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The study of water continues to provide surprises as evidenced by recent work on the surfaces of small droplets. Systems
comprising numbers of water molecules and corresponding cations represent a topic of special interest, such as nuclear
safety, functional biomolecules (DNA, RNA, and proteins) damage, proton transfer process and so on.

To date, water radical cations have been created through wet nitrogen ionized as a result of subjected to electron-impact
ionization, photoionization of a water molecular beam or vapor, even including in helium nanodroplets. They have also
been generated through intermolecular coulomb decay process by high-energy photos or above 70 eV electrons
impactions.

For (H,0),™, a theoretical simulation led to both the structure resulting from proton transfer and the dimer cation structure.
For larger water radical cations, these clusters are easily constructed from the (H,O),H* structures by substituting one of
the water molecules, which is the next neighbor of the charged site for «OH radical.

Besides the ultra-fast proton transfer reaction within (H,O),**, and between (H,0),** and its neighboring water molecules
to form the proton transfer product, (H,0),** also present ultrafast charge migration from a solute M to (H,0),*".

Keywords: water radical cations ; water radiolysis ; ab initio dynamics ; DFT calculations ; ultrafast chemistry

Water radical cations, (H,0),**, are of great research interest in both fundamental and applied sciences. Fundamental
studies of water radical reactions are important to better understand the mechanisms of natural processes, such as proton
transfer in aqueous solutions, the formation of hydrogen bonds and DNA damage, as well as for the discovery of new gas-
phase reactions and products. In applied science, the interest in water radicals is prompted by their potential in
radiobiology and as a source of primary ions for selective and sensitive chemical ionization. However, in contrast to
protonated water clusters, (H,O),H*, which are relatively easy to generate and isolate in experiments, the generation and
isolation of radical water clusters, (H,O),**, is tremendously difficult due to their ultra-high reactivity.

| 1. Introduction

Water is crucial for our existence on this planet and is involved in almost all biological and chemical processes . The
ionization of liquid water by photons, fast electrons, X-rays, heavy ions, etc., is increasingly employed in diverse fields

such as photon science, radiotherapy, nuclear reactors, radiation chemistry, nuclear waste management, and so on =14
Bl6I[ZI(8l9[L0]

Following the discovery of X-rays and natural radioactive phenomena, the chemistry of water radiolysis has been
extensively studied for more than a century L2131 The interaction of highly energetic photons or charged particles with
water results, in general, in the ejection of a quasi-free electron from the valence shell, leaving behind a positively charged
radical cation, H,O**, which then becomes stabilized as a cluster, (H,0),*". Gas-phase water radical cations can also be
produced in air plasma under atmospheric pressure. Experimental data suggest that the proton transfer dynamics occur
on a similar timescale as electron autoionization, with the proton transfer forming a Zundel-type intermediate [HO*...H...
H,OJ**, which further ionizes to form a so-far undetected type of dicationic charge-separated species with high internal
energy 14!,

Characterization of generated water radical cations is usually done using mass spectrometry, which can be combined with
optical spectroscopy 13I8l Two series of cluster ions ((H,O),H* and (H,0),*) in water ice have been detected
simultaneously in experiments involving secondary ion mass spectrometry (SIMS), with Au*, Auz*, and Cgo+ as primary
ions 7. Typically, protonated (H,0),H* cations have been observed as the predominant products of water ionization (18]
(29129] | jy et al. recently employed a microfluidic chip combined with time-of-flight secondary ion mass spectrometry (ToF-
SIMS) using keV-energy ion irradiation of Big™ as primary ions and only detected the protonated water and heavy water
clusters [21. The observation of radical (H,0),,** cations is highly uncommon.



H,O™ is estimated to form within a timescale of attoseconds (10718 s) or subfemtoseconds at the most, based on the
uncertainty relationship AEAt = h 22, |n pure water, the hot electrons generated after the ionization of the water relax into
solvent molecules and become trapped as hydrated electron (epyq) species, while H,O* rapidly forms oxidizing «OH
radicals via proton transfer, as shown in the following equation 23], which is fully accomplished in less than 1 ps.

