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Py g Existence of a hydrated electron as a byproduct of water radiolysis was estab-
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attention due to its role in radiation chemistry, including DNA damage, and

Copyright © 2017 by Annual Reviews. because questions persist regarding its detailed structure. This work provides
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¢ an overview of what is known in regards to the structure and spectroscopy of

the hydrated electron, both in liquid water and in clusters (H,O)}, the latter
of which provide model systems for how water networks accommodate an ex-
cess electron. In clusters, the existence of both surface-bound and internally
bound states of the excess electron has elicited much debate, whereas in bulk
water there are questions regarding how best to understand the structure of
the excess electron’s spin density. The energetics of the equilibrium species
e~ (aq) and its excited states, in bulk water and at the air/water interface, are
also addressed.
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1. INTRODUCTION
1.1. History

The nature of the solvated electron is an old question. The first observation of what would
eventually be understood, more than a century later, as a solvated electron dates to Humphry Davy,
in whose laboratory notebooks from 1808 can be found a description of the “beautiful metallic
appearance” and “fine blue colour” observed when potassium crystals are heated in the presence
of ammonia vapor (1). Following the liquefaction of ammonia, the blue color of sodium/ammonia
mixtures was noted by Weyl in 1864 (2), who attributed the blue color to formation of a chemical
compound, NaNHj. This idea held sway for some time until convincing evidence against it was
finally presented by Kraus in 1908 (3), in experiments originally intended to test the idea that
electrons are the charge carriers in metallic conduction (4). The existence of dissolved ions as
the charge carriers in electrolyte solutions had been established much earlier by Kohlrausch (5),
but in Kraus’s view, “knowledge of the solid state of matter... is far too limited to enable us
to determine the nature of the processes which are specifically involved when electricity passes
through a metal” (4, p. 1558), and he supposed that solutions of metals in nonconducting solvents
might provide simpler systems on which to test theories of electrical conduction in metals.

To this end, Kraus measured the electrical conductivity of solutions of alkali metals dissolved
in liquid ammonia, and already in the first of these papers (in 1908), he proposed that the charge
carriers were “electrons surrounded by an envelope of ammonia” (6, p. 1332), i.e., solvated elec-
trons, formed via the dissociation equilibrium Na = Na* +¢~. This inference seems all the more
profound when one considers that the nature of the electron as the charge carrier in cathode ray
tubes had been established only about ten years earlier (7), and Kraus’s 1908 paper predates the
publication of Millikan’s oil drop experiment (8).

A few years after Kraus’s proposal, Gibson & Argo (9, 10) measured optical absorption spectra
of solutions of alkali and alkaline earth metals dissolved in liquid ammonia and in organic amines.
These solutions each exhibit a strong blue color, and the wavelength of maximum absorption
in a given solvent is independent of the identity of the metal (10). Based on the classical theory
of dispersion in metals, Gibson & Argo showed that the absorption cross sections could not be
reconciled with the conductivity data under the assumption that only the undissociated metal was
present in solution (9). With this, the notion of a solvated electron as a distinct chemical species
was established. These experiments predate the development of the “new” quantum theory, but
by 1946 the idea had been put forward that the optical spectra of alkali metal solutions in ammonia
arises from s — p excitation of a particle in a quasi-spherical solvent void (11). This notion was
later elaborated (12) and adapted for the aqueous electron (13) by Jortner and co-workers.

This review focuses on the specific case of the solvated electron in water, e~ (2¢), for which
detailed historical accounts of early experiments can be found elsewhere (14-16). Briefly, as early
as 1952 it was suggested that such a species might be a byproduct of the radiolysis of aqueous
solutions (17), but reaction of alkali metals with water does not produce any visible coloration,
which is ultimately a consequence of the fact that the lifetime of ¢ ~(#¢) in neutral water is ~300 ps
when generated in low concentrations and can be significantly shorter under other conditions (18).
Aqueous electrons can be generated by pulsed radiolysis of aqueous solutions (18), as in the original
1962 measurement of the optical spectrum (19); by sonolysis of aqueous solutions (20); by two-
photon laser excitation of liquid water; or else by photodetachment of a suitable electron donor,
e.g., by accessing charge-transfer-to-solvent excited states of I (2¢) or CN™(2¢) (21-23). In the
504 years since it was first detected experimentally, ¢~ (2¢) has come to be recognized as one of
the primary radicals formed upon radiolysis of water (14, 24, 25).
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Theoretical attempts to understand the detailed structure of e~ (2¢) are nearly as old as the
first measurement of the optical spectrum. Early models were continuum or semicontinuum in
nature (13, 26-29) and assumed that the electron inhabits an excluded volume in the structure of Cavitv model

aQ :
liquid water, consistent with experimental measurements of the partial molar volume of e ~(2¢) 30, , og;l in which the
31). In the 1970s, analysis of electron spin resonance (ESR) spectra of electrons trapped in glassy aqueous electron
alkaline water seemed to confirm this picture (32). The same picture would later emerge from  creates and occupies a
atomistic simulations using one-electron (pseudopotential) models (33, 34), and finally from first- ~ quasi-spherical region
principles calculations based on density functional theory (DFT) (35-37). As such, this cavity Séféiiﬁi;’ﬁ} ::tle
model of e~ (2¢) has become the conventional paradigm, although not without occasional (and
. . . . Vacuum level:
ongoing) controversy (38-42), as discussed in Section 4.

d _ . reference energy of a

In the 1980s, finite cluster analogues of the hydrated electron, (H,O)y, were created in a noninteracting
molecular beam (43), and the possibility of mass-selecting these clusters and interrogating them  ¢lectron removed from
spectroscopically provides another avenue to understanding how water accommodates an extra  the solvent
electron. Interpretation of the cluster spectroscopy has proven controversial (44-46) and is dis-

cussed in Section 2. Spectroscopic studies of e~ (#¢) in liquid water are discussed in Section 3.

1.2. Chemical Significance

Although this review focuses mainly on structural, spectroscopic, and energetic considerations,
the importance of e~ (z¢) as a potent reducing agent in aqueous chemistry cannot be overstated.
Figure 1 illustrates some of the early-time events in water radiolysis (47), whereupon ionizing
radiation generates three primary radicals: H*, HO®, and ¢~ (#¢). The latter thermalizes on a
picosecond timescale, ~3.5 eV below vacuum level, and its formation and depletion are readily
monitored via an intense absorption at 720 nm that is ascribed to s — p excitation within the
excluded volume of the cavity occupied by e~ (2¢).

