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We have utilized multistate empirical valence bond (MS-EVB3) simulations of protonated liquid water to
calculate the relative mean-square displacement (MSD) and the history-independent time correlation function,
c(t), of the hydrated proton center of excess charge (CEC) with respect to the water molecule on which it has
initially resided. The MSD is nonlinear for the first 15 ps, suggesting that the relative diffusion coefficient
increases from a small value, D0, at short separations to its larger bulk value, D∞, at large separations. With
the ensuing distance-dependent diffusion coefficient, D(r), the time dependence of both the MSD and c(t)
agrees quantitatively with the solution of a diffusion equation for reversible geminate recombination. This
suggests that the relative motion of the CEC is not independent from the nearby water molecules, in agreement
with theoretical and experimental observations that large water clusters participate in the mechanism of proton
mobility.

Hydrogen bonds (HBs) in water are constantly breaking and
forming.1 The HB dynamics is in turn coupled to proton mobility
in liquid water on a hierarchy of time scales.2-5 The ongoing
effort for understanding the microscopic mechanisms governing
proton transport is motivated by its pivotal role in a myriad of
processes, from acid-base reactions in solution to fuel cells
and enzymatic catalysis.6,7

In order to elucidate the HB kinetics from a molecular
dynamics (MD) simulation of bulk liquid water,8 the “history
independent” pair correlation function, c(t), was extensively
utilized.9-16 This function depicts the probability for a specific
(“tagged”) water-molecule pair that was bound at time t ) 0
to be bound at some later time, t. The time course of c(t) was
found to be highly nonexponential.9 Luzar and Chandler10

suggested that this is due to the (translational) diffusion of water
molecules, although there was previously no consensus concern-
ing the precise functional dependence of its time course.10,12

Recently, it was demonstrated17 that c(t) conforms quantita-
tively to a diffusion-theoretical expression for the binding
probability of a reversible geminate pair,18-21 a model previously
introduced in refs 22-24. The decay of c(t) starts off as an
exponential (or, perhaps, as a stretched exponential12) but rapidly
approaches an asymptotic t-

3/2 behavior that depicts the prob-
ability of a random walker in three dimensions to return to the
origin of its random walk.25 The random walk here occurs in
the relative separation coordinate, r, of the two tagged water
molecules. Once they return to a distance smaller than a cutoff
distance, R, the original HB can reform. Therefore c(t) is
determined by the relative diffusion constant, D, and by the

two rate coefficients, kd and ka, for HB dissociation and
association, respectively.

A correlation function approach was recently applied to
analyze the dynamical features of proton and hydroxide mobility
in liquid water by Chandra et al.26 These authors generalized
this approach from simple hydrogen-bond kinetics to proton
migration kinetics by introducing appropriate population func-
tions for topological defects. Both the (faster) history-dependent
and (slower) history-independent c(t) were discussed there and
suggested to conform to a biexponential time course. However,
results for the latter were not shown, perhaps because of the
relatively short trajectories available from the computationally
demanding ab initio molecular dynamics (AIMD) procedure.27

Here, we report results for the history-independent c(t) to
asymptotically long times (500 ps), utilizing the computationally
more efficient multistate empirical valence bond model
(MS-EVB).3,28,29 Given the results for pure water,17 our goal is
to check whether the proton-water c(t) also conforms to the
diffusion model of reversible geminate recombination, with its
asymptotic t-

3/2 behavior.
The experience from applying the reversible diffusion model

to excited-state proton transfer to solvent23,24,30 has taught us
the importance of basing the kinetic analysis on an independent
determination of the relative diffusion coefficient. We have
therefore also calculated, from the same trajectory data, the
relative mean-square displacement (MSD) of the hydrated proton
center of excess charge (CEC) and the water oxygen to which
it was originally attached. To our knowledge, this relative MSD
has not been reported before. We show below that it is nonlinear,
suggesting a distance dependence in the relative diffusion
coefficient, from small values at short separations to its bulk
value, D∞, at larger separations. This distance dependence is in
accord with estimates31 and calculations32 indicating substantial
HB strengthening near the hydrated proton. Because of this
effect, the motions of the delocalized proton and the water
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molecule are not independent at small separations. This, we
argue, is in line with recent computational4 and experimental33

assessments that large water molecule clusters are involved in
the mechanism underlying proton mobility.

