. HOKKAIDO UNIVERSITY

Direct ab initio molecular dynamics study on the reactions of multi-valence ionized states of

Title water dimer
Author (s) Takada, Tomoya; Tachikawa, Hiroto
Citation Journal of physics B-atomic molecular and optical physics, 54(14), 145103
https://doi.org/10. 1088/1361-6455/ac170b
Issue Date 2021-07-14
Doc URL https://hdl.handle. net/2115/86284
This is the Accepted Manuscript version of an article accepted for publication in Journal of
Rights physics B-atomic molecular and optical physics. IOP Publishing Ltd is not responsible for any

errors or omissions in this version of the manuscript or any version derived from it. The
Version of Record is available online at 10.1088/1361-6455/ac170b

Rights(URL)

https://creativecommons. org/licenses/by-nc-nd/4.0/

Type

journal article

File Information

JPB106774 _modified2. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




IOP Publishing

Journal of Physics B: Atomic, Molecular and Optical Physics

Journal XX (XXXX) XXXXXX

https://doi.org/XXXX/XXXX

Direct ab initio molecular dynamics study
on the reactions of multi-valence ionized

states of water dimer

Tomoya Takada' and Hiroto Tachikawa?

! Department of Applied Chemistry and Bioscience, Chitose Institute of Science and Technology,

Chitose 066-8655, Japan

2 Division of Applied Chemistry, Faculty of Engineering, Hokkaido University, Sapporo 060-8628,

Japan

E-mail: t-takada@photon.chitose.ac.jp
Received xxxxxx

Accepted for publication XXxxxx

Published xxxxxx

Abstract

We investigated the reaction of multi-valence (+2) ionization states of water dimer (H,O),
using direct ab initio molecular dynamics (AIMD) method. The following multi-valence
ionization states were considered. In the direct two-electron ionization state, (H,O), was
ionized to form (H,O),?" in one step; in the stepwise two-electron ionization state, (H,O), was
first converted to (H,O)," and further ionized after structural relaxation. The (H,0),?* from
direct ionization dissociated into two H,O" ions, while (H,0),*" in stepwise ionization
generated H;O" and OH" ions from H3O'—OH radical-ion pairs. Additionally, we performed
dynamics calculations for the excited state of (H,O),?" generated through direct ionization.
The excited (H,0),?" ions also dissociated to form H;O" and OH' ions. The reaction
mechanism of multi-valence ionization states of (H,O), is discussed on the basis of

calculation results.
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1. Introduction

The ionization of water clusters is an important
phenomenon in astrophysics and astrochemistry. For
example, solid water in a comet is predicted to be amorphous
ice [1-5], similar to aggregated water clusters. When the
comet approaches the sun, the clusters are ionized upon
irradiation with cosmic rays from the sun [6-13]. Information
on the ionization dynamics is therefore essential for
understanding the chemical processes occurring in the ice of
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the comet. Moreover, the ionization of water clusters is
important in the fields of radiation-induced processes in
nuclear atomic plants and photochemical reactions
progressing in the atmosphere [14-16]. For example, many
initial events of radiation-induced chemical reactions related
to water-containing systems involve the ionization of water.
The ionization effects of water have been extensively
studied using various spectroscopic techniques. Shinohara et
al. detected the generation of molecular clusters in an
irradiated water-argon mixture supersonic jet by means of
mass spectroscopy [17, 18]. They found protonated cation
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H'(H,0), and unprotonated cation (H»O)," after the
ionization. Mizuse et al. studied the structure of gaseous
water cluster cations using infrared spectroscopy [19-22].
They found that the spectroscopic characteristics of the free
OH stretching modes are similar to those of H'(H2O),,
suggesting that (H,O)," exists in the form of H"(H,0),.1(OH)
with a network structure similar to that of the protonated
cation.

