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Using the KKY potential model, we have carried out classical molecular dynamics (MD)
simulations of structural and vibrational properties of H;O* and OH™ in water. We have
started simulation from an initial configuration that contains both H;O* and OH™
simultaneously in a bulk water. As for H;0" in water, we have obtained a structure in
qualitatively agreement with a structure of (H¢O4)" predicted previously by ab initio
calculations. However, the O—O distances between H30" and its coordinated water
molecules were larger than the previous ab initio calculation. As for OH™ in water, we have
obtained that around OH™ ion, the number of solvated water molecules is larger than in the
case of pure water. The O-—H stretching vibration frequency of HyO" and OH™ were shifted
to the red and to the blue, respectively, compared to that for H,O, which is in agreement with
the result of ab initio MD simulation by Tuckerman et al.

Keywords: Molecular dynamics simulation; hydronium ion; hydroxyl ion; solvation structure;
vibrational frequency shift

1. INTRODUCTION

The high proton mobility in water is usually explained by Grotthuss
mechanism, namely, a sequence of proton-transfer reactions (proton
hopping) between water molecules. However, the detailed mechanism was
not clear so far. The proton transfer mechanism in water has been studied
theoretically {1 -6]. In 1995, by ab initio MD simulation, Tuckerman et al.
studied the structure and dynamics of H3O " ion in water and OH™ ion in
water [2—4]. They reported that in the case of H;O " in water, as a proton
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moves back and force along a hydrogen bond, the structure of hydrated
H;0" changes dynamically between (HoO4)" and (HsO,)". The transport
of a proton is driven by the coordination fluctuations in the first solvation
shell water molecules of H;0 " . They also reported that in the case of OH™
ion in water, a planar (HyOs)” complex was formed, and proton transfer
occurred only when the complex was transformed to (H;04)".

This work aims to study the proton transfer mechanism in water by MD
simulation using the KKY potential model [7] to examine whether these
mechanisms can be reproduced by a classical molecular dynamics
simulations using a dissociable model. In the present study, we have
focused our attentions on structural and vibrational properties of a H;O™"
ion and a OH™ ion in water.

The KKY potential model represents a system of water with interatomic
potential functions: The system consists of oxygen ions and hydrogen ions.
They consist of two-body interactions and three-body interactions. The two-
body interactions consist of Coulomb interactions, short range repulsions,
dispersion potentials, and morse functions representing covalent bonds. The
three-body potential function controls the intramolecular H—O—H
angles. The fractional charges of hydrogen atoms and oxygen atoms in
this model are +0.4 and —0.8, respectively. Using this model, we have
previously studied the structural transformations of ice at high pressures
[8—10]. In the present paper, we examine the structures and O—H
stretching frequency shifts of solvated water ions, which should be
compared with experiments and ab initio calculations.

2. METHOD

We used a model of 64 oxygen atoms and 128 hydrogen atoms with a
periodically repeating cubic MD cell. The density of water was chosen to be
0.997 g/cm3 corresponding to 300 K and 1 atm [11]. An itial configuration
of crystal structure (Ice Ic like structure) was used. Then, we added a
hydrogen atom to a water molecule at (0,0,0) and removed a hydrogen atom
from a water molecule at (L/2,L/2,L/2), where L is the MD cell length.
The distance of H;O0" and OH~ were initially 10.5 A. The temperature of
the system were set to be 400 K during 60000 time steps. During this period,
water molecules were not dissociate. Then we scaled the temperature to
300 K for 10000 time steps. We continued the MD simulation keeping the
temperature at 300 K using Nosé method [12]. We kept the volume of the
system constant throughout the present simulation. After the system was
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reached to an equilibrium state, we continued simulation for next 120000
time steps using constant energy algorithm (N, V, E), and analyzed various
physical quantities using the coordinate data and velocity data during this
period. The time step was 0.2 fs. The fifth order Gear predictor-corrector
method was used for numerical computation [13} and the Ewald method for
Coulomb interactions. The cutoff distance of the two body interactions was
6.2 A. The cutoff distance of three-body interactions was 3 A.