Simulation Protocol

The simulations were performed as follows. A cubic simula-
tion box with a 18.621 Å long edge consists of 216 SPC/Fw15

water molecules and an excess proton. A total of 10 independent
trajectories with uncorrelated initial configurations were gener-
ated for each one of the following temperatures: 280, 300, and
320 K. The MS-EVB3 model29 was used to describe the proton
dynamics, and the DLEVB package34 was employed to perform
all of the calculations. For each trajectory, a 5 ns production
run in the microcanonical (NVE) ensemble was carried out after
a 0.5 ns equilibration run in the canonical (NVT) ensemble,
where a Nosé-Hoover thermostat35 with a relaxation time of
0.2 ps was utilized to maintain the system’s temperature. The
MD integration time step was 0.5 fs, and a three-dimensional
periodic boundary condition was applied. The long-range
electrostatics were treated by the Ewald summation,36 and a
spherical cutoff scheme with a radius of 9.0 Å was used for the
van der Waals interactions. During the production runs, the
atomic coordinates were saved every 10 time steps, making a
total of 1 000 000 configurations available for postcalculation
analysis for each trajectory. The multiple-time-origin method
was applied for enhanced statistical sampling, which amounts
to about 100 000 trajectory segments of 500 ps at each
temperature. For further treatment, the coordinates within the
periodic box were transformed to the “real” particle coordinates
in infinite non-periodic space.17,36

To check for the possible influence of the simulation box
size on the results,37 we have also propagated five 5 ns
trajectories at 300 K for 290 water molecules and an excess
proton in a cubic box of edge length 20.46 Å. The results
generally agree with those of the smaller box within statistical
noise, so we concluded that the differences in box size are too
small for observing box size effects. Calculations with even
larger box sizes were unrealistic in terms of computer time.

In the MS-EVB method, the system is represented at any
time t by a linear combination of N states, each corresponding
to one hydrogen-bonding arrangement, with one of the oxygens
assigned the role of the hydronium. If ci denote the coefficients
of this expansion (∑i)1

N ci
2 ) 1, i ) 1, · · · , N), then the “pivot

oxygen” (PO) is defined as that of the maximal ci
2. Denote by

ri the position vector for the center of charge of the hydronium
of the ith EVB state at any time t. Then, we define the center
of excess charge (CEC), rCEC, as the weighted average of the
center of charge in all of the EVB states:

rCEC ≡ ∑
i)1

N

ci
2ri (1)

This is fairly close to the coordinate vector of the PO but is
modulated by the (typically asymmetric) delocalization of the
positive charge defect over many EVB states. Thus, the CEC
is a representation of the most probable position of the excess
proton.

For a continuous simulation trajectory segment that starts at
a time arbitrarily denoted by t ) 0 and ends at 500 ps, the PO
at t ) 0 is denoted by O*. Its position vector at any later time
t is rO*(t). The separation between the CEC and O* at any time
is thus:

r(t) ≡ |rCEC(t) - rO*(t)| (2)

We note that r(0) > 0, because the environment of the hydronium
is nonsymmetric and there is always one water ligand that is
closer than the other two.38 The CEC is displaced in its direction.

From the trajectory data, two functions related to the
separation r(t) were calculated:

(a) The relative “mean square displacement” (MSD), 〈r(t)2〉,
where the averaging 〈...〉 is performed over all trajectory frames
at time t. The diffusion coefficient, D, is then calculated from
its slope at any value of t, concomitant with the Einstein relation

D(t) ) 1
6

d〈r(t)2〉
dt

(3)

(b) The history-independent time correlation function c(t) is
defined as 〈δ(t)〉, where δ(t) ) 1 if r(t) < rcut and zero otherwise.

According to the radial distribution function (RDF) calcula-
tion, the cutoff radius rcut was chosen to be 1.60 Å, the first
minimum of the RDF between the CEC and its neighboring
oxygen atoms, to reflect the approximate radius of the first water
solvation shell of the excess proton.

