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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+(H.O)s]t at lower densities, in detriment of the
symmetric Zundel dimer [H-(H20)]". 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 liquid water, whose dynamics is very much controlled and
o o _modulated by that of the hydrogen bonding in the host liquid.
Protons represent a ub|qU|tous species in aqueous solutions  £rom the dynamical point of view, perhaps the most striking
and play a key role controlling many processes of fundamental featyre that distinguishes aqueous protons from the rest of simple
importance in both chemistry and biology, such as abidse  ¢ations is its abnormally large mobility. In 1806, Grotthus
equilibria and charge transport across biological membrafies.  jniroduced the idea of a mechanism for the transport which does
In the past and despite its apparent simplicity, the microscopic ot involve the individual diffusion of a tagged prot¥tinstead,
nature of the solvated proton raised several controversialjtwould require successive spatial rearrangements along chains
issued© that have found appropriate interpretations only in of hydrogen bonds, resulting in a translocation of the average
recent times. For example, one important question to be position of the excess charge over length scales well beyond
answered was whether the prevailing microscopic solvation the size of a water molecule. Surprisingly enough, recent ab
structure for the excess charge would correspond to the Zundelinitio molecular dynamics simulations have confirmed the
dimer’ [H+(H20)]* or the Eigen catich[H30:(H20)s]*. At validity of this picture, which was postulated almost two
present, there seems to be sufficient evidence that thesecenturies ag8113
complexes actually represent limiting structures and that the  Bearing in mind this picture, it is interesting to speculate about
most appropriate picture for the hydrated proton is that of a the changes that should take place if one is interested in
fluxional defect immersed in the hydrogen-bonded network of analyzing the solvation of aqueous protons at elevated temper-
atures, i.e., above the normal boiling point, with the realm of
T Permanent address: Unidad Actividad @ioa, CNEA, and Depar- supercritical (SC) states of watef = 374 °C) as limiting

tamento de thnica Inorganioa Analtica y Qumica Fsica, Universidad environments. This subject is of great importance not only in
de Buenos Aires, Argentina.
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view, since the control of many hydrothermal processes suchemerges from these studies suggests that ionic mobility in
as oxidation for safe disposal of hazardous organic wastes assupercritical water is the result of a complex interplay in which
well as corrosion, catalytic, precipitation, and hydrolysis intervene in a non trivial fashion not only structural, but also
processes is very much dependent on the pH prevailing in thedynamical effects such as viscous and dielectric friction. As a
environment*15 result, the mobility of simple ionic species may present
In this context, one important modification that operates in nonuniform, and even nonmonotonic, density depend&hce.
high-temperature water is the drastic drop in its macroscopic Given this scenario, one would expect the analysis of the
dielectric constant, down to a value ef6 at near critical transport of aqueous protons at elevated temperatures to be even
conditions. Consequently, one could anticipate that these more complex since it should include some extent of the
changes in the solvent polarity should be translated into “structural charge defect” transport mechanism present at
nonnegligible shifts in chemical equilibria and absorption line ambient conditions, in addition to the usual hydrodynamic
shapes involving ionic species. We bring into consideration as Stokes mass diffusion.
one clear example recent spectroscopic measurements of aque- The previous paragraph has underlined the importance of the
ous solutions of SO, that show that the strength of the acid main objective of this paper in which we present the first
decreases considerably as one surpa3ses 350 °C.16 Of microscopic approach to equilibrium and dynamical aspects of
course, the drop in water polarity reflects important changes in the solvation of hydrated protons at SC conditions from a
its microscopic structure, most notably those involving the molecular dynamics perspective. To that end, we performed a
architecture of the hydrogen bond network. Although the degree series of computer simulation experiments alongThe 673
of persistence of hydrogen bonding in SC water is still subjected K isotherm. To differentiate temperature from density effects,
to some uncertaintl/,the modifications in the structure of water we spanned a wide interval of solvent densities, ranging from
are sufficiently strong so as to affect the equilibrium aspects of highly packed fluids,o,, = 1 g cnT3, to typical steamlike
proton solvation in a sensible way. environments,py, = 0.1-0.05 g cm?®. The former state
From the dynamical side, one should also expect important corresponds to water at extreme pressure8.7-0.8 GPa),
alterations since collective and single particle orientational While the latter interval corresponds to that prevailing in most

modes in SC water are normally faster at lower densiie% technological applications. To tackle the problem, we adopted
these modes affect the kinetics of hydrogen bonﬁ]@]d, a meth0d0|ogy based on an extended empirical valence bond
indirectly, should also alter the rates for proton tran3}er. (EVB) model Hamiltonian. This approach has been successfully

