns, respectively). Interestingly, note that our simulation
results reproduce the qualitative trends observed in the experi-
ments: compared to pure water, the proton turns from a more
mobile solute at high densities into a much slower particle at
lower densities, with transport properties very much akin to
those of a prototypical cation of a small size. The change in
the diffusional regime of the proton suggests that the role of
the Grotthus mechanismsas a key factor determining the
abnormal, high proton conductivitysshould become less im-
portant at low densities. A crude estimate of this contribution
is normally obtained using simple random walk arguments as
follows.29,59 Results from NMR measurements show that at
ambient conditions the proton jumps a characteristic O*-O

distance, say∼2.5 Å, everyτ ) 1-2 ps.71 During this time
interval, the displacement of the center of mass of a water
molecule isl ≈ (6Dwτ)1/2 ≈ 1.5-2 Å. Consequently, the proton
translocation mechanism increases the mobility in a sizable
fashion. If we repeat a similar calculation forT ) 673 K,Fw )
0.1-0.05 g cm-3 assuming that the rates of proton transfer do
not vary substantially, the change inDw (of almost 2 orders of
magnitude) leads tol ≈ 15-20 Å. Under these circumstances,
the spatial displacement during proton translocation is much
smaller when compared to that of the center of mass of water
molecules operated by ordinary diffusion.

The previous description of proton transport is still incomplete
since it is based solely on the simple picture of a diffusive water
molecule plus a proton jump mechanism. The hydronium is a
relatively small ionic species, and we have mentioned that
important modifications take place in the structure of pure water
to accommodate the solute; most notably, the presence of a first
solvation shell composed of three strongly interacting water
molecules that are dragged by the solute as it diffuses. The data
of the fifth column of Table 1 show that the diffusion
coefficients of the proton change very little along the high to
mid-density interval, for example, 0.3 g cm-3 j Fw j 1 g cm-3,
before increasing somewhat more sharply, at lower densities.
We wish to remark that this density insensitivity is not observed
in this density interval for ordinary cations of comparable size
such as Li+ or Na+. Thus, we tend to believe that it is the result
of a cancellation between the natural reduction of the friction
as we move down in density, compensated by a lesser extent
of contributions to global mobility from the translocation
mechanism.

To further validate this line of reasoning, we have performed
a series of test runs using a surrogate model in which we
eliminated the possibility of proton jumping by restricting the
number of VB states toL ) 1. The suppression of nondiagonal
elements, however, leads to a hydrated H3O+ weakly coupled
to the surroundings, as reflected, for example, in the resulting
heights and widths ofFo*o(r), when compared to those obtained
with multiple VB states. As a solution of direct implementation
to enhance the coupling, we found that a rescaling in the partial
charges of the pivot of up tozH ) 0.7, zO ) (1-3zH), and a
modification in the parameterDOH ) 466.0 kcal mol-1 (see
Table 1 of ref 36) were sufficient to maintain a similar
coordination in the first shell, thus bringing the overall shapes
and heights of the main peaks ofFo*R(r) for single and multiple
VB states to reasonable accordance in the mid- and low-density
intervals.63 Although we will not claim that this ad hoc,
structural criterion is fully satisfactory in establishing a reference
in singling out contributions to transport from the translocation
mechanism, it seems more adequate than the simple suppression
of nondiagonal terms in the Hamiltonian. Results for the
diffusion coefficient of the hydronium using this crude, one-
EVB model are displayed asDH+

/ in the last column of Table 1.
The absence of jumping mechanisms leads to: (i) a reduction
in the diffusion coefficient at the highest density,Fw ) 0.65 g
cm-3, (ii) a somewhat more uniform density dependence of the
diffusion, and (iii) reasonable estimates for the proton mobility

(67) Krynicki, K.; Green, C. D.; Sawyer, D. W.Faraday Discuss. Chem. Soc.
1979, 66, 199.

(68) Hausser, R.; Maier, G.; Noack, F.Z. Naturforsch. A1966, 21, 1410.
(69) Lamb, W. J.; Hoffman, G. A.; Jonas, J.J. Chem. Phys.1981, 74, 6875.
(70) Although this hypothesis is not strictly true, the errors up toT ) 573 K

are negligible. For more details, see: (a) Quist, A. S.; Marshall, W. L.J.
Phys. Chem.1965, 69, 2984. (b) Marshall, W. L.J. Chem. Phys.1987, 87,
3639.