In addition, we have calculated separately the Debye relax-
ation time, τD, for the underlying SPC/Fw flexible simple point-
charge water model.15 It is obtained by exponentially fitting the
normalized dipole autocorrelation function, �(t), which is
defined as

�(t) ≡ 〈M(t)M(0)〉 - 〈M(0)〉2

〈M(0)2〉 - 〈M(0)〉2
(4)

where M(t) is the total dipole moment of the water molecules
in the simulation box at time t for a 20 ns long trajectory. The
subtraction of 〈M(0)〉2 is because the average dipole moment
does not precisely vanish in a finite simulation box.

Diffusion Theory

In the theoretical treatment of c(t), we envision a geminate
reversible reaction:22,23

Ca
ka

kd

A + B (5)

where A is a specific water molecule, B the excess charge, and
C the hydronium species formed when this charge is located
on the specified water molecule. Thus, kd and ka are dissociation
and association rate constants, respectively. The history-
independent correlation function, c(t), depicts the probability
of observing state C, in which the pair at time t is bound
irrespective of its history (which could have involved numerous
dissociation-association events).

A and B are assumed18-21 to obey a diffusion equation in
their relative separation, r g R, with p(r, t) denoting the
probability of the pair assuming a separation r at time t:

∂p(r, t)/∂t ) L p(r, t) - Wa(r)p(r, t) + Wd(r)c(t)
(6a)

dc(t)/dt ) 4π∫R

∞
r2drWa(r)p(r, t) - kdc(t) (6b)

In the absence of long-range interactions between A and B, the
operator L is the three-dimensional Laplacian,

L ) r-2 ∂

∂r
D(r)r2 ∂

∂r
(7)

The pair kinetics is dictated by their relative translational
diffusion coefficient, D(r), which may (or may not) depend on
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r. When the motion of A and B is uncorrelated, with diffusion
constants DA and DB, respectively, one can show that their sum

D∞ ≡ DA + DB (8)

is equal to the relative diffusion coefficient (see Ch. 9 in ref
39). A distance dependence in D(r) may arise if the motion of
the two particles at short distances is not independent. In such
a case, one may still expect D∞ to depict the relative diffusion
coefficient at large separations (hence at long times).

The reversible reaction within the pair22 is depicted in eq 6a
by the “sink functions”, Wd(r) and Wa(r), for dissociation and
association, respectively. The coupled ordinary differential eq
6b describes the temporal evolution of their binding probability,
c(t). When the reaction is restricted to occur at the contact
distance, R, these sink functions become

Wd(r) ) kd
δ(r - R)

4πR2
, Wa(r) ) ka

δ(r - R)

4πR2
(9)

where δ(x) is the Dirac delta-function. Because the reaction is
depicted already by the sink terms, a reflecting boundary
condition is imposed at r ) R, namely ∂p(r, t)/∂r|r)R ) 0
(alternately, the reaction can be introduced as a back-reaction
boundary condition22). Initially, p(r, 0) ) 0 and c(0) ) 1,
because we start here from a bound pair.

When D(r) is constant, this set of equations can be solved
analytically.18-21 When D(r) varies with distance, an analytic
solution usually does not exist. The full solution in this case
can be obtained numerically with the freely available Windows
application for solving the spherically symmetric diffusion
equation (SSDP, ver. 2.66).40 Yet, the asymptotic long-time
solution may still be obtained analytically. Starting with the
asymptotic solution for a fixed diffusion constant,19,24 we
introduce into it the limiting value D∞, where D(r) f D∞ as
r f ∞, so that

c(t) ∼ Keq(4πD∞t)-3/2 (10)

Here, Keq ≡ ka/kd is the equilibrium constant for the reversible
reaction in the association direction.

The relative MSD for the pair can be calculated from its
density distribution, p(r, t), according to its definition

〈r2(t)〉 ≡ ∫R

∞
r2p(r, t)4πr2dr (11)

This calculation can also be done within SSDP. In this way,
both attributes, the correlation function and MSD, which were
calculated from the same set of trajectories, are modeled by
the same set of coupled differential equations, eqs 6a and 6b.

