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The excess proton mobility in water has attracted scientific attention for more than a century. Detailed theoretical
concepts and models are also presently in strong focus in efforts toward understanding this ubiquitous
phenomenon. In the present report, we discuss a theoretical framework for rationalizing the excess proton
mobility, based on computer simulations, theory of proton transfer (PT) in condensed media, and analysis of
classical proton conductivity experiments over broad temperature ranges. The mechanistic options involved
are (i) classical hydrodynamic motion of the hydronium ion@H), (ii) proton transfer from hydronium to

a neighboring water molecule, and (iii) structural diffusion of the Zundel comple®{H, the processes all
controlled by orientational fluctuations or hydrogen bond breaking in neighboring hydration shells. Spontaneous
conversion of excess proton states between Zundel and hydrated hydronium states and between hydrated and
bare hydronium states are the crucial parts of the scheme. A comparison between experimental data and
molecular dynamics (MD) simulations shows that prototropic structural diffusion is determined by comparable
contributions of the Zundel and hydrated hydronium states. The temperature dependent mobility is, moreover,
determined not only by activation free energies of the three different acts of charge transfer, but also by
labile equilibria between the different PT clusters. The proton conduction mechanisms of the three clusters
are brought into the framework of quantum mechanical PT theory in condensed media. Both the nature of the
elementary act and the reaction coordinates are, however, different for the two types of PT clusters. The
corresponding rate constants are calculated and compared with MD simulations. Within the framework of PT
theory we can also identify the nature of the kinetic deuterium isotope effect in the strongly interacting proton
donor and acceptor groups in the clusters. The views and models introduced may carry over to PT in more
composite, heterogeneous, and confined environments such as in polymer electrolyte membrane systems.

I. Introduction Experimental studies of temperature-dependent proton mobil-
ity have a long history. In a modern sense, they date back to

Water is an excellent conductor for excess protons. The .
work by Johnstoh and Noyes. This work was extended,

conductance of distilled water was never an issue, per se,

because the number of free protons is very smalt {1ol/L). including studies of the pressure dependence and kinetic
However, the proton mobility in water is approximately five ~deuterium isotope effects by EuckérGierer and WirtZ,
times higher than the mobility of an alkali cation (e.g., )Naf Gierer? and Franck, Hartmann, and Hené&eference 8 gives

similar size as the hydronium ¢8*) ion.! Excess protons in a comprehensive overview of aqueous proton conductivity and
aqueous phases are thus highly mobile. This happens, e.g., ithe early experimental data. The discussion in these works is
acid solutions or in hydrated polymer-electrolyte membranes based on the so-calleeixcessmobility (see below). It is of

or proteins. In solutions of strong acids, both the protons and importance for the following discusion that the excess mobility
counteranions are mobile. The counteranions in membranes and/s temperature curve was found to exhibit a maximum at
proteins are mostly part of an immobile skeleton, with protons temperatures near 15@, at elevated pressure. The net value
moving through water-filled channels in the skeleton. of the proton mobility in pure water was not addressed in those
studies, although attempts to determine it were made by
Kohlrausch at the end of the 19th centdriyocus was instead

* To whom correspondence should be addressed. E-mail: a.kornyshev@

ic.ac.uk.
TInstitute for Materials and Processes in Energy Systems. on the conductance of strong acids such as HCI in the limit of
? Imperial College London. infinite dilution. The difference of the measured conductance
§ Russian Academy of Sciences. Lo . . L
Il University of Ulm. and the limiting conductance of a salt of a cation with similar
U The Technical University of Denmark. size as HO™ was attributed teexcessproton mobility, based
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on the assumption that the hydrodynamic radius of both ions 1 .
would be similar. The excess mobility was taken to represent 684 .
nonclassical proton hops in addition to classical hydrodynamic ] .

motion of the HO* ion. . .

Proton conductivity in bulk aqueous solution can be con- 6.2
trasted with proton conductance in water-saturated polymer ] .
electrolyte membranes, such as perfluorinated sulfonic ac-
ids 101112 These materials are important from a fundamental ;
point of view because they have only single charge carrier 5,8
species, namely, protons, the conductance of which can therefore
be measured directly by impedance spectroséapgPolymer 5.6 1
electrolyte membranes (PEMs) based on perfluorinated sulfonic | "
acids are in fact systems of crucial value for clean energy 54 07 o8 . oe 10 14
generation. PEMs are the key components of polymer electrolyte 300/T
fuel cells, consuming hydrogen, the promising systems for
mobile, portable, and residential applicatidfs. Figure 1. Experimental data for excess proton mobility. Taken from

The PEM volume density can be determined through the refs 2, 6, and 8.
polymer equivalent weight (the number of $@roups per gram

fd | dth q ke H | excessnobility at high temperatures. This is, however, incon-
of dry polymer) and the measured water uptake. Hence, valuesgjgiany with the assumption that the classicgDHcontribution
of single-proton mobility can be extracted, albeit not for the

is small.

bulk_ aqueous phase but for the com_plex_ confined membrane Theoretical attention to proton mobility in water began with
enywonment. These results are of obvious interest for membraneGrotthus%f’ at a time when the existence of the proton was not
science and technology, but they do not apply straightforwardly \nown, the chemical formula of water not settled, the notion
to proton mobility in pure water. Membrane proton mobility - of molecules was new, and little was known about stationary
for high water uptake can, however, approach that of bulk water. ejectricity. Modern landmarks were set by Bernal and Foufler,

It can be speculated that this is because most of the protongjgen and de Mayer, Conway et all® and Zundel and
transport is then in the interior of the pores and because theMetzgeri}g This was followed by more detailed molecular
protons have only limited ability to move along the surfaces of mechanisms and by analytical and computational models, for
the water filled channel¥! an overview, see ref 20.

Membrane proton conductance data have been obtained at The fundamental importance of proton transfer (PT) in
ambient pressures in a temperature range from 170 to 310 K.biology?'-?2and in the development of fuel celf?324continues
The data of Cappadonia et ‘&1'2 reveal two conductance to press for a deeper understanding of PT mechanisms in
regimes, with a change in activation energy between 225 andhydrogen bonded systems. Recent molecular dynamics (MD)
260 K. Straight Arrhenius plots were obtained above 273 K. computer simulations have highlighted the nature of the
The apparent activation energy decreases significantly on wateréleémentary act of PT in watéf.3%-3125They have provided new
uptake, reaching 0.1 eV in water-saturated membranes. This isevidence for the crucial effect of the dynamics of solvation water
the value usually attributed to proton mobility in bulk water. Molecules of the PT clustefs. o _
Mean field theory* explains this readily, but other explanations N one suggested mechanism, PT is initiated by the breaking
are needed if protons are localized more strongly near pore©f & hydrogen bond between the acceptor water molecule and
surfaces. Allin all, the proton mobility in water should therefore & Water molecule in its solvation shell. Hydrogen bond breaking
not be assessed solely on the basis of membrane conductanc\éShers_ the acceptor mole_cule to a favorable configuration for
even in a highly saturated state. There are other caveats with2ccepting the proton, while the donor r’polecule forms a new
the simplest notion of excess proton mobility and the comparison hydrogen bond W'th a water molgcule s §o|vat|on shell. .
with membrane proton conductance at water saturation. First, Reg_ardlehs_s of dﬁta'!s’ togltlett?eglwnh %Iassur;g r|1ydro_n|umf lon
by taking the difference between the limiting conductance of, hmyc:jt:gmjrr;sorrn?rzeiﬂl:rrl?sm e i(; tﬁgofgello?visntg slocation o
say, HCl and NaCl, the anion contribution is canceled. The In this picture, the proton transport is viewe;d as occurring in
limiting conductance of Nais also subtracted entirely, because ’

this ion can move onlv by the classical mechanism. The limitin a stepwise fashion: one PT after another, triggered by favorable
s lon can move only by ei:a}ss calmechanism. The 9 nhearest molecular environment and slow medium polarization
classical conductance of ;8" is, however, onlypartially

L . . A fluctuations (involving hydrogen bond breaking and making).
canceled. Anticipating the discussion below, this is because 1.5 mechanism in small hydration clusters was explored by

H3O™ exhibits classical motion only fguart of the time Such Ando and Hyne®¥27via a combination of ab initio electronic

a difference is thus a direct measure of nonclassical proton strycture calculations and Monte Carlo simulations. It was found
conductanceonly when the classical, hydrodynamic mobility  that H,0 plays a key role in the rearrangements of the first
of hydrated HO™ is considerably smaller than the total proton  spjvation shell water molecules around the idonor and
mobility. A second observation relates to the contrasting acceptor. These findings have provided relatively simple mo-
temperature variation of the excess proton mobility in water |ecular patterns for solvent reorganization and outlined the role
(Figure 1) and proton mobility in saturated polymer electrolyte played by hydrogen bonds in PT.

membranes. The former variation is strong and nonmonotonic Fully quantum CarrParinello MD simulations in larger

in the high-temperature region. The latter is not only monotonic aggregates of water molecu#&sand infrared spectroscoffy

but also Arrhenius-like, at least above the freezing point of bulk have shown, however, that the hydronium ion is not the only
water. At first glance, a plausible assumption would be that and possibly not even the most stable excess proton state. The
classical HO" diffusion compensates for the decrease of the proton probably spends equal or more time in the Zundel cluster

6,0

Inp
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HsO,*. The excess proton in this state is located approximately
symmetrically between the oxygen atoms of two enclosing water
molecules. The equilibrium ©0 distance is significantly
shorter than the average-@ distance in bulk water. As the
proton potential energy profile depends crucially on the@®
distance this profile reduces to a single or a shallow double-
well potential. This PT mechanism is different from hydronium
translocation. The rate-determining step is likely to be trans-
formation of a given HO," cluster into an adjacent cluster, a
mechanism denoted atructural diffusion according to

(H20°"H+'"HZO)'"H20 — HZO"'(HZO"°H+"'HZO) 1)

Unlike hydronium translocation, structural Zundel complex
diffusion, denoted in the following as mechanism II, involves
displacement of eithewo or threeprotons. Mutual transforma-
tion between hydronium ions and Zundel complexes involves
little charge transfer. The transformations can be characterized
by forward and reverse rate constants, and both complexes ca
mediate PT.

