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Abstract

Quantum chemical computations using both density functional theory and coupled-cluster theory methods, in conjunction with a
polarizable continuum model for treatment of structures in solution, were carried out on a series of small water anions [(H,O),]*",
n=2,3,4,5, and 16. Location of the excess electron was probed from a partition of electron densities using ELF and AIM
techniques. For each size n of the [(H,0),]*~ system, two distinct structural motifs are identified: a classical water radical anion
formed by hydrogen bonds and a hydrated electron in which the excess electron is directly interacting with H atoms. Both motifs
have comparable energy content and likely coexist in aqueous solution.

Keywords Hydrated electron - Water anion clusters - Water anions in solution

Introduction

A neutral molecule A can capture an electron leading to the
formation of a bound radical anion A” with a usually small
but positive adiabatic electron affinity. The excess electron
can be either localized on an atom or a group of atoms or
delocalized over the whole molecular skeleton [1]. When the
energy level of its lowest unoccupied orbital (LUMO) is too
high to accommodate the electron, the resulting radical anion
A" could be higher in energy than the neutral A and thus not
stabilized enough but remain in a metastable state in the gas
phase. In a solution, the generated electron tends to spill into a
cavity to capture solvent molecules forming a solvated entity.
In fact, the electron continues to exist as a lone particle solvat-
ed by a cluster of A molecules, e (A),, in a continuum of A as
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the solvent. Solvated electron is a common phenomenon
when the electron is radiolytically or photochemically gener-
ated in homogenous liquids, or at the interfaces of liquid and
solids [2].

Hart and Boag [3] reported in 1962 the first experimental
observation of hydrated electron produced upon radiolysis of
water and characterized it by, among others, a broadband in
the UV absorption spectrum centered at ~720 nm. Since then,
its structural and spectroscopic properties, as well as its reac-
tivities and dynamics, have extensively been investigated in a
wealth of studies, experimental and theoretical alike. Previous
results on the hydrated electron are extremely abundant and
have critically been analyzed in book [4] and several review
articles [5—14]. As it is not possible to mention here all rele-
vant papers, we would refer to these review articles [5—14]
including the most recent perspective article in 2019 [14] on
the development of the subject.

In spite of such extensive studies, the geometrical and elec-
tronic structure of the hydrated electron remains a subject of a
continuing debate. The original UV band centered at ~720 nm
[3] and subsequent photoelectron [15, 17], vibrational [18,
19], and electronic [20-23] spectroscopic results pointed out
a structure which is consistent with a “cavity model” [6, 24,
25] suggesting that the electron resides in a water solvent
cavity with an average radius of ~2.4 A, and is stabilized by
hydrogen-bonded interactions between the electron and the
positively charged H atoms of water molecules.
Nevertheless, the questions as to when the electron goes
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within the cavity to form a solvated entity and why such phe-
nomenon is occurring remain unanswered.

As a signature spectroscopic parameter, the optical spec-
trum of hydrated electron has theoretically been simulated
using different approaches including the all-electron time-de-
pendent density functional theory (TD-DFT) on small oligo-
mers [26] and PCM-TD-DFT within a mixed quantum/
classical framework (QM/MM) [27] and also molecular dy-
namics simulations [12].

A question of intense debate has been, and still is,
concerning the actual number of water molecules involved
in direct interaction with the electron to provide us with a good
model for the hydrated electron. Earlier spectroscopic data
revealed that for each size n, several isomeric forms of the
e (H,0),, complex are present in which the electron is connect-
ed with H atoms of distinct water molecules located in the
liquid or frozen glass and hydrogen bonded to a network of
other water molecules. Such a picture was widely accepted to
represent the cavity model in which the long-range polariza-
tion potential of the solvent is an essential parameter. There
has been discussion on a non-cavity model in which several
water molecules are associated with the electron [28-31].