Results

In this section, we present the simulation results for both
〈r2(t)〉 and c(t) at different temperatures, T, and analyze them
by the above diffusion model for reversible geminate recom-
bination. The novel aspect of our presentation, as compared with
previous work,18-24 is the introduction of a distance-dependent
diffusion coefficient, D(r), as a means of explaining simulta-
neously both types of data. To further reduce the number of
adjustable parameters, the contact distance, R in eq 9, is assumed
to be identical to the rcut value used in the simulations; hence R
) 1.6 Å. Modifying it can be compensated by a concomitant
change in ka, without an observable effect on the quality of fit.

Mean Square Displacements. The MSD of either the CEC
or the CEC-PO pair is not a simple linear function of time.
Such behavior prevails only at long times. At short times, we
see two additional phenomena. In the subpicosecond time regime

(Figure 1), the MSD is determined from the dynamics of the
“special pair dance”,5 in which one of the three water ligands
of the Eigen cation, H9O4

+, is closer than the other two, forming
a “special pair”.38 As a result, the CEC is displaced from the
PO toward the hydrogen atom forming the HB with the closest
water ligand. This is manifested in the CEC-PO MSD (dashed
lines), which starts at t ) 0 from a nonzero value of 0.54 Å2,
corresponding to an initial average separation between the CEC
and the PO, r(0) ) 0.734 Å. In contrast, the absolute CEC MSD
starts from zero (because the reference is its own initial location),
but due to the “special pair dance”, which interchanges the
special partners on a 50 fs time scale (per exchange),5 the CEC
essentially hops between positions close to the three hydrogens
of the hydronium. This results in a fast initial dynamic increase
in the CEC MSD.

At somewhat longer times, the absolute CEC MSD becomes
a linear function of time, but the relative one does not. Figure
2 shows the time dependence of the relative MSD of the
CEC-PO pair, as compared with the absolute MSDs for
the CEC and for bulk water, in the picosecond time regime.
The relative MSD starts off with a small slope, approaching at
long times a linear dependence that is roughly the (shifted) sum
of the two absolute MSDs (dashed line). This means that the
diffusion constant varies with time, from a small value, D0, at
short times, to a larger value, D∞, at long times when eq 8 is
approximately obeyed.

We interpret the time variation in D(t) as arising from a
distance-dependent D(r), which is due to the fact that diffusion
is impeded at short separations, due to the stronger HBs in the
hydronium inner solvation shells.32 We have constructed a model
D(r) as follows. First, we have fitted the relative MSD to the
three parameter equation

〈[r(t) - r(0)]2〉/6 ) D∞t + τ(D∞ - D0)(e
-t/τ - 1)

(12)

By differentiating, as in eq 3, it can be seen that D(t) ) D∞ -
(D∞ - D0)e-t/τ, so that D0 and D∞ are its limiting values when
t f 0 and t f ∞, respectively, whereas τ is the time constant
for switching between the two limits. The fit for the 300 K data
is shown by the dotted black line in Figure 2. It applies a value
of D∞ obtained by fitting the whole data set, up to 500 ps.

Next, we transform D(t) into a D(r): because the nonlinearity
in the MSD is a short-time effect, we use its short-time limit,

Figure 1. Short-time behavior of the mean square displacement (MSD)
for the excess proton CEC (full lines) and relative CEC-PO distance
(dashed lines), from classical MS-EVB3 simulations of protonated liquid
water at 280 (blue), 300 (green), and 320 K (red). A simulation box of
linear dimension 18.621 Å was utilized.
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〈r(t)2〉 ≈ 6D0t, to eliminate t. In a mean-field sense, we equate
the average with the momentary value to obtain

D(r) ) D∞ - (D∞ - D0)exp[-[r - r(0)]2/(6D0τ)]
(13)

Next, we introduce D(r) into the diffusion operator, eq 7.
Maintaining the values of D0 and D∞ obtained by fitting eq
12 to the relative MSD, we then calculate 〈r2(t)〉 via eq 11
from the time-dependent solution, p(r, t), of the diffusion
model in eq 6a. Because the dissociation process (rate
constant kd) slows down the spread in p(r, t), we need to
readjust τ to a smaller value than that obtained by fitting the
empirical eq 12 to 〈r2(t)〉.