Recent computer simulations of proton mobility in water have
reached a powerful levéf.Importantly, simulations extend to
guantum-mechanicagbroton dynamic features, where proton
motion can be coupled to details of the molecular environmental
dynamics. In view of the broad importance of PT and the need
for facile comparison with experimental data, it would be
interesting to have also a theoretical framework which rational-
izes computational results and could be a handy tool for

experimental data analysis. The present report focuses on such,

a framework, supported by new MD simulations. As in other
recent MD simulations, these reduce the molecular proton
conductivity mechanismgargely to single- and double-PT

events in aqueous PT clusters with well-defined average
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2. Diffusion Coefficient in a Three State Approximation

The overall proton conductivity mechanism is regarded as
being composed of hydrodynamic diffusion of bare or hydrated
hydronium ion, single PT in a hydrated hydronium ion (“mech-
anism 1", cf. above), and double or triple PT in a Zundel
complex (“mechanism 117). All of the PT entities are dynamic
entities and engaged in mutual labile equilibria. One approach
to the stationary proton mobility or diffusion coefficient rests
on evaluation of the quanti§

(1)

D =Iim ot

o 2)
wherex is the displacement of the center of the excess charge
from its position at the time origin. The long-time displace-
ment does not depend on the type of the proton transferring
entity (“bare” hydronium, hydrated hydronium, or Zundel
complex) in the starting configuration because of the prevalence

f mutual interconversions. The diffusion coefficient can be
written as

®3)

where Py are the weights (relative concentrations) of the
different PT clusters, whil&\i and & are the corresponding
transition probabilities per unit time and elementary PT distances
of the clustersk = 1, 2, and 3 stands for bare hydronium,
hydrated hydronium, and Zundel complex, respectivielycan

be estimated from the equilibria between the charge transferring
ntities: 1< 2, 2 < 3 assuming no direct transformation
between states 1 and 3. Introducing the rate constaptkos,

ko1, andks; for the allowed transformations, we can write the
equations of balance between the three states

D = P,W,a,” + P,W,a,” + PWaa,”

structures. The computational results can therefore be interfaced®, + P, + P; =1; kP, —K;,P; = 0; kP, —Ky,P; =0 (4)

both with classical views of dynamic water cluster structures
and with contemporary theories of elementary charge-transfer
processes in condensed metfi&*3>The latter is by no means
confined to views based on displaced harmonic modes and
weakly interacting donor and acceptor molecular entities. These
theories extend in conceptually straightforward ways, for
example, to anharmonic local mode dynamics and strong
donor—acceptor interactions prevailing in the closely tied PT
clusters in aqueous proton conduction.

There are several merits of such an approach. The powerful
framework of contemporary charge transfer theories including
proton tunneling, diabatic and adiabatic limits, kinetic deuterium
isotope effects, eté43°are integrated naturally in the analytical
frames, and the resulting formalism is easy to use. The

parameters of the elementary PT rate constants such as local K;, = K21_1 = AlzeE“/kBT, Ky;= K32_1 = A4

and environmental reorganization Gibbs free energies are
brought to rest firmly on the computational results. Their status
is thus clearly beyond that of fitting parameters. By mutual
thermal equilibrium among the clusters, the results extend
naturally to the views of Agmd# and the classical studies of
Eucken and of Gierer and Wirt2.68 The models introduced
phenomenologically in ref 8 and based on comprehensive
experimental data are thus brought to rest on new and more
sophisticated levels of computer simulations and PT rate
formalism. Broad temperature ranges and nonmonotonic tem-
perature variation of the proton conductivity can thus be included
straightforwardly. All this offer, finally, a basis for future

approaches to PT in composite heterogeneous environments such

as proteins and proton conducting membranes.

Their solutions read

p—__ 1
171+ Ky, + KpKog
B 1
P, = 1+ Ky + Koy
P, L (5)

T 1+ KyKap + Koy

where K = k12/|(2]_, Ksp = K32/|(23, and Koz = kza/l@,z are the
corresponding equilibrium constants

eE23/ ke T

(6)

with the enthalpie& and entropy factoré. Inserting eq 6 into
eqg 5 we obtain
_ 1
1+ AlzeElzlkBT + A 2A236(512+E23)/kBT
1
1+ 1o Eden | g FodeT
A12 23

Py

P,=

_ 1
1+ L g (Eaakal) 4
3

P, - (7)

e—(512+ Epg)/ksT

Al 2A2 3
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Equations 3 and 7 give a general expression for the diffusion Initial state Final state
coefficient involving the transition probabilities, lengths of the
hops, and equilibrium constants. The transition probabilities,

W, are calculated for each mechanism separately. For each of I W,
the three mechanismdyj, can be written in the general foPA+>

Weit .
W= NZ K exp(— —) (8)

weft IS the effective vibrational frequency of all classical nuclear
modes,« is the quantum mechanical transmission coefficient
for the transferring proton, an@™ is the activation Gibbs free

factor which depends on the number of possible PT directions, /A\
Wp

charge-transfer mechanismss is thus a weighted frequency
average of all of the nuclear modes displaced by thermally
activated motion. In most casegy is close tokgT/A wherekg

is Boltzmann’s constant] is the temperature, andn2 is Figure 2. Structural diffusion of the hydronium ion. A scheme of
Planck’s constant. These modes are librational and translationalProton transfer via proton hopping between two water molecules (only
motion of individual or clusters of water molecules and the key molecules in the process are shown; their hydrogen bonds with

. . - L . other water molecules are not displayed for clarity). In the initial state,
collective bulk polarization mode&™~ is the activation Gibbs ' - proton is bonded to the “donor” molestewithin the HO*

free energy determined by the dynamics and structural reorga-jon (plack). The acceptor molecul@a, forms hydrogen bonds with
nization of these modes. Thoton dynamics is represented  H,O™ andW.. In the final state, an excess proton is bonded to the
by the transmission coefficient, which reflects thequantum “acceptor” moleculd\V, within the new HO™ ion (black); the molecule
mechanicaltunneling) nature of the proton transition. Wb forms hydrogen bonds with the news®" andW..

In the adiabatic limit of strong proton doneacceptor
interaction x — 1.343537:38Thjs limit prevails for excess aqueous Microscopic mechanisms of ion motion in polar liquids are,
proton conductivity. In the opposite, diabatic limit (with respect however, not unambiguously determined. At large time scales,
to proton/solvent mode separatior)<< 1. This limit prevails  the ion (with its solvation shell depending on the strength of
for weakly interacting proton donor and acceptor fragméhts.  solvation) moves as a Stokes sphere, whereas at short time
In the adiabatic limit, proton tunneling is still reflected @r scales, its motion is strongly correlated with orientational dipolar
as a lower activation Gibbs free energy caused by the strongsolvent fluctuations. The latter resemble hopping type motion
splitting of the Gibbs free energy surfaces in the crossing region between neighboring localizations upon reorientational fluctua-
between the reactant and product states. The splitting is alsotion of the dipolar environmerf. This determines the Arrhenius
important for the kinetic deuterium isotope effect of excess form of the temperature dependence of the diffusion coefficient.

