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The Nature of a Wet Electron
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A comprehensive state-of-the-artab initio study is performed on the wet electron—an electron
interacting with a small cluster of water molecules—in the water hexamer system. Predictions
include two previously unknown distinctive geometries which bind the excess electron as internal
and external states, photoemission ionization energies in agreement with experiment, identification of
generic electrophilic sites involving dangling hydrogen atoms, and the tendency of all hydrogen atoms
to be saturated in hydrogen bonding or in interaction with the excess electron. An emerging insight
is the capability of electrophilic sites to be actuators of electron transport pathways in biomolecular
systems.

PACS numbers: 71.15.Nc, 31.15.Ar, 31.15.Ew, 36.40.Wa
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Studies of electrons bound to molecular systems are
portant for the ultimate understanding of phenomena
sociated with electron transfers, radial chemical reactio
and polarons [1–8]. One classic and fundamental p
totypical system involves the interactions of an electr
with water molecules. Solvated electrons (i.e., electro
immersed in liquid water) are believed to be trapped in
cavity space bounded by six water molecules [2]. Su
electrons have been the subject of intensive investigat
since their transient optical spectra were first identified [3
From spin echo modulation analyses, Kevan [2] inferr
that an electron is hydrated by six water molecules in
octahedral configuration with one O-H bond in each wa
molecule oriented toward the electron. The existence
such a configuration suggests that it is also possible for
excess electron to be bound to anisolatedwater cluster.
Such an electron is often referred to as a “wet” electron

Since an electron is not bound to a single wat
molecule, the localization of a wet electron is believe
to depend on cluster size. From quantum path-integ
calculations using model interaction potentials, Barn
et al. [4] suggested that anion water clusters,e 1 sH2Odn,
with n ­ 8 64, can exist with a novel surface state of a
excess electron. In recent mass spectrometer experim
various gas-phase water cluster anions were obser
[5,6], but for the case ofn , 10, clusters with onlyn ­
2, 6, and 7 were identified with certainty. Of particula
interest is the case ofn ­ 6 (water hexamer anion), since
the solvated electron is also coordinated to six wa
molecules. Except for photoemission ionization energ
(IE’s), little is known experimentally about the wate
hexamer anion. Moreover, because of the complexit
of dealing with a fully quantum mechanical problem,ab
initio theoretical investigations of this system have be
limited [7,8]. Indeed, to our knowledge, an optimize
geometry and electronic structure of the water hexam
anion, as well as the nature of the interaction forces in t
system, have yet to be reported.
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In this paper, we present the first extensiveab initio
theoretical investigation of an excess electron interact
with the electrons and nuclei of six water molecules. T
ensure accuracy and reliability we employ twoab ini-
tio computational methods which are state of the art,
spectively, in quantum chemistry and condensed ma
physics. Specifically, as a quantum chemical approa
the post Hartree-Fock theory including electron corre
tion based on the Möller-Plesset second order pertur
tion theory (MP2) is used with a Gaussian-type basis
including diffuse basis functions (6-311++G** basis se
[9]. As a condensed matter physics approach, den
functional theory (DFT) is employed with separable pse
dopotentials [10] and a gradient-corrected exchange
tential to the local part of the density functional [11] usin
a plane wave basis set [12] in an iterative minimization
laxation scheme [13]. The results of both methods lead
a consistent and novel picture of a wet electron with po
sible implications for novelthrough-space(as opposed to
through-bond) pathways in electron transport.

We begin by placing six water molecules in Kevan
octahedral geometry shown in the left panel of Fig.
[2]. Although this geometry is strictly for a solvate
electron, it is a reasonable starting point for the hexam
anion as well. Allowing all the atoms and electrons
relax, we obtain thetriangular-ring structure shown in
the center panel of Fig. 1 [14]. This relaxed structu
is different from the octahedral geometry in a significa
way: The OH bonds no longer point directly toward th
center of the cluster. The relaxation allows hydrog
bonding between adjacent molecules by forming tw
triangular rings. This structure, however, is only a loc
minimum energy geometry. We have discovered tha
lower energy geometry (by 0.26 eV in MP2 and 0.35 e
in DFT) is theprismstructure shown in the right panel o
Fig. 1 [15].

The nature of the excess electron is illustrated in Fig.
Here are plotted valence electron charge distributions
© 1996 The American Physical Society
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FIG. 1 (color). Possible hexamer anion geometries: octahe
structure of a solvated electron from Ref. [2] (left),triangular-
ring structure (center), andprismstructure (right). Oxygen and
hydrogen atoms are indicated, respectively, as large and s
black spheres. The red lines indicate hydrogen bonding.