HpO* + Hy0 — *OH + H30* (1)

In the past few decades, owing to the advent of femtosecond laser technology, several attempts using various methods
have been made to identify experimentally this H,O*" cationic species [23] 24125126 Nevertheless, a direct measurement
of the H,O*" decay has not yet been successfully done in pure water. It is of great interest to provide insight into the
electronic signature of this radical cation by using a more sophisticated time-resolved experimental or theoretical method.

Recently, Mizuse reported the infrared spectra of water cluster radical cations (H,O),** (n = 3-11) in the gas phase to
understand the structural evolution of ionized water networks at the molecular level [15]. Further investigation has led us
to have a deeper understanding of the precise structure of gaseous water radical cations (H,0),**. However, as has been
pointed out, theoretical calculations often suffer from symmetry breaking, spin contamination and/or self-interaction errors
in such open-shell doublet systems [271[28],

The reactivity of water exposed to ionizing radiation would be expected to depend on H-bond network structures around
the created *OH radical, which often reacts with a substance via one-electron oxidation, addition and H abstraction.
However, direct investigation of (H,0),** chemistry is still extremely challenging. Except for some dynamic simulations,
only a few works on the oxidation of small molecules, such as O,, CoH4 or CH,0 by H,O* 2289 and on other proton
transfer and charge migration processes of H,O*, have been reported.

The great interest in water radical cations and their solvated clusters has prompted a large number of studies which have
greatly enhanced our understanding of this highly unstable transient state of water over recent years. This review focuses
on recent studies aimed at uncovering the mechanism of formation, structural characterization and chemical properties of
the water radical cation and its clusters.

| 2. Structural Properties of (H,0),*": Simulations and Experimental Studies

Studies of clusters have provided detailed insights into structural trends and dynamics of hydrogen-bonded water
networks, as shown in Figure 1 [BLI32][33][34](35]36][37][38[39[40][41][42]

Another advance in studying hydrated clusters in the gas phase is to understand chemical reactions in aqueous solutions
from microscopic observations, since there are circumstances in which condensed phase studies may be unable to
adequately investigate such detailed reaction mechanisms. Reducing the number of molecules in a cluster system can
provide deeper insights into such a complicated system and has been used to characterize the reaction mechanism of an
important chemical reaction: ionizing radiation-induced reactions of water [43][44[45][46][47][48][49][50][51][52](53]
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Figure 1. Experimentally characterized structures of H*(H,0),. Figure adapted from with permission. Copyright 2011 The
Royal Society of Chemistry.

Structures of (H,0),** would be expected to reflect the inherent instability of H,O* and the reactivity of cationized water
networks. Attaining such knowledge is quite important for understanding ionizing-radiation-induced chemistry in water.
However, although (H,0),** has been produced in trace amounts in several experimental studies, structural information
on these species is still limited. This section focuses on this problem.

| 3. Chemical Properties of (H20),*": Simulations and Experimental Studies
3.1. Proton Transfer to Form Hydroxyl Radicals

lonization of water clusters (liquid, molecular beam or vapor) has been investigated using several techniques, and the
reaction was indicated according to the results to follow the equations

(H20)n + Ip = [(H20)n™lver + €~ (lonization) (6)

[(H20)n*lver = (H30™)(¢OH)(H50),—> (Complex Formation)
- H*(H20)p-1 + *OH (+OH Dissociation) 7
- H*(H20)n-k + (k-1)H,0 + «OH («OH Dissociation + H,O Evaporation)