O\O/O W, \?/
with appropriate subscripts f, wet, £, andG™. N is a structural : ;

energy.
Equation 8 incorporates all of the features of each of the three T }
W,

proton conductivity in aqueous solution (section 7.4). Classical (hydrated) $D* diffusion can therefore still be
From the DebyeEinstein relationshipy = eD/kgT, the regarded as a considerable contribution, provided théx'Hs
proton mobility,«, reads viewed as a dynamic molecular entity. This contribution is more
prominent at higher temperatures where the highly organized
e 2 2 2 molecular cluster structures which control the PT mechanisms
=—P,W,a“ + P,W,a,” + P,W,a 9 ) . - ) ; .
“ kBT[ S 27 Wads'] ©) are increasingly dissipated. Equation 8 is appropriate for
parametrization of the transition probability based on this
The excessnobility® is then, finally transfer mechanism, with = 1, N = Y3, wer = 108 s71. The
activation free energy, according to simulations, is in the region
__¢ _ . . V.
Hexcess— kBT [( Pl - 1)W1a12 + F)2\/\/2‘322 + P3W3a32] - 0.05-0.09e

e 2 2 2 2 4. Proton Hops between Two Water Molecules
kB_T[Pz(Wzaz = Wa,°) + Py(Waa," — Wia, )] (10) o
4.1. Model. PT from a hydronium ion to the nearest water
) ) ) ) molecule can be viewed as intramolecular chemical PT in a
In the following three sections, we consider the mostimportant reaction complex consisting of two water molecules and the
features of proton conduction in aqueous solution based on thegxcess proton (Figure 2). In the initial state, the proton is
molecular properties of the three “elementary” charge-transfer chemically bound to the donor molecule B)o forming the
mechanisms. Direct support of the mechanisms by computer hygronjum ion HO* hydrogen bonded to the acceptor molecule
simulation will be addressed in section 6. (H20)a. Two other neighboring molecules Bl and (HOw2
. e are crucial. In the initial state ()., forms a hydrogen bond
3. Classical Diffusion of the HO™ lon with the acceptor molecule g@)a, whereas (BHO)w, is close
The first PT mechanism in the proton conduction frame is to the hydronium ion but without establishing a hydrogen bond.
diffusion of bare or hydrated 40" as a whole. Computer The mechanism consists synchronousnotion of (H:O)w1
simulations show that there is no such motion in pure form at towardthe donor molecule (4D)p and of (HO),, awayfrom
room temperature, but if the excess proton were fixed on a giventhe acceptor molecule g@)a. This leads to a shift of the
water molecule, BD™ motion would resemble that of a light proton from (HO)p to (H20)a, formation of the hydrogen
cation?® bond (HO)w:°**(H20)p, and breaking of the hydrogen bond
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(H20)a-+(H2O)w2 (Figure 2). PT is facilitated also by a adiabatic Gibbs free energy surface, obtained after inclusion
fluctuational decrease of the distance between the oxygen atomf the exchange interactict3®
of the donor and acceptor molecules. The formal scheme reads The interaction between the donor and acceptor molecules

is strong, i.e., a considerable fraction of an eV (e.g., refs 37,
(H,0),,; + (H,0)p — H "+++(H,0),***(H,0),,, = 38, and 46-44). From available criteri&2~3 the PT process
IRTE is therefore well within the fully adiabatic limit. The preexpo-
(Ho0)s7++(H;0)p"+H (H0), + (H0), (11) nential form in eq 8 therefore accords with the parameter values
_ _ _ N =1,k =1, andwe ~ kgT/h ~ 102 s 1. The motion
with dots denoting hydrogen bonds. All other water dipoles along all reactive nuclear coordinatesy, R, and{qg) except
affect the transition mainly through electrostatic interactions with tyg9se of the protong ) is, moreover, classical. The motion of
the charge distribution of the reaction complex and assume the,e protons can be separated from the motion of other nuclei

role of an eﬁgctive medium. with the use of the BornOppenheimer approximatidfi.The

4.2. "Reactive Modes” and Free Energy SurfacesThe  transition path crosses the saddle point orréiuicedadiabatic
general form in eq 8 remains valid for the single-PT model in free energy surface for the proton vibrational ground state, i.e.,
Figure 2, but attention to more kinematic details than for the surface spanned solely by the coordinates of heavy
hydrodynamic HO™ diffusion is required. Chemical PT theéty® nuclei3435In the Born-Oppenheimer approximation, the proton
is the most suitable and convenient frame for this consideration, energiesEi(xy,R{qd) andEx(xy,R{qq), and wave functions,
starting with the potential Gibbs free energy surfaces of the xi(rxy.R{qd) andy(rpxy.R{ ) of the initial (i) and final

system in the reactants’ and products’ states. The Gibbs free(f) states are calculated from the Setlirger equation at fixed
energy surfaces can be constructed either from the diabaticy5),es of the classical coordinates.

reactants’ and products’ surfaces or from the unified system
potential surface in the ground state of all electronic and
vibrational high-frequency (proton) system parts.

The notion of potential GibbBee energysurfaces is rooted ; N
in two observations. One is that the kinetic parameters of Yi(Y:R{ad) = Eu(xy{ad; R +Wi{a};xy) + Vixy.R)
analytical rate theory of condensed phase chemical processes, (12)
particularly the activation free energy, are determined by thermal

fluctuations along central reactive modes. This notion implies E is the proton ground-state eigenvalue in the hydronium ion,
that the contributions of all other nuclear modes, for example counted from the minimum energy of the proton potential well,
bulk bath modes, are statistically averaged. Motion along the \which is included in the other potential terms in eq 12, see
reactive modes therefore becomes determined by the syste ;

y YStehelow. W is the free energy of the outer-sphere water

free energyand the pote_ntial_ surfaces by the react?ve modes, polarization33-35 V; couples the three modes y, andR, a
free energysurfaces. An implication of this concept is that the broadly valid form being

parameters of suitable model potentials chosen to represent the
reactive modes have a temperature coefficient. The second
observation is that the environmental components of the
potential surfaces are represented by the inertial polarization
fluctuations. These are macroscopic quantities and determinedThe first term in eq 13 includes the interaction free energy of
by the associated polarizatidree energy.In dielectric con- the water molecule (}0)y1 with the oxygen atom of the
tinuum theory, the latter involves, for example, the dielectric donor molecule and the-€0 interaction between ((®)p and
permittivity of the solvent, which clearly depends on the (H2O)a at equilibrium,y = yu(x,R), of the water molecule

The reduced free energy surface of the initial, or reactant,
stateU;(x,y,R{ad) is

Vi(xy,R) & V(x,R) + Uy — Y6i(x.R)) (13)

temperature. (H20O)w2. The second term describes the vibrational potential
The potential surfaces are the basis for calculation of the Of (H2O)we.
activation Gibbs free energy and are spanned by all¢hetive The free energy surface of the final, or product, state is,

nuclear coordinates (“modes”), i.e., those displaced or distorted similarly
in the PT event.
~ In the model shown in Figure 2, the reactive nuclear modes Ul(x,y,R{q}) = V;(xy.R) + En(xy{ad:R + Wi{ad:xy)
include (1) the distance between the oxygen atdrsn the
donor and acceptor molecules ;®)p and (HO)a, (2) the (14)
coordmgte of the transferable protgnalong the straight line V,(XY,R) ~ Vf(y,R) + Uy(X — X(Y,R) (15)
connecting the two oxygen atoms of B)p and (HO)a, (3)
Lheﬁéséin(ﬁolzegxge&gyl ::g Eg?r)]% (Slle)ttzfe gcl)sé)tsjr;r?gtes The ground-state adiabatic free energy surface is constructed
{ga of the effective oscillators describing the bulk polarization rom U; andUs 343
of the medium outside the reaction complex. 1

It is assumed that the other protons in thg@b gnd (I—bO)A U= E[Ui' +Uj— \/(Uir — UD2 + [AEh(x,y,R)]z] (16)
molecules as well as the electrons follow adiabatically the instant
reactive mode configurations. Their coordinates therefore do

not appear explicitly. It is most convenient to start frdiabatic ~ Where AEx(x,y,R) is the quantum mechanical splitting of the
free energy surfaces describing the separate initidlgnd final proton energy levels in the proton double-well potential between
(Uy) states. These represent, respectively, the separate reactantéHz20)o and (HO)a 34354

and products’ statesxclusive of the “exchange” interaction 4.3. Activation Free Energy.The adiabatic transition from

between (HO), and (HO)a. The separate reactants’ and the reactants’ to the products’ equilibrium configurations is along
products’ states are subsequently used to construct the lowertthe modes, y, R, and{qx} on the proton vibrational ground-



3356 J. Phys. Chem. B, Vol. 107, No. 15, 2003

state adiabatic free energy surface. The activation Gibbs free
energy is determined by the saddle point on this surface &

2

6" = JE (G YsR) + VG R) — VO R) + e

Ux(Ys — Yo% R)) — %AEh(st YR (17) * Initial state

where the subscript s denotes the coordinate values at the ‘/.\0
saddle point. The equations for the saddle point are given in
Appendix A.E; is the solvent reorganization energy. l

Equation 17 isgeneralfor the mechanism in Figure 2. To
utilize it, we need to specify the potential terms in this equation. 5
This involves two approximations. One is the decoupling of
andR in the potentiaMi(x,R). This term can be separated into
a sum of the interaction of the nonbonded water molecule with ! Final state
the hydronium ion and the ©0 interaction between the donor :
and acceptor molecules: 1

O

Figure 3. Structural diffusion of the Zundel complex. A scheme of

. . . proton transfer via the transition dfvo protons in a molecular triad.
The second approximation concerns the particular formzof  (only the key molecules in the process are shown; their hydrogen bonds
andV,, _o(X). The potential of the hydrogen bonas, can be with other molecules are not displayed). The excess proton is initially
approxllmated by a Morse function, and the repulsive branch of localized in the initial Zundel complex (black). The nearest neighbor
the interaction of the nonbonded water molecule with the Water molecule which forms a hydrogen bond with oxygen (2) is shown.
hvdroni ion.\V/ b imated b ~ Inthe f_|nal state, this proton is bonded to oxygen (2), while another

ydronium ion, w,—0(%; can be approximated by an expo proton is now located inside the new Zundel complex (black).
nential function (Appendlx B). A minimized parameter set
(Appendix B) then gives for the activation barrier The first term represents the interaction of the Zundel complex
with the nearest water molecule of the solvation shell, the second
term represents the;©0; vibrational potential in the Zundel
complex, and the last term represents the free energy of the
1 inertial bulk medium polarization.
Vo-o(Ro) — EAEh(XS’VS’ R) (19) The reduced free energy surface of the final (products’) state
has a similar form

Uf(Riz Roa {ad) = Vle(R12) + Uyy(Ry3 — Rgfs(Rlz)) +
5. Proton Mobility via Zundel-Like Complexes Wi{ G ; RipRyy) (21)

VI, R) ~ Vi, o) + VoolR) (18)

=_1 1 j
G = ZEr(Xs' Yo R) + EDHB - V{wro(xo) + Voo(R) —

whereDyg is the dissociation energy of the hydrogen bond.