Figure 3 shows the relative MSDs at all three temperatures,
as obtained from our MS-EVB3 simulations (color lines) on
the picosecond time scale. The dashed black lines show
〈r2(t)〉, as calculated by the SSDP software40 for the reversible
geminate recombination model in eqs 6a and 6b. The rate
parameters in this model, kd and ka, were chosen so that the
same solution reproduces also c(t) below. From the figure,
it can be seen that this model with the distance dependent
D(r) reproduces the simulation data to within statistical error.

The absolute diffusion coefficients and the parameters for
the relative diffusion coefficient in eq 13 are collected in
Table 1. The table shows that although eq 8 is approximately

obeyed, a closer inspection reveals that D∞ < DCEC + Dwater

by a small amount (0.03 Å2/ps) at all three temperatures.
We attribute this to finite size effects of the simulation box,37

which induces some correlations between the CEC and PO.
For this reason, we have performed the simulation within
the larger box (of 20.46 Å), but the size difference is not
sufficient to demonstrate the convergence in D∞ (in fact,
results for the two boxes were identical within statistical
noise). Simulations with a much larger box are presently not
practical, so we defer the detailed study of the system-size
effect to future work.

Figure 4 shows the temperature dependence of D∞ and DCEC in
the range 280-320 K. As a first approximation, we fit them to an
Arrhenius equation with an activation energy of 11.8 kJ/mol.
However, both diffusion constants deviate somewhat from a linear
Arrhenius plot. The activation energy for the water diffusion
constants in Table 1 is higher, approximately 15 kJ/mol.

The relaxation time, τ, for the relative diffusion constant
is shorter than the Debye relaxation time, τD, calculated for
the underlying SPC/Fw water model,15 yet fortuitously close
to the experimental τD values (see Table 1).41,42 However, at
280 K, τD slows down more conspicuously than τ, and �(t)
from eq 4 deviates from exponential. A similar effect was
previously noted in comparing experimental τD with proton
hopping times (see Figure 1 in ref 43). Figure 5 shows the
temperature dependence of the two relaxation times. While
τD is not of an Arrhenius form, τ is. Its activation energy is
12.9 kJ/mol, close to that obtained for D∞.

Correlation Function. Figure 6 shows the CEC-PO
correlation function at room temperature, on a log-log plot
covering 500 ps in time and 4 orders of magnitude in c(t)
decay. Just like the history-independent correlation function

Figure 2. Mean square displacement (MSD) for relative CEC-PO
diffusion as a function of time (red line), from classical MS-EVB3
simulations of protonated liquid water at 300 K in a box of linear
dimension 18.621 Å. The nonzero t ) 0 value, 0.54 Å2, has been
subtracted (a minute correction, hardly visible on the present scale).
Absolute MSDs (relative to a fixed origin in space) are shown for the
center of excess charge (CEC, green) and bulk water (blue, from a
simulation on a system consisting of 216 SPC/Fw water molecules15

without an excess proton). Red dashed line is the sum of the two
absolute MSDs, minus a constant of 28 Å2. Dotted black line is a fit to
eq 12 (up to 500 ps) with D0, D∞ from Table 1, τ ) 13 ps and r(0) )
0.734 Å (the initial average CEC-PO separation in our simulations).

TABLE 1: Absolute CEC and Bulk Water Diffusion Constants (in Units of Å2/ps) and Parameters for the Relative Diffusion
Coefficient (eq 12), as Determined from the Simulation Data (Figure 3)a

T (K) DCEC Dwater sum D0 D∞ τ (ps) τD
b (ps) τD

c (ps)

280 0.195 0.15 0.34 0.14 0.31 12 21 14
300 0.285d 0.24d 0.53 0.24 0.50 8 12e 8
320 0.34 0.33 0.67 0.25 0.65 6 7.3 6

a Error bars on the diffusion constants are about (0.01. Also given are the Debye relaxation times for water at the relevant temperatures
(theoretical and experimental). b Calculated for the SPC/Fw water model.15 c Experimental, interpolated from refs 41 and 42. d Values
essentially identical to those reported in ref 29 for a MS-EVB3 simulation involving 216 water molecules plus a proton. e As compared with
9.5 ps calculated in ref 15.