The ionization of water clusters has also been studied
theoretically. Barnett and Landman found stable structures of
(H20)," by means of ab initio calculations [23]. Their
calculations revealed that a proton-transferred complex
(H;0™—OH) exists in all the examined clusters. Similar
results were reported by Lee and Kim [24]. Svoboda et al.
reported on the basis of non-adiabatic dynamics simulations
that the H;O™—OH and dissociated products (H;O™ + OHe,
H;0%s + H,O, He + OHe + H,O"; dots denote unpaired
electrons of radical and radical cations) are formed from
(H20),", and their yields depend on the populated electronic
state of (H,O)," [25]. Herr et al. studied the ionization of
water clusters consisting of 1-21 molecules and indicated
that in condensed phase systems, the hydration of H;O" in
the resultant H3;O™—OH prompted it to separate into
individual moieties [26, 27]. A series of studies on the
ionization dynamics of water clusters have also been reported
by our group [28-34]. The time-scale of ionization processes,
e.g., the lifetime of reaction intermediates and proton transfer
rate in ionized clusters, has been evaluated in previous
studies. Tachikawa also studied the ionization dynamics of
water on ice surfaces [35] and the effects of zero-point
vibrational energy on the ionization dynamics of (H,O), [36].

In contrast to the monovalent ionization of water clusters,
investigations on the multi-valence ionization of water
clusters are limited. Jahnke et al. reported a pioneering study
on the subject [37]. They found that intermolecular
coulombic decay (ICD) of inner-valence-ionized (H»O),
occurs through the ionization of a H,O molecule followed by
low-energy electron emission from another H,O molecule.
The ICD is faster than proton transfer between two H,O
molecules, and the ICD leads to the generation of two H,O".
Thiirmer et al. studied the reaction dynamics of liquid water
after core ionization by X-ray irradiation [38]. They showed
that proton transfer between two H,O molecules generates a
Zundel-type intermediate (H,O-H-OH)*, and then further
ionizes to form H,O'-H,O"' and H;O*-OH" dications.
Slavicek et al. reported the simulation results of O 1s Auger
electron spectra of (H2O)s clusters [39]. Their calculations
indicate that electron-transfer-mediated decay of water
cluster was enhanced by ultrafast proton transfer.
Additionally, the charge separation through proton transfer
mediates Auger process leading to the formation of H;O" and
OH". Chalabala et al. studied the double ionization of (H20),
by means of real-time, time-dependent density functional
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theory-based Ehrenfest molecular dynamics with a
generalized gradient approximation functional [40]. They
calculated the population of reaction products as a function
of time on the basis of the dynamics of doubly ionized
(H20), at the lowest electronic state and found that the
dominant reaction channel was separated into two H>O™.
Recently, Zhang et al. experimentally investigated the proton
transfer dynamics of (H2O), following strong-field ionization
using ultrashort laser pulses [41]. The first and second
ionizations occurred within the same laser pulse under the
conditions applied. They detected H,O", H;0" and OH" from
(H20), via double ionization. However, the mechanism of
reaction following the multi-valence ionization of (H,O),
remains unexplored. To understand the selectivity of the
reaction channels leading to the above dissociation products,
information on the time-scale of the reaction steps
incorporated in the ionization is essential.

This study investigates the reaction dynamics of doubly
charged states of water dimer, following the two-electron
ionization of neutral water dimer (H»O),, using a direct ab
initio molecular dynamics (AIMD) method. We elucidate
and compare the reaction process and time-scale of direct
ionization and stepwise ionization, as described later.
Furthermore, the dissociation of (H,0),?" in the first excited
state was examined to elucidate the effect of excitation
energy on the subsequent dissociation process.