5.1. Model and Reactive ModesZundel complexes con-
stitute the initial (reactants’) and final (products’) PT states in The first term is again the interaction with the nearest water
mechanism Il. In each Comp|ex, the proton is located ap- molecule of the solvation shell and the second term t&'re@
proximately in the middle between two water molecules with potential, in the new Zundel complex.
considerably shorter ©0 distance than the ©0 distances in The adiabatic free energy surface is obtained from an equation
bulk water. In the PT scenario, a water molecular configurational Similar to eq 16
fluctuation first increases the-€D distanceRy», in the initial 1
Zundel complex, whereas the distarig between one of the U=Z2[Ul + U} — (U — UY + [AE(R» R (22)
oxygen atoms of this complex and the oxygen atom of the 2

nearest neighbor _molecule decreaseg (Figure 3)_. This results "\NhereAEz(Rlz, R.3) is the resonance splitting of the two proton
a synchronous shift dfvo protons, leading to the disappearance ;prational energy levels in the two-dimensional potential
of the initial Zundel complex and formation of a new one. Water spanned by the coordinates of both protons.

molecules of the second solvation shell of the Zundel complex "5 3 activation Gibbs Free Energy. The preexponential
are also important in the transition, but we restrict ourselves t0 t5ctor accords withN = 4o 1 = 1, andwen ~ ks T/ ~ 1013
two reactive mode&y, andRy3 and include all other modes in - g1 The activation barrier is calculated from

the “outer-sphere” medium polarization. This view is the basis
for construction of the potential Gibbs free energy surfaces and
rate constants.

G = %Er(Rizl R + Vizs(R;s) + u(R}, — R(ilz(RZa)) -

5.2. Gibbs Free Energy SurfacesWe denote the oxygen 1
atoms of the three water molecules directly involved in the EAEZ(Riz- R (23)
transition as @ O, and Q (Figure 3). The reduced free energy
surface of the initial (reactants’) state is “s” refers again to the saddle point of the ground-state adiabatic
free energy surface.
Ul(R»R5{0}) = \/"23(R2 D)+ U (R, — R(l)iz(Rz )+ Morse-exponential potentials for the reactive modes and a

S factorial exponential dependence of the resonance energy
Wi ad; Rz Ry9) (20) splitting on the reactive mode coordinates (Appendix C) are
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appropriate specific approximations. A minimized parameter set T " T T
(Appendix C) gives for the activation barrier WL P@
G 1E + 1D —AEO 24 |
=astoPb AE, (24) 2
- 4D, at Figen ]
whereDy is the dissociation energy of the Zundel complex and 038 06 0.4 02 g/A
AEo is the resonance energy splitting at equilibrium of the 4,16 4. Distribution of the proton-transfer coordinajeCalculated
reactive coordinates. from simulations of one proton dissolved in 100 water molecules at

We note that the saddle point is also determined by the 300 K (full line) and at 500 K (dashed).is the defineql as the difre(ence
coordinate dependence of the resonance energy splitting. Thigpetween the shorter and the longer of the two bridging OH distances

affects in turn the activation free energy (see Appendix C). g]o?nf)lljel(:aesl Z?é“ﬂg;g;gg’egions corresponding to Zundel and Eigen

6. MD Simulations reduced to the experimentally observed value would thus also
decrease the prexponential factor of the proton diffusion

We have illuminated the views above by extending and e
coefficient.

reanalyzing molecular dynamics (MD) simulations. This analysis . .
provides, first and foremost, an insight into the mechanistic There is, however, hardly any choice. At low proton
details of the diffusion process. The MD data provide, moreover, concentrations and smaller number of water molecules and also
a basis for the interpretation of the experiments of Eutleexd for shorter simulation time, several other more sophisticated
the analysis of Gierer and Wiertzand identifies the nature of ~ CNOICes, involvinga larger number obalence bond statesre

SIS _ . a9 - )
the dominating clusters that constitute the environment of POSSIbIE!”#® However, to evaluate proton mobility (via the
intramolecular single- and double-PT. excess charge diffusion coefficient), we need longer simulations

and larger systems. We therefore, here adopt the model of ref
25 with the expectation that it might be as suitable for a
comparative analysis as the more sophisticated models. This is
a strong conjecture, which needs verification in future large-
scale simulations.

We performed constant volume simulations of the transport
of a single proton dissolved in 100 water molecules at
temperatures of 300, 330, 360, 400, 500, and 600 K. The density
in all runs is the density of bulk water at 298 K and ambient
pressure. All interaction parameters and simulation conditions
are identical to those in ref 25. Below, we analyze the dynamics
in terms of the simple overall jump pattern discussed in section
; . X 2. To this end, we study the temperature dependence of the
may.?“” somewhat affect the preexponential factor in proton isribytion of proton states and then proceed to the calculation
mobility. of the jump rates as a function of temperature. Finally, we relate

(i) One proton is transferred at a time; that is, concerted the diffusion and jump activation barriers to structural properties.
pathways involving more than one proton are ignored fromthe g 1. pjstribution of Proton-Transfer Coordinate. Following
outset, although the stepwise PTs may succeed each other sgot 25 we define the proton-transfer coordinajeas the
fast (as seen in computer animations of the simulation trajec- gitference between the shorter and the longer OH distance in a
tories) that they would look almost like concerted. Eliminating 7 ndel complexq = 0 corresponds to the symmetric Zundel
this drawback could considerably affect the preexponential factor joy and large negative values correspond to free or hydrated
of proton mobility. Indeed, even if concerted pathways were hydronium ions which we denote as Eigen complexes. Figure
rare, they could contribute nonnegligibly to mobility, because 4 shows the distribution of this coordinate at 300 and 500 K.
of the square of the distance factor in eq 3. These shortcomingsat room temperature, the model displays preference for the
may become more substantial if the model is applied to proton symmetric Zundel ion. This is supported by more general EVB
transport in very narrow pores of proton conducting membranes, y,0del€031 and by ab initioc MD simulation& Although a
where the expected single-pile efféétest exactly on concerted  istinction between Eigen and Zundel species is ambiguous
proton—proton motion. because of the width of the distribution, it is clear that the

(iii) The “gquantum” proton motion is simulated by classical  equilibrium is shifted toward the Eigen complex with increasing
mechanics. This shortcoming may not be serious, because waemperature. This accords with the findings of Gierer and Wirtz,
do not envisage under-barrier tunneling for the proton in the and of Eucken.
strongly adiabatic mechanism of PT, but this effect could be 6.2, Proton Jumps.The Walbran and Kornysh&/model
reflected in the KIE (see the discussion in section 7.4) describes proton transport through a sequence of interconver-

In ref 25, the temperature dependence of the proton diffusion sions between Zundel and Eigen complexes. The MD analysis
coefficient was found to be Arrhenius-like with an activation shows that these interconversions are frequent. This can also
energy of 0.11 eV, close to the experimental estimates. However,be inferred from the shallow proton coordinate distribution in
there are presumably, the caveats of the model just listed thatFigure 4 which shows no pronounced minima. Consequently,
make the preexponential factor of proton mobility two times interconversions between Zundel and Eigen complexes with one
lower than it should be and the water diffusion too lively. of the two oxygens of the Zundel ion at the center of the Eigen
Changing the model in such a way that the water diffusion is complex look more like equilibrium fluctuations than quasi-

A simple electronically polarizable two-state extended valence
bond (EVB) model developed in ref 25 was used. This is
currently the only model that allows the simulation of proton
mobility in a large water “bath” at high proton concentrations.
The price paid for that is the essential simplification of the PT
algorithm. The essential elements of this simplification are as
follows.