where |, and ver denote the ionization potential and vertical ionized state from the parent neutral cluster, respectively.
Based on a previous study in which the ionizations of water clusters (H,O), (n = 2-6) were investigated using the direct
ab initio molecular dynamics (AIMD) method at the Hartree—Fock (HF) level [117], Tachikawa et al. performed the direct
AIMD calculation on a more accurate potential energy surface (MP2/6-311++G(d,p) level) to estimate the rate of proton
transfer along the hydrogen bond in the water cluster cation [118]. The rate of the first proton transfer was found to be
strongly dependent on the cluster size: average time scales of proton transfer for n = 2, 3 and 4 were 28, 15 and 10 fs,
respectively (from the MP2/6-311++G (d,p) level calculation), suggesting the proton transfer reactions to be very rapid
processes in the three clusters. The clusters with n = 3 and 4 also each showed a second proton transfer (with average
time scales of 120 fs and 40 fs, respectively, after the ionization), as shown in Figures 2 and 3 for the case of the water

tetramer (H,0)4*".
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Figure 2. Snapshots of water tetramer cation (H,0),** after vertical ionization from optimized structure. The values are
bond distance in A. Figure adapted from with permission. Copyright 2015 The Royal Society of Chemistry.
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Figure 3. (a) Superposition of snapshots for the first proton transfer process. (b) Potential energy curve for the proton
transfer process as derived from a static ab initio calculation (MP2/6-311++G (d, p) level). The values obtained from the
direct ab initio molecular dynamics (AIMD) calculation are given as filled circles. (c) Potential energy and (d) geometrical
parameters of the water tetramer cation following the vertical ionization each as a function of time. Figure adapted from
with permission. Copyright 2015 The Royal Society of Chemistry.

As illustrated above, on the basis of the presented calculations, a reaction model of ionizations of the water clusters is
proposed. Upon ionization of water, a hole would become localized on one of the water molecules of (H,0),,, and a proton
would rapidly transfer—within a time scale of about 10 fs—from H,O* (W;**) to H,O (W) along the hydrogen bond. Next,
the second proton transfer would occur from W, (H*) to W3 (H,O) within a time scale of 50—100 fs. The second proton
transfer would result in the separation of the *OH radical from H30* to form H3;0*-H,0O-'OH, as discussed in detail above
in Section 3. Upon completion of this separation, any attraction between H30* and the +OH radical would be masked by
the intervening H,0O, immediately resulting in dissociation of the «OH radical from the system.

3.2. Initial Ultrarapid Charge Migration in the Chemistry of H,O0**

Generally, the *OH radical dissociated from H,O*" is considered to be the main reactive species inducing one electron
oxidation, *OH adduct formation and H atom abstraction reactions. In theory, H,O** should be considered as an ultra-
oxidizing species. In the gas phase, oxidation of small molecules such as O, has been reported, as discussed above. In
the condensed phase, a prerequisite for the direct oxidation process to be competitive is that the target molecule should
be in close proximity to H,O**; thus, the oxidation process induced by H,O* can be mimicked in highly concentrated
solutions, where the nearest neighbors of H,O* may be molecules other than water 24531 By effectively solving the
bottleneck, it was not possible to exclude the possibility of an *OH radical reaction in the oxidation process by using
nanosecond or microsecond electron pulses as well as the problems of the absence of information on the yield of a direct
effect of radiation on the solute, picosecond pulse radiolysis clearly showed that H,O** can also be considered as an ultra-
oxidizing species in solution and presents a reactivity different from that of the *OH radical. Furthermore, several attempts
have been made to experimentally investigate H,O** in different ways based on femtosecond laser technology.

One of the femtosecond laser-driven accelerators established at ELYSE (a facility named after Lysis (Greek for
degradation) by Electrons, which achieves a high energy (7-8 Mev) electron beam with a pulse width of 7 ps) is shown in
Figure 4. This accelerator can achieve a high-energy (7-8 MeV) electron beam with a pulse width of 7 ps B8], Its detection
system is based on transient absorption spectroscopy with probe light, with wavelengths ranging from 380 nm to 1500 nm
(571, Therefore, the unique time-resolved technique based on a high-energy electron pulse enabled various investigators to
explore ultra-rapid chemical reactions of H,O™ through the scavenging method in a variety of highly concentrated
agueous solutions, i.e., by observing the formation of secondary radicals such as NO3", SO4"", X, (X = ClI, Br) or H,PO4".
By further using diffusion-kinetic simulations of the spur reaction induced by the incident electrons, the first semi-
quantitative estimation of the H,O** radicals scavenging fractions for a wide range of solutes could be established.
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Figure 4. (a) Photograph of the pulse radiolysis facility (the only one in Europe) based on the ELYSE (a facility named
after Lysis (Greek for degradation) by Electrons, which achieves a high energy (7-8 Mev) electron beam with a pulse width
of 7 ps)picosecond pulsed electron accelerator from the Physical Chemistry Laboratory in Orsay, France. (b) Schematic
description of the synchronization of the electron beam for ionization with a laser beam to probe the species created by
the electron pulse. Figure adapted from 8] with permission. Copyright 2018 Multidisciplinary Digital Publishing Institute.

