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lonization processes of a water dimer have been investigated by means of full dimensional direct ab-initio
trajectory method. The structure of {Bl), before the ionization was simulated at 10 K up to 2 ps by means

of a direct ab-initio molecular dynamics (MD) method. Sixty geometrical configurations were selected from
the MD calculation, and then the dynamics ob@),* were calculated by means of a direct ab-initio trajectory
method under a constant energy condition. The trajectories on two electronic state potential energy surfaces
of (H.0),", i.e., the?A" and?A’ states, were full-dimensionally calculated under Ghesymmetry. For the

2A" state, a complex composed of®i and OH, which is expressed by /B6I")OH, was only formed as a
long-lived complex. On the other hand, in the ionization to¥estate, two reaction channels, the complex
formation (HsO™)OH (?A") and direct dissociation @@* + OH) were open as product channels. The dynamics
calculations indicated that the proton of®t transferred to KO within 100-150 fs for the’A" state, whereas

the proton transfer at thid\' state occurs faster (3®0 fs) than that of théA” state. The mechanism of the
ionization dynamics of (kD), was discussed on the basis of theoretical results.

1. Introduction dimer and water clusters by means of photoionization mass
In the ionization of an isolated molecule, the structural ;gfgrgzgrgft%és\%z) dTrT?;T?g’liEghoogws\?\/%?é;?;;g;?t'on
relaxation of the ion occurs as a main decay proée3s.the lower than that of water monomel,(= 12.62 % 0.02 eV),

other hand, in the case of the ionization of complex, dimer, . S
and clusters; ¢ there are several decay processes as schemati-fk‘]lzov’vgtgajir;oeurng trmhoattctlt:ei\rllami/ln?:rg:rs\:aed fg;otgr? d'?gg?ﬁ%’;ﬁ; d
cally expressed by y

region. Thus, the shape of the PMIS curve ob@%} is much

different from that of the water monomer. This feature is one
AlH0)n ++ w _ o of the interesting points in this system.
—[AT(HO) ]\ T € lonization Tomoda et al. determined the verticl)(and the threshold
(In) ionization energy of the water dimer by means of molecular-
[AT(H,0) ] ver beam photoelectron spectroscdfirhe first and second ioniza-
— At 4+ (H,0), dissociation tion potentials ('s) were measured by 12.1 and 13.2 eV,

respectively ly, of (H20), was measured to be 11.2 eV. They
N ) also carried out ab-initio molecular orbital (MO) calculations
— A (H,0)(H,0),1 complex formation for (H,0), and (HO),*. The potential energy surface for
(H20)," showed that (HO),* forms the HO™(OH) complex
—A"H+ (OH)(H,0),_,  proton or hydrogen transfer ~ spontaneously. Thus, the static properties ofd}4" have been
extensively accumulated from experimental points of view.
where A is a molecule in water cluster, and{A20)]ver means Bartnett and Landmahinvestigated the ionization dynamics
a hydrated A ion at a vertical ionization point. The first channel of (H20), by means of the BornOppenheimer local-spin-
expresses the dissociation process following the ionization of density functional molecular dynamics (BO-LSD-MD) method.
A(H20),. The second is a complex formation channel in which They suggested that the proton-transfer undergoes a fast
AT binds strongly to one or two water molecules in the water barrierless auto-protonation process (the estimated rate was
cluster. In the third channel, proton or hydrogen atom transfer about 50 fs). However, details of the dynamical mechanism of
occurs between Aand the water cluster. These three channels the ionization of (HO), are not completely understood. In
would be competitive with each other after the ionization of particular, the ionization dynamics on two electronic stat&s (
A(H20). and?A") were little known, although the water dimer has two
The water dimer is one of the simplest molecular com- ionization states?A’ and?A’, as low-lying ionic states.
plexes’® The ionization dynamics of the water dimer have been  In the present study, direct ab-initio dynamics calculations
investigated experimentally by Ng and co-workers in détail. have been applied to the ionization dynamics of@hs. The
They measured the photoionization efficiency curve of the water purposes of this study are to elucidate the ionization processes
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of (H20), from a theoretical point of view, and to estimate the
reaction time for the proton transfer betweesOfi and HO in

the water dimer. In a previous paper, we investigated the
ionization dynamics of the (Ci®H), methanol dimer by means
of the direct ab-initio trajectory methddlt was found that the
complex composed of (CGDH,")(CHzO) is formed only
following the ionization of the methanol dimer. In the present
work, a similar method would apply to the ionization dynamics
of the water dimer.

