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Ultrafast molecular dissociation induced by intermolecular Coulombic decay in water clusters

Xueguang Ren®,"?-" Enliang Wang ®,>>7 Jiaqi Zhou,"? Shaokui Jia,! Xing Wang ®,! Xiaorui Xue,' and Alexander Dorn

2

'"MOE Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter,
School of Physics, Xi’an Jiaotong University, Xi’an 710049, China
*Max-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany
3Hefei National Research Center for Physical Sciences at the Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China

® (Received 20 June 2022; revised 13 June 2023; accepted 23 October 2023; published 16 November 2023)

We report a combined experimental and theoretical study on the fragmentation dynamics following the
ultrafast intermolecular Coulombic decay (ICD) in (H,O)s water clusters upon electron impact ionization.
By coincident fragment ions and electron momentum spectroscopy, we show that ICD can be initiated by
inner-valence ionization of a water molecule. Our ab initio molecular dynamics simulations show that ICD is
followed by proton transfer leading to the formation of the (H,O); - H* - - - OH - (H,0)," ion-radical complex.
We propose a possible dissociative mechanism in which the system further dissociates into a pair of radical
ions (H;0%/H50,™) and neutral species of water and hydrogen peroxide (H,0,). The calculated Kinetic energy
spectrum of a H;0" /HsO, ™" ion pair is in good agreement with experiment. Moreover, the present study of ICD
in water provides an underlying production mechanism for the reactive oxygen species of H,O, which is not

considered previously in the radiolysis processes of water.

DOI: 10.1103/PhysRevA.108.052814

I. INTRODUCTION

Radiolysis, i.e., ionization and dissociation of water, is a
fundamental process that leads to the formation of various
reactive particles, notably hydroxyl radicals (OH), hydrogen
peroxide (H,0O,), protonated water clusters (H,O),H", and
hydrated electrons [1-7]. Despite the paramount importance
of these processes in chemical, biophysical, and atmospheric
sciences and technologies [8,9], our understanding of the pri-
mary processes and mechanisms in water radiolysis remain
incomplete. Low-energy electrons (below 100 eV) are signifi-
cant in this respect as they are produced abundantly in aqueous
solution penetrated by any high-energy primary radiation
(x rays, y rays, and charged and neutral particles) and can
induce severe structural and chemical alterations [10-12].
Hence, it is important to understand and identify the key
reactions initiated by electrons in aqueous environments.
These are of great relevance in such diverse fields as waste
remediation and environmental cleanup, biochemistry and
atmospheric science, medical radiation therapy, and nuclear
reactor technologies [8—12].

In recent years, there has been intense research on the
properties of excited states in the weakly bound systems or
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clusters due to the possibility for opening various ultrafast en-
ergy and charge-transfer processes such as the intermolecular
Coulombic decay (ICD) [13]. It is a nonlocal decay mecha-
nism which proceeds on a femtosecond timescale [14—16] and
can cause the ionization of a neighboring unit. ICD results in
the emission of low-energy electrons (< 10 eV) and fragment
ions (see, e.g., [17]), which could have important implica-
tions, e.g., for DNA damage [9—11]. Consequently, processes
following the inner-valence ionization of water-induced ICD
have been investigated in hydrated systems such as water
dimer [18-20], larger water clusters [21-23], liquid water
[24-26], interfaces [27], and biorelevant complexes [28,29].
In these experiments, the emission of low-energy electrons
has been identified and studied in detail; however, few studies
have been done analyzing the ionic and neutral species formed
following ICD for water clusters larger than dimers. In the
present work, we use a supersonic gas jet target with small
(H,0),, clusters where most of them contain less than n = 10
molecules. We study electron-collision-induced ICD and the
subsequent molecular dynamics of a particular fragmentation
channel which we conclude to originate from ionization of the
(H,O)¢ parent clusters, which is also regarded as the smallest
water droplet [30]. Our experiments were carried out at the
projectile energy of about 80 eV that is close to the mean
energy of secondary electrons produced by ionizing radiation
in water [10]. The momentum vectors and, consequently, the
kinetic energies of one emitted electron and two fragment
ions are measured in triple coincidence using a multiparticle
coincidence momentum spectrometer (reaction microscope)
combined with a photoemission electron source [31-33]. We
perform ab initio molecular dynamics (AIMD) simulations
of the doubly charged water clusters using the Car-Parrinello
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molecular dynamics (CPMD) method [34] that allow us to
obtain a detailed picture of the molecular rearrangement
following ICD and to elucidate the chemical processes in
aqueous solution.