(i) The charge switching function which designates when PT
takes place does not depend explicitly on the solvent environ-
ment. This may not be a serious limitation, because the
conditions of transfer are entirely and self-consistently deter-
mined by the short- and long-range medium fluctuations, which
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Figure 5. Sketches of various proton-transfer scenarios. The top half shows possible proton jumps between two Eigen complexes (or hydronium
ions). The bottom half shows possible proton jumps between two Zundel complexes. Short jumps are on the left, long jumps on the right.

chemical jump processes. Other definitions for a PT step involve coordinateq becomes smaller thar0.45 A with a particular
the transformation from a given Eigen complex to a neighboring oxygen at the center of the complex. We then wait, until another
one (with a different oxygen atom at the center) or the Eigen ion is formed (again with < —0.45 A). This is called
conversion of a given Zundel complex to another Zundel the transition time for the short or the long Eigeigen jump,
complex, where the second complex may or may not share andepending on whether the new Eigen center was part of the

oxygen atom with the first one. initial Eigen complex.
Four different PT scenarios involving short and long PT  Similarly, we define the time of formation of a particular
jumps are summarized in Figure 5. In the short EigEigen Zundel ion as the first time that the two particular oxygen atoms

jumps, the center of the Eigen complex moves from the initial in a Zundel complex assume a valuegdrger than—0.05 A.
oxygen to one of its neighbors. In the long jump, the final Eigen Again we wait until a new Zundel complex (containing at least
complex is centered around an oxygen atom which was not partone new oxygen atom) is formed (with> —0.05 A). We call
of the initial Eigen complex. This oxygen atom is most likely this the transition time for the short or the long Zund2undel
a second neighbor of the initial center. In a similar way we can jump, depending on whether the final Zundel complex does or
define Zundet-Zundel jumps: a short jump corresponds to the does not share an oxygen atom with the initial one.
transformation of the initial to the final Zundel ion, which still We collect the statistics over these events (typically several
contains one of the two oxygen atoms of the initial Zundel ion. hundred or thousand for a simulation lasting three to four
In the long jump, none of the two oxygen atoms of the initial nanoseconds) and calculate the average transition rate. Figure
Zundel complex are part of the final Zundel complex. We 6 shows the average rates in an Arrhenius plot as a function of
analyze the MD trajectories separately for each of the scenarios reciprocal temperature. The full symbols are for the long jump
We define the time of formation of a particular Eigen ion as scenarios, and the open symbols are for the short jump scenarios.
follows. That will be the first time when the proton-transfer The two lines give the approximate activation energies of 0.04
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Figure 6. Arrhenius plot of the temperature dependence of the mean
hopping times for the four different proton jumps sketched in Figure
5. Full symbols are for long jumps, and open symbols are for short
jumps. Triangles are for EigerEigen jumps, and squares are for

Zundek-Zundel jumps. The lines correspond to activation energies of
0.04 (dashed) and 0.07 eV, respectively. Average times are calculated ﬁ(le, r93)
as the inverse of the average hopping rate. The activation energy for

Figure 7. Distance definitionst, is the oxyger-oxygen distance of
the Zundel complex which contains the protos.andrs, are nearest
and second-nearest neighbors.

the long jumps is closer to the activation energy for the calculated R s N ' 13
diffusion step, thus making proton jumps between second-nearest :
neighbors more likely to be rate-determining for proton diffusion than [\ :
the shorter jumps. B 2.8
N
A
) ) AN 2.6
eV for the short jumps and 0.07 eV for the long jumps. For ky \
comparison, the diffusion activation energy calculated in ref k\w @D\ > 2.4
25 is 0.11 eV. The data suggest that proton jumps involving NP
only nearest neighbors are not rate-determining. Instead proton 24 26 28 3

jumps to second nearest neighbors show a temperature depen- 2/ A

denc_e _S|gn|_f|cgntly closer to the one observed for the dlffusu_)n Figure 8. Probability distributionf(rss, r2s), which is the probability
coefficient, indicating that they are related to the rate determin- of finding two oxyger-oxygen distancesa. is the distance between
ing step for proton transport. the two oxygen atoms closest to the free proton, ragi the oxygenr-

We also note that depending on temperature the number ofoxygen distance between one of these oxygen atoms and a nearest
short jumps in a given time is two to four times higher than the neighbor.
number of long jumps. Although the shorter jumps thus occur
more frequently and with lower activation energy, their suc-
cessive directions are anti-correlated in such a way that the
probability for the next jump to be in the opposite direction of
the previous one is significantly enhanced. (The non-Marcovian,
anticorrelated character of the sequence of short jumps may,
however, be an exagerration of the Walbran-Kornyshev model,
which essentially results in a lowered preexponential factor of =
proton mobility.) : 2

6.3. Structural Correlation Functions. In a symmetrical '
Zundel ion, the average oxygeionxygen separation is about e
2.4 A; in an Eigen complex, the average oxygemxygen
separation between the central oxygen atom and the others is iz / A
2.56 A. The nearest-neighbor distance between two water to o o propability distributionp(rs, rss), which is the probability
molecules in the bulk is- 2.85 A A proton jump between tWo ¢ finding two oxygen-oxygen distancesa. is the distance between
positions In the |IQUId is thus associated with the relaxation of the two oxygen atoms closest to the free proton,rapis the oxygen
oxygen—oxygen distances. To relate the proton jump dynamics oxygen distance between the first and second nearest neighbors.
to such structural features, we have calculated distribution
functions for the joint occurrence of two oxygeoxygen ) . ) ) .
distances. The oxygeroxygen distance within the central 1N Such a way is equivalent to taking, at every point, the
Zundel complex (or, if the state of the proton is Eigen-like, the Minimum of the two free energy landscapes corresponding to
distance between the central water and its closest neighbor inth€ proton in the initial and final state. This procedure is
the Eigen complex) is called,. The distances between any of motlvated t_)y the symmetry _of th(_a_PT reaction. _The saddle points
these two oxygen atoms and the oxygen atoms of their nearesPf the d_|str|but|ons can _be |dent_|f|ed as transition states for the
neighbors are called,s. Finally, the distances between the respective PT reactions in qoordlnate space, Whereas the maxima
nearest neighbors arttieir nearest neighbors (excluding the correspond to the equmbrlum states. Wllth this interpretation,
original two oxygen atoms) are termegh (see Figure 7). the free energy barrler for the PT reaction becoma#s =

We calculate the probabilitiep(rizrzs) and p(rizrss) by —KT In p(barrier)p(maximum).
monitoring the appropriate distance pairs during the simula-  For PT to the nearest neighbor (Figure 8), we fieF 0.05
tion. The distributions have been symmetrized according to eV, and for PT to the second nearest neighbor (Figur&g),
P(rizr2z) = max [p(rizr2z),p(rzari2)] and p(rizrzg) = max = 0.08 eV. This suggests, once more, that the rate-determining
[p(ri2,r3s),p(rsariz)]- Figures 8 and 9 show these symmetrized step is likely to be associated with the PT to a second nearest
distributions at room temperature. Symmetrizing the distribution neighbor rather than to a nearest neighbor.

P(r12,734)

28

7‘34/A

2.6

24
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Figure 10. Cluster weights evaluated by Gierer and Whtz. Figure 11. Typical cluster weights of a three-state model. Calculation
via eq 7 WithAlz = 022,A23 = Ol, E12 =25 kBT, E23 =2 kBT with
T = 298.15 K.

7. Structural and Kinetic Properties, Integrated in Proton
Mobility

2.2 1 L 1 . 1 s L s 1 " !

2.4 4
7.1. PT Cluster Weights Distributions Px. As noted,
aqueous proton mobility data over broad ranges of temperature ]
recorded early by Euckémvere analyzed by Gierer and Wittz. 284
They invoked a four-state model based on variable-size PT ]
aqueous clusters in labile thermal equilibria. Three of the clusters "
correspond roughly to bare hydronium, the Eigen cluster, and
the Zundel cluster and dominate proton conduction in most of
the temperature range. The fourth cluster in their analysis is ] N

-3.0

)

-3.24

(kJeb

3.4 S

3.6 L
larger and contributes about 18% to the total at room temperature 1 exces\s\ I
but disappears rapidly as the temperature rises. Inclusion of this ~ **] T
component in our analysis would be straightforward but 4.0 T T T r ——— .
increases the number of a priori unknown parameters unwar- os o8 7 08 09 10 B
rantedly. wT

Figure 10 shows the temperature variation of the three Figure 12. Typical theoretical plots of the measurable excess mobility,
dominating cluster populationBy, P,, andPs,2 and Figure 11 total mobility, and the contribution to mobility due to proton hopping
shows similar variations based on eq 7. The trend in Figure 11 between the charge-transfer clustdZsiculation via egs 710. b =
accords broadly with the data for suitable parameters, i.e., small& Ni(@)/(4m)ki, (i =1, 2, and 3). Parametersy, = 0.22,A3 = 0.1,

. . . . . Ei, = 25kBT, Eys = 2kBT, Wy, = 1.25,W2 = 2.5,W3 = 4, (b]_)/(bz) =
reaction enthalpies and entropies. Particularly, the Eigen and _ _
. . 0.15, p3)/(b,) = 4, T, = 298.15 K.
Zundel clusters dominate entirely around room temperature. As
the temperature increases, the more composite Zundel clusters

decay and are converted to the Eigen clusters, the population The use of comprehensive PT theory is first illuminated below
of which therefore first rises. This pattern is supported by the in a general but still accurate form. In the next two subsections,
MD simulations (see Figure 4). On further temperature increase, we show how specific structural parameters of importance for
the Eigen clusters also decay, and the bare hydronium ionthe apparent activation energy and kinetic deuterium isotope
gradually comes to dominate. effect can be obtained.