(71) (a) Meiboom, S.J. Chem. Phys.1961, 34, 375. (b) Herzt, H. G.; Manner,
R. Z. Phys. Chem. (Munich)1983, 135, 89. (c) Pfeifer, R.; Hertz, H. G.
Ber. Bunsen-Ges. Phys. Chem.1990, 94, 4, 1349.

λH+
o ) Λo(HCl) - t-Λo(KCl)

λLi+
o ) Λo(LiCl) - t-Λo(KCl) (11)

Di )
λi

o

âNAe2
(12)

DH+ ) 1
6

lim
tf∞

d
dt

〈|rp(t) - rp(0)|2〉 (13)

rp ) ∑
i)1

L

ci
2 rpvt

i (14)
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at low densities, confirming that under these conditions,
contributions from the Grotthus mechanism to the transport are
negligible.

Proton Spectroscopy.Before closing this section we will
comment on the main features pertaining to the vibrational
spectroscopy of aqueous protons at elevated temperatures. The
infrared absorption line shape can be readily obtained from the
Fourier transform of the time correlation function of the time
derivative of the dipole moment,42,72

Within the EVB framework, the time derivative of the dipole
moment shown in the integrand of eq 15 includes contributions
from nuclear velocities as well as polarization fluctuations:42,72

In the previous equation,qi(t) denotes a weighted sum of the
partial charges of sitei, computed as:

whereq i
j represents the charge of sitei participating in thejth

VB state. To compute the dipole moment and its time derivative,
we considered contributions exclusively from the six instanta-
neous VB states exhibiting the largest weightsci

2. Estimates
for the time derivatives of the coefficientsci were obtained from
standard first-order perturbation theories, in accordance to:73

Results for the two limiting SC states, i.e.,Fw ) 1 and 0.05 g
cm-3, are shown in Figure 5. Similar to what one finds in results
for room temperature, the signature of excess protons in SC
water is given by continuum bands in the 1500-3500 cm-1

frequency interval. In pure water at ambient and SC conditions,
this frequency domain, which is flanked by the bending and
the O-H stretching bands, appears deprived of any relevant
feature. The resolution of this band at ambient conditions shows
absorption maxima located at 1500-1600 cm-1 and 2900-3000
cm-1.72 This original structure gets considerably rippled and
broadened when one considers aqueous states at elevated
temperatures. Anyhow, our simulations predict that at high
densities, proton absorption is dominated by a peak at 2450-
2500 cm-1 and, possibly, by a much smaller second one located
in the 1900-2000 cm-1 region. At low densities, the more
noticeable change operates in the high-frequency peak that gets
broadened and presents a moderate 200 cm-1 blue-shift.

A description of the underlying proton dynamics and the
possibility of establishing a correspondence between these
profiles and the one obtained at room temperature is not
straightforward since the vibrational modes are normally quite
delocalized as well as coupled to degrees of freedom of the
local environment.74 In addition, due to the flatness in the
potential energy profiles describing strong hydrogen bonds, the

harmonic description of the dynamics may not always be
satisfactory.75,76Still, an analysis based on vibrational contribu-
tions from Zundel and Eigen-like structures in vacuo can be
instructive. In this context, the relevant cluster modes that are
likely to be connected to the observed absorptions at SC
conditions are the 1740-1780 asymmetric bending mode of the
Zundel dimer77,78and the collective O-H stretch at 2660 cm-1

of the Eigen complex.79,80 In the inset of Figure 5 we show the
computed spectra for hot [H3O‚(H2O)3]+ and [H‚(H2O)2]+

clusters atT ≈ 673 K. Note that despite the elevated temper-
ature, absorption remains located roughly within the frequency
intervals found at room temperature.36 As a possible interpreta-
tion of the overall SC line shapes, we tend to believe that the
peaks located in the 1900-2000 cm-1 and 2450-2500 cm-1

regions are the results of different contributions from configura-
tions with predominant Zundel and Eigen-like structures,
respectively. Moreover, the blue-shift observed forFw ) 0.05
g cm-3 would be accordant with the gradual approach to [H3O‚
(H2O)3]+ “cluster-like” structures that should prevail in steamlike
environments.

Concluding Remarks

The results presented in this study provide new insights into
microscopic details of the solvation of excess protons in
supercritical states of water and can be summarized as follows.
Our simulations predict a gradual stabilization of Eigen-like
structures at low densities, in detriment of Zundel-like dimers.
In contraposition to the usual tetrahedral coordination of the
pure liquid, the first solvation shell of the hydronium is

(72) Kim, J.; Schmitt, U. W.; Gruetzmacher, J. A.; Voth, G. A.; Scherer, N. E.
J. Chem. Phys.2002, 116, 737.