More recently, Herburger et al. [23] reported the electronic
absorption spectra of water cluster anions (H,0),” with n <
200 at 7 = 80 K and compared them with simulations from
literature and experimental data for bulk hydrated electrons.
These authors [23] pointed out that two almost isoenergetic
electron binding motifs were seen for cluster sizes 20 < n <40,
which were assigned to surface and partially embedded iso-
mers. With increasing cluster size, while for n > 50 the par-
tially embedded isomer prevails and the absorption is blue-
shifted, in the size range from n ~ 100 the absorption spectrum
is slightly red-shifted and similar to that of the bulk hydrated
electron. Although the authors [23] argued that their results
support the fact that the water anion clusters are reasonable
model systems for hydrated electrons near the liquid—vacuum
interface, a clear picture on the structure of the water anion
clusters was not given.

The main experimental results supporting the predomi-
nance of an anionic water hexamer include the vertical elec-
tron detachment energy (VDE) which is associated with an
unusually intense peak [16]. O—H stretching frequencies
which show a frequency red shift are also a typical character-
istic [9, 16, 18]. Some other studies pointed toward the impor-
tance of smaller-size hydrated electron [26, 32, 33]. Bartels
and coworkers [26] carried out quantum chemical computa-
tions on small hydrated electron species embedded in a polar-
ized continuum, and their computed results suggested that a
water tetramer ¢ (H,O), represents a dominant structural mo-
tif of the hydrated electron. Such a tetrahedral anion cluster
whose electron occupies a central position interacting with
four water H atoms, in fact, reproduce best the resonance
Raman properties, radius of gyration, VDE, and hydration
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energy, as well as the EPR g-factor and hyperfine coupling
constants [26, 34]. These constitute significant findings and
can be served as starting models for further studies.

Regarding its chemical reactivity, the hydrated electron has
been suggested to be involved in radiation chemistry, due to
its formation upon radiolysis of water [35] and has been used
as a reagent in charge-induced reactivity in different process-
es, due to its negatively charged nature [4]. Its most obvious
process is its reaction with the surrounding water molecules
whose kinetics have long been investigated [36]. A theoretical
study using DFT-based molecular dynamics simulations [37]
pointed out a complex mechanism of these reactions that in-
volve not only proton transfers within the coordination sphere
of the hydroxide anion but also diffusion of the H atom in its
water solvent cavity.

Using quantum chemical computations, we recently dem-
onstrated that the water anions, rather than hydrated electron
model, involving four water molecules, can effectively be
used to probe the mechanism and kinetics for the dissociation
of water anions [38]. Some water anion isomers can dissociate
when interacting with a water molecule, [(H,0),]” + H,O —
H'(H,0),, + OH (H,0),.,,, through successive hydrogen
transfers with moderate energy barriers. This process is basi-
cally a water-splitting in which H atom transfers take place
within a water trimer, whereas other water molecules tend to
stabilize transition structures through microsolvation rather
than by direct participation. Calculated absolute rate constants
for the reversed reaction H'(H,0), + OH (H,0), — [(H,0)4]"
+ H,0 with both H and D isotopes, involving water oligomers,
have been found to agree well with the experimentally evalu-
ated kinetic results. On the other hand, the mechanism and
kinetics of the reactions of the hydrated electron (e ,q) with
the H;0" and NH," cations were determined using quantum
chemical computations with a polarized continuum model for
treating structures in solution [39]. The NH,* cation reacts
with the hydrated electron, rather than with the water
anions, involving a transition structure with H-tunneling,
and the predicted rate constants agree well with available
experimental results. These results lend on the one hand
a kinetic support for the involvement of a water tetramer
unit but suggest on the other hand that the identity of the
reacting species could be different from each other de-
pending on the reaction partners; the system could be-
have as either a hydrated electron or a water anion.

In view of the importance of the hydrated electron in dif-
ferent domains, and in particular with respect to the pending
answers on the structure of the radical anion [(H,O),]™ sys-
tem, we set out to have another look at their structures. For this
purpose, we first redetermine, making use of quantum chem-
ical computations, the geometrical and electronic structure of
[(H,0),]” system with n = 2, 3, 4, 5, and 16. Two different
approaches to the electron localization in molecular systems,
namely the ELF and AIM techniques, are subsequently used
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with the aim to determine the whereabouts of the excess
electron.