2. Method of Calculation

The present reaction system®), has a large number of
degrees of freedom (3N 6 = 12), so that it is quite difficult
to fit the ab-initio surface to analytical functions of the
interatomic potential. Hence, direct ab-initio dynamics cal-
culationt®~1% is the best way to treat the reaction dynamics for
the present reaction system. In this work, we used a direct ab-
initio dynamics calculation using full dimensional potential
energy surface. The calculations were carried out at the HF/6-
311G(d,p) level of theory. Details of the methods of the
calculations were described elsewh&ré!

The direct ab-initio molecular dynamics (MD) calculations
were carried out at the HF/6-311G(d,p) level of theory
throughout. First, a trajectory of neutral system@hb was run
at a constant temperature in order to obtain the structures at
finite temperature. The optimized structure ob(@, obtained
at the HF/6-311G(d,p) level was chosen as the initial structure.
At the start of the trajectory calculation, atomic velocities are
adjusted classically to give a mean temperature of 10 K.
Temperature of the system is defined by
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Figure 1. Result of the ab-initio molecular dynamics (MD) calculation
for neutral water dimer at 10 and 50 K. Time dependence of the

1 oxygen—oxygen distanceRoo) of water molecules (A) and angle of
2 : i
=— DZm O Q) 61 (B). The geometrical parameters and schematic structure of the water
3kN 4 dimer are also illustrated (upper).

angular momentum are assumed to be zero. Static ab-initio MO
calculations were carried out using Gaussian 98 program
package using 6-311G(d,p) basis $&its order to obtain more
accurate energetics.

whereN is number of atomsy; andm; are velocity and mass
of ith atom, andk is Boltzmann’s constant. To keep the constant
mean temperature of ga@),, we used a simple scheme for
constant temperature simulati#hBath relaxation timer) was
fixed to 7 = 0.01 ps during the simulation.

Second, a total of 60 geometrical configurations were
randomly selected from those calculated by the ab-initio MD
calculation at 10 K. And then, 60 trajectories on the ionic state
PESs of (HO);* were run on the assumption of vertical
ionization from neutral dimer. The trajectory calculations of
(H20):* were performed under a constant total energy condition.

The velocities of atoms at the starting point were assumed to
be zero (i.e., the momentum vector of each atom is zero). The(H20)2 and (HO)*

equations of motion fon atoms in a molecule are given by
_oH

Q_
dt 6P,

P _ _H_ U

wherej = 1—-3N, H is classical HamiltoniarQ); is the Cartesian
coordinate of th¢th mode, andP; is the conjugated momentum.
These equations were numerically solved by the Rutigéta
method. No symmetry restriction was applied to the calculation
of the gradients in the Rung&utta method. The time step

)

3. Results

A. Structures of (H20), at 10 K. First, a trajectory of neutral
linear form dimer was calculated in order to obtain the structure
of (H20), at finite temperature. We chose 10 and 50 K as
simulation temperatures and the optimized structure obtained
by HF/6-311G(d,p) calculation as the initial structure of the
water dimer. Details of the structures and electronic states of
will be described in Section 3E.

The results for the direct ab-initio MD calculations for 10 K
were given in Figure 1. Wd and Wa in the upper panel refer to
the water molecule as a proton-donor and acceptor in the water
dimer, respectively. The oxygeroxygen distance Rop) of
(H20),, which is defined by a ©-0O distance, largely oscillated
in the range from 2.93 to 3.02 A at 10 K. Also, the andle)
fluctuated in the range 103L12°. These results indicate that
the neutral dimer has a very nonrigid structure at low temper-
ature and has a wide FraneKondon region. For comparison,
the same calculation was carried out at 50 K. The distédee
and the angl® largely vibrated in the range 2.9B.07 A and
90—-125, respectively. However, at both temperatures (10 and
50 K), the hydrogen bond was not broken by thermal activation.

size was chosen by 0.10 fs, and a total of 10 000 steps were B. lonization Dynamics of (H,0), on the 2A"" State

calculated for each dynamics calculation. The drift of the total

Surface. The water dimer cation has tRA" and?A’ states as

energy is confirmed to be less than 0.1% throughout at all stepslow-lying ionization state&19Hence, in the present calculations,
in the trajectory. The momentum of the center of mass and the the relaxation processes of {Bl),™ from two electronic states
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Figure 2. A sample trajectory for (kD)™ on the?A"" state potential
energy surface following the vertical ionization of water dimer. The

energy of the system (A), bond distances (B), and artijleplotted as
a function of reaction time.