2. Computational methods

The fully optimized geometries of (H,O), were obtained
using the second-order Mgller—Plesset (MP2) method with
the 6-311++G(d,p) basis set. The optimized geometries of
the cation complex generated from the vertically ionized
dimer (H,0)," were also obtained at the same level of theory.
The Gaussian 09 program package was used for geometry
optimization [42]. The total energies of (H,O),, vertically
ionized states from the dimer ((H,O)," and (H,0),%*"), cation
complex generated from (H,O)," and its vertically ionized
dication, first excited state of (H,0O),?*, and final dissociation
products (H,O", H;0", and OH") were also calculated at the
same level of theory. The atomic charge was calculated using
the natural population analysis method.

Direct AIMD calculations were carried out at the CAM-
B3LYP/6-311++G(d,p) level. In this study, the following
two reaction pathways were considered.

(I)  Direct two-electron ionization: (H,O), is vertically
ionized to form (Hx0)?", and (H,O)®>" then gives
dissociation products.

(II) Stepwise two-electron ionization: (H,O), is once

ionized to (H,0),", and then (H,O)," is converted to a more
stable structure. Second, vertical ionization occurs.

© xxxx IOP Publishing Ltd



IOP Publishing

Journal of Physics B: Atomic, Molecular and Optical Physics

Journal XX (XXXX) XXXXXX

The trajectories following ionization through (I) and (II)
were propagated from the resultant dications. In addition,
trajectory calculations starting from the first excited state of
(H20),2" were carried out. The initial electron configuration
for the trajectory calculation of excited (H,O)?" was
generated by the CASSCF(6,6) method.

To compare the relative translational energies of the
reaction products, the direct AIMD calculations were carried
out from several geometries of (H,0), and (H,0)," generated
at 10 K (the CAM-B3LYP/6-311++G(d,p)). The Nose-
Hoover algorithm was used to maintain a constant
temperature in each trajectory. The trajectories of the
ionization processes were propagated at the CAM-B3LYP/6-
311++G(d,p) level of theory. Further detailed settings of the
calculations have been introduced in previous reports [43-45].
The program code for AIMD calculations was developed by
our group.

3. Results and discussion

3.1. Structure and energy of water dimer (H20),
and its cation complex

Figure 1A illustrates the optimized structures of (H»O),
calculated at the MP2/6-311++G(d,p) level of theory. Here,
H,0O(d) and H,O(a) denote the H-donor and H-acceptor water
molecules, respectively. This dimer has a linear form with C;
symmetry. The hydrogen bond distance | is 1.950 A, and the
0-0 distance Roo is 2.914 A. The O-H distances of H,O(d)
(r2 and r3) were 0.966 A and 0.959 A, respectively. These
structural parameters are almost similar to those obtained in
previous work, and the positive charge of the low-lying
(H,0)," generated by the vertical ionization of (H2O), is
localized at H,O(d) [30]. The optimized structure of the
(H30...OH)" cation complex generated through hydrogen
transfer from H,O(d) to H>O(a) is shown in figure 1B. The 7,
r, and r; distances are 1.050 A, 1.447 A, and 0.976 A,
respectively, and Roo is 2.493 A. The positive charge of this
complex is localized at H,O(a) [30]; this complex can be
represented as an H;O™—OH radical-ion pair formed through
proton transfer from H,O(d) to H,O(a).

The geometrical parameters obtained at the CAM-B3LYP/
6-311++G(d,p) level are similar to that obtained at the MP2
level (Table S1 in Supplemental Material).
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‘ RoO ‘
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Figure 1. Optimized structures of neutral water dimer (A)
and proton-transferred product (B) calculated at the MP2/6-
311++G(d,p) level.

The total energies of all species involved in the reaction
processes were also calculated at the MP2/6-311++G(d,p)
level of theory. Figure 2 shows the energy diagram. In this
diagram, the energy of neutral (H>O), before ionization was
set to zero. In this study, direct AIMD calculations were
started from states B (dimer dication formed by vertical
ionization; direct ionization), C (excited state of the dimer
dication; direct ionization on excites state), and E (dimer
dication formed by the vertical ionization of the proton-
transferred radical-ion pair; stepwise ionization).