3. RESULTS

To calculate radial distribution functions of H;O " and OH™ in water, we
used the coordination data for 120000 time steps, in which, the distance
between the oxygens of H;O" and OH™ was fluctuated from 4 to 7 A.
Because of this reason, we show radial distribution functions up to 4 A. This
result indicates that the distance between the oxygens of H30" and OH™ is
greater or equal to the second neighbor oxygen—oxygen distance in pure
water. During this period, proton transfers between water ions and water
molecules were not observed.

Figures 1 and 2 show partial radial distribution functions go.q, 8o+, and
gy for both H;0 " and OH™ in water, where the oxygen atom belonging
to H;O0" and OH™ is denoted by O* and the hydrogen atom by H*. For
comparison, are shown in the same figures goo, gou, and guy for pure
water. In the case of pure water, the first and the second peak positions of
gon correspond to the intramolecular O—H distance and the intermole-
cular O---H distance, respectively. We also show running coordination
numbers in the same figures. In the case of pure water, for gop, the running
coordination number is two at the first peak and about four at the second
peak, indicating that about two water molecules donate hydrogen bonds to
each water. In gyy, the first peak corresponds to the intramolecular H—H
distance.

In the case of H3O" in water (Fig. 1), the O—H length is longer and
widely distributed than in the case of H,O. At the first peak of ggy, the
coordination number is three. There is a small peak (the coordination
number at this peak is less than 1) corresponding to the second peak of pure
water, indicating that a water molecule sometimes donates a proton to a
hydrogen bond with HsO*. During our simulation, H;O " always donated
protons to hydrogen bonds with coordinated water molecules. From goo,
we see that the O—O distance between a H;O" and a water molecule is
shorter than that between water molecules in pure water. From gy, we see
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FIGURE 1 Radial distribution functions and running coordination numbers for H;O" in
water as seen from O or H” (solid lines) and for pure water (dashed lines).

that the intramolecular H—H distance in H;O " is longer than that in pure
water due to the nature of a long O*—H chemical bond distance.

Our results for O—O distance between H;O ' and water molecules and
O—H distance in H3;0" shows the same trends with ab initio MD
simulations [2-4] and with ab initio calculations of isolated (HyO4)"
clusters (14, 16— 18]. However, compared with such results, our results for
both lengths of O—H and O —O shows that the differences between H,0 "
and pure water were significantly smaller. For pure water, the 0—O
distance and the O —H distance was 2.84 A and 0.96 ;&, respectively, which
were in agreement with experiment [19]. The O—O distance between H;O™
and water molecules and the O—H distance in H;O" were 2.74 A and
0.98 A, respectively. The result by Tuckerman ez al. for the O—O distance
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FIGURE 2 Radial distribution functions and running coordination numbers for OH™ in
water as seen from O" or H* (solid lines) and for pure water (dashed lines).

is in good agreement with results for isolated cluster calculations (2.6 A).
However, their result for the O—H distance is about 0.1 A longer than
isolated HoO; cluster calculations (1 A).

In Figure 2, we compared radial distribution functions for OH™ ion in
water with those for pure water. For gynp, the absence of the peak
corresponding to the intramolecular H—H distance of pure water is due to
the fact that there is only one H in OH™ ion. The chemical bonding O*—H
distance for OH™ ion (0.96 A) is almost the same as that for pure water (0.96
A), but its distribution is narrower and shifted to a shorter direction. The
hydrogen bonding O*---H distance (1.84 A) is smaller than that for pure
water (1.88 A). The O*—O distance (2.80 A) is smaller than the oxygen—
oxygen distance for pure water (2.84 A). The running coordination number
of H around O~ in the case of OH™ ion is 1 at the first peak and 4.9 at the
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second peak (2.5 A), while in the case of pure water, the corresponding
values were 2 and 3.9, respectively. OH™ ion is surrounded by about four
hydrogen atoms within the hydrogen bond distance of water, which acted as
an acceptor of four hydrogen bonds. This indicates a remarkable difference
from the case of pure water. The H-—O" - - - H angle was about 105 degree
for both states, the most energetically favored value for pure water of this
potential model. The solvated OH™ obtained in this calculation corresponds
to the (HgOs)™ complex observed by Tuckerman er al. though it was not a
planar complex unlike that they observed.