Coming back to the subject of proton diffusion, one fundamental implemented in analyzing proton solvation in water at ambient
question that still requires appropriate interpretation is establish- conditions?**~4> One interesting feature of this methodology is
ing which modifications in the microscopic mechanism drive that it can incorporate quantum fluctuations arising from the
the proton transport at elevated temperatures compared to whatight nature of the proton. This has been carried out using a
is normally perceived at ambient conditions. This problem is reparametrization of the potential energy surface based on a path
intimately connected to that of ionic transport in high-temper- integral representation of the quantum prdtaor instead, by
ature aqueous solutions, a subject that has received a great dedfsorting to centroid molecular dynamics meth#d$However,
of attention in recent time¥-33 The physical picture that at this stage we made no efforts either to look for possible
improvements of the performance of the Hamiltonian at higher
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and those obtained at ambient conditions using a similar mean field modet? In addition, the diagonal elements include

Hamiltonian36-38

hydronium-solvent and solvertsolvent intermolecular interactions.

The Organization of the present work is as follows. In the The Off'diagonal elementﬂij introduce the COUpIing between the
next section, we present an overview of the model and the diabatic states and j and were modeled to include interatomic

simulation procedure. The central part of the paper is devoted co
to the simulation results and includes a description of the

equilibrium solvation structures and dynamical information

ntributions within the particular @#@,)" dimer spanned by states
|¢piCand |¢;0and 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

pertaining to the_ rate of proton transfer and also to the Proton and voth were able to reproduce geometries and energetics of some
transport. In addition, we briefly analyze temperature and density relevant protonated water clusters obtained with sophisticated ab initio
effects on the infrared absorption spectra. The concluding methods of electronic structure calculations.

remarks are summarized in the last section.

Model and Simulation Procedure

The systems under investigation were composed by one proton
dissolved in 125 water molecules. All simulation experiments cor-
responded to microcanonical runs at temperatiires 673 + 20 K;

The computer simulations presented in this study were performed the water densities examined wexg = 0.05, 0.1, 0.3, 0.65, and 1 g
using an EVB approach. The implementation of this methodology to cm™3. The time step was set tot = 0.5 fs; all simulations included an
study chemical reactivity has been described extensively in the equilibration period of approximately 20 ps, followed by trajectories

literature#7-5° 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 surfagf R}) that drives the dynamics
of the nuclei with coordinate§R} can be obtained from the lowest
instantaneous eigenvalue of the following EVB Hamiltonian:

Aeve(tRY) = Iy (RN (1)
]

In the previous equation, we have chosen a representation of the EVB

Hamiltonian in terms of the basis sgiiJ of diabatic valence bond

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 technitfussassuming

the presence of a uniform neutralizing background.

The construction of the EVB Hamiltonian was performed as
follows 3642 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 HHO™ 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,

(VB) states. For the particular case of an excess proton in water, thesefrom the one proposed in ref 36, to establish a hydrogen bond. The

diabatic states designate configurations with thé ldcated in a
particular water molecule. The ground staieJof Heyvg satisfies:

Hevelwo= o R}) 100 2

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

W= ) cilgD ©)

leading to the final expression for the potential energy surface:

e{ R} zzcicjhij({ R} 4)
T

The dynamics of the nuclei of mad4 is governed by the following
Newton’s equation:

R,

Mk? == zcicj Ve (R} (5)
T

maximum oxygen accepteproton donor distance was relaxed up to
2.8 A; in addition, we supplemented it with a geometrical restriction,
imposing a minimum threshold value of the----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 x L, EVB Hamiltonian matrix. With this procedure, the
size of the Hamiltonian matrix varied from ~ 20 at high solvent
densities, down th ~ 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 larg@sErom 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

One of the features of EVB methods is that the different matrix elements Solvation involves a whole series of intermediate structures
h; can be cast in terms of the different nuclear coordinates to agree between those of the two limiting cations: the three-coordinated
with results from very precise quantum calculations. The parametriza- hydronium [HO-(H,0)s] ™ known as the Eigen catiémnd the

tion adopted here was similar to that proposed by Schmitt and ¥éth.
Diagonal elementsh; comprise contributions from stretching and
bending intramolecular interactions within the tagge®Hand in the

rest of the water molecules, which are modeled using the flexible TIP3P

(47) Coulson, C. A.; Danielsson, Wrk. Fys.1954 8, 239.
(48) Mulliken, R. S.J. Chem. Physl964 61, 20.
(49) Aquist, J.; Warshel, AChem. Re. 1993 93, 2523.

(50) Warshel, A.Computer Modeling of Chemical Reactions in Enzymes and

Solutions Wiley: New York, 1980.