Although some reactions involving ¢~ (2¢) are diffusion-limited, many exhibit activation ener-
gies of 1-8 kcal/mol (24), suggesting that the kinetics is controlled by the availability of a vacant
orbital on the reacting partner species. However, even for the simplest reaction,

H(aq) + ¢ (aq) — H'(aq), 1.

the molecular-level mechanism is not always clear. Whereas a long-held view is that e ~(2¢) always
reacts via an electron-transfer mechanism (14), recent DFT simulations of reaction (1) in small
water clusters suggest that it may occur via proton transfer into the e~ (2¢) cavity (48, 49). This
requires significant (and simultaneous) rearrangement of both the proton and the electron hydra-
tion shells, including considerable distortion of the unpaired electron that facilitates reaction but
comes with an energetic penalty for desolvation of the two hydrophilic reactants. Perhaps sur-
prisingly, Reaction 1 proceeds more slowly than H*(z¢) + HO ™ (2¢q) — H,O, where one might
anticipate similar disruption of the solvation shells around the two ions, and also more slowly than
e (aq) + HO*(aq) - HO ™ (aq). These examples suggest that not all e~ (#¢) chemistry should be
conceptualized in electron-transfer terms.

Direct absorption of ionizing radiation can induce mutagenic lesions in DNA; however, it is
actually secondary species such as ¢~ (z¢) generated in water that cause the most damage (50—
52). Electrons with kinetic energies in the range 3-20 eV can induce single and double strand
breaks in vacuum (53), with a damage profile peaking around 10 eV that suggests core-excited
resonances of a nucleobase may be involved (52, 53). In addition, electrons with energies as
low as 0.1-2.0 eV, well below the estimated 7.0-10.5 eV ionization threshold of DNA (53),
can induce covalent bond cleavage in DNA. In the proposed mechanism (54), an electron is
captured by a 7* orbital of a DNA base forming an anion shape resonance, with excess kinetic
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Schematic overview of water radiolysis, wherein ionizing radiation generates radical intermediates ¢~ (2¢),
H*, and HO*. An energy-level diagram of ¢~ (2¢) in bulk water is depicted in the lower part of the figure.
Figure adapted from Reference 47 with permission. Copyright 2012 American Chemical Society.

energy of the incident electron inducing an additional 7 —7* excitation: e~ + (7)* — (7)'(7*)*.
The resulting () (r*)? state is dissociative along the sugar—phosphate o(CO) bond coordinate.
Electrons in aqueous solution have been observed to form anion resonances in DNA on an ultrafast
timescale (55), with subsequent DNA degradation within a few picoseconds. Whereas electron
attachment to nucleobases in the gas phase is energetically unfavorable, addition of just a few
solvating water molecules results in a dramatic (=1 eV) increase in the adiabatic electron affinities
of both nucleobases and nucleotides (56, 57). As such, one may expect electron attachment to
DNA to be enhanced in aqueous environments.

2. WATER CLUSTER ANIONS, (HO)y

Finite-size (H,0)}, clusters were first produced in a molecular beam in 1981 (43), and since that
time clusters up to N = 200 have been interrogated by photoelectron spectroscopy (58-60) and
those up to N = 50 by vibrational spectroscopy (61, 62). Clusters, especially small ones, are
amenable to accurate electronic structure calculations that can elucidate electron binding motifs,
by locating those isomers that reproduce experimental spectra. A major goal in cluster studies
is therefore to understand, in molecular-level detail, how the water network accommodates the
extra electron and how this accommodation changes as the cluster evolves from a few molecules
into something that might be analogous to ¢ ~(#24). Even for clusters as small as (H,O); , however,
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theoretical assignment of the experimental spectra has proven challenging and remains an open
question for larger clusters. As described below, the number of isomers that are potentially in
play is such that one may reasonably question whether computational studies that simply catalog
isomers are genuinely useful. Studies of larger clusters may yield insight about the condensed
phase, but this probably requires abandoning the notion of assigning distinct structural isomers
to observed spectral features. We illustrate the complexity of this problem with a case study of
(H,O);, then address a long-standing controversy regarding the interpretation of photoelectron
spectra in larger isomers and, in particular, the existence of surface-bound versus internally bound
cluster isomers.

2.1. Small Clusters: Direct Comparison to Ab Initio Calculations

The evolving interpretation of the structure of (H,O), provides a good example of the difficulty in
assigning cluster isomers based on vertical electron binding energies (VEBEs), which for (H,O),
were first measured in 1996 (63). The measured VEBE spectrum (Figure 2) consists of two main
peaks that isotopic substitution reveals to be the band origins of two distinct isomers. On the
basis of ab initio VEBE calculations for various (H,O), isomers, this spectrum was immediately
assigned by Kim et al. (64) to the two isomers depicted in Figure 24. The computed VEBEs
differ by <0.1 eV from the experimental values, and this assignment was consistent with early
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Figure 2

(Left) Experimental VEBE spectrum of (H;O) (black) overlaid with a computed spectrum based on ab initio calculations (red ).
Putative assignments for the peaks are labeled according to the cluster isomers depicted on the right. Experimental spectrum adapted
from Reference 63 with permission; copyright 1996 American Chemical Society. Simulated spectrum adapted from Reference 65 with
permission; copyright 1997 American Institute of Physics. (Right) Cluster isomers that have been implicated in these spectra, from 1996
to 2003 (64-69). Panel # adapted from Reference 68 with permission from Elsevier. Panel # adapted from Reference 65 with
permission; copyright 1997 American Institute of Physics. Panel ¢ adapted from Reference 66 with permission; copyright 1999
American Institute of Physics. Panel 4 adapted from Reference 67 with permission; copyright 2003 American Institute of Physics.

Abbreviation: VEBE, vertical electron binding energy.
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speculation (58) regarding the existence of both surface-bound and internally bound cluster iso-
mers. Nevertheless, this assignment was quickly revised by the same authors (65), based on a more
exhaustive search, to consist of three different isomers that are depicted in Figure 25. For this new

gﬁ; eI;qul(e)i 1 2 double assignment, a simulated distribution of VEBEs that includes the effects of vibrational broadening
hydrogen-bond is in semiquantitative agreement with experiment, as shown in Figure 2. However, Jordan and
acceptor configuration  co-workers (66) later revisited the calculations using a higher-quality basis set that modifies the
Autodetachment: VEBEs by ~0.15 eV, and ultimately concluded that the spectrum likely originates from the linear
a process in which an isomer shown in Figure 2¢. A few years later, Kim and co-workers (67) recomputed VEBEs using
excess electron is higher levels of theory and reassigned the spectrum to the two isomers depicted in Figure 2d.