H,O* has been suggested to be a stronger oxidative radical than other oxidants in aqueous solutions based on an
estimation of its redox potential value: the standard redox potential of H,O*"/H,O couple has been recently estimated to
be higher than 3 V vs. normal hydrogen electrode (NHE) 8. A 7 ps pulse radiolysis set-up was used to demonstrate the
oxidation reaction of H,O™ in various solutions. As the lifetime of H,O*" is too short for it to be observed directly, the
product of the oxidation reaction was observed just after the electron pulse. The oxidation of M by H,O* and by direct
effect gives M**, which can be observed. Other oxidation reactions, such as oxidation by the «OH radical, do not occur so

quickly. Therefore, the yield of M** measured precisely at 7 ps could provide information about its oxidation by H,O*" (as
shown in Figure 5).
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Figure 5. Schematic description of the reactions occurring in solutions containing a solute M at high concentration. Figure
adapted from 28 with permission. Copyright 2018 Multidisciplinary Digital Publishing Institute.

Several studies in highly concentrated solutions were performed with the purpose of scavenging the radical cation of
water, i.e., H,O* BABABLI6Z]63] Highly concentrated sulfuric acid solutions were shown to be appropriate probe systems
to elucidate the different mechanisms [E4IESI6GIE7I6EI6I] 5nd showed H,O** acting as a strong oxidant towards weak
electron donors such as HSO,~ or H,PO,~ 9. The reactivities of H,O™ and D,O*" were probed in hydrogenated and
deuterated sulfuric acid solutions of various concentrations, combined with theoretical simulations by Wanget al. [Z4]

As illustrated in Figures 6 and 7, electron transfer was indicated, based on the kinetics observed by Wanget al. [136], to
be favored over proton transfer in competition reactions of the radical cation of water in deuterated solutions. These latest
studies thus indicated the radical cation of water to be engaged not only in proton transfer reactions but also in redox



reactions when H,O™ (D,0™) is formed in the vicinity of molecules different from water—with charge migration propelled
by the excess energy present in the electron cloud just after ionization and not by nuclear motions as in standard chemical

theories of electron transfer (172,
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Figure 6. Electronic dynamics simulations. (a) Evolution of the charge of the water molecule hydrogen bonded to HSO,4
as a function of time after ionization took place, defined to be t = 0. Each plot (1, 2, 2' and 3) corresponds to a different
electronic dynamics generated by depopulating different valence MOs, the representations of which are shown in panel
(b) for isosurfaces of + 0.08 bohr~3/2. The two green curves (2 and 2') correspond to ionization from the same MO but with
different values of the hydrogen bond length between H,0 and HSO,™, 1.8 and 2.4 A, respectively, and (c) isosurfaces of
the difference charge density with respect to the initial time for dynamics 2 and for different times spanning the first half
period of charge migration. Blue and green isosurfaces indicate accumulation and depletion of electron density,
respectively. Figure adapted from ZX with permission. Copyright 2017 The Royal Society of Chemistry.
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Figure 7. Schematic of the probing of the competition reactions of the radical cation D,O*". A time resolution of 7 ps was
used in the setup for probing the sulfate radical in deuterated sulfuric acid solutions. Figure adapted from [ with

permission. Copyright 2017 The Royal Society of Chemistry.
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