(51) Recently, a new parametrization of the EVB Hamiltonian has been
developed by Voth's group (see ref 38) Although this new model can be

symmetric Zundel diméifH-(H,0),]*. Along a typical simula-
tion run, one normally observes a continuous interconversion
between the two structures generatirgyarid (HgO4)/(HsO2)™
complex?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.

applied to the analysis of more complex environments beyond aqueous (52) Dang, L. X.; Pettit, B. MJ. Chem. Phys1987 91, 3349.
systems, results for the aqueous proton are similar to those published in (53) Allen, M. P.; Tildesley, D. JComputer Simulation of Liquid€larendon

ref 36.
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Table 1. Equilibrium and Dynamical Properties for the Aqueous
H* at Different Thermodynamic States along the T= 673 K

Isotherm?

Pw XEe Keq 7t D+ Dy Da+
0.05 0.76 3.2 2.4 05 6.2+ 0.4 54.1 7.5
0.1 0.73 27 3.6:04 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 9.4 1.0 2.7+ 0.7 5.0 1.9
1 0.63 17 11,2412 2.6+ 0.5 2.4 d
1P 0.55 1.2 3.6 0.454+0.17° 0.3Z2

a Densities are expressed in g cinrates in 10! ps%; diffusion
coefficients in & psL. b Results forT = 300 K from ref 38.¢ Results
fom ref 62.9 See ref 63.

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,
&* = 0.45. In the second and third columns of Table 1, we
present estimates for the equilibrium constants xandespec-
tively. At room temperature, approximately 55% of the con-
Figure 1. fFree energy associated with the asymmetric order parardeter figurations exhibit Eigen-like characteristics in accordance with
text it i i i i
fﬁg‘?r ® 3,7?; :‘?sgt%‘é?riﬁeisgg’éogi ﬁgg?;i‘é;g:’;‘sd:y%érl“g gﬁtfs a'on%b initio molecular dynamics experimesi& This proportion
(squares)pw = 0.3 g o3 (triangles), anchw = 1 g cnT3 (open circles). increases monotonically as we move up in temperature and
Also shown are results for ambient conditions (black circles). Lines represent down in density, reaching-75% in the lowest SC density
least-squares fits and are included as an aid for the eye. 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

gand the lowest values), we found it more convenient to analyze
the microscopic details of the solvation by considering the pivot

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. Followin
previous studieg®38we computed:

AWE)D — In[B(E — &) (6) water local density fields defined as:
where § is the inverse of Boltzmann constant times the 1 @
temperature andl...Orepresents a statistical averad®¢) is Pora(r) = donr? EE‘X“O* —ril=nu ©)
the free energy associated with the probability distribution of !
the asymmetric order parameter defined as: wherer, is the coordinate of the instantaneous pivot oxygen
_2_ 2 - andr{* denotes the coordinate of site & O, H) in theith
£=0-6 7 solvent molecule.

Spatial correlations with respect to the pivot oxygen are
shown in Figure 2. Interestingly, at all the solvent densities

and Zundel structures are characterized by valuésatdse to F:on3|dered, the structures.of the pivot oxygen profl!es shown
in the top panel are dominated by the first solvation shells

1 and 0O, respectively. Profiles #¥(&) are depicted in Figure 1. - -
Regardless of the temperature considered, Eigen cations in high_centered a = 2.5 A-more structured and somewhat narrower

density fluids are characterized by similar values of the order at ambient conditionsthat _|nclude _three accgptor water moI-_
paramete ~ 0.52. A moderate shift towarél~ 0.60 appears ecules. The fact that, despite the differences in the bulk density,

. the magnitudes of the main peaks remain comparable reveals
as we move to lower densities. Thermal effects become more 9 P P

evident as one inspects the widths of the distributions, the that in low-density SC states the proton is able to promote a

supercritical ones being somewhat broader than those corre-_(I:_%gsgirast;lneegsgc:?fhzf f?rzlt\/igfvgtl:csn;egﬂglllr:r:tz cIc()asoe ;"Z’n'tg;
sponding to room temperature. For the former cases, there seems u queous sup

to be a larger number of thermally accessible states exhibiting ;Etsl((:)?l ng'rgzzfggsezis sflsao t:;inu?é;o_tl)_ﬂreaterdelsr;:]eccer;tf);—ray
¢ = 0.6, i.e. configurations in which the proton is mainly secon?j shell I(F))cated at=4 5(?& is also clearl i erce t?ble in
localized in one individual VB state. . y P P

A reasonable estimate for the prevalence of either limiting ﬁ!l tr?er?odynan_wt!c sltztes |_:1vest|gat_ed1, Wltl:;f;ewt_efzggog of the
structure can be obtained from the equilibrium constegn ighest supercritical density casg,(= 1 g cm™, T = ),

computed from the following ratio of partition functions: where the structure practically vanishes beyond thg first peak.
These molecules correspond to the second solvation shell of

o0 - the hydronium, and some of them may act as hydrogen bond
_ Xe _ L‘ eXp(-AW(E)) d< 8) acceptors or donors with respect to the inner ones. The analysis
c4 X, fg*exp(— BW(E)) dg of the oxygen pivot hydrogen water profiles shown in the bottom