Zizgtazi)ofuiy expelled This example highlights the pitfalls inherent to assigning structural isomers based on VEBEs
us

unfavorable binding alone, butvibrational spectroscopy can provide additional information. Vibrational predissociation

energy spectra for Ar,,(H,O), clusters (66, 70, 71) reveal an intense O—H stretch doublet thatis redshifted
up to ~400 cm™! relative to gas-phase H,O; see Figure 3a. This feature was used, in part, to
assign the linear isomer to the VEBE spectrum in Figure 2, because linear isomers reproduce the
intense, strongly redshifted doublet in the O-H stretching region (66).

As is often the case, however, the (H,O), vibrational spectrum arises from multiple isomers
with strongly overlapping vibrational signatures; these can be deconvoluted from one another by
exploiting the fact that the population ratio changes as a function of the number of attached Ar
atoms (70, 71). Deconvoluted spectra for two distinct isomers of (D, O), are shown in Figure 3b,c,
where they have been assigned to isomers based on scaled harmonic frequencies computed using
DFT. Theabinitio vibrational spectra are in excellent agreement with experiment, even though the
VEBEs computed at the same level of theory are far too large, for reasons that are understood (72).
Unfortunately, this means that it is difficult to use a consistent yet computationally tractable
theoretical approach for both vibrational and photoelectron spectra, especially as the cluster size
grows much beyond N = 6. Ultimately, the 6Af/6Bd assignment of the photoelectron spectrum
(Figure 2d), originally proposed by Lee et al. (67) in 2003 and reaffirmed in later assignments
of vibrational predissociation spectra (70, 71), has emerged as the consensus view, even upon
more exhaustive searching of the potential energy surface (73, 74). This consensus, however, was
10 years in the making and came more than 15 years after the first photoelectron spectrum of
(H,0), was reported.

For the incrementally larger (H,O); cluster, scaled harmonic frequencies fit just as well to
several structures having comparable relative energies but that differ in some of the details of the
hydrogen-bond arrangement (75). As cluster size grows beyond this, attempts to make definitive
isomer assignments quickly become a losing proposition, and perhaps the best that one can do
is to assign the local geometry associated with a particular vibrational signature (75, 76). The
strongly redshifted O-H stretching feature in (H,O), is a good example and has been assigned
to a water molecule in a double hydrogen-bond acceptor (AA) configuration (see Figure 3b). In
the AA water molecule, neither O—H moiety participates in hydrogen bonding to other water
molecules, and both are free to form hydrogen bonds to the unpaired electron instead. The large
redshift in the O-H stretching modes on this AA water molecule arises from penetration of the
unpaired electron into o *(OH) orbitals (77). The vibrational signature of the AA water molecule
persists in (H,O)y, vibrational spectra up to at least N = 21 (61), with some evidence of it up to
N =35(62).

The difficulty in assigning spectra to individual isomers arises in no small part due to the fact
that the relevant experiments generally probe nonequilibrium ensembles. There is no guaran-
tee that the isomers observed are in fact the lowest-energy ones, even in cold molecular beams,
due to significant energy deposition upon electron attachment as well as the existence of au-
todetachment channels that may preclude experimental observation of certain isomers found in a
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Figure 3

Vibrational spectra of (D;0), from experiment (bottonz) and from scaled DFT harmonic frequencies
(middle). (a) Spectra in the O-D stretching region, with an illustration of the very intense symmetric AA
stretching mode, vs. (b)) Deconvoluted spectra of the AA isomer in the O-D bending region.

(c) Deconvoluted spectra of the “book” isomer in the O-D bending region. In panels # and ¢, the singly
occupied molecular orbital is shown as well, in blue and green at a 50% isoprobability contour. Water
molecules are labeled as AA, AAD, etc., based on their hydrogen-bonding environment (acceptor or donor)
within the water network. Spectra in the bending region adapted from Reference 70 with permission;
copyright 2005 American Chemical Society. Spectra in the stretching region adapted from Reference 71
with permission from AAAS. Abbreviation: DFT, density functional theory.

computational search. The complexity of the situation is again illustrated by (H,O);, for which
Jordan and co-workers (73, 74) have performed exhaustive sampling using a one-electron model.
A disconnectivity graph, representing various local minimum and the transition structures that
connect them, is shown in Figure 4 and reveals 41 local minima within 10 kJ/mol of the global
minimum! Vibrational predissociation experiments exploiting isotopic substitution reveal that it
is the book isomer of (H,O), that is formed initially upon electron attachment in the molecular
beam, whereas the AA isomer is formed subsequently (78). A pathway that connects these isomers
while avoiding autodetachment can be located, but passes through no fewer than 13 intermediate
local minima (74).

The important lesson from this expansive view of the (H,O),; potential energy surface is that
most of the low-lying isomers are not observed in vibrational predissociation experiments, although
theory suggests they may exist fleetingly as intermediates. This makes it exceedingly difficult to
connect theory to experiment in order to elucidate individual structural isomers and implies that
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Figure 4

Low-energy portion of the disconnectivity graph for (H,O), . Endpoints of the branches indicate local
minima, and branching points represent the transition states that connect them. Some of the minima are
labeled according to structural motif: book (BK), prism (PR), cage (CA), or open prism (OP), with AA-type
isomers indicated explicitly. For each local minimum, the size of the colored ellipse indicates the magnitude
of the VEBE, with AA-type structures labeled in red and non-AA isomers labeled in blue. Starting from the
BK-N isomer initially formed in the molecular beam (78), an autodetachment-free pathway to the OP1-AA
and OP2-AA isomers that are also observed experimentally can be found, but it passes through a total of 13
intermediate local minima including the CA1, OP1, and PR1 minima (74). Disconnectivity graph adapted
from Reference 74 with permission from Elsevier. Abbreviation: VEBE, vertical electron binding energy.

in much larger clusters than (H,O);, it is probably foolish to try to assign experimental spectra to
individual cluster isomers.