7.2. Mobility. The temperature-dependent cluster distribution,  Figure 12 shows the total mobility, the measurable excess
substantiated by the MD simulations, provides the mechanistic mobility, and the mobility caused only by proton hopping,
basis for the earlier estimat&ésThe clusters and the MD calculated from eqs—710 using a set of parameter values chosen
calculations thus provide the structural and dynamic details to reveal similar trends as in the experimental data. It is noted
needed for application of quantum mechanical PT theory toward first that the excess mobility passes through a maximum at high
a description of the proton mobility. A summary of the PT temperature. This follows the data in refs-8, which were
formalism for all the scenarios considered in section 6 and obtained at elevated pressures. Although numerically different,
shown in Figure 5 is given in Appendices#. The formalism the protonconductancesf the three PT channels are, second,
is given in a form which is straightforward to use, even still broadly similar. The excess protomobility therefore
analytically, at different levels of sophistication as warranted follows closely the temperature variation of thepulationsof
by the focus and detail needed. A complete description of the the three molecular entities, i.e., the bare hydronium ion, the
proton mobility by a combination of the MD-supported cluster Eigen cluster, and the Zundel cluster. As noted, the Zundel
populations and the PT formalism, however, still requires a cluster population decays rapidly with increasing temperature.
considerable number of parameters. We show instead in aThe decay is, however, via the Eigen clusters. Exeess
simpler way how this combination can both be brought to mobility thus first rises with increasing temperature and then
reproduce the observed temperature-dependent mobility and leadegins to decline at still higher temperatures, when also the
to insight and determination of some of the central parameters,Eigen clusters decay into bare hydronium ions. The lower
which are difficult to access in other ways. conductivity of the latter is partly compensated by the activated
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nature of all of the processes, but the maximum in the TABLE 1: Donor —Acceptor O—O Distances at the
temperature variation shows that the variation of the population Transition State, Rs (A), at Different Equilibrium Distances,
distribution clearly seems to dominate. Note, however, that the -8 (A), and Decay Factorsy (A™), eq 26

extremum in the total mobility is a result of a subtle interplay R =2.8A

between a number of structural and kinetic factors. One cannot 7 2 3 3.5 3.7 4
insist that it must be observed in reality. gi_ Ris ~8'24 g'g’g g'gg 8'155’ 8'571
7.3. Activation Gibbs Free Energies and Proton-Transfer Rus = 2.6 A - ' ' ' '
Distances.As noted, there is no single activation (Gibbs free) ' 2 3 4 42 45
energy, because the proton mobility is mediated by different Rs— Rus 0.15 024 0.32 040 047
clusters, see eq 3. PT theory can, however, rationalize the G* ~0 ~0 0.003 0.03 0.15
activation (free) energy of the different channels. We shall R =254
illustrate this for the Eigen and Zundel clusters 4 3 4 4.5 4.9 5.0

The complete activation free energy formalism is given in Re~ Ree A) 008 020 034 042 044
Appendices A-C. The activation free energies for the symmetric ~0 ~0 0.03 012 016
processes in question (zero driving force) are composédmf aG* (eV) is the activation free energy calculated from eq 28 by

contributions. One is the total nuclear reorganization energy of neglectingD (see text).

the intramolecular solvation water clusters of the hydronium

or Zundel ions including the bulk water solvent. The other one (cf. €q 19) and neglectin® (D = Dug, Dz), which is small,

is the variation of the resonance splitting of the ground-state We obtain the activation free energy values collected in Table
proton vibrational levels via motion along the intermolecular 1. In comparison, the experimental value@f is 0.11 eVe3
O—O0 stretching mode in the potentih_o(R), cf. eq 19. This The PT parameters in Table 1 prompt the following observa-
effect can be important for the kinetic deuterium isotope effect, tions:

addressed below. We can disentangle these effects by the simple (a)y = 4.5-4.9 A~ accords with the experimental activation
consideration below. In this way, we can estimate the activation (Gibbs free) energy. Thig range is suitable for proton tunneling
Gibbs free energy, the contribution of each of the intramolecular between shallow hydron double wells.

terms, and the distancis, between the two neighboring oxygen (b) The resulting PT distance ranges frea9.30 A when
atoms in the transition state in the Eigen or Zundel cluster. Rz = 2.8 A in “free” water to less than 0.1 A in the strongly

The equation which determinég is, approximately hydrogen bonded Zundel complex. Significant thermal deforma-
tion along the G-O stretching mode thus occypsor to proton

No-o _1 IAE, (25) tunneling, which is subjected to much smaller displacements

oR 2 dR than corresponding to equilibrium displacement along the proton

translational coordinate.

(c) The distances in Table 1 and the conclusion in (b) are
ased on eq 28 and thermal activation dominated by th©O
gating mode. Significant activation in other nuclear modes would
leave less need for gating mode stretching in order to reproduce
the experimental activation free energy. The PT distance at the
saddle point with respect to the local and environmental nuclear
modes would therefore also be longer.

_ A0 - _ (d) The small tunneling distance accords with facile gated
AB,y = AR, expl= 7(R— Rp)] (26) by the O-0 stretching mode. This also leads to a small KIE,

whereRyg is the equilibrium hydrogen bonded-@ distance cf. below. ) )

in the initial (reactant) state. (in A1) is a decay factor, which Altogether, the estimates in Table 1, based on eqs2&
represents the proton localization at a given site. The LennardPoint to the consistency of the microscopic PT picture presented
Jones potential is, by and large, used for the bare interaction ofaPove and accordance with the structural information about the

two oxygen atoms Eigen and Zundel complexes.
7.4. Kinetic Deuterium Isotope Effect of Aqueous Proton
C Mobility. The kinetic deuterium and tritium isotope effect (KIE)
Vo-olR) = Ez a E @7) in chemical proton, deuteron, and triton (overall hydron)
tunneling has been recognized for decades as a crucial mecha-
Vo-o(R) incorporates the effect of the proton between the two Nistic approach to chemical hydron and hydrogen atom reaction
oxygen atoms on their mutual interaction. We shall still use dynamics*>52KIE perspectives also emerge from the formal-
the Lennard Jones potential form but take those values of theiSm and models in previous sections. There are only few data
parametersC;, and Cg that reproduce the value d®s, as for excess deuteron mobility. These give a small value close to

whereVo_o is the interaction potential describing the hydrogen
bond andAE;, is the resonance splitting of the ground state b
proton energy levels in the potential which determines the proton
motion between two oxygen atoms. This motion is the anti-
symmetric translation of the proton donor and acceptor moieties
and is fully classicalAE, depends approximately exponentially
onR

12 CG

obtained from the conditioAVo_o/dR = 0. With Cg = 27.13 /285355 close to the value for water molecular rotation. This
eV A6 the value of the simulation water modé&lye obtain suggests that differenter in proton and deuteron transfer, eq
Ci1» = 13.5@Rysb eV A12 8, constitutes a significant contribution, but we wish to address

Appropriate values oRyg range from 2.8 A for free water ~ more closely the overall physical nature of the KIE in strongly
to about 2.4 A in the Zundel ion, whereasanges from 2 to  interacting proton donefacceptor systems such as the Eigen
5 A-L For AE? ~ 0.1 eV, this gives the values &% in Table and Zundel complexes.

1. SubstitutingRs into eq 28 It is useful first to note briefly the KIE behavior in the weak-
couplingdiabaticlimit (with respect to the proton-environmental

=_1 _ 21 separation). The origin of the KIE in PT is conspicuous and
G Pt Vo-o(R) = Vo-o(Rie) ZAEh(RS) (28) conceptually straightforward in this limit. The dominating KIE
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feature here is the isotope dependence of the transmission UG.)
coefficient,x, eq 8, which directly reflects the hydronnneling P A
behavior. The followingep form applies (P= H and D), eq 26 (4)

kp = kp eXP-2yp(R — Ryp)] (29) \ %

As yu < yp, proton tunneling is more favorable than heavier FaARP
deuteron tunneling i.exy > «kp. As deuterontunneling is \/ \-/ AR
significantly disfavored relative tprotontunneling, additional q
O—0 mode activation energy in deuteron tunneling is also 2 UK Y, {q,})
. N . . > Js k

energetically affordable as this decreases the tunneling distance.
The diabatic hydron tunneling distance is therefore in general ®)
smallerfor the heavier than for the lighter isotope. \/ .

However, we do not deal with the diabatic limit in the case
of proton conductivity in water. MD and electronic structure
computations (e.g., refs 28, 30, 31, 37, 38, and 25;44) show i
instead that the interaction between the hydron donor and %xs,ys,{qks}
acceptor entities in the Eigen and Zundel clusters is strong.
Hydron transfer is therefore well within the fuldiabaticlimit Figure 13. Kinetic deuterium isotope effect (schematic). (A) Splitting
of strong donor-acceptor interaction. In this limit, proton  of the ground-state proton and deuteron vibrational energies in the
tunneling is not directly conspicuous, because by optimal hydrogen potential at fixed heavy nuclear coordinates. The deuteron
fluctuations the environment prepares a minimal barrier (almost '€vél is the lower because of the lower vibrational energy. The deuteron

. : . . splitting is also the smallest because of the heavier tunneling mass.

no barrller) for the protlon. This has a cost in free energy Wh'ch (B) Lowering of the activation Gibbs free energy along the heavy
determines the activation free energy, whereas the under-barriefuclear coordinates by the hydron splitting. The activation energy
tunneling prefactorgy, xp — 1. All in all, the KIE no longer lowering is larger for proton than for deuteron transfer because of the
originates from the transmission coefficient. The origin of the larger tunnel splitting and more facile tunneling.
KIE in the adiabatic limit is more subtle and two other
contributions instead determine the KIE.