0 panel provides complementary information. Here, in all cases,

c1 andc; represent the two largest coefficients of the expansion
of the ground state of the Hamiltonian shown in eq 3. Eigen

wherexe andxz = 1 — xe represent the equilibrium concentra- " \aiien, s. L. paimer, B. J.: Pfund, D. M.; Fulton, J. L.; Newville, M.:
tions of Eigen and Zundel species, respectivélyrepresents Ma, Y.; Stern, E. AJ. Phys. Chem. A997, 101, 9632.
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o ' Figure 3. Time evolution of pivot oxygen labeling in different SC aqueous
~T environments T = 673 K). py = 0.05 g cnt3 (top panel), anghy =1 g
*o cm3 (central panel). The bottom panel displays results for water at ambient
Q 0 05 conditions.
) 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 boAt1342 A
few isolated spikes corresponding to single attempts of aborted

Figure 2. Pivot solvent density fields at different supercritical states of transitions complete the _desc_rlptlon. .
water. p, = 0.05 g cnr? (solid lines),ow = 0.3 g cnt? (dashed lines)pw The crude picture provided in the previous paragraph can be

= 0.65 g cm3 (dot—dashed lines), angy = 1 g cnT3 (black circles). substantially improved by performing an analysis based on time
Open circles correspond to results for ambient conditions. 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:

we found main peaks located at= 3.15 A. 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@—11.
An analysis of the connectivity of these new hydrogen

atoms shows that typically, two of them belong to mole- [ (t)-oh,(0)0
cules from the second shell which act as hydrogen bond (t =% (20)
donors to the inner ones. We finally remark that, regardless of [{oh) T

the density and/or temperature investigated, we found no ) ]
evidence of pivot acceptor hydrogen bonding of the type whereodh;(t) = hi(t) — hdenotes the instantaneous fluctuation
O—H---O*. of the population of théth reactant away from its equilibrium

Rates for the Proton Transfer. Perhaps the simplest and value. The characteristic functidm(t) is unity if the tagged

most direct route to gain a first insight into the nature of proton "€&ctant species is present ir} the system at timend zero
transfer dynamics in different aqueous environments is by direct Otherwise. Invoking Onsager's regression hypothesite
inspection of the time evolutions of the pivot oxygen label that inverse of the proton-transfer ratg" can be obtained from the
are shown in Figure 3. By simply counting the number of temporal decay o€(t) at long time span¥

transitions in the three plots, temperature and density effects Population relaxations for the pivot label appear as natural
upon the rate of proton transfer are self-evident:TAt 300 K functions to investigate. The previous observations anticipate
(bottom panel), during the 50 ps temporal interval displayed, that thg time qorrelatlons WI.|| have mcorpprate@ at least
approximately 10 water molecules retain the pivot label during three different time scales: (i) a resonant time in the sub-
periods of of 0.5 ps or longer. That number is at least 4-fold picosecond scale, associated with the rapid alternation of the
larger, as we move to SC temperatures, keeping the densityinOt label along a “special bond”, (ii) a second time scale
Con.Stant (middle pane!). Results for hlgh-temperature, Steam“ke(55) Chandler, D. Inintroduction to Modern Statistical Mechanijc©xford
environments shown in the top panel predict that the number University Press: New York, 1987; Chapter 8.

of transitions drops to values comparable to those originally (56) To establish an appropriate correspondence between the long time relaxation

L . X of C(t) and the rate of proton jump, we assumed th(@) vanishes at all
found at ambient conditions. The overall jump patterns, though, times, following a 0.5 ps time interval in whid(t) is continuously zero.
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0 Table 2. Experimental Diffusion Coefficients of HT, Li*, and Water
along the Liquid—Vapor Coexistence Curve
T Pw Du
(K) (gem™) Dy (R2ps™) Dyt
298.15 1.00 0.98 0.2p 0.1
373.15 0.96 24 0.8¢ 0.4
473.15 0.87 35 2.4 1.1¢
— 573.15 0.72 15 3. 2.¢
N 623.15 0.63 49 5.1¢ 2.9
@) -1 673.1% 0.30 1.7 11.2 3.
c

a From ref 64.° From ref 65.¢ From ref 66.9 From ref 67.¢ From
ref 68.7 From ref 69.9 Corresponds to a supercritical temperature.