Computational details

All electronic structure theory calculations are conducted
using the Gaussian 09 program package [40]. Geometry opti-
mizations of the stationary points for both neutral and anionic
systems are performed using the second-order perturbation
theory (MP2) level for initial survey (Figure S1, SI file) and
density functional theory (DFT) with the popular hybrid
B3LYP functional in conjunction with the 6-311++
G(3df,2p) basis set. The unrestricted formalism (UHF,
UMP2, UB3LYP) is used for open-shell structures. For the
treatment of systems in aqueous solution, based on previous
studies [26, 41], the supermolecules considered are fully em-
bedded in a continuum of water molecules using a polarizable
continuum model (PCM) [42]. A recent computational study
[41] on the H/H redox couple and the absolute hydration
energy of H again showed that the PCM is quite suitable
for the treatment of thermochemical properties of radicals
and anions in aqueous solution.

The identity of each stationary point located is established
by subsequent computations of harmonic vibrational frequen-
cies at the same level. In order to improve the relative energies
between isomers, single point total electronic energies of rel-
evant equilibrium structures are calculated using (U)B3LYP-
optimized geometries but with the coupled-cluster theory
(U)CCSD(T) in conjunction with the correlation-consistent
polarization aug-cc-pVTZ basis set, and also embedded in a
water continuum using the PCM approach. In order to find the
location of the excess electron, we use the electron localization
function (ELF) technique [43] which partitions the total den-
sity into different basins. The atom-in-molecule (AIM) ap-
proach [44] is also used to probe the electron distribution.

Results and discussion

To simplify the presentation of calculated results, a large
amount of data is given in Tables S1, S2 and Figures S1 and
S2 of'the Sl file. Geometrical parameters determined using the
second-order perturbation theory (MP2) level for the initial
survey are given in Figure S1 (SI file).

Geometries of the radical anions (H,0),°": water
anion vs. hydrated electron

Structures in the gas phase

Let us first consider again the small gas-phase water olig-
omers in two charge states that are served as references

for further comparison. Figure 1 displays the shapes of
optimized structures of both series of neutral and anionic
water oligomers from the dimer to the pentamer, together
with the main bond distances. As for a convention, each
structure displayed in the following sections is denoted by
nx-gy in which n =1, 2, 3, 4, and 5 stand for the number
of water molecules, x = n, a for neutral and anionic state,
respectively, g for gas-phase structure, and y = 1, 2... for
the isomers located with increasing relative energy.
Unless otherwise noted, relative energies (AE) between
isomers are obtained from (U)CCSD(T)/aug-cc-pvIZ +
ZPE computations.

The structure nx-gl invariably corresponds to the most
stable complex nx-g. Structures of the neutral water clusters
have been the subject of an abundant number of previous
studies, and thus deserve no further comments [45]. They
are shown here only with the aim to focus on structural chang-
es upon the addition of an excess electron. A few interesting
points can be noted from Fig. 1:

i. Except for dimer 2a-g2, all anionic oligomers become less
compact. All O-H distances are in fact stretched upon
electron addition, except for the intermolecular O-H dis-
tance in 2a-g2, being 1.96 A in 2n-g and 1.94 A in 2a-g2.
The increase of distance amounts up to 0.12 A for inter-
molecular contacts.

ii. In the hydrogen-bonded dimer, while a #rans configura-
tion between the H atoms is well established for the neu-
tral 2n-gl, all geometry optimizations for the anion in-
variably converged to a cis configuration 2a-g2.
However, the novel anionic structure 2a-gl whose neutral
counterpart does not exist turns out to be more stable than
the hydrogen-bonded 2a-g2 by 1.3 kcal/mol. The O-O
and H-H distances in 2a-gl are quite long, indicating
the existence of interactions of four H atoms with the
excess electron located at the center of the planar symmet-
rical species.

iii. The shape of the trimer is significantly changed upon
electron addition. While anionic trimer tends to keep a
cyclic framework, the nature of intermolecular contacts is
changed from classical O—-H—O hydrogen bond in neutral
3n-gl to di-hydrogen H-H bond in anion 3a-gl (Fig. 1).
Such an arrangement appears to allow all H atoms to
interact with the excess electron.