(A" and?A’) were considered in the calculations. In 4’
state, which is the lowest ionization state of the water dimer,
the electron is removed from the, orbital of Wd which
possesses a nonbonding orbital perpendicular t€ineolecular
plane. On the other hand, the electron is removed frormghe
orbital located on the molecular plane at fi#¢ state. In the
present ab-initio MD and trajectory calculations, we considered
Cs symmetry in the calculation.

A sample trajectory for (kD)™ on the2A" state surface,
ionized vertically from the neutral water dimer, was given in
Figure 2. At time zero, the trajectory was vertically shifted from
the neutral state to tié\"" state by the ionization of (}0),. A
hole was localized in the; orbital in the out-of-plane which is
perpendicular to the&cs molecular plane. The energy of the
system was stabilized rapidly by about 5 kcal/mol which is
caused by the deformation o8 (Wd) by the ionization: the
H—O—H angle was varied from 105to 12C after the
ionization. The water cation (Wa) collided first with the water
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spontaneously formed after the ionization 0bQY, to the2A"
state. The lifetime of the complex was longer than at leasi 2
ps, and it is long enough to observe experimentally as an
intermediate long-lived complex.

C. lonization Dynamics of the Water Dimer: Dynamics
on the2A’ State.For the ionization to théA' state, two reaction
channels were found as decay processes gdJif. One is a
dissociation channel in which the complexs@t)OH is directly
dissociated into D™ + OH. The other one is a complex
formation channel in which a long-lived complex #Bi")OH
(°A") is formed after the ionization of the water dimer. First,
we would explain the former reaction channel (dissociation)
here.

A hole is localized mainly in then, orbital of Wd by the
ionization to the?A’ state. After the ionization, the energy of
the system decreased suddenly-t20 kcal/mol because of a
rapid deformation of HO—H angle of Wd and a rapid proton
movement (Figure 3A). This structural change was also seen
in the time dependence of angtg (Figure 3C): the angle
increased suddenly from 10% 18C. The proton of Wd was
rapidly transferred to the oxygen of Wa before the oxygen atom
of Wd approached Wa. Figure 3B showed that the distances
andr, cross each other at time 20 fs, suggesting that the proton
of Wd was transferred at this point, and subsequently the oxygen
of Wd collided to Wa at 50 fs. After that, the OH radical was
separated from kO*. From time dependence of (Figure 3B)
and6; (Figure 3C), it was clearly indicated that the OH radical
rotated quickly after the dissociation. The time period of the
rotation was estimated to be about 50 fs from Figure 3C.

Snapshots of the conformation of the water dimer after the
ionization were illustrated in Figure 3 (right). At time 30 fs,
the proton in Wd was rapidly transferred to Wa, and thgQ(H-

OH complex was formed. However, the complex was quickly
dissociated into D™ + OH within a very short lifetime. At
150 fs, the OH radical went away fromz&*. Thus, the
dissociation occurs as a very fast process af#iestate.

The result for the complex formation channel was given in
Figure 4. After the ionization, the proton was rapidly transferred
to Wa as well as in the dissociation channel. After the proton
transfer, the OH radical separated frorgQ# at once, but it
has returned again &0 = 4.0 A. At the final state, the long-
lived complex was formed. A snapshot also showed such a
situation in the complex formation. The excess energy was
dissipated mainly into the OH bending mode and an intermo-
lecular vibrational mode betweens®&" and OH.

D. Comparison of the Potential Energies for Two States.

To compare time dependence of the energies for the reaction
systems on two electronic states, the potential energies for two
ionization states, théA" (lower curve) anc?A’ (upper curve)
states, were plotted in Figure 5 as a function of reaction time.
At time zero, the energies for th&\" and 2A’ states were

molecule (Wd) at 0.03 ps, but the proton transfer did not occur calculated to be-151.7331 au ane-151.6521 au, respectively,

here. The second collision occurred at time 0.12 ps. At this point,

the proton was transferred fromy®&+(Wd) to H,O(Wa). This
process was clearly seen in Figure 2B as time dependenge of

indicating that the vertical ionization point for tR&’ state was
2.2 eV higher in energy than that of tR&" state. The energy
for the 2A" state was almost lower than that of th&' state

andry: namely, the distances were exchanged with each otherduring the reaction. At 20 fs, the upper curve was slightly lower

at time= 0.12 ps.