2.2. Larger Clusters: Surface Versus Internal States

In larger (H,O)y clusters there is an ongoing debate regarding the nature of the transition,
as a function of cluster size, from an electron bound at the cluster surface into something that
might reasonably be taken as a finite analogue of the aqueous electron in bulk water. Theoretical
calculations by Barnett et al. (79, 80) that predate the first experimental photoelectron spectra
predicted the existence of both surface-bound and internally (cavity-)bound cluster isomers in the
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Figure 5

Isoprobability contours of the singly occupied molecular orbitals in (2) a surface-bound isomer of (H,O);,
and (b) a cavity-bound isomer of (H;O)5,, each with similar VEBEs of ~1 eV. Each isosurface contains the
indicated fraction of the probability density. Figure adapted from Reference 82 with permission. Copyright
2008 American Chemical Society. Abbreviation: VEBE, vertical electron binding energy.

size range of N = 32-64. Modern ab initio calculations demonstrate unambiguously that both
types of isomers exist (81, 82); representative examples are depicted in Figure 5. Note that even
in the internally bound case, visual inspection suggests that the tail of the cavity-centered wave
function penetrates perhaps two solvation shells, and simulations of ¢~ (2¢) with cavity-forming
pseudopotential models suggest that the hydrogen-bond network is indeed disrupted in the first
two solvation shells but converges to that of bulk water in the third shell (83). Thus, even one-
electron models exhibit much of the complex structure, such as significant electron density in the
interstices between water molecules, that has been noted in ab initio calculations (37).
Experimental VEBEs from photoelectron spectra (58-60) of size-selected (H,O)}; clusters are
plotted as a function of N ~!/3 in Figure 6. The choice of N ~!/? is an attempt to connect the cluster
data to e~ (2¢) in bulk water, as within a simple Born-type solvation model, wherein the electron
inhabits a small spherical cavity of fixed size centered in a homogeneous dielectric sphere of radius
R, the VEBE varies as R™!, and R o« N''/3 for large, spherical clusters. Later analysis revealed,
however, that continuum electrostatics also predicts VEBEs that vary as R~! for surface-bound
electrons (86), hence the scaling behavior of the VEBEs is inconclusive as to binding motif.
Photoelectron spectra measured in these experiments exhibit multiple peaks that are presumed
to arise from different isomers, with relative populations that are sensitive to the source conditions
of the molecular beam (59). Data series labeled I, II, and III in Figure 64 were obtained using
conditions that should correspond to beam temperatures 77 > Ty > Ty (59). All three data series

173 although the isomer II data change slope in the N = 30-50 range. One

vary roughly as N ~
source of controversy has been that the isomer I data, presumed to represent the internally solvated
electron because no clusters with larger VEBEs are observed experimentally (87), are in excellent
agreement with theoretical calculations for surface-bound cluster isomers (44, 59), whereas the
calculations place the internally solvated (H,O)y clusters at higher VEBEs (59). However, none
of the early one-electron models is quantitative for prediction of VEBEs (83, 88), and ad hoc

scaling of the VEBEs computed by Barnett et al. affords good agreement between isomer I and
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VEBE:s for size-selected (H,O)y; clusters. (#) Experimental values from the Neumark group (59), measured via photoelectron
spectroscopy, and from the Johnson group (70, 84, 85), measured mostly using infrared predissociation spectroscopy. The Neumark
data for isomer I are essentially the same as those measured earlier by the Bowen group (58). Theoretical values calculated by Barnett
et al. (79) are also shown as originally reported, and as scaled by an ad hoc factor of 0.6 as suggested in Reference 59. Panel # adapted
from Reference 59 with permission from AAAS. (5) Data from the Neumark group (59) (open symbols) plotted against more recent
measurements in cold clusters from the von Issendorft group (60), who labeled two of their data series as Ia and Ib and assigned the
third series (labeled vib) to vibrational excitation of an O-H stretch upon photodetachment of the electron. Panel 4 adapted from
Reference 60 with permission. Copyright 2009 American Institute of Physics. Abbreviation: VEBE, vertical electron binding energy.

the predicted cavity-bound isomers, whereas VEBEs for surface-bound electrons are in good
agreement with isomer II (59) (see Figure 6a).

More recent experiments, in which the (H,O)y clusters are cooled in an ion trap following
electron attachment, reveal new data series “Ia” and “Ib” that appear to bracket the original
isomer I data (see Figure 6b4). These newer data suggest that earlier experiments, in which the
temperature is not well characterized, may have observed a transition between isomers Ia and Ib.
In light of these new data, the cluster problem was revisited using a pseudopotential model that
is quantitative for prediction of VEBEs as compared with high-level ab initio calculations (83).
Several classes of isomers were located in simulations of cluster anions in the range of N = 20—
200 (89). These are illustrated for the case N = 40 in Figure 7 and include dipole-bound isomers
(whose VEBEs are very small and can be assigned as isomer III without controversy); surface-
bound isomers with larger VEBEs; and also cavity-type isomers. New in these simulations is a
distinction between the surface-bound species, in which the electron is bound by dangling O-H
moieties rather than simply by the overall cluster dipole moment (as in the dipole-bound case),
and a partially embedded isomer, in which H,O molecules at the cluster surface have reoriented
themselves to form a partial solvation shell around the unpaired electron.

Much like the experiments, the simulated cluster ensembles are highly sensitive to initial condi-
tions, butare nevertheless in semiquantitative agreement with the cold cluster ion data in Figure 65
(89). Juxtaposition of the simulated and measured VEBE versus N ~!/* plots suggests that isomer I
is the canonical surface-bound species, whereas the strongest-binding isomer, Ib, agrees well with
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Partially
embedded

Dipole-bound

Figure 7

Tllustration of four classes of (H>O)y, cluster isomers. In each case, the indicated isocontour encapsulates
70% of |y|? for the unpaired electron. In the dipole-bound isomer, at most one O-H group is hydrogen-
bonded to the electron, and binding arises mainly from the overall cluster dipole moment, resulting in a
relatively diffuse electron. Surface-bound isomers are characterized by several O-H moieties that form
hydrogen bonds to the electron. In the partally embedded case, additional reorientation forms a partial
solvation shell, so that the electron remains localized at the cluster surface but is similar in its compactness to
the internalized, cavity-bound species. Figure adapted from Reference 89 with permission. Copyright 2011
American Chemical Society.

theoretical results for the cavity-bound isomers, with agreement that improves as the simulated
clusters are warmed up and allowed to anneal (89), as in the ion-trap experiments that afford the
data in Figure 6. In between isomers IT and Ib lies isomer Ia, which the simulations suggest could
be the partially embedded species (89).