A
1.44
c (H20)2*+
?
121 (H30*--OH)*

B (H20)22+ 1.23 SN "
> 2 E !
> [

—
(5]
c
L
0.43
A —— (H20)2* 0.39
\ D
H30*--OH
(H20)2 Direct ionization
ground state (GR) =3 Stepwize ionization
0.0

Figure 2. Energy diagram of the water dimer system
calculated at the MP2/6-311++G(d,p) level. The values
indicate the relative energies (in Hartree). The energy states
A, B, and C mean the vertical ionized states from neutral
dimer: one-electron ionized state of dimer (A), two-electron
ionized state (B), and first excited state of two-electron
ionized state (C). The states C and D mean the proton-
transferred state from dimer: proton-transferred state from
state A (D) and vertical excited state from state D (E).

© xxxx IOP Publishing Ltd



IOP Publishing

Journal of Physics B: Atomic, Molecular and Optical Physics

Journal XX (XXXX) XXXXXX

3.2. Reaction dynamics of (H;0),?* after direct
two-electron ionization of (H20); (direct ionization)

Figure 3 shows the snapshots and time evolution of the
potential energy of (H,0),?* following the vertical direct
two-electron ionization of (H,O),. The optimized structure
obtained by MP2/6-311++G(d,p) was chosen as the initial
geometry at time zero. The positive charges of H>O(d) and
H,O(a) contained in (H,O),?" at time zero were +1.08 and
+0.92, respectively. This indicates that the positive charges
are distributed almost equally on the two H,O" ions. After
ionization, these HO" ions separated from each other while
rotating owing to the repulsion between the positive charges,
the so-called Coulomb explosion. The potential energy
monotonically decreased as the distance between the two
H,O" increased. The jagged shape of the potential energy
curve is caused by the vibrational motion of the O-H
stretching modes. The energy minimum found at 31.0 fs
corresponds to the stabilization of the H,O"...H,O" system
caused by the structural change to give a face-to-face
complex shown in figure 3A. Similar energy minima were
found also at 145.6 fs and 260.0 fs, indicating that rotation
happens periodically after 115 fs. After separation, the
complex was dissociated. The relative translational energy of
H,O" + HO" system was calculated to be 40.6 kcal mol! at
the CAM-B3LYP/6-311++G(d,p) level of theory. Figure S1
shows the potential energy curve in eV.

A
tme=0"fs From state B 31.0fs
Ha0*(a)
HO 1050 3011
~ B Hy0*(a)
Hy0*(d) | Roo ‘ H,0%(d)
2914
101.5fs 1456 fs HoO*(a)
Hy0%(a)
‘ 4704 ’ “ 6.336 £
H0%(0) Hy0%(d}
T T T
B
ok .
™o

S 1015fs

E 20

I

3]

x

-

>

2 40

[}

c

w

60 1456 fs
1 1 L 1
0 100 200 300 400 500

Time / fs

Figure 3. Snapshots (A) and potential energy curve (B) of
(H,0),*" following the vertical two-electron ionization from
neutral water dimer. Direct AIMD calculations were carried
out at the CAM-B3LYP/6-311++G(d,p) level. The MP2/6-
311++G(d,p) optimized structure of the neutral water dimer
was chosen as the initial structure at time zero. The values
shown in (A) indicate the atomic distances in A.
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3.3. Reaction dynamics of (H,0),** after stepwise
two-electron ionization of H3;O*(OH) (stepwise
ionization)

One-electron ionization of water dimer leads to the proton
transferred radical-ion complex, H3O"(OH), as shown in
Figure S2. The reaction is expressed as (H.0)," —
H;O*(OH). The section investigates the reaction of (H,0),%",
following second ionization of H;O*(OH).