One is the isotope dependencewfy;, rooted in hindered
translational and rotational mode frequencies. (This effect is
unimportant in thediabatic limit). The translational modes
involve motion of a solvent water molecule as a whole, with
an isotope effect ofi/w of ~ 18/16. Thus, if the PT was
provided only by the vehicle mechanism, i.e, motion gH
as a whole, KIE would have beeyil.1. The Grotthus elements
of PT are rather determined by the rotational modes. The latter
rest largely on hydron motion around a stationary oxygen atom
with a frequencywess following roughly the square root of the
hydron mass dependence, i®/wl; ~ +/2. This is close to
the experimental value. Hindered molecular water rotation
therefore constitutes a competitive contribution to the KIE of
adiabatic PT in the Eigen and Zundel clusters (in accordance
with conclusions derived by Hynes from the analysis of PT in

mall water clusters around an Eigen3d#). . o .
small water clusters around an Eigen off) ervironmental nuclear motion is largely disregarded. In the

_ The second important factor contributing to the KIE is the 5 qianatic limit of quantum mechanical PT, the activation (free)
isotope dependent resonance splitting of the reduced potential

¢ dbythei lecul d sol di energies of proton and deuteron transfer are viewed as deter-
surfaces spanned by the intramolecular and solvent coordinatesy, ey by the environmental nuclear motion modified by isotope
AER(Xs, Vs Rs), €gs 16, 17, and 19. This contribution is only

. tant in. theadiabatic limit and I it dependent resonance splitting, caused by quantum mechanical
important in theadiabatic limit and generally acompetitie hydron tunneling behavior.

contribution to the KIE. Resonance splitting is caused by hydron .
tunnelingin the double-well potential spanned by theoton . Euckert reporlted small, temperatu're-dependent deuterium
coordinate q(Figure 13). Less favorable deuteron transfer ISOtope effects in the cluster populatioris, P2, andPs, eq

XY, {qu}

heavy nuclear coordinatess, ys, Rs, cf. eqs 16, 17, and 19.
The bottom figure shows how this carries over to the isotope
dependence of the activation (free) energy alongitt@amo-
lecular and solvent coordinates. The resonance splitting con-
tribution to the KIE is therrootedin hydron tunnelingas in

the diabatic limit, but tunnelingappears quite differently,
namely, in the activation free energy and not in the preexpo-
nential tunneling factor as in the diabatic limit. The view of
guantum mechanical PT in tregliabaticlimit has an apparent
resemblance to classical views of chemical KIE's as the loss of
zero-point vibrational energy when the hydron is displaced from
equilibrium to the transition staf852 The KIE is reflected in
isotope dependence of the activation (free) energy in both cases,
but the origin of the activation Gibbs free energy difference is
different. In the classical view, the isotope dependence is entirely
determined byproton and deuteron motion, whereas the

implies that the ground and first excitefuteronvibrational 3-5. The Isotope effects., iRy aHnd EZ are larger than unltyHbut
level splitting is smaller than for therotonlevels. The reduced ~ Smaller than unity foPs, i.e., P,/P > 1 fork = 1, 2 andPg/
potential surface splitting is thus smaller fdeuteronthan for PY < 1. This could reflect a more stable hydrogen bond
protontransfer. Hence, the activation free energy as determined network for the heavier isotope. These isotope effects are smaller
by the intramolecular and solvent nuclear modekaiger for than /2 and+/2-1 and will be disregarded in the following.

deuteron than for proton transfer, however, with a negligible  The KIE of adiabaticsymmetric PT processes such as in the
effect on the under-barrier tunneling factor, because the protonEigen and Zundel clusters takes the form, eq 8
barrier is very low.

This view is illustrated in Figure 13. The top figure shows s wsﬁ G; — ﬁ
the hydron stretching mode splitting for the two isotopes along KIE = W, o ex T (30)
thehydroncoordinate, at the transition state with respect to the D e K
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where “H” refers to proton and “D” to deuteron transfer. The distance up to the intermolecular dor@cceptor distance where
explicit isotope dependence of the activation Gibbs free energy the hydron barrier vanishes altogether.

difference in eq 30 is (eq 26) Equations 36-33 offer both an additional clue to the small
KIE (~1.4) in agueous proton conductivity and kinematic insight
G, — G, ~ AEX exp[—y,(R! — Rig)] — into the PT mechanism. As aqueous nonclassical proton

oD D conductivity in the Eigen and Zundel complexes follows the
AE, exp[—yD(R? ~ Rl (31) stronglyadiabaticlimit, proton tunneling can only be reflected
in the isotope dependent resonance splitting and activation (free)
whereRs is the value oR in the transition statevith respect to energy and not in the preexponential tunneling factor. The values
the O-O stretching motioncf. above.R; and Rog are the of Rs — Ryg from the analysis summarized in Table 1 leave PT
equilibrium hydrogen bonded-€0 distances in the proton and  distances of about 0.1 A, based on equilibrium valueRgf
deuteron bonded compleAE®, P = H and D, refers to the ~ ~ 2.5-2.6 A, which accord with the Eigen and Zundel ion
resonance splitting at the saddle point with respect to the structures. Insignificant KIEs then emerge from eqgs 32 and 33.
intramolecular and environmental coordinatesandys, at the Larger PT distances, say 0.2 A, emerge when nuclear modes
equilibrium value of the GO stretching coordinat® (eqs 18 other than the ©0 gating mode contribute to the activation
and 20). Equations 30 and 31 reflect again the environmentally free energy. The resulting KIE is, however, smaller than-1.5
“gated” nature of the PT process. The hydron transfer distance 1.6, i.e., close to the observed values for the proton conductivity
is far too long, i.e., 0.50.6 A, when tunneling is over the and the water molecular librational frequency.
equilibrium displacement, but fluctuational motion along the All in all, the KIE therefore also testifies that aqueous proton
0O—0 stretching moderecedesor “gates”, PT over a much  mobility is dominated by plain inertial mass effects, perhaps
shorter and more favorable distance. This is at the expense ofsupplemented by subtle hydron tunneling features. The former
additional activation (free) energy from the—-@ mode appears in the mass dependence of the classical hydron transfer
deformation. “attempt frequency”, and the latter in hydron tunneling-
The isotope dependence of the activation Gibbs free energy,controlled resonance splitting and activation Gibbs free energy.
eqgs 30 and 31, is determined by the mass dependeméfpf The KIE analysis also supports that aqueous proton conduction

andyp is dominated by reorganization in the-@ gating mode and
other local solvent modes. Reorganization and gating thus
G* — G* ~ AE™ expl— _ % prece_des the h_ydrc_)n transfer event along the proton translat!onal
b TH h pO[D ViR~ Rep)l coordinate, which itself follows in an almost barrierless fashion

after the heavy nuclear mode preorganization and gating.

AE;

AR exp[~(yp — YW (Rs— Rl (32)
n 8. Concluding Remarks

where the superscripts d® and Ryg have been omitted. Microscopic views of proton conduction in bulk water and
AE}, AEY (eq 20), andyp are available for specific hydron  confined heterogeneous environments, such as polymer elec-

potentials®®56 Disregarding, further, the isotope dependence of trolytes, should ultimately be resolved by MD simulations. As
AE’, eq 32 then reduces to the molecular actors in these scenarios are engaged in the

exchange oprotonsas quantum particles, the simulations should
= = _ ApO - _ be at a level which includes the quantum mechanical nature of
Gp — G ~ AR, expl-yu(Rs — Ryg)] x the proton, such as in CarParineII?) simulations for bulk proton
{1—exp[~(rp = ¥YW(R — Rye)l} (33) conductivity. We have shown that the most important elements
of the proton dynamics can also be rationalized systematically
Equations 32 and 33 hold an intriguing implication, namely, and in a transparent fashion on the basis of contemporary
that the adiabatic KIElecreasesvith increasing hydron transfer ~ concepts and formalism of the theory of charge-transfer
distance. (This is opposite thabaticKIE, which is dominated ~ processes in condensed media, supported by MD simulations
by the preexponential hydron tunneling factor.) This “inverse” of the environmental nuclear configurational dynamics. Charge
distance dependence of the KIE is caused by the decreasingransfer theory rests on the notion of transfer of charged particles
resonance splitting of the potential surfaces with increasing such as electrons and protons between well-defined molecular
transfer distance. The isotope dependence of the splittingdonor and acceptor entities. Proton conduction in bulk aqueous
therefore also decreases with increasing distance. This is thesolution and in confined membrane environments is carried out
determining factor in the adiabatic limit (but quite unimportant by rapidly interconverting proton transferrictusterssubjected
in the diabatic limit). The overall distance dependence of the to fast mutual equilibrium fluctuations. PT within and between
KIE is thereforenonmonotonicAt long distances, where the the clusters involves strong doresicceptor interactions and
diabatic limit of weak interaction would have prevailed, the KIE shallow PT barriers in preorganized proton double-wells. These
decreasesvith decreasing distance, as the hydron donor and are significantly distorted from the proton double-well configu-
acceptor fragments are brought closer to each other. When theations at the equilibrium environmental nuclear configurations.
distance is small enough (as is commonly assumed and resulting Properties of the proton transferring clusters were identified
from MD simulations for PT mobility in water), and the phenomenologically in impressive detail in classical works,
adiabaticlimit of strong interaction takes over, the KIE behavior when neither modern charge transfer theory nor powerful
changes, and the KIE noimcreaseswith decreasing distance.  computational tools such as MD simulations existed. Composi-
A minimum in the distance dependence of the KIE is thus tion and properties of proton transferrimiustershave been
expected in the transition region between the diabatic and largely supported by modern MD approaches at different levels.
adiabatic limits. This minimum is not reached in PT acts of Thus, the notion of proton exchanging molecular entities, which
proton mobility, which accord with the adiabatic limit. The interconvert rapidly, remains of considerable value and warrants
KIEis therefore expected to increase with decreasing transferthe use of modern condensed-matter PT theory. With such
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views, we have shown that the powerful frames of PT theory of the lower adiabatic free energy surface. The system of
carry over to and help to rationalize bulk aqueous proton equations for the saddle poinfis®