3. AQUEOUS ELECTRON, e~ (q)

The structure of the hydrated electron in liquid water has been a topic of ongoing debate for
decades. Early theoretical models posited a particle in a spherical cavity (13, 26-29), a model that,
in its modern ab initio version, is remarkably successful in describing both the spectroscopy and
the thermodynamics of e~ (2¢) (90-92). Various experiments (32, 93) support a model in which
one O-H moiety from each of several H,O molecules is directly hydrogen-bonded to the e~ (2¢)
charge distribution (spin density), and this picture has been repeatedly confirmed by atomistic
simulations (33, 35-37, 83, 94). An early six-coordinate model (Figure 84) put forward by Kevan
on the basis of ESR measurements in low-temperature alkaline glasses (32) has more recently
yielded to a four-coordinate picture (Figure 8b) (83, 92, 94). Here, we summarize efforts to
understand the structure and dynamics of e ~(2¢), both in bulk liquid water and also at the air/water
interface. This discussion is organized along the lines of the spectroscopic techniques that have
been used to investigate this species.

3.1. Photoelectron Spectroscopy

For water cluster anions, photoelectron spectroscopy is arguably the least incisive technique for
elucidating binding motifs, as evidenced by the examples in Section 2. Nevertheless, the ability to
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(@) Kevan’s (32) six-coordinate model for e~ (2¢) and (b) the four-coordinate model of Kumar et al. (92), both depicted here as the singly
occupied molecular orbital computed at the Hartree—-Fock/6-31++G* level with dielectric continuum boundary conditions.
Translucent and opaque isosurfaces encapsulate 40% and 80% of the probability density, respectively, with the green color (opposite in
sign to the blue color) indicating where the tail of the electron’s wave function penetrates into the frontier orbitals of the water
molecules. (¢) Natural transition orbitals describing excitations of e ~(2¢). The depicted isocontours encapsulate 90% of the probability
density in each case. (d) The experimental absorption spectrum, indicating the energy levels for excitations of the particular snapshot
that is shown in panel ¢. Panel ¢ adapted from Reference 95 with permission. Copyright 2010 American Chemical Society.

measure the VEBE of e~ (2¢) in bulk water using liquid microjet photoelectron spectroscopy (96—
101) serves as an important check on extrapolations of cluster photoelectron spectra. The con-
sensus from these experiments is that the VEBE lies in the range of 3.3-3.7 eV, with most values
in the range of 3.3-3.4 eV (101), which is entirely consistent with cluster extrapolations (102) and
with simulations using a pseudopotential model that includes self-consistent electron—water and
water—water polarization (83).

In one particular microjet experiment, however, a feature at 1.6 eV is observed with a lifetime
2100 ps and is attributed to e ~(2¢) bound at the water/vacuum interface (99). Although this value
is similar to both the 1.4-eV VEBE that is measured at the surface of amorphous solid water (103)
and also the extrapolation of the cluster photoelectron data for isomer II (Figure 6a), attempts
by others to duplicate this result at the liquid/vapor interface have found only a transient feature
with a lifetime of ~100 fs (98, 100). This includes experiments performed at low electron kinetic
energies, for which the electron attenuation length is relatively short (104) and thus the spectrum
should be dominated by the signal from species bound at the interface (100). Given an s—p
excitation energy of 1.7 eV and a bulk VEBE of 3.3-3.4 ¢V, a short-lived feature having a VEBE
of 1.6 eV is consistent with a transient excited state of e "(#¢) or possibly a hot precursor sometimes
called the presolvated electron (47, 55). This does not, however, explain the longer-lived signal
observed in Reference 99 with a ~100-ps lifetime. This is inconsistent with the measured internal
conversion lifetime of 60-75 fs (105, 106). Nevertheless, speculation has arisen that a putative
interfacial electron at 1.6 eV below vacuum level might play a role in the radiation chemistry
of DNA, and specifically, that the much lower VEBE at the interface might provide the proper
energetics for dissociative electron attachment to DNA, resulting in single strand breaks (99,
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107-110). This hypothesis requires that the interfacial species possess an energy <2.5 eV below
vacuum level (107, 108), which is inconsistent with simulation data, suggesting that the VEBE at
the interface is quite similar to the bulk value (111). Moreover, simulations in which an electron
is introduced at an equilibrated air/water interface suggest that the electron dissolves into bulk
solution within ~30 ps (111), as depicted in Figure 9, with no more than a shallow free-energy
minimum at the interface (112).

Simulations also suggest that within ~10 ps of its introduction at the interface, the electron
is sufficiently solvated so that its VEBE is very similar to that predicted for ¢~ (2¢) in bulk water.
Ab initio calculations including more than 80 quantum-mechanical water molecules predict an
interfacial VEBE of 3.1-3.2 eV, versus 3.4-3.5 eV for the bulk species (111). This suggests not
only that liquid microjet photoelectron spectroscopy is likely incapable of distinguishing the bulk
versus interfacial signal, but also, more importantly, that neither species appears to have the proper
energetics to induce dissociative electron attachment to DNA (111).

The situation is very different on ice surfaces. Experiments by Wolf and co-workers (103, 113,
114) on amorphous solid water support a picture that is not entirely dissimilar from the + = 0
snapshot in Figure 9, in which a “balloon” of probability density is weakly tethered to the surface,
possibly occupying a Bjerrum defect (113). The signal from this putative interfacial electron is
quenched when a layer of Xe atoms is deposited on the ice surface (103, 113, 114), supporting the
notion of a binding motif wherein the electron extends significantly beyond the interface. On the
surface of amorphous solid water, the signal for e ~(2¢) persists on a timescale of minutes (113) and
can induce dissociative electron attachment in chlorofluorocarbons (114). This may suggest a role
for hydrated electrons in atmospheric chemistry occurring on ice particles (115-117), in which
the electrons are generated by cosmic rays, although this claim remains controversial (118, 119).

3.2. Vibrational Spectroscopy

As with clusters, vibrational spectroscopy often proves to be a more incisive probe of structure
than does photoelectron spectroscopy, and resonance Raman spectroscopy of e ~(#¢) in isotopically
substituted water provides important structural information. For e ~(2¢) dissolved in H,O or D, O,
the water bending region consists of a single peak, but in mixtures of H,O and D, O this peak
is split in a manner suggesting that only a single O—H moiety per H,O molecule coordinates
to the electron (93). This is consistent with the structural models obtained from most atomistic
simulations of e~ (2¢), e.g., those in Figure 8, but is inconsistent with models in which the H,O
dipole vector is oriented toward the electron. It would also seem to be inconsistent with models
in which the electron is delocalized across one or more water molecules (38, 120, 121).