II. EXPERIMENTAL METHODS

The experiment was performed using a multiparticle co-
incidence momentum spectrometer (reaction microscope)
combined with a photoemission electron source [31-33].
Here, a pulsed electron beam is crossed with a gas jet con-
sisting of water vapor. The water clusters are generated in
a supersonic expansion of water vapor with a carrier gas of
helium (1.0 bar pressure). The water vapor is provided from
a liquid reservoir which is heated to a temperature of about
80 °C. The gas expands into vacuum from a nozzle orifice with
a higher temperature of about 100 °C to avoid gas condensa-
tion. Under the present conditions, small sized water clusters
are expected to be produced, i.e., n < 10 for (H,0O), [35,36].

Experimental data for clusters were recorded using an
electron-ion-ion triple-coincidence method in which the
results for ionization of monomers were also obtained simul-
taneously. The charged fragments (electrons as well as ions)
are extracted by means of a homogeneous electric field 0.9
V/cm and magnetic field (6.9 G) and projected onto two
position- and time-sensitive multihit detectors. The momen-
tum vectors of the emitted electrons and ions are determined
by the impact positions on the detectors together with the cor-
responding times of flight. Ions originating from a Coulomb
explosion have significantly higher momentum than the elec-
trons observed and require higher fields for efficient detection.
Thereby, after 400 ns when the electrons have reached the
detector the electric extraction field is ramped up to 20 V/cm
for extraction of the fragment ions.

III. MOLECULAR DYNAMICS CALCULATION

Our ab initio molecular dynamics simulations were carried
out using the CPMD algorithm [34] in which the molecular
orbitals are propagated together with the nuclear degrees of
freedom. The calculations were performed with the BLYP
functional in the local spin density approximation. A plane-
wave basis with energy cutoff of 70 Ry is used and the core
electrons are replaced by pseudopotentials of the standard
Troullier-Martins form [37]. The equilibrium geometry of the
neutral water cluster was first optimized and then a thermal
equilibration run was performed by a Nosé-Hoover chain
at a temperature of 50 K. The initial atomic configurations
(positions and velocities) for AIMD simulations were taken
every 2.4 fs after a long equilibration run (5 ps). The Franck-
Condon picture was adopted where the dynamical simulation
was started from the obtained initial configurations with two
electrons being ionized from the outermost orbital of the clus-
ter. In the simulation, a time step of 2 a.u. and a cubic box of
size L = 40 a.u. were used. Considering the small energy dif-
ference between the singlet and triplet states (0.82 eV) and the
large vibrational degrees of freedom of (H,O)¢ (3n—3=51),
the influence from the energy difference between the singlet
and triplet states is negligible, and only the singlet state is
considered in the simulations.
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FIG. 1. Illustration of ICD in (H,0)¢ water hexamer upon elec-
tron irradiation. An electron from the inner-valence shell of one
H,0 molecule is ejected by electron impact (a) and then the energy
released by deexcitation at this site is transferred to the neighboring
site from where a second, low-energy electron is emitted (b). After
ICD, the doubly charged water clusters undergo significant molecular
rearrangements involving, in particular, ultrafast proton transfers and
lead to the formation of specific reactive oxygen species (c).

IV. RESULTS AND DISCUSSIONS

In our experiment, we consider an electron-collision-
induced reaction in the (H,O)s water hexamer which can be
expressed as

inner-valence

e~ + (H,0)s [H0l6" (2a;") +2¢, (1)

ionization
— ICD _ _ —
[H,016" (24, ') — 016> (16,167 ") + ey (2)

As can be seen in Fig. 1(a), the process is initiated by removal
of an electron from the 2a; inner-valence shell of one water
molecule [Eq. (1)]. The ionized and excited system relaxes
as an electron from a higher level fills the vacancy and the
released energy is transferred to a neighboring water molecule
which is in turn ionized through the emission of a low-energy
ICD electron [Eq. (2)], as shown in Fig. 1(b). Subsequently,
the doubly charged water clusters can undergo complex
rearrangement and fragmentation leading to the formation of
specific neutral and charged species in Fig. 1(c). It should
be mentioned that ICD [Eq. (2)] competes with fast proton
transfer, which according to Richter et al. [22], will lead to
closure of the ICD channel after a few femtoseconds and to
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FIG. 2. Experimental time-correlation map between two frag-
ment ions by plotting time of flight of the second ion against the
first one. The intensity is color-coded on a logarithmic scale.

the formation of a protonated species and a highly excited
OH* radical. For the small water clusters discussed here the
ICD efficiency is 10%—20% [22].