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 trajectorie®’ This, though, is well beyond the scope

_20 1 2 3 of the present paper, thus, we will not proceed further along

t(pS) this direction. Yet, our results suggest that, similar to what has

) . ) ) ) been reported for ambient conditions, proton transfers in SC
Figure 4. Logarithm of the population relaxations of the pivot label at . ) . .

different SC states of water along tiie= 673 K isotherm.py = 0.05 g environments are not exclusively triggered by solvent polariza-

cm3 (solid line), pw = 0.1 g cn1® (long-dashed lines)py = 0.3 g cn® tion fluctuations that make donor and acceptor diabatic states

(dot-dashed line)p,, = 0.65 g cm? (short-dashed line), and, = 1 g degenerate. Using simple transition state theory arguments, if

-3 line). .
o™ (dotted line) the bottleneck that separates reactants from product states is

dcharacterized b¥ ~ 0, one would predict only minor temper-
ature effects on the free energy curves shown in Figure 1, in
passing fronT = 300 K toT = 673 K &1 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
likely related to the fast processes mentioned abale toward smaller densiti_es, which in_turn, wou_ld support the idea
curves can be reasonably well described as single expo-Of a much more localized proton in steamlike environments.

nentials, although we do not discard the possibility of addi-  Proton Transport. The diffusion coefficient of aqueous
tional slower processes affecting the proton-transfer rate thatProtons at ambient conditions is known to be approximately a
are not captured in the time interval investigated. Results factor of 4 times larger than that observed for neat water. This
for the best fits of the decays are listed in the fourth column difference rises to almost 1 order of magnitude when a similar
of Table 1 along with those reported for ambient conditions. comparison is established with a small cation such asThe

It becomes clear that the predicted rates, as reflected bylarge enhancement of proton mobility is normally ascribed to
the magnitude ofr,", diminish as we move to lower den- ~charge transport contributions from the Grotthus translocation
sities. mechanisn?in addition to the usual hydrodynamic Stokes mass

The microscopic interpretation of the reduction in the diffusion.
rates requires a careful analysis of the mechanisms that drive A similar analysis performed in aqueous systems at elevated
the proton transfer. Normally, in adiabatic proton-transfer temperatures and lower densities shows interesting changes. In
processes occurring in polar media, one focuses attention onTable 2, we list experimental results for the diffusion coefficients
the characteristics of the polarization fluctuations of the environ- of agqueous H, Li*, and water covering a wide temperature
ment as the key effects determining the ra&tes.For the range along the liquidvapor coexistence curve. The results
particular case of aqueous protons, the characterization of suchwere obtained from conductometric measurements of aqueous
fluctuations is more complex since it is intimately related to solutions of HCI, LiCl, and KC#%6 by first estimating the
the hydrogen bond dynamics. At ambient conditions, there existsindividual ionic conductivitiesly, from:
evidence that the rate-limiting step for proton transfer in water
is the result of a subtle hydrogen bond cleavage occurring in (60) gﬁr adlgeneDral éE\_/iE\IN of |;lts‘he forglaligrr? sece::h Bolzrz)igg, 5% gé;lDellago, (o
H ,12,37,59 : andler, D.; Geissler, nnu. Re. yS. em. 3 .

the S_’econd solvatpr_l Sh_éﬂ' . In this (_:O”teXt' we _foresee (61) In fact, changes in temperature also affect the temporal prefactor of the
that important modifications in the reaction mechanism would classical transition state theory expression for the rate that roughly scales

iti (i as the square root of the ratio of temperatures, which in this case/i2.
operate at SC gondmons due to at least two faCtO.r.S' (I) the (62) Sansom, M. S. P.; Kerr, I. D.; Breed, J.; Sankararamakrishndipphys.
overall shorter lifetime of the hydrogen bosdsnd (ii) the J. 1996 70, 693. _ _
changes in the solutesolvent and the solventsolvent spatial ~ (63) The agreement between the overall shapes.gfr) for single and multiple .

VB Hamiltonian pregressively worsens as we move to higher densities,

and orientational correlations, especially those occurring beyond and therefore the casg, = 1 g cn3 was not considered.
(64) Robinson, R. A.; Stokes, R. Hlectrolyte SolutionsButterworths: London,
1959

characterizing the lifetime of the resonance episodes, an
(iii) the largest residence time 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 ova 4 pstime
interval appear in Figure 4. After a 0.5 ps transtemost

(57) Borgis, D.; Tarjus, G.; Azzouz, H.. Chem. Phys1992 97, 1390. (65) Simpson, J. H.; Carr, H. YPhys. Re. 1958 111, 1201.

(58) Laria, D.; Ciccotti, G.; Ferrario, M.; Kapral, R. Chem. Phys1992 97, (66) (a) Ho, P. T.; Palmer, D. A.; Gruskiewicz, M. $.Phys. Chem. B001,
378. 105 1260. (b) Ho, P. T.; Bianchi, H.; Palmer, D. A.; Wood, R. H.Sol.