Figure 3. Mean square displacement (MSD) for relative CEC-PO
diffusion as a function of time, from classical MS-EVB3 simulations
at three temperatures (color-coded lines). Dotted black lines are a fit
to the solution of the geminate recombination model, eq 6 with D(r)
from eq 13 and relevant parameters in Table 1.
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for water-water pairs,17,44 c(t) here is highly nonexponential.
A biexponential function previously advocated,26

c(t) ≈ a1exp(-t/t1) + a2exp(-t/t2) (14)

where (a1 + a2 ) 1) describes only the first decade of the decay
(magenta dashed line). It should be realized that the AIMD
calculations utilized in ref 26 are computationally expensive
and thus cannot reveal the long-time power-law tail (which is
clearly evident as an asymptotically straight line on the log-log
scale). The MS-EVB simulations are significantly faster, and
even then, months of continuous computation were required to
generate the complete time-dependence revealed in this figure.

In contrast to the biexponential function, the reversible
diffusion model with the distance-dependent diffusivity in eq
13 describes the whole time dependence (full black line). The
dashed red lines show the solution to the diffusion model with
the same parameters, but with a distance-independent diffusion
constant, equal either to the short-distance (D0) or long-distance
(D∞) limits of D(r). As expected, the solution with D ) D0

provides a short-time approximation to the full solution, whereas
that with D ) D∞ provides a long-time approximation,
particularly in the asymptotic regime where it approaches the
asymptotic behavior of eq 10. The full solution using D(r),
which interpolates between these two values, naturally inter-
polates between the two limiting solutions. In the switch-over

region, c(t) therefore decays faster than expected from a
diffusion model with a fixed diffusion constant.

Figure 7 shows our fits at all three temperatures on a
semilogarithmic scale. The parameters for D(r) were taken from
Table 1, whereas kd and ka were kept fixed for all T. Neverthe-
less, these rate parameters are not necessarily temperature
independent. Rather, the fit is insensitive to their precise values
as long as their ratio, Keq ≡ ka/kd, is maintained constant. Thus,
from the fit, we can only conclude that Keq here is nearly
temperature independent, so that the slightly different asymptotic
limits approached by the data in Figure 7 are due predominantly
to the temperature dependence of D∞ in eq 10. From the best-
fit rate constants, the value of Keq[H2O] ) (ka/kd)N/V ) 1.29,
which is close to unity. This fact, and particularly its temperature
independence, can be rationalized by noting that both association
and dissociation directions are governed by the same process
of proton hopping between two neighboring water molecules.
Thus, in essence, there is only one rate parameter involved in
the c(t) dynamics.

Figure 4. Temperature dependence of the diffusion coefficients (Table
1, in units of cm2/s). Shown are the long-time limit of the relative
diffusion coefficient (D∞, red circles) and the CEC diffusion coefficient
multiplied by 1.8 (green triangles). The linear fit (red line) gives an
activation energy of 11.8 kJ/mol.

Figure 5. Temperature dependence of the relaxation time for τ of eq
13 (circles), compared with the Debye relaxation time, τD (red squares,
simulation; red crosses, experiment), for the underlying water model
(data from Table 1). The linear fit (line) gives an activation energy of
12.9 kJ/mol for τ.

Figure 6. CEC-PO history-independent correlation function from
classical MS-EVB3 simulations (blue and purple lines), depicted on a
log-log scale. A dashed magenta line shows the best fit to a
biexponential function (restricted to pass through c(0) ) 1) in the range
0-60 ps. The parameters in eq 14 are a1 ) 0.464, a2 ) 0.534, t1 )
1.65 ps, and t2 ) 11.1 ps. Full black line is a fit to the diffusion model,
eqs 6, 7, and 9, with D(r) from eq 13 and parameters from Table 1.
The dashed red lines are the solutions of the same equations with a
fixed diffusion constant equal to either D0 or D∞. In all cases, the
“contact distance” R ) 1.6 Å, and the dissociation and association rate
parameters are kd ) 1.07 ps-1 and ka/(4πR2) ) 1.6 Å/ps, respectively.