A water anion trimer structure having a chain geometry
was previously reported to be the most stable form (from
UCCSD(T) using UCCSD optimized geometry) [46]. The
present 3a-gl structure is calculated to be more stable than
the structure in ref. [46] by only ~0.1 kcal/mol at the
UCCSD(T)//B3LYP/6-311++(3df,2p) level. Accordingly,
both structures can be regarded as isoenergetic and competi-
tive for the ground state structure.
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Fig. 1 Optimized geometric shapes and selected bond distances (A) of
small gas-phase neutral and anionic water oligomers, from monomer to
pentamer ((U)B3LYP/6-311++G(3df,2p)). Relative energies (AE,

iv. The tetrameric anion is also structurally changed in which
the cyclic neutral shape of 4n-g1 is destroyed. While four
oxygen atoms of 4n-g1 are located nearly in a plane, such
a plane no longer exists in 4a-g1. The shape of the stable
anion 4a-g1 is apparently formed by interaction of dimer
2a-gl with dimer 2a-g2. Each water molecule of 2a-gl
interacts with one H atom of the H-acceptor monomer of
2a-g2 forming a classical O-H—O hydrogen bond, but
with a longer O-H distance (1.99 A).

Another way of considering 4a-gl is as it is composed of a
trimer plus a monomer. In the core trimer, both O-H-O and
H-H contacts exist. The H-H distance of 3.01 A (Fig. 1) is
even shorter than that in 3a-g1. Interaction of the fourth mono-
mer with the trimer occurs via an O—H—O hydrogen bond.

v. Concerning the pentamer, the most stable five-membered
cycle of neutral 5n-gl disappears in going to anion Sa-gl.
The latter is apparently formed from interaction of dimer 2a-
g2 with a distorted trimer in which a triangular H-H-H
contact seems to emerge. Such an interaction gives rise to
5a-g1 which can also be viewed as arising from interaction
of tetramer 4a-g1 with a fifth water monomer through H-O—
H hydrogen bond.
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kcal/mol) are obtained from (U)CCSD(T)/aug-cc-pVTZ + ZPE compu-
tations using (U)B3LYP geometries

vi. In the gas phase, water oligomers are characterized by
small but negative electron affinities (EA), as the energy
of each water anion is calculated to be higher than that of
the corresponding neutral form by 10 to 20 kcal/mol
(values at UCCSD(T)/aug-cc-pVTZ + ZPE). This is in
line with previous efforts to compute the EA of water
[45].

Structures in aqueous solution

Figure 2 displays optimized structures for both series of small
neutral and negatively charged water oligomers when they are
immersed in a continuum of aqueous solution. Their geome-
tries are optimized using the (U)B3LYP/6-311+G(3df,2p)
method in conjunction with a PCM approach for the treatment
of water continuum. The validity of this approach has been
discussed in previous studies [26, 38, 39, 41]. The main bond
distances in each complex are also given in Fig. 2. For the
neutral series, water oligomers tend keep their cyclic shape in
going from gas-phase hydrogen-bonded complexes nx-gy
(Fig. 1) to solvated nx-sy structures (s stands for structure in
solution in this and following figures). Bond distances, in
particular intermolecular distances, are only marginally
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stretched upon solvation. A few remarkable structural features
emerged from the results displayed in the following figures:

Dimers Both hydrogen-bonded dimers 2n-s1 and 2a-s2 exhib-
it now the same nuclear cis configuration, and intermolecular
O...H distance in 2a-s is again slightly stretched (Fig. 2). The
most stable anion isomer turns out to be 2a-s1 which is ~1.2
kcal/mol more stable than 2a-s2. This anion 2a-s1 can be
characterized as the simplest hydrated electron in which the
excess electron is located near the middle of both H atoms.
The intermolecular H-H distance of 2.74 A implies that the H-
electron distance amounts to ~1.37 A, which is expected to be
a typical length for a H-electron bond.

The electronic structure of the dimer is further examined
using the electron localization function (ELF) [43] which is a
partition of the total electron density into different basins
where electrons are concentrated. ELF maps often provide a
complementary view to results obtained from other types of

033

1.73
~
0.32
1.73 1.73
4.57

1.72

Fig. 3 ELF maps of the species in aqueous solution a 2a-s2 and b 2a-s1
and ¢ AIM map of 2a-s1. Values indicate amounts of electron
concentrated in basins (UB3LY/6-311++G(3df,2p))
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partition such as the AIM approach [44]. Figure 3 illustrates
the ELF maps of both 2a-s1 and 2a-s2 structures.