The hydrated electron at the air/water interface has been examined using surface-sensitive
vibrational spectroscopy (122, 123). One set of experiments was performed both with and without
a layer of surfactant molecules, with the idea that their presence should disrupt the structure of
any surface-bound electron that extends significantly beyond the interface, such as the one in the
t = 0 snapshot of Figure 9. However, when the polar part of the surfactant is small (the hydroxyl
moiety of decanol), no change in the spectroscopy is observed relative to that of a surfactant-free
interface, but the signal changes significantly when the polar group is large (122). The authors
conclude that the putative interfacial hydrated electron might reside 1-2 nm into solvent (122),
near enough to the interface to lift inversion symmetry and thus afford a signal, yet far enough
away (according to simulations such as those shown in Figure 9) that its structure is very much
like that of e ~(2¢) in bulk water. Unlike ice, where the signal attributed to the interfacial electron
persists on a timescale of minutes, these experiments suggest that the interfacial signal survives
for ~750 ps (122) or perhaps S100 ps (123).
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Figure 9

Evolution of the hydrated electron from the air/water interface into bulk solution. At # = 0 the electron
localizes in a surface trap arising from dangling O-H moieties at the interface, but within ~10 ps it forms a
species that is essentially indistinguishable, spectroscopically speaking, from e~ (2¢) in bulk water and
dissolves into bulk solution within ~30 ps. Opaque and translucent isosurfaces encapsulate 50% and 95% of
the probability density, respectively. Callouts depict DFT natural transition orbitals associated with the
lowests — p excitation, based on calculations reported in Reference 91. Figure adapted from Reference 111
with permission. Copyright 2016 American Chemical Society. Abbreviations: DFT, density functional
theory; VEBE, vertical electron binding energy.

3.3. Optical Spectroscopy

Perhaps the most salient feature of ¢ ~(z¢) is its electronic absorption spectrum, which is a primary
means by which this species is monitored. The spectrum is plotted in Figure 84 and has been
experimentally characterized under a variety of thermodynamic conditions (124). It exhibits a
Gaussian line shape on the red edge and a Lorentzian line shape on the blue edge (102), features
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that are also apparent in electronic spectra of (H,O)y clusters (125). Much has been made of the
“blue tail” in this spectrum, as this feature is not reproduced in most theoretical calculations (126).
Given the Lorentzian line shape (suggestive of lifetime broadening), along with the fact that the
blue edge of the absorption spectrum overlaps the red edge of the photoelectron spectrum (127,
128), this tail has long been attributed to bound — continuum transitions (27, 127, 129). This,
however, does not fully explain the absence of a tail in theoretical calculations, many of which
use real-space grids and are capable of describing continuum states, in principle. In contrast,
calculations using a one-electron model that includes self-consistent electron—water polarization
do reproduce the blue tail (83, 95), and these calculations suggest that at least some of the states in
the tail are highly delocalized, quasi-continuum wave functions that are nevertheless bound states,
in the sense that the excited-state energy lies below vacuum level (95, 130). In these calculations,
the polarization response of the water molecules plays a crucial role in amplifying the oscillator
strengths of the states in question. This is interesting in view of a measured value of 1.14 for the
integrated oscillator strength of the ¢~ (2¢) absorption spectrum (131). A value >1 implies that
excitation of e~ (z¢) is not strictly a one-electron transition but rather some intensity is borrowed
from electrons on water molecules.

Despite this (quantitatively minor) complexity, the main part of the optical spectrum can be
understood in terms of a particle-in-a-box model. This is evident from the time-dependent DFT
(TDDFT) natural transition orbitals depicted in Figure 8¢, which were computed from atomistic,
all-electron simulations yet can easily be assigned particle-in-a-cavity quantum numbers. The
lowest three excitations resemble dipole-allowed 1s—1p transitions, and these three transitions
account—essentially quantitatively—for the main, Gaussian part of the optical spectrum, as shown
in Figure 10a. (Unlike the case of a one-electron atom, within the spherical cavity model the
principle quantum number places no restriction on angular momentum, hence 1p states do exist.)
Because the cavity in the atomistic simulations is ellipsoidal and fluxional, the 1s—1p transitions
are heterogeneously broadened, accounting for the width of the spectrum. The 15— 2s excitations
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Figure 10

Optical absorption spectrum of the hydrated electron (#) in bulk water, where the experimental spectrum is overlaid with results of
TDDEFT calculations, and (/) at the water/vacuum interface, where only the TDDFT results are available. In panel 4 the computed
interfacial spectrum is overlaid with the bulk spectrum computed at the same level of theory, for comparison. Two different theoretical
calculations are shown: one using the lowest 3 excited states and the other using 15 excited states, in each case weighted by oscillator
strength and using data from Reference 91. All spectra are normalized to unit intensity at their respective absorption maxima, but no
fitting is employed in the calculations. Abbreviation: TDDFT, time-dependent density functional theory.
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() Correlation between the electron’s radius of gyration, 7y, and its VEBE (gray squares) and electronic absorption maximum, Eiax
(red circles), as obtained from (H;O)y; simulation data for N = 20-200 under a variety of conditions. Experimental results for Ep,y in
clusters are also shown ( purple triangles) along with simulation results for Emayx of e~ (2¢) in bulk water (orange curve). The blue curve
represents the lowest excitation energy for a one-electron atom as a function of 7, and has nearly the same form as the analogous result
for a particle in a spherical cavity (89). (b) Histogram showing how 7, converges as a function of the distance between the electron’s
centroid and the surface of the cluster, with negative values indicating an internalized electron. Figure adapted from Reference 89 with
permission. Copyright 2011 American Chemical Society. Abbreviation: VEBE, vertical electron binding energy.

are dipole-forbidden for a rigorously spherical cavity, which explains the sharp falloff in intensity
beyond the main 1s—1p band. Nevertheless, higher-lying transitions into 2s, 1d, and quasi-
continuum orbitals borrow intensity from the 1s—1p excitations, so agreement with experiment
across the whole spectral range requires the calculation of more than just the lowest three states
(42, 83, 91, 95). As is evident from Figure 104, the lowest 15 TDDFT excited states will suffice.