Figure 7. CEC-PO pair correlation functions from classical MS-EVB3
simulations at three temperatures (colored lines) on a semilog scale.
Fits to the diffusion model (dashed lines) are as described in Figure 6
and with the same values of R, kd, and ka.
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Discussion and Conclusion

The history-independent correlation function of two tagged
particles in solution is dictated by translational diffusion, as
suggested,10 and demonstrated quantitatively17 for water
molecule pairs in liquid water. Here, we showed that c(t)
for the hydronium (CEC) and “pivot oxygen” (PO, the atom
on which the hydronium initially resides) pair obeys similar
kinetics. By using extensive MS-EVB3 simulations, c(t) was
calculated to long times (500 ps) where the expected
asymptotic t-

3/2 behavior for reversible diffusion influenced
reactions comes into play.

At intermediate times, c(t) decays too fast in comparison
with a simple diffusion model involving a fixed diffusion
constant (and no potential of interaction), see Figure 6. We
have found that this behavior has the same physical origin
as the nonlinearity in the relative MSD that we observed in
the picosecond time regime. Both are consistently explained
by a distance-dependent diffusion coefficient, D(r), for the
relative CEC-PO motion depicted in eq 13. With increasing
pair separation, r, it switches (exponentially in r2) from a
small value near contact, D0, to a larger value, D∞, at large
separations.

The origin of the variation in D(r) can be traced to the
enhanced hydrogen bonding near the hydronium.31 By using
MS-EVB2 simulations, the HB strength in the first hydronium
solvation shell was found32 to be more than double that of
bulk water. Thus, when the hydronium “sits” on the PO, the
latter is essentially immobilized. Consequently, the main
contribution to D(r) at small separations comes from CEC
diffusion, so that D0 ≈ DCEC. At large separations, the CEC
and PO move independently, so that D∞ ≈ DCEC + Dwater

(with small deviations tentatively attributed to finite-size
effects).

How far need the CEC and PO separate for uncorrelated
diffusion to occur? From Figure 2, it is seen that, at 300 K,
when t ) τ ) 8 ps, 〈r2〉 ) 14 Å2, which corresponds to a
separation of 3.7 Å. From Table 1, we find similarly that
(6DCECτ)1/2 ) 3.7 Å at this temperature (this value changes
only slightly with T). The hopping distance for the proton
within the Zundel-like transferring complex is 2.5 Å.31 Hence,
by time τ, the CEC has executed more than one jump. Yet,
at that time, the relative MSD is still far from its limiting
behavior (see Figure 2). Therefore, the CEC must execute at
least two jumps, leaving the PO in its second solvation shell,
before bulklike behavior sets in.

Experimentally, HBs in the inner solvation shell of cations
are stronger, as deduced from the slower water rotation
there.45 For most cations, the effect does not extend beyond
the first-shell ligands,45 yet for the more delocalized protonic
charge it could. Alternately, even if the HB strength in the
second shell is not significantly larger than in the bulk, the
motion of these water molecules is still correlated with that
of the excess proton. This agrees with the observation of
Lapid et al.,4 from “bond-order analysis” of MS-EVB2
simulations, that concerted motion in the first two solvation
shells of the reactive intermediate, the protonated water-dimer
complex (“Zundel cation”), accompanies successful proton
hopping events. Water clusters containing some 20 water
molecules may be involved in this inner core dynamics.

Interestingly, recent terahertz time-domain dielectric re-
laxation experiments in acidified water33 find depolarizations
attributed to about 4 water molecules that are immobilized
near the hydronium and 15 more that participate kinetically
in proton mobility. This corroborates the above theoretical

observations and lends support to the model of distance-
dependent mutual diffusivity.

The relative diffusion coefficient enters into the analysis
of experiments of excited-state proton transfer (ESPT) to
solvent,30 yet a distant-dependent D(r) has not been invoked
there. Observing such an effect may require monitoring the
ESPT reaction on the ultrafast time scale of say 100 fs to 10
ps. Indeed, when methods (such as pump-probe) with faster
temporal resolution are applied, some photoacids show
additional fast components in their kinetics. These have been
attributed to either solvation46 or, more recently, a short-
lived contact-ion pair between the hydronium and the excited
anion.47 Such a contact ion-pair, if it exists, may be a
manifestation of the slower hydronium diffusion while it is
in the solvation shell of the anion.
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