The measured time-correlation map of two charged species
is shown in Fig. 2 where the times of flight of two ions
detected in coincidence are plotted against each other. The
correlated charged pairs are mainly protonated species, i.e.,
H30+/H30+, H30+/H502+, and H5()27L/H5()2Jr channels.
The broad correlation structures indicate that there are missing
momenta due to the emission of neutral fragments which can-
not be detected. In the following, we focus on the dynamics
of the protonated H;O" /HsO,™ ion pair. For these charged
products the size of the initial neutral water clusters (H,O), is
n =5 or larger. Our AIMD simulations show that the cluster
(H,0O)g after double ionization will end up in this ion pair and
additionally evaporate a water molecule and form the reactive
oxygen species H>O,. This will be discussed in more detail in
the following section.

In order to show that ICD actually occurs on the route to
the production of the H30%/HsO,% ion pair, we recorded
the kinetic energies for one outgoing electron in coinci-
dence with the two fragment cations. The measured electrons
include scattered projectiles, directly ionized electrons, and
low-energy ICD electrons. An important signature of ICD is
obtained from the projectile energy-loss spectrum recorded in
coincidence with the H;O0% /HsO,™ ion pair. This spectrum
is shown in Fig. 3(b) while for comparison, in Fig. 3(a)
the energy-loss spectra for ionization of water monomers in
the outer-valence shell (coincidence with H,Om) and the 2a;
inner-valence shell (coincidence with OT) [38] are presented.
The projectile energy loss is determined by the difference of
the initial projectile energy and the scattered projectile energy
where the outgoing faster electrons are generally identified
as the scattered projectiles. The minimum energy leading
to specific ionization products can be determined from the
onsets of the measured energy-loss spectra. The thresholds
of about 12.5 and 28.0 eV are obtained for formation of
H,O" and OT ions, respectively. Here, the ionization of the
outer-valence 1b; and 3a; orbitals contribute dominantly to
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FIG. 3. Measured projectile energy-loss spectra for outer- and
inner-valence ionization of water monomer (a) and for the water
cluster measured in coincidence with the H;O" /HsO,™ ion pair (b).

the stable H,O" ion, while according to the literature [38]
the O" ionic species is attributed to the 2a; inner-valence
ionization of water monomer. For the H;0" /HsO,™ ion pair,
the obtained threshold of about 28.0 eV is consistent with the
2a; inner-valence ionization band [39,40].

To identify the emitted ICD electrons the low-energy part
of the electron kinetic energy spectrum up to 30 eV measured
in coincidence with the ion pair is shown in Fig. 4 (open
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FIG. 4. Ejected electron kinetic energy distributions. (a) Spectra
for inner-valence ionization of the water monomer and water cluster.
(b) The difference spectrum obtained by subtracting the electron
energy distribution of the water monomer from the hexamer.
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circles). The emitted ICD electron as shown in Fig. 1(b)
cannot be seen individually as the spectrum also contains the
ejected slow electrons produced in the initial direct ionization
process [see Fig. 1(a)]. Therefore, we subtract the directly
ionized electron signal obtained for inner-valence ionization
of water monomers which results in the formation of O™ [see
the solid line in Fig. 4(a)]. This spectrum can be considered
as a reference to determine the continuous electron energy
distribution due to the initial inner-valence ionization process.

The spectra for monomers and clusters are normalized to
each other for energies above 15 eV where the ICD process
does not contribute [22]. The difference of both spectra is
shown in Fig. 4(b). It is the kinetic energy spectrum of the
ICD electron which shows a peak at about 1.5 eV and a
high-energy tail extending to 10-12 eV. This can be compared
with the ICD electron spectra for photoionization-induced
ICD in water clusters which were measured by Richter et al.
for different mean cluster sizes [22]. Their spectra show a
similar energy range but have a major intensity below 2 eV, in
particular, for small mean cluster size. The agreement with our
spectrum is reasonable considering that the electron detection
efficiency in our experiment drops sharply below 2 eV due
to the presence of a primary beam dump in the center of
the electron detector which blocks low-energy electrons [41].
Another reason for the observed relative small ICD electron
intensity can be that in addition to ICD, sequential ionization
(SD) processes contribute to doubly charged cluster formation
where two molecules in the same cluster are ionized in two
consecutive collisions with the projectile. Generally, in molec-
ular dimers its cross section can be neglected compared to
the inner-valence ionization initiating ICD [41]. In the present
case of water clusters the relative contribution of SI can be
more significant since, firstly, the cross section is multiplied
with the number of scattering centers available and, secondly,
water clusters show a reduced ICD efficiency as mentioned
above [22]. For water clusters ICD and SI are difficult to dif-
ferentiate experimentally from the projectile energy-loss data,
since both require similar energy transfer from the projec-
tile. Nevertheless, the observed enhanced production of ICD
electrons in a characteristic restricted energy range demon-
strates that ICD occurs in water clusters with the formation of
H;0% /HsO,* ion pairs.