Figure 4 shows the snapshots and time evolution of the
potential energy of (H,0),*" following stepwise two-electron
ionization of (H,O),. The optimized structure obtained by
MP2/6-311++G(d,p) was chosen as the initial geometry of
H;0"(OH) at time zero. In this reaction channel, as described
above, the H;0"-OH radical-ion pair is generated first (See,
Figure S2). In this case, the AIMD calculations were started
from the vertically ionized state of the radical-ion pair (state
E). The positive charges of H;O and OH contained in (H;0—
OH)?* at time zero were +0.96 and +1.04, respectively. This
indicates that the positive charges were distributed almost
equally on H30 and OH. Consequently, this ionized state is
represented as H;O'—OH'. However, at this moment, the
migrating proton is located around the midpoint between
H,O(d) and H,O(a). After second ionization, r; shortened
and Roo elongated with time; H;O" and OH" separated from
each other. The potential energy monotonically decreased as
the distance between H;O" and OH" increased. The relative
translational energy of H;O" + OH" system was calculated to
be 94.8 kcal mol! at the CAM-B3LYP/6-311++G(d,p) level
of theory. Figure S3 depicts the potential energy curve in eV.
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Figure 4. Snapshots (A) and potential energy curve (B) of
(H20),?" following the vertical one-electron ionization from
proton-transferred radical-ion pair (H;O™—OH). Direct AIMD
calculations were carried out at the CAM-B3LYP/6-
311++G(d,p) level. The MP2/6-311++G(d,p) optimized
structure of H;O0"—OH was chosen as initial structure at time
zero. The values shown in (A) indicate the atomic distances

inA.

3.4. Reaction dynamics of (H.0)2?* after direct
two-electron ionization to the first excited state
(H20)22* (direct ionization on excited state
potential energy surface (PES))

Figure 5 shows the snapshots and the time evolution of the
potential energy of (H,0),*" following direct two-electron
ionization to the first excited state (H,O),>"* (state C). The
optimized structure obtained by MP2/6-311++G(d,p) was
chosen as the initial geometry at time zero. The positive
charges of HO(d) and H,O(a) contained in (H,O),*" at time
zero were +0.89 and +1.11, respectively. The H-O-H angle
of H,O(d)" markedly increased after ionization, and H
migrated from H,O(d)" to H,O(a)" within 50.5 fs. H;O" and
OH" were then formed. After the formation of H;O* and OH",
Roo elongated over time, and the two ions separated from
each other. The relative translational energy of the H;O" +
OH" system was calculated to be 86.3 kcal mol' at the
CAM-B3LYP/6-311++G(d,p) level of theory. Potential
energy curve in eV is given in Figure S4.
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Figure 5. Snapshots (A) and potential energy curve (B) of
(H20),>** at first excited state following the vertical two-
electron ionization from neutral water dimer. Direct AIMD
calculations were carried out at the CAM-B3LYP/6-
311++G(d,p) level. The MP2/6-311++G(d,p) optimized
structure of neutral water dimer was chosen as initial
structure at time zero. The values shown in (A) indicate the
atomic distances in A.

3.5. Summary of energy calculations

A complete energy diagram of the present study is shown in
figure 6. As described above, all the reaction channels
considered in this study gave the dissociation products.
Direct two-electron ionization of (H,O), resulted in the
formation of two H,O" (state F), while stepwise ionization
and direct ionization of (H0),*"" led to dissociation into
H;0" and OH" (state G). The reaction energies from B, C,
and E states to the products were 175.7, 263.6, and 131.8
kcal mol™, respectively.
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Figure 6. Summary of the present calculations. The values
mean relative energies (in Hartree) calculated at the MP2/6-
311++G(d,p) level.