mobility. The PT processes in the Eigen and Zundel clusters

have been identified and found to accord with tiabatic Ul aU;  9AE, 12

limit of strongly interacting donor and acceptor clusters. MD 1 _0‘)& + ok T ax [a(1 — o] (A1)
simulations have, further, identified the most important local . ;
nuclear reactive modes that have been the basis for the 1-gY Y 9AE,
construction of potential free energy surfaces and the calculation 1-0) ay o ay oy
of the activation free energy. The experimental value of the latter r r

(0.11 eV) can be reproduced by a class of models dominated 1 —a)% + aB_Uf — AR,
by deformation of the intermolecular-@D gating mode of the R

[l -] (A2)

[a(1 -] (A3)

aR R
proton donor and acceptor. This offers a view of the fundamental (20 — 1)AE,
PT process in clusters where major preorganization in th®@O U — U= S E——
gating mode leads the proton to pass a shallow or negligible 2[o(1 = o]
proton mode barrier. These views also open a rationale for the U’

kinetic deuterium isotope effect. The KIE appears to be —!
dominated by the preexponential librational frequeneys, but o= 90
may hold a small contribution from the isotope-dependent Ul auy
lowering of the activation free energy in the crossing region of — =
the reduced potential free energy surfaces spanned solely by o0 00K
the heavy nuclear coordinates.

Disclosure of the nature of the PT elementary act in bulk
proton conducting clusters, and development of bulk proton
conductivity models hold, finally, perspectives for addressing
thechangesn the proton conductivity patterns when the water
solvent is embedded in heterogeneous polymer electrolyte
membranes or biological trans-membrane proton conducting
channels. The pores in Nafion polymer electrolyte membranes
are, for instance, formed by water uptake with subsequent
dissociation of the-SO;H groups immobilized on the polymer
side-chains and hydration of the resultir@O;~ groups. Water
confined in such environments possesses orientational dynamiCSAppendix B
different from the bulk. The dynamics is impeded close to the
pore surface in wide pores and almost frozen in narrow pores. Model Potentials for the Hopping Mechanism I. The
This affects immediately the proton conducting performance molecular potentials must be known for the calculation of the
of pores of different size and internal structure. Information activation barrier. Morse and exponential functions are often
about the pore hydration structure in proton conducting protein used as model potentiai$:©
channels would undoubtedly assist to rationalize different

(A4)

(A5)

The value of satisfying these equations is thgmmetry factqr
which characterizes the symmetry of the transition configuration
and the dependence of activation (free) energy on the driving
force. For the transition between identical states, hereafter called
symmetric transitions, the driving force is zero. In the transition
configuration,U; = Uj, and eq A4 gives = 0.5. In the
absence of conspicuous external electric field effects, the
elementary transitions of the proton in the Eigen and Zundel
clusters are between symmetric states, and only theacase

0.5 is of interest.

aspects of the proton conducting properties, as the structure of u =DJ1 — e 9P (B1)
such channels is mostly better known than the Nafion membrane
structures. In all these exciting areas of proton conductivity, u, = Dy[l — e*yy(yfyo)]z (B2)
the models of water and solvated proton and their further
development remain at the heart of the matter. Bulk water and i _ — 27 0x(X —

p \/in*O(X) = D,g 2 (X = Xo) (B3)

solvated proton models must not, so to speak, be “undrinkable”
before let into the relevant complex membrane or protein

f —_ —
environments. Viz—oy) = ¢,Dye 215y = %0 (B4)

In general, the parameters of all of the potentials are different.
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Equations for the Saddle Point for the Hopping Mecha-
nism |. The activation barrier is determined by the saddle point The use of these quantities in eq 17 leads to eq 19.
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Appendix C

Equations for the Saddle Point for the Mechanism II.
Using eqgs 18-20 for the free energy surfaces and eqs#b,
we write the equations for the saddle point Rr andRy3 as

dup, Vi, Uy JAE,

R, R, R, R, (€1
W, M. U, OAE
2 Tm, E_ T (C2)
8R23 aR23 aR23 aRZS

The equation for the saddle point valuegjpfs the same as eq

A.5 with a = 0.5.

If we use Morse/exponential functions for the molecular

potentials similar to those in Appendix B with = Dz and

exponential dependence of the resonance energy splitting on

the coordinates of the reactive modes, then
AE; ~ AE; exp[-y(R;, — R(l)lz)] expl=y(Ryz — Rgfa)] (C3)
The solution of the equations for the saddle point is

D,

X=Y=55, — AE,

(C4)

where
X = e*V(Rlz*Rgz‘); Y= e*V(Rzszgsf,) (C5)

Equations for the Saddle Point and Activation Gibbs Free
Energy for PT from a Given Zundel lon to a Different
Zundel lon. From the potentials

Ui ~ Uilz(rlz) + \/"23(r23) + \/34(r34)
Uy~ Viglrs) + VasTa9) + Usy(ra)
Vis(rpg) = Vf23(r23) (C6)
U, = Uy, = D(1 — eiy(rirO))z
Vi, =V, = De 7
AE = AEOe*J/(Hz*fgz)e*‘/(m*r(3)4)e*7(r23*fg3)
Vog=D(1— €72 182 (ez)

we obtain

i f
My, Vi, _ JAE

ory, ory,  0ory,

Nyg _ 0AE

oy 0Oy

aug, AV;
Toa | OVaa _ DAE (C8)
gy Igg gy

Daix(l — X)? — 2DX% = — 2AE,XYR
D(1 — X)2X — 2DX? = — 2AEXYR

D(1 — Y)2Y — 2DY* = — 2AE,XYR
4D,(1 — RR= — 2AE,XYR (C9)
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DX(1 — 2X) = —AEXYR
DY(1 - 2Y) = —AEXYR

2D,,R(1 — R) = —AEXYR (C10)
with
X = e_V(r12_r012); Y= e_V(r34_ro34) (C11)
(1—2X) = —AYR
(1—-2Y) = —AXR
(1 - R)=—0YXY (C12)
A = AEyD; 6 = AE/2D,, (C13)
For
X=Y
(1—2X) = —AXR
(1-R)=—-0X? (C14)
the equation for X is
AOX+ (A —2)X+1=0 (C15)
A solution exists if
2—A>3AS (C16)

At A, 6 < 1 the approximate solution has the form

X%%+x
X = é
4
Rr 1+ % (C17)
and the activation barrier is
2
1,0z DA A =
CrETZ T tPuggm .  (C19
T
Appendix D

List of the Key Symbols

a = PT transfer distance

A; = entropy factors

D = self-diffusion coefficient

e = charge of proton

E;j = activation enthalpies

E, = proton energy

Enxs = dissociation energy of hydrogen bond

D; = dissociation energy of the Zundel complex

AEp = resonance splitting at equilibrium of reactive coor-
dinates

AEy and AEz = quantum mechanical splitting of proton
energy levels for the mechanisms | and Il, respectively

G~ = activation Gibbs free energy

y = decay factor

h = Planck’s constanti = h/2z

kx = transmission coefficient for transferring proton

ks = Boltzmann’s constant

kj = rate constants

Kij = equilibrium constants
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1 = mobility

P; = relative concentration of clusters

{qx} = reactive outer-sphere coordinates

g = proton coordinate

Ri2, = O—0 distance between the two oxygen atoms within
the Zundel complex

Ri3 = O—0 distance between any one oxygen atom of the T

Zundel complex and a neareast neighbor

R4 = O—O0 distance between a nearest and second nearesh

neighbor of a Zundel complex
Rys = hydrogen bond distance
Rs = O—O0 distance at the transition state
t = time
T = temperature
W = free energy of outer sphere water polarization

U! = reduced free energy

west = effective vibrational frequency
W = transition probability per unit time
X2(t)0= mean square displacement

o = symmetry factor
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