(59) Agmon, N.Chem. Phys. Lettl995 244, 456. Chem.200Q 29, 217.
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o, = A°(HCI) — t_A%(KCl)

A= A°(LICl) — t_A°(KCI) (12)
where A°(MX) represents the limiting molar conductivity of
the MX electrolyte;t— represents the transport number of Cl
in the KCI solution that was taken as 0.5 for all the states
considered’~7° From individual conductivities, diffusion coef-
ficients can be readily obtained through Einstein’s relationship:
20

- ﬂNAeZ

12)

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
atT = 623 K, py = 0.63 g cnT3. Table 2 also includes one
entry corresponding to the SC state= 673 K, py = 0.30 g
cm3. 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, Namelys8

1.
=lim

DH+ - 6 t—o

d

4t Tre® — r (00 (13)

In the last equation, the proton coordinate was defined as a
weighted sum of the coordinata!]%,vt corresponding to thé
oxygen participating in the construction ots, namely:

L
— 2 i
=G Iy

(14)

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 mechanisras a key factor determining the
abnormal, high proton conductivityshould become less im-
portant at low densities. A crude estimate of this contribution
is normally obtained using simple random walk arguments as
follows 2?5 Results from NMR measurements show that at
ambient conditions the proton jumps a characteristic-O*

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

(68) Hausser, R.; Maier, G.; Noack, E. Naturforsch. A1966 21, 1410.

(69) Lamb, W. J.; Hoffman, G. A.; Jonas, J. Chem. Phys1981, 74, 6875.

(70) Although this hypothesis is not strictly true, the errors ug te 573 K
are negligible. For more details, see: (a) Quist, A. S.; Marshall, W. L.
Phys. Cheml1965 69, 2984. (b) Marshall, W. LJ. Chem. Phys1987, 87,
3639.

distance, say~2.5 A, everyr = 1-2 ps’! During this time
interval, the displacement of the center of mass of a water
molecule id ~ (6D, 7)Y2~ 1.5-2 A. Consequently, the proton
translocation mechanism increases the mobility in a sizable
fashion. If we repeat a similar calculation for= 673 K, py, =
0.1-0.05 g cnt2 assuming that the rates of proton transfer do
not vary substantially, the changel, (of almost 2 orders of
magnitude) leads tba 15—20 A. 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 cfh< py < 1 g cnt3,

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 LT 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 tb = 1. The suppression of nondiagonal
elements, however, leads to a hydrategDH weakly coupled
to the surroundings, as reflected, for example, in the resulting
heights and widths gdy+(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 tay = 0.7, z0 = (1—3z4), and a
modification in the parameteédoy = 466.0 kcal mot! (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@f(r) for single and multiple
VB states to reasonable accordance in the mid- and low-density
intervals® 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 d3;,, in the last column of Table 1.
The absence of jumping mechanisms leads to: (i) a reduction
in the diffusion coefficient at the highest densipy, = 0.65 g
cm3, (ii) a somewhat more uniform density dependence of the
diffusion, and (iii) reasonable estimates for the proton mobility

(71) (a) Meiboom, SJ. Chem. Physl961, 34, 375. (b) Herzt, H. G.; Manner,
R. Z. Phys. Chem. (Munich)983 135, 89. (c) Pfeifer, R.; Hertz, H. G.
Ber. Bunsen-Ges. Phys. Cheh®9Q 94, 4, 1349.
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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 momeni;’2

l(w) (a.u.)

l(w) O [ exp(iot) G (t)-4(0)t (15)

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 fluctuatiéhs

-3
p,=1gcm

a0 =T a0RO+ TAORO  (16) 01000 | |

] ]
2000 3000

-1
o(cm )
Figure 5. Absorption line shapes of protonated water for liquidlike and
vaporlike aqueous SC environments. The inset shows the absorption line

5 ) shapes for the Zundel dimer (solid line) and Eigen complex (dashed line)
g(t) = ZCJ (OLF a7) at 673 K in the frequency interval where the excess proton modes prevail.
]

In the previous equatiorg;(t) denotes a weighted sum of the
partial charges of sitg computed as:

harmonic description of the dynamics may not always be
satisfactory’>76 Still, an analysis based on vibrational contribu-

tions from Zundel and Eigen-like structures in vacuo can be
e . ) instructive. In this context, the relevant cluster modes that are
neous VB states exhibiting the largest weighfs Estimates likely to be connected to the observed absorptions at SC

for the time derivatives of the coefficientswere obtained from conditions are the 17461780 asymmetric bending mode of the
standard first-order perturbation theories, in accordancé to: Zundel dimef8and the collective ©H stretch at 2660 o

Whereq{ represents the charge of sitparticipating in thgth
VB state. To compute the dipole moment and its time derivative,
we considered contributions exclusively from the six instanta-