(73) Vuilleumier, R. Ph.D. Thesis. University of Paris VI, 1998.

(74) Librovich, N. B.; Sakun, V. P.; Sokolov, N. D.Chem. Phys.1979, 39,
351.

(75) Ojamäe, L.; Shavitt, I.; Singer, S. J.Int. J. Quantum Chem., Symp.1995,
29, 657.

(76) Vener, M. V.; Kühn, O.; Sauer, J.J. Chem. Phys.2001, 114, 240.
(77) Asmis, K. R.; Pivonka, N. L.; Santambrogio, G.; Bru¨mmer, M.; Kaposta,

C.; Neumark, D. M.; Wo¨ste, L.Science2003, 299, 1375.
(78) Yeh, L. I.; Myers, J. D.; Price, J. M.; Lee, Y. T.J. Chem. Phys.1989, 116,

737.
(79) Schwarz, J. A.J. Chem. Phys.1977, 67, 5525.
(80) Newton, M. D.J. Chem. Phys.1977, 67, 5535.

I(ω) ∝ ∫0

∞
exp(-iωt) 〈µ3 (t)‚µ3 (0)〉 dt (15)

µ3 (t) ) ∑
i

qi(t)R4 i(t) + ∑
i

q̆i(t)Ri(t) (16)

qi(t) ) ∑
j

cj
2(t)q i

j (17)

c̆i ) ∑
j*0

1

εj - ε0

(∑
k

∇Rk
hj0‚R4 k)〈φi|ψj〉 (18)

Figure 5. Absorption line shapes of protonated water for liquidlike and
vaporlike aqueous SC environments. The inset shows the absorption line
shapes for the Zundel dimer (solid line) and Eigen complex (dashed line)
at 673 K in the frequency interval where the excess proton modes prevail.
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characterized by three hydrogen-bond acceptor water molecules
strongly interacting with the solute, with no neighboring water
molecule acting as an eventual hydrogen bond donor. This
structure persists along the whole range of fluid densities and
shows a considerable enhancement of the local solvent density
in the close vicinity of the solute at low densities.

From the dynamical point of view, the stabilization of the
Eigen structure goes hand in hand with a sensible reduction of
the rates for the proton transfer. A comparison between results
from a typical steamlike state and from ambient conditions
shows that the usual accelerating thermal effects are practically
compensated by an opposite density trend which, as we move
toward lower densities, promotes a sensible increase in the time
scales characterizing the proton jump. These results suggest that
important changes should also take place in the mechanism that
drive the charge transport. In the high to mid-density range,
the proton diffusion presents a plateaulike behavior, which can
be ascribed to compensations between the natural reduction of
friction and the lesser extent of displacements operated via
proton translocations. At very low densities, our results predict
that the proton migrates slower than water, which is in
agreement with the experimental evidence. As such, proton
transfers in steams can be pictured as more closely related to
an “intramolecular process” within a diffusing Zundel-like
complex than to a charge defect translocation along a tridimen-
sional network of hydrogen bonded molecules. Consequently,
there is no need to invoke proton jump mechanisms to obtain
adequate estimates for the charge displacements. Moreover, the
lesser extent of solvent hydrogen bond interconnectivity beyond
the first solvation shell leads to a sensible reduction of the
coupling between the proton and the fluctuating environment
and would explain the reduction of the rate for the proton
transfer. We finally remark that results from vibrational spectra
of the proton in high-temperature liquid, and steamlike systems
are accordant to the solvation stabilization of Eigen-like
structures in the latter environments.

Of course, the analysis presented here is far from being
complete, and there are several open questions of fundamental
importance that will require further investigation. Eventual
improvements on the parametrization of the EVB Hamiltonian
is perhaps the first issue that will deserve attention. The
transferable, three-point charge, water-water potential employed
here belongs to a family of mean field models that have been
extensively tested in numerous simulations of water, both at
ambient and extreme conditions.81-86 Simulation results at high
temperatures usually show an overall trend toward somewhat
more accentuated structures.87 Some of these inadequacies can
be avoided by resorting to more computationally demanding,
ab initio molecular dynamics techniques that yield better
descriptions of the water structure and the hydrogen bonding.88

It is important to remark that within the present EVB analysis,
the particular choice of the water Hamiltonian will affect in
sensible fashion the magnitude of the coupling between EVB
Hamiltonian and the polarization fluctuations provided by the
classical bath. These fluctuations will be most likely enhanced
in dilute gas phases, since mean field models are originally
adjusted to describe the dipole moment of water at ambient
conditionsµ ≈ 2.5 D, which is larger than the dipole moment
of water of the isolated water molecule,µ ) 1.85 D. Yet, we
still believe that the overall qualitative performance of the
flexible TIP3P Hamiltonian employed is sufficient to yield a
realistic description of water over a wide region of its phase
diagram, including the supercritical interval of interest in this
work.