The ELF map of 2a-s2 (Fig. 3a) points out that the excess
electron in aqueous medium is found in basins located outside
the water dimer entity, and in electrostatic interactions with
non-bonded H atoms. As there are in the dimer three non-
bonded H atoms and the excess electron is thus equally divid-
ed, each outside basin encloses about one-third of the electron
(~0.33 electron). It can be viewed that a larger basin contain-
ing about two-thirds of electron appears around the two H
atoms of the H-bond acceptor monomer.

The ELF map of 2a-s1 (Fig. 3b) clearly illustrates a direct
interaction of two H-atoms with excess electron which is lo-
cated around the middle of H-H contact. Such a distribution is
further supported by the atom-in-molecule (AIM) map illus-
trated in Fig. 3¢ in which a bond critical point (BCP) is indeed
identified at around the middle of both interacting H atom
positions. There is a small charge transfer from the electron
to each water molecule.

In summary, both geometric and electronic features dem-
onstrate the existence of two distinct structural motifs, namely
the hydrogen-bonded anion and the hydrated electron, for the
dimeric (H,O),°". In view of their small relative energies (~2
kcal/mol), which lies within the expected error margin of = 3
kcal/mol of the methods employed (with incomplete basis set
and continuum model), both structures can be regarded as
having a nearly degenerate energy content.

Trimers In the neutral state, both cyclic 3n-s1 and open 3n-s2

forms are found with a very small energy difference (Fig. 4).
For anion trimer, lower-lying structures found include 3a-s1

6\@/‘ 1.936 { ‘X
‘ 0.975 0.97
(-
1.832

1.931

1.931 g.978 1.824 g{

a) b)

P 2739 /G\ 0.976 1.959
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1.854
0-20.981
c) d

Fig. 4 Optimized geometries and some bond distances (A) in aqueous
solution of neutral trimer a 3n-s1 and b 3n-s2 and anionic trimer ¢ 3a-s1
and d 3a-s2 (PCM-(U)B3LYP/6-311++G(3df.2p))



Struct Chem

and 3a-s2 (Fig. 4). The optimized shape of 3a-s1 is in good
agreement with a recent theoretical study [15]. This hydrated
form is basically formed upon attachment of the third water
molecule to the dimeric 2a-s1 via an electron-H contact and is
calculated to be ~2 kcal/mol below 3a-s2. The latter is also
formed upon interaction of the third water molecule to the
dimer 2a-s2 by an additional O-H-O hydrogen bond and
can be regarded as a water trimer anion. No O—-O-O cyclic
anion similar to the neutral 3n-s1 can be found. Geometry
optimizations for anion starting from neutral 3n-s1 and 3n-
s2 geometries invariably lead to anion 3a-s2 which is ~2 kcal/
mol higher than 3a-s1. There are some other isomers such as
those in which one monomer uses both H-atoms to interact
with O-atoms to two other monomers. These isomers are how-
ever > 2 kcal/mol higher in energy than 3a-s1.

As in the dimeric case, the shape of the more stable trimer
anion 3a-s1 basically differs from that of neutral trimer 3n-s1
(Fig. 4) or gas phase trimer anion 3a-gl (Fig. 1). A new and
interesting feature of 3a-sl is that a triangle is formed from
three H atoms, each from one water molecule, and all of them
appear to be interacting with the excess electron located at the
triangular center. The H...H distance of ~2.7 A of 3a-s1 tri-
angle is rather large, but this points out that while H-H repul-
sion is not effective, attractive, and stabilizing electron-H at-
om interactions end up favoring the hydrated structure 3a-s1.
The electron-H distance amounts now to ~1.95 A.

Figure 5 shows the ELF map of trimer 3a-s1. Each water
monomer bears ~8.1 valence electrons. About one-third of the
excess electron is transferred to monomers, and a large part is
localized in the basins situated at the center of a H-H—H tri-
angle (> 0.6 electron). Overall, both geometric and electronic
aspects again confirm that trimeric anion 3a-s1 behaves

Fig.5 The ELF map of trimeric hydrated electron in aqueous solution 3a-
s1. Values indicate amounts of electron concentrated in basins (UB3LYP/
6-311++G(3df,2p))

effectively as a hydrated electron ¢ (H,O); whose central elec-
tron is surrounded by three water molecules via attractive
electron-H interactions.