1 ) of the Eigen complex?8°In the inset of Figure 5 we show the
¢ = Z) (ZVRkhjo-Rk)Qbihij (18) computed spectra for hot B@-(H,0)]* and [H(H20)]"
70 € ~ €0 clusters afl ~ 673 K. Note that despite the elevated temper-
o i ature, absorption remains located roughly within the frequency
Reijlts for the two limiting SC states, i.ew = 1and 0.059  jyiervals found at room temperat#®As a possible interpreta-
cm-, are shown in Figure 5. $|m|lar to what one finds in re§ults tion of the overall SC line shapes, we tend to believe that the
for roqm tgmperature, .the S|gnature.of excess protons 1|n Scpeaks located in the 196000 cnt! and 2456-2500 cntl
water is given by continuum bands in the 15@500 cnT™ o 4inns are the results of different contributions from configura-
frequency interval. In pure water at ambient and SC conditions, tions with predominant Zundel and Eigen-like structures,
this frequency domain, which is flanked by the bending and o5 ctively. Moreover, the blue-shift observed ar= 0.05

the O-H stretching_ bands,_ appears depr_ived of any relevant g cn3 would be accordant with the gradual approach tgQH
feature..The respluuon of this band at ambllent conditions shows (H,0)4] " “cluster-like” structures that should prevail in steamlike
absorpt|on.max.|n?a located at 1500600 cm and 290'&3000 environments.

cm~1.72 This original structure gets considerably rippled and

broadened when one considers aqueous states at elevateGoncluding Remarks

temperatures. Anyhow, our simulations predict that at high N . L .
densities, proton absorption is dominated by a peak at 2450 .The resglts pregented in this stuqu provide new insights mto
2500 cnr and, possibly, by a much smaller second one located microscopic details of the solvation of excess protons in
in the 1900-2000 cn! region. At low densities, the more supercritical states of water and can be summarized as follows.

noticeable change operates in the high-frequency peak that geté)ur simulations prediq a gradua_l stabilization of_Eige_n-Iike
broadened and presents a moderate 200 dstue-shift. structures at low densities, in detriment of Zundel-like dimers.

A description of the underlying proton dynamics and the In contraposition to the usual tetrahedral coordination of the

possibility of establishing a correspondence between thesePUr® liquid, the first solvation shell of the hydronium is
profiles and the one obtained at room temperature is not
straightforward since the vibrational modes are normally quite 351.
delocalized as well as coupled to degrees of freedom of the (7) Qjamia, L.; Shavitt, I.; Singer, S. Jnt. J. Quantum Chem., Symposs
local environment? In addition, due to the flatness in the (76) Vener, M. V.; Kinn, O.; Sauer, 3. Chem. Phys2001, 114, 240.

potential energy profiles describing strong hydrogen bonds, the (77) Asmis, K. R.; Pivonka, N. L.; Santambrogio, G.”Bimer, M.; Kaposta,

)
)
C.; Neumark, D. M.; Wete, L.Science2003 299, 1375.
(78) Yeh, L. I.; Myers, J. D.; Price, J. M.; Lee, Y. J. Chem. Physl989 116,
)
)

(74) Librovich, N. B.; Sakun, V. P.; Sokolov, N. BChem. Phys1979 39,
51

737.
Schwarz, J. AJ. Chem. Physl977, 67, 5525.
Newton, M. D.J. Chem. Physl1977, 67, 5535.

(72) Kim, J.; Schmitt, U. W.; Gruetzmacher, J. A.; Voth, G. A.; Scherer, N. E.
J. Chem. Phys2002 116, 737. (79
(73) Vuilleumier, R. Ph.D. Thesis. University of Paris VI, 1998. (80
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characterized by three hydrogen-bond acceptor water moleculedt is important to remark that within the present EVB analysis,
strongly interacting with the solute, with no neighboring water the particular choice of the water Hamiltonian will affect in
molecule acting as an eventual hydrogen bond donor. This sensible fashion the magnitude of the coupling between EVB
structure persists along the whole range of fluid densities and Hamiltonian and the polarization fluctuations provided by the
shows a considerable enhancement of the local solvent densityclassical bath. These fluctuations will be most likely enhanced
in the close vicinity of the solute at low densities. in dilute gas phases, since mean field models are originally
From the dynamical point of view, the stabilization of the adjusted to describe the dipole moment of water at ambient
Eigen structure goes hand in hand with a sensible reduction ofconditionsu ~ 2.5 D, which is larger than the dipole moment
the rates for the proton transfer. A comparison between resultsof water of the isolated water molecufe,= 1.85 D. Yet, we
from a typical steamlike state and from ambient conditions still believe that the overall qualitative performance of the
shows that the usual accelerating thermal effects are practicallyflexible TIP3P Hamiltonian employed is sufficient to yield a
compensated by an opposite density trend which, as we moverealistic description of water over a wide region of its phase
toward lower densities, promotes a sensible increase in the timediagram, including the supercritical interval of interest in this
scales characterizing the proton jump. These results suggest thawork.
important changes should also take place in the mechanism that The particular parametrization of the diagonal and nondi-
drive the charge transport. In the high to mid-density range, agonal elements of the EVB Hamiltonian matrix, originally
the proton diffusion presents a plateaulike behavior, which can tailored to reproduce quantum results for the energetics,
be ascribed to compensations between the natural reduction olgeometries, and vibrational frequencies of clusters of the types
friction and the lesser extent of displacements operated via Hs0,*, H;Os", and HO.*, could in principle raise some
proton translocations. At very low densities, our results predict additional concerns. In this respect, we do not foresee major
that the proton migrates slower than water, which is in drawbacks since the energetics and the solvation structure of
agreement with the experimental evidence. As such, proton charged species in low density aqueous systems should be