Figure 2 (right) shows snapshots of B)," ((A") after the
ionization of (HO),. At time zero, the structure of @@),*
corresponds to that of the neutral water dimer with a linear form.
After the ionization to the?A" state, the possible hole was
localized in then, orbital of Wd. The proton was quickly

than that of thé@A" state, suggesting that the complexQH)-
OH (2A") is formed in this region. However, its lowest point of
the?A’ state at time= 20 fs was slightly higher in energy than
that of the?A" state corresponding to the {B")OH (?A")
complex at time= 30 fs. As clearly seen in Figure 5, change
of the energy for théA' state is more striking than that of the

transferred to the oxygen of Wa after several vibrations between?A" state. The time regions for the proton transfer were indicated

OH and HO. The complex composed of §87)OH was

by horizontal lines in Figure 5. The proton transfer at #aé
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Figure 3. A sample trajectory for dissociation channel of,(),;™ on the?A’ state potential energy surface following the vertical ionization of
water dimer. The energy of the system (A), bond distances (B), and ahjlplgtted as a function of reaction time.

state occurred much faster than that of #¢ state. From a ;';]AeBz;'% ;'n f&@fﬁgf@ﬁgﬁgg ?aft EF'SO(;%:?SHD%_’?H%X(%)
number of 60 trajectories, the branching ratio for complex and ang HF/6-311G(d,p) (Bond distances and angles are in
dissociation channels was estimated roughly to be about 2:1,and in degrees, respectively)

respectively. However, larger numbers of trajectories need in QCISD HE

order to obtain more accurate branching ratio.

YN 2A1 2A 11 2N
E. Potential Energy SurfacesThe two-dimensional potential A A A A
energy surface?A" state) calculated at the MP4SDQ/6-311G- E; i'ggég 1'?285 i'g%g g'gggg
(d,p) level was given in Figure 6 (upper panel). The energy 0, 1922 179.8 131.6 179.9
minimum corresponding to the complex4Bi")OH ((A") was 6, 0.0 0.0 0.0 0.0
found atr; = 1.05 A andr, = 1.47 A. From the shape of PES, 03 122.2 121.0 121.2 120.7

it was shown that the valley is open for the direction of product . .

H3O"™ + OH. PES calculated at the HF/6-311G(d,p) was 4. Discussion

illustrated in Figure 6 (lower panel) for comparison. The shape A. Model of the lonization of the Water Dimer. In the

of PES calculated by the HF method was in excellent agreementpresent paper, the ionization dynamics of the water dimer have
with that of MP4SDQ method. This implies that the HF been investigated by means of direct ab-initio trajectory
calculation would give a reasonable feature for the ionization methods. Two electronic state3A” and 2A’' states, were
dynamics of (HO),. The fully optimized parameters of the considered as potential energy surfaces for the decay processes
(HsO™)OH complexes at théA” and?A’ states were given in  of [(H20)2"]ver, Where [(HO)2*]ver means the water dimer cation
Table 1. From these structural parameters, it was suggested thaat the vertical ionization point from the neutral water dimer.
the complex was composed of the® ion and the OH radical. For the?A" state (an electron is removed from thgorbital

This structure is also supported by a simple Mulliken population perpendicular to the molecul&s plane), all trajectories gave

of the complex that the unpaired electron was mainly distributed the long-lived complex composed of {87)OH. The proton

in the OH radical. The (§D™)OH (A"") was slightly more stable  of Wd was directly transferred to the oxygen of Wa after several
in energy than that of th&\’ state. The energy differences were vibrations of the hydrogen atom between OH an®HOnN the
calculated to be 2.6 kcal/mol at the QCISD/6-311G(d,p) level. other hand, for th@A’ state (an unpaired electron is located in
The HF/6-311G(d,p) calculations gave similar features of the the n, orbital on the molecular plane), two reaction channels
structures and energetics for the complexes. were found. One of the channels is complex formation in which
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Figure 5. Potential energies of the reaction systems for2ié(solid
curve) anc?A’ (dashed curve) states plotted as a function of reaction
time.

the proton of HO™ (Wd) is transferred directly into the 4@
molecule (Wa). This channel is very similar to that oQ+)-

OH at the?A"" state, but the rate of the proton transfer is much
faster than that of théA" state. Also, the electronic states of
the complexes are different from each other. Those as®{H

OH (tA") and (HhO*)OH (2A'). The other channel is dissocia-
tion in which O™ (X*A;) and OH @IT) are separated from
each other after the ionization of §8),. The reaction occurs

via the (HHO")OH (2A') complex region on th@A' surface,
although the lifetime is negligibly short.