Tetramers The geometry of the neutral tetramer in solution
4n-s1 (Fig. 6a) is basically similar to that of its gas phase
counterpart 4n-gl (Fig. 1) and is characterized by a four-
membered cycle made by four oxygen atoms. In contrast,
the geometry of tetrameric anion turns out to drastically be
changed following solvation. Geometry optimizations for the
anion starting from any point close to neutral 4n-s1 leads to
two different lower-energy minima 4a-s1 and 4a-s2 (Fig.
6b, ¢). While 4a-s2 has a shape similar to that of conventional
neutral 4n-s1, the equally stable anionic isomer 4a-s1 has a
tetrahedral form. For the sake of visualizing, Figure S2 (SI
file) shows different perspective views of this structure.

An energy difference of ~3 kcal/mol is found in favor of the
novel tetramer 4a-s1 with respect to the classical 4 s-s2, which
was also reported in a previous study [47]. This finding also
confirms the results reported in a previous theoretical study
[26]. 4a-s1 corresponds to a tetrahedron made by four H
atoms, each coming from one monomer. The four H atoms
are apparently directed toward the excess electron situated at
the center of the tetrahedron. Stabilizing electrostatic electron-
H atom interactions again favor the emergence of tetrahedral
anionic tetramer 4a-sl. As in the case of trimers, there are
some other isomers such as those in which one monomer uses
both H-atoms to interact with O-atoms to two other mono-
mers. These isomers turn out to be higher in energy than 4a-
s1, and they are not further considered.

Figure 7 displays both the ELF and AIM critical point maps
of 4a-s1. Basins of electrons illustrated in Fig. 7a are found
using the value ELF = 0.8. These basins disappear when a
value ELF < 0.8 is used, which means that they are localized
basins. Again, each water monomer contains ~8.1 valence
electrons, as charge transfer from the electron is significant
(one half of electron). The central basins enclose about one-
half of electron. Such a picture of electron distribution is fur-
ther supported by AIM critical points displayed in Fig. 7b. A
type of cage critical point clearly emerges at the center of the
4H-tetrahedron 4a-s1. While 4a-s1 again behaves as a hydrat-
ed electron, 4a-s2 looks like a more conventional water anion.

Pentamers The neutral Sn-s1 displayed in Fig. 8 exhibits a
shape similar to its gas phase counterpart Sn-gl (Fig. 1).
Two different stable structures having a similar energy content
are located for the pentameric anion, and both significantly
differ from the neutral pentamer (Fig. 8). Accordingly, the
shape of both anions 5a-s1 and 5a-s2 can be regarded as a
complex formed from a stable tetramer 4a-s1 or 4a-s2 through
interaction with one monomer. The fifth monomer is expected
to be placed at different positions around a tetramer leading to
a variety of complexes having comparable energy content.

@ Springer
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Fig. 6 Optimized geometric shapes and some bond distances (A) in
aqueous solution of a neutral 4n-s1, b anionic 4a-s1, and c anionic 4a-
s2 (PCM-B3LYP/6-311++G(3df,2p)). Relative energies (AE, in

kcal/mol) are obtained from PCM-(U)CCSD(T)/aug-cc-pVTZ + ZPE
computations

The hydrated electron 5a-s2 (formed from 4a-s1) is computed
to be at only 1.1 kcal/mol less stable than pentamer anion Sa-
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Hydrated electron e (H,0),

1 4044
i (10.31) +0.55
_______ 124 (+0.46)
a (-1.01)

b)

Fig. 7 Electron distribution of hydrated electron ¢ (H,0), in aqueous
solution 4a-s1: a ELF map at ELF = 0.8. Values indicate the amounts
of electrons concentrated in basins, and b atom-in-molecule critical
points. Values are AIM net charges. NBO charges are given in parenthe-
ses (UB3LYP/6-311++G(3df,2p))

s1 (formed from 4a-s2 with some distortions). Again, within
the expected accuracy of the methods employed, either the
UCCSD(T) or the UB3LYP, being + 3 kcal/mol on relative
energies, both isomers are energetically quasi-degenerate and
competing for the corresponding ground state. As for a further
calibration, 5a-s1 remains the more stable structure when
using different density functionals such as the UwB97XD,
UwB97X, and UMO06-2X with the same 6-311++G(3df,2p)
basis set for geometry optimizations.