We did not observe proton transfer during the MD simulation of 120000
time steps (24 ps). Therefore, we could not derive meaningful information
about the relationship among hydrogen bonding structures, dynamics of
OH™ and proton diffusion.

We calculated the power spectrum of O—H stretching velocity
autocorrelation functions for H;O" ion, OH™ ion, and H,O in pure water
in the same way as used by Tuckerman et al. with the following function

- 1 & i i iw
Corlw) ==Y / dr(v L (0)08 ()™,
i=1

n*

where the sum runs over the number of O—H bonds, i.e., n*=3 for H;0 ™",
1 for OH™, and the number of hydrogen atoms for pure water, and

Yo'H = Fo'H ' TO'H»

where roy is the bond vector and foy is the corresponding unit vector.
Figure 3 shows the spectra for H;O", OH™, and H,O. The spectrum for
H,O0 has a peak at around 3200 cm ™' corresponding to the intramolecular
OH stretching frequency [20]. The frequency for H3O" is broadly
distributed and shifted to a lower frequency direction compared to the
result for H,O (i.e., by 12% red shift). This trend of the red shift is in
agreement with the result by Tuckerman et al. (by 17% red shift) and with
results by experiments (e.g., shift to 2900 cm ™' [21]). These frequency shifts
are related to the fact that the oxygen —oxygen distance becomes shorter for
H;O"' in water than for pure water [22] as shown in Figure 1. We have
carried out the same calculation for OH™. The peak of the spectrum for
OH " is sharper than that for H>O and shifted only by 6% to a higher
frequency direction. This frequency shift is slightly larger than the result by
Tuckerman et al. (4% blue shift).
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FIGURE 3 Power spectra of O—H bond velocity autocorrelation functions for H;O ™" in
water (solid line), OH™ in water (dashed line), and pure water (dotted line).

4. CONCLUSION

Using a dissociable model of water (the KKY potential model), we studied
structural and vibrational properties of H;O " and OH™ in a bulk water. As
to H3;O " ion in water, we obtained the following results. (1) The distance
between the oxygen atoms of H;O " and a water molecule which is hydrogen
bonding to H;O" is shorter than the oxygen-oxygen distance in pure
water. The O —H distance in H;0 ™ ion is longer compared to that in H,O.
These results are in qualitatively agreement with results obtained by ab initio
calculations. (2) The peak of the power spectrum of the velocity
autocorrelation function of O—H stretching vibration for H3O " is shifted
to a lower frequency compared to that of H,O. This trend is in agreement
with the IR spectrum study of H;O ¥ in water and also in agreement with ab
initio MD simulation of Tuckerman et al.

As to the OH™ ion in water, we obtained the following results. (1) The
O-——H distance in OH™ ion is the same as that for H»O. However, the
distribution of O—H distance for OH™ ion is shifted to a shorter direction
compared to that for H,O. The (HgOs) ™ structure was not planar unlike the
result by Tuckerman et al. (2) The peak of the power spectrum of the
velocity autocorrelation function of O —H stretching vibration for OH™ ion
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is slightly shifted to a higher frequency compared to that for H,O in
agreement with the result by Tuckerman ez al.

From these results, we conclude that the KKY potential model can partly
represent the structures and vibrational properties of H;O™" ion and OH™
ion in water. The lifetime of hydronium ion is about 1 ps [20]. However,
during our MD simulation of 120000 time steps (24 ps), proton transfer was
not observed. In the proton transfer process, tunneling of a proton through
a potential barrier may be more important [5] in water under investigation.
However, by improving potential parameters of the present model which
leads, for example, to reproduce the O*—O distance more properly, proton
transfer may take place through classical hopping mechanisms.
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