As a summary of the present calculations, a reaction model
is proposed here. Potential energy curves for the ionization
processes of water dimer were schematically illustrated in Figure
7. The lower curve indicates PEC for the neutral water dimer
illustrated as a function of intermolecular distance. There are
two low-lying ionization states at the water dimer cation. The
2A" state is slightly higher in energy than that of dissociation
limit (H30™ + OH), but the excess energy is mostly distributed
into the internal modes of #")OH. Therefore, almost all
trajectories lead to the complex formation. PAé state is higher
energy than the dissociation limit. Hence, both the dissociation
product (O™ + OH) and complex formation were found. In
the former case, the rotational excitation of the OH radical is
predicted by the present calculations. On the other hand, in the
latter case, the excess energy is dissipated mostly into the
internal modes of the complex.

B. Comparison with Previous Experiments.From the Hel
photoelectron spectrum of the water dimer, Tomoda ét al.
obtained the first two vertical ionization energies (121.1
eV and 13.2+ 0.2 eV) and a threshold ionization energy (11.1
eV) which is in good agreement with the photoionization
threshold (11.21+ 0.09 eV) by Ng et al. Also, Ng et 4l.
measured the first appearance potential oid}i* to be 11.21
eV, and the HO™ ion was found as the product ion at 11.73
eV. The present calculations indicated that the ionization to the
2A' state leads to the complex formations®+)OH (?A"), and
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at the2A"" state, while formation of D" is possible to the
ionization to the?A’ state.

C. Comparison with Previous Theoretical StudiesPrevious
theoretical calculations predicted that the ionization of water
dimer causes the fast proton transfer occurring as a reaction
(H20)" — (H3O0)OH 1911 The present calculations also support
previous theoretical results. In the present study, the rates of
the proton-transfer processes for fe¢' and?2A’ states were
calculated to be 100150 fs and 3650 fs, respectively,
suggesting that the proton transfer of ##é state is much faster
than that of th@A" state. This is due to the fact that the positive
charge is fully localized on the transferring proton of Wd at
the?A’ state at time zero. On the other hand, several collisions
are required in the proton transfer at the' state. Thus, the
present study elucidates details of the ionization of water dimer.

In 1983, Tomoda and Kimutacalculated the potential energy
surfaces for the proton-transfer reactions in #A¢ and?A’
states of (HO),*. From the calculations of PESs, it was found
that the structure of the water dimer cation is largely distorted
from that of neutral dimer. Also, they indicated that the proton
transfer occurs without activation barrier. The vertical ionization
points from the equilibrium structure of the water dimer on both
PESs are lower in energy than that of the dissociation limit
(H2O* + H20), but are higher than that of the proton-transferred
product (HO™ + OH). These features are in good agreement
with that obtained by more accurate calculations in the present
study. The present dynamics calculations support strongly their
prediction derived from their calculations and experiments.

As a structure of the water dimer cation, a hydrazine-like
structure was proposed on the basis of ab-initio calculafibts.
This structure is composed of §8—0H,)™ where the oxygen
atoms bind each other in the cluster and positive charge is fully
delocalized on the complex. In the present dynamics calcula-
tions, however, the water dimer cation, having a structure
composed of the ¥0" ion and the OH radical, was obtained
only after the ionization of the linear form water dimer. The
hydrazine-type cation may be formed accidentally by the
bimolecular reaction of FO* with H»O.

D. Additional Comments. We have introduced several
approximations to calculate the potential energy surface and to
treat the reaction dynamics. First, we assumed thatQjt]ver
has no excess energy at the initial step of the trajectory
calculation (time= 0.0 ps). This may cause a change of lifetime
and energy distribution of the products. In the case of higher
excess energy, the [@@),"]ver complexes dissociate more easily
into HzO* + OH. However, this effect was not considered in
the present calculations. It should be noted therefore that the
present model is limited in the case of no excess energy. Also,
we assumed that initial momentum vectors of atoms are zero
at time zero. However, this approximation would be adequate
to treat the dynamics because the energy gradients of atoms on
PES of the dimer cation are larger than the momentum vectors
of atoms.

Second, we assumed that electronic state ek keeps
itself during the reaction. This means that electronic transition

of the water dimer. Upper and lower curves are schematically illustrated probability between (kD)," (?A’" and?A") is assumed to be

for the ionization states?4” and 2A’ states) and neutral state,
respectively. Allows indicate the vertical ionization from the neutral
state.

that to the?A’ state leads to two reaction channels, dissociation
(H3O™ + OH) and complex formation ($07)OH (?A"). Also,
our calculations suggested that the produeti}d" was formed

zero. Therefore, we monitored carefully whether the electronic
state is held in the running the trajectory. In the results given
in the present paper, all trajectories kept their own electronic
state. Therefore, there is no problem for instability of the
electronic state during the trajectory. However, CASSCF

dynamics may be required in order to more detailed information.
The surface hopping, which is completely neglected in the
present study, may be important to gain the whole ionization
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