Larger oligomers Larger oligomers are successively explored
for the anions. A consistent pattern appears to emerge in the
formation of larger size anions. As in the case of pentamer,
tetramer 4a-s1 (Fig. 6) appears to play the role of a building
block from which additional water molecules are attached
through classical hydrogen bonds whose configurations are
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Fig. 8 Optimized geometric shapes and some bond distances (A) in
aqueous solution of a neutral Sn-s1, b anionic 5a-s1, and ¢ anionic 5a-
s2 (PCM-B3LYP/6-311++G(3df,2p)). Relative energies (AE, in
kcal/mol) are obtained from PCM-(U)CCSD(T)/aug-cc-pVTZ + ZPE
computations based on (U)B3LYP geometries

somewhat similar to those in the gas phase 4a-gl (Fig. 1).
Attachment at possible sites around such a building block
leads to a large number of isomers having comparable ther-
modynamic stability.

As for a representative example, Fig. 9 displays an opti-
mized structure of (H,0),¢*~ with n = 16. Figure 9a shows an
optimized geometry of this anion in solution with highlighting
of the core unit of four water molecules situated in a tetrahe-
dral shape surrounded by twelve other water molecules. As
seen in Fig. 9b, each molecule of tetrahedral core unit is con-
nected by three molecules. Taken together, this provides us
with a picture of the first solvation shell of water anion in
solution.

a)
1.795
s et
96
2528 | 221

b)

Fig. 9 Optimized geometry of ¢ (H,0),4 in aqueous solution (PCM-
UB3LYP/6-311++G(3df,2p)): a tetrahedral building unit is highlighted
and b a configuration around each water molecule of the tetrahedral unit

In agreement with a recent theoretical study which also used
the UB3LYP functional but with a smaller basis set [26], this
result supports the view on a predominance of tetrameric unit in
(Hy0),*". To test further this result, we carry out geometry
optimizations using the density functionals UwB97X and
UwB97XD with the same 6-311++G(3df,2p) basis set, and
the same geometries are found. In other words, the unit of four
water molecules (n = 4) appears to be necessary and sufficient
for the hydration of the electron through direct interactions.

Concluding remarks

In the present theoretical study, quantum chemical com-
putations using both density functional theory (B3LYP

@ Springer
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hybrid functional) and wavefunction (MP2 and coupled-
cluster CCSD(T) theory) methods, with correlation con-
sistent basis sets, in conjunction with a PCM approach for
treating systems in aqueous solution, were carried out to
have another look at the geometric structure and electron
distribution of a series of small negatively charged water
species [(H,0),]*-. While structures in both gas phase and
aqueous solution were determined by extensive geometry
optimizations, the identity of the excess electron was
probed using two different techniques for partitioning
the total electron density (ELF and AIM). The most re-
markable results emerged as follows:

i.  For each size of the anionic oligomer [(H,0),]*~ with n =
2,3, and 4, two distinct structural motifs can be identified.
The first is a classical water radical anion formed through
hydrogen bonds that are similar to those in their neutral
water counterpart. The second motif is a hydrated electron
in which the electron is interacting with H atoms, each
arising from one water monomer. For these small oligo-
mers, the fact that both motifs have comparable energy
content and compete for the ground state suggests their
coexistence in solution.

ii. Starting from n = 5, the tetrameric anion in each motif
behaves as a core unit from which larger oligomers can be
built up upon successive or multiple addition of water
monomers through hydrogen bonds, giving rise to a pleth-
ora of isomers having similar energy content. Four water
molecules thus appear to be a minimal but sufficient num-
ber of discrete water molecules to hydrate the electron in
an aqueous solution via direct electron-H atoms interac-
tions. Such a number of water molecules is similar to the
solvation process of small organic molecules in aqueous
solution [48, 49]. Future theoretical studies determining
spectroscopic parameters, such as the electronic absorp-
tion bands, are needed to allow both types of structures to
be distinguished.
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