transfers in steams can be pictured as more closely related tadominated by a considerable extent of solvent clustering in the
an “intramolecular process” within a diffusing Zundel-like close vicinity of the solute.

complex than to a charge defect translocation along a tridimen-
sional network of hydrogen bonded molecules. Consequently, picroscopic mechanisms that drive the proton transfer at
there is no need to invoke proton jump mechanisms to obtain 5 hient conditions present modifications at high-temperature,
adequate estimates for the charge dlsp_lacements. Mqreover, th'f‘ow-density aqueous states. The answer to this question does
lesser extent of solvent hydrogen bond interconnectivity beyond i caem straightforward and will require a physical interpreta-

the first solvation shell leads to a sensible reduction of the i, of the slower rates found at low densities in terms of the
coupling between the proton and the fluctuating environment g,y faster relaxations of the relevant processes, most notably,
and would e>'<pla|n the reduction of the ratg for the proton the lifetimes of hydrogen bonds and/or individual and collective
transfer. We finally remark that results from vibrational spectra orientational modes, which are likely to control the transfer
of the proton in high-temperatu_re quuid,_ gnd_steamlikg systt_ams mechanism. Moreover, the observed modifications in the proton
are accordant to the so!vatlon stabilization of Eigen-like rates, along with the absence of any relevant structural changes
structures in the latter environments. in the first solvation shell, would suggest that the collective

Of course, the analysis presented here.is far from being modes that trigger the transfer are to be found in the second
complete, and there are several open questions of fundamentak,yation shell or beyond.

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, watermter 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 conditioPis:8¢ Simulation results at high
temperatures usually show an overall trend toward somewhat
more accentuated structurf@sSome 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 borfding.

Particularly important will be to further examine whether the

An additional analysis of the role of quantum fluctuations at
high temperatures is also relevant. At ambient conditions,
guantum effects on the hydration structure are translated into a
considerable extent of spatial delocalization of the charge
defect® 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 jtiap,
thus lowering the rates for proton transfer and reducing proton
diffusion 3642 Anyhow, 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

(81) Jedlovsky, P.; Brodholt, J. P.; Brin, F.; Ricci, M. A.; Soper, A. K.; Vallauri,

R.J. Chem. Phys1998 108, 8528. rates and on the proton diffusion at elevated temperatures should
(82) Liew, C. C.; Inomata, H.; Arai, KFluid Phase Equilib.1998 144, 287. i -
(83) Bellissent-Funel, M.-C.; Tassaing, T.; Zhao, H.; Beysens, D.; Guillot, B.; be somewhat milder than thoge alr,eady found at.room tgmper

Guissani, Y.J. Chem. Phys1997, 107, 2942. ature. Research along these lines is currently being carried out

Eg‘s‘g Mizen, T I'(;:r?e%a%%yzl'g%ézliflfd%z% Phys. Chem1994 98, 10367. in our laboratory and will be the subject of a forthcoming
(86) Boulougouris, G. C.; Economou, |. G.; Theodorou, D.JNPhys. Chem. publication.

B 1998 102 1029. . . . . .
(87) For a recent review article on the performance of different water Finally, it would have been highly desirable if the arguments

Hamitonians, see: Guillot, Bl. Mol. Lig. 2002 101, 219. ; H
(88) Boero, M.; Terakura, K.; Ikeshoji, T.; Liew, C. C.; Parrinello, M Chem. pres_,gnted in the_' prewoqs paragraphs could be supported by
Phys.2001, 115, 2219. additional experimental information. Unfortunately, due to a
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large number of technical difficulties, thermodynamic infor- measurements that may provide support to the physical picture
mation of high-temperature solutions still remains rather presented here.

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-
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