3.6. Distribution of translational energies of
dissociation products

The relative translational energies for direct, stepwise, and
direct on excited PES were calculated to be 40.6, 94.8, and
86.3 kcal mol™!, respectively. In the real system, the structure
of the neutral dimer and ion-radical complex fluctuate around
the equilibrium configurations due to thermal activation. In
order to take into account thermal effects on these structures,
direct AIMD calculations of of (H,O), and (HxO)," were
carried out under constant temperature conditions at the
CAM-B3LYP/6-311++G(d,p) level. Temperature of 10 K
was selected [44, 45]. From these simulations, several
geometries were selected, and then direct AIMD calculations
were run on vertical ionization points. Figure 7 shows the
average translational energies of the dissociation products
obtained through the reaction channels explained in previous
section. The relative translational energies obtained from the
trajectory calculations are summarized in table 1. The
relative translational energy of H,O" + OH" formed through
stepwise ionization was approximately twice that of H,O" +
H,O" formed through direct ionization. Direct ionization to
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the first excited state (H,0),*>*" led to the same dissociation
products as those obtained through stepwise ionization, while
the relative translational energies of the products derived
from these reaction channels were different from each other.
These results indicate that the reaction channels of two-
electron ionization can be experimentally identified based on
the difference in the translational energy distribution of the
dissociation products.

In the present case, although the dissociation products of
the stepwise ionization and those of the direct ionization to
the first excited state are identical (H;O" + OH"), they are
expected to be distinguished by experimental observations
involving translational energy measurements. For example,
time-of-flight mass spectroscopy (TOF-MS) can be applied
for this purpose. TOF-MS has been used to detect the
dissociation products of water. For example, Yuan, Yang and
their coworkers applied TOF-MS to measure translational
energies of products of vacuum ultraviolet photolysis of H,O
[46, 47]. Rocher-Casterline et al. used TOF-MS to elucidate
the vibrational pre-dissociation dynamics of the HCI-H,O
dimer [48]. A similar technique is expected to be applied to
investigate the mechanism of the ionization dynamics of
(H,0)».

T
141 _
direct ionization stepwise ionization
- + + -
1.2 H20+ s H20+ H3O + OH
S 1o0F / i
g
®©
- 0.8 _
c
Ke]
“&; — -
= 06 direct from
S ited stat
excited state
T o4l _
H30* + OH*
02| -
0.0 ! . L L
20 40 60 80 100

Translational energy / kcal mol”
Figure 7. Relative translational energies (in kcal mol™!) of

products in each reaction channel. The calculations were
carried out at the CAM-B3LYP/6-311++G(d,p) level.
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Table 1. Average relative translational energies <E> of dissociation products calculated at the CAM-B3LYP/6-311++G(d,p)
level. “No. of traj.” means numbers of reactive trajectories led to products. The translational energies obtained from MP2

initial geometries are given in parenthesis.

Channel Product <Euw>/kcal mol! No. of traj.
Direct H,O" + H,O" 38.6 (40.6) 8
Stepwise H;O0* + OH* 87.7 (94.8) 9
Direct on excited PES H;0" + OH* 80.4 (86.3) 3

4. Concluding remarks

This study revealed that the two-electron ionization states
of (H,O), led to different dissociation products. In direct
ionization, (H,0),?>" homogeneously dissociated to give two
H>O" ions; in the stepwise ionization, H;O" and OH" were
generated via proton-transferred H;O"—OH radical-ion pairs.
In addition to the dissociation processes starting from low-
lying dications, direct ionization to the first excited state of
the dication (H,0),*"" was investigated. Unlike direct
ionization to the ground state (H,0),%*, the excited (H,0),**"
dissociated to give H3;O" and OH'. The dissociation
processes following the two-electron ionization of (H,O), are
summarized as follows:

® Direct ionization (ground state of vertically ionized

dimer):
(H20)2 + Iy > [(H20)2> Juer + 26 (1)
[(H20)22]ver > 2H,0" (2)

® Direct ionization (first excited state of vertically ionized

dimer):
(H20): + Iy + Ever
> [(H20)* Jver” + 26 3)
[(H20)2*"Jver” > H3O*—OH*
> H;O" + OH* @)

®  Stepwise ionization (ground state of vertically ionized
radical-ion pair)