To elucidate the fragmentation mechanisms of water clus-
ters following ICD, we have performed AIMD simulations
starting from the doubly charged water hexamer (H,0)g>",
in which the two electrons are removed from the outermost
orbital of the cluster by vertical double ionization. Such a
vertical ionization picture is widely used in the AIMD sim-
ulation due to the fact that the electronic decay is faster
than the molecular geometry rearrangement, thereby the ionic
molecule almost keeps the same geometry as the initial neutral
state. On the other hand, this assumption avoids the very
time-consuming excited state calculations and, thereby, has
the ability to scan the initial configurations to produce the
“statistics” results in theory [42,43]. In this work, the vertical
double ionization assumes that the dicationic system initially
has the same geometry as the neutral, which is justified since
the ICD channel is open only for less than 8 fs [22]. Moreover,
SI can be considered instantaneous due to the electron scatter-
ing process occurring on a subfemtosecond timescale, which
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FIG. 5. Center-of-mass (c.m.) distances between different frag-
ments as a function of time for three typical trajectories shown
as solid, dashed, and dot-dashed curves, respectively. (a) For dis-
sociation of (H,0)¢2t into (H,0); - HT and OH - (H,0),". The
solid-purple line shows the c.m. between the charged fragments,
(H,0), - H* and H,0 - H*. (b) For subdissociation of (H,O); - H"
into (H,0), - H* and H,O, which is a neutral-dissociation process
following the initial Coulomb explosion channel. (c) For subdissoci-
ation of OH - (H,0)," into H;0" and H, 0.

is much faster than the nuclear vibration period, which is on
the order of tens of femtoseconds. Owing to the delocalized
property of the outer valence orbitals of water clusters, the
two charges are distributed among the six oxygen atoms of
the (H,0)¢>* dication (see Appendix). For fragmentation of
(H,0)6%", the final kinetic energy release can be smaller than
the direct Coulomb explosion energy mainly because of the
larger mean distance between the charges and also the energy
transfer to the internal rotation and vibration motions of the
fragments [20]. It is to be noted that the present dynamical
calculations apply also for the chemical processes following
photoionization-induced ICD in water clusters [21,22]. We
have found a characteristic fragmentation sequence, which is
presented in Fig. 5. Here the time evolution of the center-
of-mass (c.m.) distances between the different fragments is
shown for three typical trajectories. Also included in Fig. 5 are
the cluster geometries at different times corresponding to the
trajectories shown by the solid-blue, -red, and -green curves.
First, we assumed an instantaneous vertical transition to the
electronic ground state of the doubly charged (H,0)s>* water
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FIG. 6. (a) SAPT calculation with the aug-cc-pvdz basis set of
H,03" and H5O;* as a function of time in the range of 0~1400 fs.
The Coulomb potential curve is calculated based on the point charges
separated by the center-of-mass distance at the corresponding time.
(b) SAPT calculation with the aug-cc-pvdz basis set of HsO,* and
H,0, as a function of the center-of-mass distance.

clusters. Afterward, a proton is transferred rapidly (< 10 fs)
from one H,O" to another H,O molecule which forms the
ion-radical complex of (H,O); - H" --- OH - (H,0),™":