Analytically solvable models predict that both the VEBE and the 1s — 1p excitation energy
are fully determined by the electron’s radius of gyration,

rg = {(x = (r)- (c = (0)'7?, 2.

and in particular vary as 7, 2. This Ty ? dependence emerges naturally in condensed-phase simula-
tions of e~ (2¢) in bulk water (33, 37) but is even more evident in cluster data; see Figure 114. Both
VEBE:s and electronic absorption maxima for (H,O)y clusters closely follow the 7, ? curve that
is predicted both by a particle-in-a-cavity model, as appropriate for an internally solvated elec-
tron, and by a one-electron atomic model that is more sensible for a surface-bound electron (89).
Importantly, clusters sample a much wider range of 7, values than do the bulk simulations, so the
robustness of these relationships across a wide array of (H,0)}; simulation data (89, 90) demon-
strates that knowledge of 7, alone is sufficient to make a semiquantitative prediction of both the
VEBE and the absorption maximum.

This relationship explains, for example, the rapid growth in the VEBE as the hydrated electron
at the air/water interface becomes solvated (Figure 9), because formation of even a partial solvation
shell at the interface localizes the electron to the point where its radius of gyration is not much
different from that of the bulk species (111). This, too, is readily seen from cluster data, particularly
in the plot in Figure 115 showing how 7, converges from values >3.5 A, when the electron’s
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centroid is >5 A from the cluster surface, to a value much closer to the bulk value (ry =2.45 A)
when the centroid of the electron reaches the interface.

Given this rapid convergence of 7, at the interface, and the fact that this property alone provides
a good guess as to the optical absorption maximum, one might predict that the optical spectrum
of e~ (aq) at the air/water interface would not be dissimilar to that of e~ (2¢) in bulk water. The
interfacial spectrum has not been measured, but it can be simulated and the result is shown
in Figure 104, superimposed upon the corresponding bulk-water calculation. The two spectra
exhibit minor differences at most, and the absorption maxima are identical. Thus, there appears
to be little difference between e~ (2¢) in bulk water versus the air/water interface, in terms of the
photoelectron or the electronic absorption spectroscopy.

4. THEORETICAL MODELS
4.1. Canonical Cavity Model

Implicit in much of the discussion above is an assumption that the electron occupies an excluded
volume in the structure of liquid water, in some version of a cavity model. Whereas Kevan (32), in
1981, proposed a six-coordinate model (Figure 8#) based on ESR experiments in alkaline, glassy
water at 7 = 77 K, and furthermore noted that coordination numbers less than or equal to 4 were
inconsistent with the ESR line shape (132), modern DFT (37) and pseudopotential simulations (83,
94) afford structures in neat water at 7" = 300 K that exhibit coordination numbers slightly greater
than 4 (Figure 8b). These simulations (35, 36, 83, 133) are spontaneously cavity-forming within
~1 ps. It should be borne in mind that the cavity is highly fluxional at room temperature, collapsing
and re-forming via librational motions of the water molecules (83, 134), consistent with the very
fast diffusion of e~ (#¢). Amongst aqueous ions, diffusion of e~ (2¢) is somewhat slower than the
Grotthuf3-assisted diffusion of H"(2¢4) but comparable with that of OH™ (2¢), whose Grotthuf3-
type diffusion is also aided by librational motions (135). Diffusion of e~ (z¢) is three times faster
than that of K*(2¢), based on ion mobility measurements (136). Water’s librational motion at
the air/water interface is similar to that in bulk water (137), consistent with the short lifetime of
e~ (aq) at the interface.

The cavity model reproduces a wealth of experimental data quantitatively. These include the
free energy of solvation (92), or in other words the adiabatic electron affinity of liquid water; the
VEBE (83, 111); and the electronic absorption spectrum (83, 91, 95), including the blue tail and
the line width, the latter of which can be converted into a radius of gyration (r, = 2.45 A) that is
also consistent with both simulation data (83) and DFT calculations (92). Simulations also exhibit
librational dynamics and hydrogen-bonding structure in the first solvation shell that are consistent
with what is inferred from resonance Raman spectroscopy (83), namely, a single O-H- - - ¢~ hy-
drogen bond per water molecule, with a weakened restoring force for H,O librations (93). DET
calculations reproduce the ~200 cm™! redshift in the stretching frequency of the O-H bonds
that are directly coordinated to the electron (92). Semiquantitative results are obtained for the
diffusion coefficient (83, 134), including the temperature dependence thereof (134). Finally, DFT
calculations on a four-coordinate cavity-type model structure afford semiquantitative values for
the shift in the electron g-factor relative to its free-electron value (92) and for ESR hyperfine
couplings (92, 138). Most of these features are reproduced by one-electron models (83), provided
that the underlying water model is polarizable (130), although the vibrational frequency shifts,
g-tensor shifts, and hyperfine coupling constants require orbitals on the water molecules, and thus
a many-electron treatment is necessary to describe these properties.
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Overwhelmingly, theoretical results and comparisons with experiment are consistent with a
cavity-centered spin density, but one whose tail extends significantly into the solvent. This is
evident already in (H,O)y clusters (Figure 5), and calculations suggest that only 40-50% of the
spin density is contained within the cavity itself (37, 82). Disruption of the hydrogen-bonding
structure and dynamics extends into the second solvation shell but not into the third (83). Despite
this favorable agreement, however, alternative structural models have been put forward over many
years, as discussed below.

4.2. Solvent Anion Model

In 1991, Tuttle & Golden re-examined electronic spectra of both electrons and iodide anions in a
variety of solvents (139), finding that the iodide spectra are largely insensitive to both temperature
and solvent, whereas the electron’s spectrum is sensitive to both. This observation served to revive
previous proposals (120, 121) that the so-called solvated electron might be better conceptualized
as a molecular anion.

Electron affinities of alkali metals, M, suggest that their anions M~ are stable in the gas
phase (140), and polar solvents (S) should further stabilize these anions. The conjectured
model (120) is composed of an equilibrium M* +2 S~ = M~ 4 2 S between a metal and solvent
anion as well as the ion-pairing processes Mt + M~ = M*.M~ and M* + S~ = M".S™. The
solvent anion S~ is proposed to exist in place of a cavity-bound solvated electron. A continuum
treatment of these equilibria affords qualitative agreement with experiment for the temperature
dependence of the vapor pressure, conductivity, and NMR Knight shift (of *N) in metal-ammonia
solutions (120), although it is not clear that a modern understanding of the cavity model is incom-
patible with Knight shifts of the solvent nuclei.