(H20)2 + Ipsty 2 [(H20)2 Jver + € 6)
[(H:20): Jver > H;0—OH 6)
H;0*-OH + Ip(s2) - H;0-OH"

> H,0" + OH' )

Here, Ipp), Ips1), and Ipszy denote the vertical ionization
potentials for the two-electron ionization of (H»O),, one-
electron ionization of (H,0O), and ionization of the radical-
ion pair, respectively. Eyer denotes the first excitation energy
of (H,O)?". These results are consistent with those
mentioned in the Introduction [40, 41]; it is theoretically
predicted that (H,0),>" at the lowest electronic state gives

H,O" + HyO", while (H,0),*>" generated by strong-field laser
pulse irradiation results in the formation of H;O* + OH" via a
proton-transferred intermediate. Chalabala et al. showed that
the dominant process at lowest electronic state of (H,O): (i.e.
dissociation into two H,O") started at ~50 fs and ended
within 100 fs [40]. The time-scale is consistent with the
present calculation. We found that the direct ionization to the
first excited state leads to H3;O" and OH'. Therefore, the
dissociation routes depend on the energy level of directly
ionized (H>0),, and is a novel finding of the study. The latter
case, the formation of H;O" + OH" via a proton-transferred
intermediate, includes the influence of the laser pulse
duration because the time-scale of the proton transfer and the
laser pulse width are comparable. Zhang et al. suggested that
possible ways to exclude the influence of pulse duration are
the use of an extremely short laser pulse width and
successive ionization using the pump-probe method [41].
The dynamics calculation of stepwise ionization in this work
started from geometrically optimized H;O'—OH radical-ion
pair as an initial structure. To observe the dissociation of
H;0"-OH corresponding to present results, (H,O), and
H;0*"-OH should be successively ionized under irradiation
with precise pulse interval. Ultrafast extreme ultraviolet
(XUV) pulse is reported to be useful for the observation of
dissociative ionization of diatomic molecules such as Ha, D»,
Ny, and I [49, 50]. The XUV method will also apply to the
dissociation of (H2O),. By applying these techniques, the
respective observation of the reaction processes giving H,O"
+ H,O" and H;0" + OH" predicted in this work will be
experimentally achieved.

Furthermore, a comparison of the translational energies of
the dissociation products derived from the three reaction
channels revealed that these reaction channels can be
identified experimentally by measuring the translational
energies. In particular, the final products of Egs. (4) and (7)
are identical, but their translational energies are different. For
this purpose, cold-target recoil ion momentum spectroscopy
(COLTRIMS) reaction microscope will be a powerful tool
[51]. The COLTRIMS technique offers direct, precise
determination of momentum vectors (i.e. energy and
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scattering angle) of recoil ions and electrons generated
through the ionization of atoms, molecules, and clusters. For
example, the COLTRIMS reaction microscope revealed the
momentum distributions of D, Ne*, and electrons generated
through the fragmentation of D> and Ne, [52]. Haxton et al.
elucidated the dynamics of dissociative electron attachment
of HO on the basis of ab initio calculation results and
COLTRIMS results [53]. Identification of the ionization
processes giving identical products based on translational
energy distribution will be a subject of future experimental
work.

In the present study, only dimers were -considered
throughout. However, the ionization processes of larger
water clusters and small clusters surrounded by other water
molecules are also important for understanding the reaction
processes under real conditions. Although one-electron
ionization processes of larger water clusters have already
been extensively studied [29, 31-34], their multi-valence
ionization has not been elucidated. Larger clusters may exist
in vaporized water, liquid water, and ice; therefore,
knowledge of the multiple electron ionization of these
clusters is necessary to understand the experimental results
for the detection of reaction products and measurement of
translational energy. Despite the limited cluster size, the
reaction dynamics of direct and stepwise two-electron
ionization processes will provide important information
regarding the fragmentation of water clusters caused by
irradiation with ionizing radiation and/or short-wavelength
ultraviolet light.
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