P2 (1,0); - HY - OH - (H0) . (3)

transfer

(H20)6

The proton transfer can be seen in the consecutive clus-
ter geometries in Fig. 5(a) where the transferred protons are
marked green and blue. The white plus signs indicate the
cluster constituents with dominant charges (¢ > 4 0.5) which
were determined by Mulliken charge analysis calculated by
density functional theory at the wB97XD/aug-cc-pVTZ level
[44]. As can be seen in Fig. 5(a), the system starts to sep-
arate at 200-300 fs into two ionic entities by Coulomb
repulsive force. One is the protonated cluster (H,O); - HT,
and the other is the OH radical captured cluster ion OH -
(H,O), ™. After that the c.m. distance between (H,O); - HT
and OH - (H,O),* is almost linearly increasing as a function
of time to about 20 a.u. (t ~ 800 fs) where the c.m. distance
does not increase further but oscillates around about 20 a.u.
[see Fig. 5(a)]. This indicates that the two-body dissociation
of (H,0);-H" and OH - (H,0)," cannot be described by
the Coulomb explosion model. We perform the symmetry-
adapted perturbation theory (SAPT) calculation [45-47] with
the aug-cc-pVDZ basis set to calculate the interaction energy
of the two dissociative species. As shown in Fig. 6(a), at large

time, the electrostatic interaction dominates, which deviates
from the Coulomb potential as shown by the solid black
and orange curves, respectively, in Fig. 6(a) and the positive
interaction energy indicates a dissociative state. Thereafter the
center-of-mass distances of Fig. 5(a) are mainly determined
by the heavier groups of the subspecies, i.e., HsO,* and
H,0,.

Att ~ 800 fs, the translatory energy is converted into inter-
nal vibration and rotation of the two fragments. Consequently,
further dissociation processes occur as described in Egs. (4)
and (5):

water

(H,0); - HF — (H,0),H" + H,0, 4)
evaporanon
OH - (H,0)," —22, H,0" + H,0,. (5)
formation

We found in the simulations that the system undergoes
significant rearrangements of the structure involving partic-
ularly proton transfer leading to the formation of specific
ionic and neutral fragments. The dipole moment interaction
between the charged and neutral molecules plays an important
role which can produce an attractive force to compensate
for the Coulomb repulsion force to some extent. To analyze
the interaction energy between the two heavier species, i.e..
Hs0," and H,0,, we extract the two subspecies and opti-
mize their geometries by the B3LYP/aug-cc-pVDZ method.
Then, we use the SAPT /aug-cc-pVDZ method to calculate the
interaction energy of HsO,™ and H,0; as a function of the
center-of-mass distance. As expected, the SAPT calculation
shows a negative total interaction energy between HsO, " and
H,0, as shown in Fig. 6(b). The negative value of the total
interaction energy means an attractive force between HsO, ™"
and H;0,. Ignoring the neutral species, the internuclear
distance between the charge centers of the final HsO,% and
H30™ increases almost monotonically as a function of time,
while the slope is decreased at + > 800 fs as shown by the
solid-purple curve in Fig. 5(a).

Furthermore, the (H,O); - H" group starts at ¢ ~ 880 fs
to evaporate a neutral H,O molecule and forms a Zundel
cation HsO,*. The OH - (H,0)," group yields a hydronium
cation (H;O") and, more interestingly, hydrogen perox-
ide (H,O,) which is a key member of reactive oxygen
species in the radiolysis of water [8,48]. We note that the
H,0, was also observed in the energetic electron collision
experiments on water ice (solid film), where the formation
mechanism remains unclear [6,7]. Before evaporating neu-
tral H,O and H,0, the internal energies of (H,O); - H" and
OH - (H,0),* are rather high leading to oscillations on ¢c.m.
distance distributions as shown in Figs. 5(b) and 5(c). The
oscillations almost disappear after evaporating the neutral
species as the internal energy is released in kinetic fragment
energy. In our simulations, 29% trajectories terminated as
H;0"+H50,%74+H,0+H,0,, which indicates the dominance
of this dissociation channel.

For completeness we performed AIMD simulations for the
clusters of (H,0)s%>* and (H,0)72* where chemical processes
similar to (H,0)s>t are obtained except for the formations
of different ion pairs, e.g., H301/H;0" and H50," /H50,™"
ion pairs, respectively. This shows that the conclusion that the
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FIG. 7. Comparison of the experimental and calculated kinetic
energy sum of charged fragments. The blue-dashed curve presents a
Gaussian fitting of the simulation.

H30"/HsO,™ ion pair originates from the initial cluster of
(H,0)g is reasonable.

Finally, we obtain the kinetic energy sum (KES) spectrum
of the H;0"/Hs0,% ion pair from the AIMD simulations,
which is shown in Fig. 7. For all trajectories, at the end of the
simulation the c.m. distances between two charged species are
larger than 15 a.u.. At this distance we take the rovibrational
energy as constant and the KES can be obtained by summing
the kinetic energies of two fragment ions at this instant plus
the remaining Coulomb potential energy. Also included in
Fig. 7 is the experimental KES, which shows a peak located at
about 1.35 eV. The calculated KES is in excellent agreement
with the experimental data concerning both the shape and
the peak position of the spectrum. The present dynamical
calculations are thereby justified.