A major factor leading Tuttle & Golden to champion the model of a solvent-anion complex
seems to have been the failure of 1980s-era electron—water pseudopotentials to correctly describe
the position and shape of the e~ (2¢) absorption spectrum, although the peak position is now
reproduced, without fitting, by newer models (83, 94). As further evidence, Tuttle & Golden (121,
139) cite the fact that the solvent-anion model explains the slight composition dependence of the
solvated electron’s optical spectrum in binary solvent mixtures, by means of a two-absorber model
consisting of an equilibrium between a solvent anion in each of the two solvents: S| +S, = S, +5;.
There has been no effort to simulate solvated electrons in mixed solvents and thus no reason to
assume thata cavity-type model is necessarily restricted to a one-absorber model, as different local
solvation environments might easily afford slightly different absorption spectra. Though it would
be interesting to pursue this with the quantitative machinery of modern ab initio simulations, and
though Tuttle & Golden saw “no compelling reason to afford solvated electrons a cavity-type . . .
constitution” (139, p. 5735), in view of how successfully modern theory can explain the properties
of e (aq) based on a cavity model, we conclude there is no compelling reason, at present, to
entertain the solvent-anion model.

4.3. Hydrated Hydronium Model

A somewhat different version of the solvent-anion model was advocated by Robinson and co-
workers (136), in which the species responsible for the spectroscopic features ascribed to e~ (2¢)
is actually a complex of H;O and HO™. This hypothesis has been revived more recently by
Domcke & Sobolewski (108, 141), who propose a slightly different model in which H;O(z¢)
forms a zwitterionic complex H; O™ - - - ¢~ upon hydration, behavior that is evident in the singly
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H;0(H,0); H;0(H,0)s

Figure 12

Singly occupied molecular orbitals for hydrated hydronium clusters. Figure adapted from Reference 141
with permission. Copyright 2002 PCCP Owner Societies.

occupied orbitals of H;O(H,0),, clusters (Figure 12). Upon addition of three water molecules, a
3s Rydberg-type orbital detaches from the H; O core, leaving behind a hydronium ion as part of the
hydrogen-bonding network. The lowest excitation energy (Rydberg 3s— 3p) shifts dramatically
upon microhydration, from 2.2 €V to 1.5 eV, and the splitting of the degenerate *E(p,,) state of
H;O gives rise to Dy—2E(p.,) and Dy—*A(p.) transitions that span the range 1.1-3.0 ¢V and
have a combined oscillator strength of nearly unity (141), which is consistent with the optical
spectrum attributed to e~ (2¢).

Vibrational frequencies (141) and resonance Raman intensities (142) have been computed for
H;O0(H,0)y clusters using DFT and exhibit particularly intense O-H stretching vibrations for
the O—H moieties that coordinate directly to the singly occupied orbital. This is consistent with
the charge-sloshing mechanism that explains the enhanced intensity of these vibrations in (H,O)y,
clusters (77). Simulated resonance Raman spectra are in qualitative agreement with the measured
resonance Raman spectrum of e~ (z¢) (93). Although these calculations have not been extended
to clusters larger than H; O(H,O)y, the fact that an electron charge-separates from the solvent
molecules, and appears to hydrogen bond to one O-H moiety per water molecule, suggests that
the hydrated hydronium model of ¢~ (2¢) may not be all that different from the cavity model.

4.4. Non-Cavity Model

In 2010, Larsen, Glover & Schwartz (LGS) reported an electron-water pseudopotential model
that affords a qualitatively different balance between attractive and repulsive interactions and
predicts a structure for e~ (z¢) that does not involve an excluded volume at all (38). Instead,
water molecules permeate the unpaired electron’s wave function such that the water density is
greatest (p = 1.23 g/cm®) near the electron’s centroid. Nevertheless, the radius of gyration of this
model’s wave function (r, = 2.6 A) is close to the experimental value (2.45 A), and because the
size of the excess electron’s wave function has been shown to be the key factor determining its
excitation energy (89), it is not surprising that the LGS model reproduces the salient features of
the absorption spectrum.

The non-cavity LGS model remains controversial (39-42). Enhanced water density in the
region of the unpaired electron is difficult to reconcile with the fact that measurements of the
partial molar volume of e~ (2¢) are positive when corrected for electrostriction effects (30, 143), a
fact that has sometimes been misquoted in the literature as discussed in Reference 42. The most
recent such measurement is consistent with a cavity radius of ~2.2 A (31). Furthermore, LGS
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wave functions for (H,O), clusters are qualitatively inconsistent with ab initio results (40). The
LGS model is derived from exact pseudopotential theory applied to (H,O)~, as are two other
cavity-forming models (83, 94), but after fitting the electron-water interaction potential to an
analytic form, the LGS model affords a pseudo-orbital eigenvalue that is significantly lower than
the exact solution (39), consistent with a potential that is too attractive, on average. As such, the
LGS wave function spreads out over multiple water molecules rather than forming an excluded
volume.

Thatsaid, the LGS model does reproduce (at least qualitatively) a redshifting and broadening of
the resonance Raman spectrum relative to that of neat liquid water (144), although it bears pointing
out that the method used to compute the resonance Raman spectrum is based on a relationship
between vibrational frequencies (computed using DFT) and electric fields along O-H bonds
(computed using classical molecular dynamics) that was developed for neat liquid water (145).
The appropriateness of this approach for negatively charged water is untested.

SUMMARY POINTS

1. Numerous computational and experimental studies have provided considerable insight
regarding the underlying structure of small water cluster anions, but the complexity of the
potential energy landscape makes definitive assignment of cluster spectra all but impos-
sible except for the smallest clusters. Efforts are perhaps better directed at understanding
spectroscopic trends in terms of the structure of the water network nearest the unpaired
electron.

2. The vertical binding energy of e~ (2¢) has been characterized in bulk water using liquid
microjet photoelectron spectroscopy, with results that are consistent with extrapolations
of internally solvated (H,O)y, clusters, and with simulations of ¢~ (#¢) using both one-
and many-electron theoretical methods.

3. Simulations strongly suggest that the hydrated electron at the air/water interface should
be nearly indistinguishable, in terms of its optical spectrum and its vertical electron
binding energy, from e~ (z¢) in bulk water, and indeed the aqueous electron may not
even be stable at the air/water interface.

4. A cavity-forming, excluded-volume model of e (zg) successfully rationalizes most
(though not yet all) experimental data, often quantitatively or semiquantitatively. Within
this model, the unpaired-electron hydrogen bonds to one O-H moiety from each of ~4
water molecules, but with quantum-mechanical tails that extend ~2 solvation shells.
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