the highest occupied molecular orbitals (HOMO) for th
triangular-ring andprism structures, respectively. In th
triangular-ring structure the electron is well localize
inside the cluster and acts to bridge the two rings. With
a sphere encompassing the six oxygen atoms we find 5
of the excess electron. This electron has somewha
an s orbital-like distribution, which is similar in spirit
to the predictions made in calculations of the conden
phase [16] and of the hexamer at Kevan’s geometry
It differs in that the electron density is described b
six maxima distributed among very specific H atom
These are “dangling” H atoms that arenot involved in
hydrogen bonding. A similar effect is manifested
the electron density distribution for theprism structure
shown in the right panel of Fig. 2. The dangling
atoms acts as electrophilic sites attracting the exc
electron. This is certainly a reasonable result, since
atoms involved in hydrogen bonding are loosely speak
already “saturated” electrophilic sites. All of the H atom
in an anionic cluster, therefore, appear to be involv
either in hydrogen bonding or in an interaction with th
excess electron. As further evidence of these effe
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we show in Fig. 3 the results for two other cluste
geometries. These geometries were obtained from
nearly isoenergetic ground state structures of theneutral
hexamer [17]. One of these (top panel) is aprism-
derivativestructure [18], and the other (bottom panel)
a cyclic structure [19]. Both clusters are characterize
by excess electron HOMO states that are resonanc
They are stable in their neutral configurations. They bo
clearly show that the excess electron, even in reson
states, is attracted to the dangling H atoms. Furthermo
the surface states observed in the medium-sized wa
clusters by Barnettet al. [4] are related to the electrophilic
cluster sites, with the dangling H atom sites acting
actuators of these surface states. Kevan’s structure of
electron bound in liquid water also demonstrates that
dangling H atoms are the actuators of the internal state

Of all the geometries we have studied, we find that on
the triangular-ring and prism structures bind an exces
electron. Both thetriangular-ring and prism structures
are metastable. At the level of the MP2/6-311++G*
theory, the anionicprismstructure is highers,0.5 eVd in
energy than the neutralcyclichexamer with the electron a
infinity. The significant difference between the electro
distribution of the triangular-ring and prism structures
is reflected in a significant difference in our predicte
IE’s, which are 0.5 and 0.1 eV, respectively [20]. Th
agreement with the experimental IE’s, which are 0.5 a
0.2 eV [5], is notable. This indicates that the observ
IE’s arise from two separate classes of cluster geomet
rather than two states of the same cluster. Howev
the experimental photoemission signal is found to
much stronger at 0.5 than at 0.2 eV. This might appe
to be evidence against theprism geometry having a
ground state energy lower than that of thetriangular-
ring geometry. But a simple analysis of the appropria
Fourier components of the excess-electron wave functio
shows that thetriangular-ring HOMO state has a much
larger photoemission cross section than theprismHOMO
FIG. 2 (color). HOMO electron density distributions for thetriangular-ring structure (left) andprism structure (right). Low to
high densities are represented by blue to red clouds.
957



VOLUME 76, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 5 FEBRUARY 1996

e

e

pl
m

H
e

-

n

s
in
g

d
in

the
he
the
nic
el
ase

in
n

to
s

ld
c-

x-

e
s-
e-
se
n-
er.
h-
en
e,
ts
s,

s
t
el

m
rt
P
r

d

,

c.
FIG. 3 (color). HOMO electron density distributions for th
prism-derivativestructure (top) andcyclic structure (bottom) in
resonance states. Same convention as in Fig. 2.

state (by ,103), which leads to consistency with th
photoemission spectrum.

Our overall results can be understood using a sim
heuristic based on the energetics of hydrogen bond for
tion and the nature of the excess electron-hydrogense···Hd
interactions. Thee···H interaction is strongly cooperative
in that the electron density favors clustered dangling
atoms. This is reflected in the energy difference betwe
the prism and prism-derivativestructures. Thee···H in-
teraction induces theprism structure, which is less sta
ble (0.2 eV) in the neutral state than theprism-derivative
structure, to become more stable (0.1 eV) in the anio
state. It also induces thetriangular-ring structure, which
is highly unstable in the neutral state, to become stable
the anionic state. Thus thee···H interaction emerges a
an important force, comparable to the hydrogen-bond
interaction. However, since the energies increase in
ing from prism to triangular-ring to Kevan’s structure,
the e···H interaction is weaker than the hydrogen bon
ing. Since all H atoms in the anionic clusters are
958
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volved in either hydrogen bonding ore···H interactions,
this saturation accounts for the isoenergetic nature of
anionic clusters. Moreover, the competition between t
interactions generates more diverse conformers than in
neutral states. As a consequence, deionization of anio
clusters could be used to facilitate the formation of nov
neutral conformers that are not easily accessible. The c
of theprismstructure is such an example.

Finally, an interesting insight emerging from thisab
initio study is related to thegenericelectrophilic nature of
the dangling H atoms. This nature should prevail even
more complex molecular environments. It is well know
that water molecules can be embedded or attached
biomolecular systems. Conceptually, dangling H atom
on strings or networks of such water molecules wou
allow an electron to hop between them and thereby a
tuate a pathway for electron transport [21]. As an e
ample, in azurine dimers frompseudomonas aeruginosa
[22] two water molecules bridging azurin monomers hav
been identified as being involved in the electron tran
fer between the Cu(I) and Cu(II) redox centers in the r
spective monomers. Although the conformation of the
water molecules is not known, in this system it is reaso
able to expect one or two dangling H atoms in the clust
The results of our work would then suggest that throug
space electron transport between monomers could th
take place through these electrophilic sites. Of cours
we have not included the effects of dynamics or solven
which are beyond the scope of this work. Nevertheles
the genericelectrophilic nature of the dangling H atom
should be fairly robust, and it would be exciting if i
proves possible to harness this property to affect nov
through-spacepathways for electron transport in addition
to the traditionalthrough-bondpathways.
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