The particular parametrization of the diagonal and nondi-
agonal elements of the EVB Hamiltonian matrix, originally
tailored to reproduce quantum results for the energetics,
geometries, and vibrational frequencies of clusters of the types
H5O2

+, H7O3
+, and H9O4

+, could in principle raise some
additional concerns. In this respect, we do not foresee major
drawbacks since the energetics and the solvation structure of
charged species in low density aqueous systems should be
dominated by a considerable extent of solvent clustering in the
close vicinity of the solute.

Particularly important will be to further examine whether the
microscopic mechanisms that drive the proton transfer at
ambient conditions present modifications at high-temperature,
low-density aqueous states. The answer to this question does
not seem straightforward and will require a physical interpreta-
tion of the slower rates found at low densities in terms of the
usually faster relaxations of the relevant processes, most notably,
the lifetimes of hydrogen bonds and/or individual and collective
orientational modes, which are likely to control the transfer
mechanism. Moreover, the observed modifications in the proton
rates, along with the absence of any relevant structural changes
in the first solvation shell, would suggest that the collective
modes that trigger the transfer are to be found in the second
solvation shell or beyond.

An additional analysis of the role of quantum fluctuations at
high temperatures is also relevant. At ambient conditions,
quantum effects on the hydration structure are translated into a
considerable extent of spatial delocalization of the charge
defect13 and overestimations in the stability of Eigen-like
structures. On the other hand, from the dynamical side, a
classical treatment for the proton leads to an enhancements in
the free energy barriers associated with the proton jump,13,36

thus lowering the rates for proton transfer and reducing proton
diffusion.36,42Anyhow, although a precise assessment is surely
called for, invoking basic statistical mechanics arguments and
on the basis of the physical picture of the proton transport
provided here, one should expect that quantum effects on the
rates and on the proton diffusion at elevated temperatures should
be somewhat milder than those already found at room temper-
ature. Research along these lines is currently being carried out
in our laboratory and will be the subject of a forthcoming
publication.

Finally, it would have been highly desirable if the arguments
presented in the previous paragraphs could be supported by
additional experimental information. Unfortunately, due to a

(81) Jedlovsky, P.; Brodholt, J. P.; Brin, F.; Ricci, M. A.; Soper, A. K.; Vallauri,
R. J. Chem. Phys.1998, 108, 8528.

(82) Liew, C. C.; Inomata, H.; Arai, K.Fluid Phase Equilib.1998, 144, 287.
(83) Bellissent-Funel, M.-C.; Tassaing, T.; Zhao, H.; Beysens, D.; Guillot, B.;

Guissani, Y.J. Chem. Phys.1997, 107, 2942.
(84) Mizan, T. I.; Savage, P. E.; Ziff, R. M.J. Phys. Chem.1994, 98, 10367.
(85) Martı́, J. J. Chem. Phys.1999, 110, 6287.
(86) Boulougouris, G. C.; Economou, I. G.; Theodorou, D. N.J. Phys. Chem.

B 1998, 102, 1029.
(87) For a recent review article on the performance of different water

Hamitonians, see: Guillot, B.J. Mol. Liq. 2002, 101, 219.
(88) Boero, M.; Terakura, K.; Ikeshoji, T.; Liew, C. C.; Parrinello, M.J. Chem.

Phys.2001, 115, 2219.
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large number of technical difficulties, thermodynamic infor-
mation of high-temperature solutions still remains rather
scarce. This situation underlines the importance of simu-
lation studies as a useful guidance to gain physical insight
into solution chemistry at extreme conditions of temper-
ature and pressure. The similarities found between the experi-
mental and simulated overall trends for proton diffusion
seem to corroborate that the model implemented here is able to
retain the essential ingredients that drive the proton transport
at high temperatures. We hope that our conclusions act as
motivation in sparking interest to perform new experimental

measurements that may provide support to the physical picture
presented here.
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