V. CONCLUSIONS

In summary, our study of ICD in water clusters using frag-
ment ion and electron coincident momentum spectroscopy,
accompanied by AIMD simulations, reveals the details of
ionization and fragmentation dynamics upon inner-valence
ionization in aqueous solution initiated by electrons (80 eV).
The occurrence of the ICD process is proven by determining
the initial state of ICD as a 2a, inner-valence vacancy in water
from the projectile energy loss and a signature of secondary
low-energy ICD electrons in coincidence with two energetic
cations.

The chemical processes of water clusters following ICD
were interpreted with the help of AIMD simulations. Our
study shows that after ICD the system undergoes significant
rearrangement involving particularly proton transfer and
Coulomb explosion (<200 fs) as well as subdissociation
(<800 fs) leading to the formation of specific reactive
oxygen species. These are a pair of protonated water clusters
and neutral species of a water molecule and H,O,. Despite the
complexity of the fragmentation reaction the AIMD simula-
tions show excellent agreement with the experimental results
of the kinetic energy sum of the H;0%/HsO,* ion pair. For
the formation of hydrogen peroxide, various reaction channels

FIG. 8. The calculated charge distribution of (H,0)¢>* by
removal of two outermost electrons from the clusters.

have been revealed, e.g., from an irradiation of water ice by
energetic electrons [6,7], water clusters of an oxygen radical
anion upon photodetachment [49], and oxidation of water
microdroplets [50]. The present observation offers a possible
production mechanism for H,O, occurring in water radiolysis,
which was not considered previously. It also differs from the
mechanisms due to reactions of the OH radicals within the
energetic ionizing particle track [8,51,52] by the fact that ICD
relies on the creation of an inner-valence vacancy in aqueous
environment and leads to two radical cations neighboring
each other. Moreover, in simulations on the larger cluster
of (H,O)7, we have also observed H,O, formation, which
indicates that (H,O)g is not unique in producing H,O,. These
results enable a deeper and more complete understanding
of water radiolysis at the molecular level, which can have
important implications for different fields like cell functions
[53-55], radiosensitizers [56,57], and H,O,-induced DNA
damage [58—60]. On the grounds of our findings, we anticipate
that the present observation may occur generally in a wide
variety of hydrated systems for inducing different chemical
reactions and can also be initiated by other intermolecular
decay mechanisms like electron-transfer-mediated decay
[61-63]. Future studies on more complex systems or
using ultrashort pulses from free-electron lasers and high
harmonics sources for time-resolved experiments [1-3,64—
66] are expected to shed more light on the formation time

Energy (eV)

1 ! L

O L 1 * L
0 400 800 1200 1600 2000 2400 2800
Time (fs)

FIG. 9. The potential energy of (H,0)s>" as a function of the time.
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and dynamical details of HyO, and ICD-induced chemical
processes in condensed media.

ACKNOWLEDGMENTS

This work was jointly supported by the National Natural
Science Foundation of China under Grants No. 92261201,
No. 11974272, and No. 12325406; and Shaanxi Fundamen-
tal Science Research Project for Mathematics and Physics
under Grant No. 22JSY022. E.W. is supported by the Strategic
Priority Research Program of Chinese Academy of Sciences
under Grant No. XDB34020000 and a fellowship from the
Alexander von Humboldt Foundation. X.R. is grateful for sup-
port from the Shaanxi Province Natural Science Fundamental
Research Project under Grant No. 2023JC-XJ-03.

APPENDIX: CHARGE DISTRIBUTION AND POTENTIAL
ENERGY OF (H,0)¢>*
1. Charge distribution of (H,0)¢>*

The calculated Mulliken charge of (H,0)6>" by density
functional theory using the wB97XD functional with the
aug-cc-pVTZ basis set is shown in Fig. 8. The two charges
in the cluster are distributed among six oxygen atoms.

2. Potential energy of (H,0)¢**

The potential energy of (H,0)s>* as a function of the time
is shown in Fig. 9. The trajectory corresponds to the solid blue
curves in Fig. 5. At each point, the geometry is extracted from
the ab initio simulation and the potential energy is calculated
by the B3LYP/Aug-cc-pVDZ method.
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