Electron localization in water clusters. ll. Surface and internal states
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Electron attachment and localization in small water clusters (H,0), (» = 8-128) is studied
using path-integral molecular dynamics simulations. The electron-water molecule interaction
is described via a pseudopotential which includes Coulomb, polarization, exclusion and
exchange contributions. Different electron localization modes are found depending on cluster
size. For small and intermediate size clusters (n = 8-32), the energetically favored localization

mode involves a surface state and the calculated excess electron binding energies are in
agreement with experimentally measured values. In larger clusters, #n = 64, 128, internal
localization (solvation) is energetically favored. In both cases the localization of the excess
electron is accompanied by large cluster molecular reorganization. The cluster size dependence
of the localization mode, the energetics, structure, and excess electron distributions in the
negative molecular anions (H,0),7, and the dependence on temperature are explored.

I. INTRODUCTION

The mechanisms and energetics of electron solvation in
fluids have been the subject of extensive theoretical and ex-
perimental efforts since the discovery of electron solvation in
liquid ammonia in 1863" and of the generation of “hydrated
electrons” via pulse radiolysis of liquid water in 1962.> On
the theoretical side, various models of solvation phenomena
have been proposed and implemented.?-® These studies em-
ployed various theoretical methods and model interactions
yielding information of varied degrees of refinement and mi-
croscopic detail. These models include dielectric continuum
approaches”® in which the discrete molecular nature is ne-
glected, semicontinuum studies®'* where a discrete cluster
of a prescribed structure is embedded in a dielectric contin-
uum, statistical mechanical models employing model fluids
and path-integral functional methods,' path-integral simu-
lations'®?° using interaction potentials of various degrees of
microscopic complexity, and cluster quantum-chemical all-
electron calculations'®'**° in which the energetics is investi-
gated for a finite set of cluster configurations. The key issues
in these studies are the nature of interactions, the response of
the fluid, the dynamics and mechanisms of localization and
solvation, and the elucidation of optical spectroscopic data
which in the case of excess electrons in polar solvents is char-
acterized by structureless, broad absorption spectra, asym-
metric toward the band maximum. In the case of the hydrat-
ed electron, the band maximum is at 1.73 eV at atmospheric
pressures,®! and is pressure dependent, shifting to 2.0 eV
when the pressure is increased to 6.3 kbar.>? In addition,
analysis of electron spin resonance (ESR ) measurements on
trapped electrons in y-irradiated alkaline glass and O en-
riched alkaline ice glasses®>>4 indicate that the electron is
surrounded by six water molecules with their oxygens form-
ing an octahedral cage, and that the OH bond of the six water
molecules are oriented toward the electron, in contrast to
some previous models®4*° which assumed that in the ener-
getically favorable configuration the molecular dipoles are
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oriented toward the trapped electron. It is however, not clear
whether these alkaline glass systems provide a realistic rep-
resentation of electron solvation in liquid water.

The recent discovery of electron attachment to small
water and ammonia clusters®>! opens new avenues for mi-
croscopic studies of electron localization and solvation. In
particular, by varying the cluster size, it is possible to explore
the transition from the molecular to the condensed phase
regimes, and the size effect on structural, dynamical, quan-
tum, and chemical aspects of the problem. Furthermore, the
finite size of these systems and the large surface to volume
ratio gives rise to the manifestation of surface phenomena.

Electron attachment to molecular clusters allows theo-
retical and experimental interrogation of the energetics and
dynamics of electron localization and of the following phys-
ical and chemical phenomena:

(1) The parentage problem. In many interesting cases
the excess electron is attached to a cluster whose individual
atomic or molecular constituents do not form a stable nega-
tive ion.

(2) Localized and extended states of the excess electron.
The spatial extent of the electron charge distribution, i.e., the
localization length, relative to the cluster size, provides a
distinction between localized and extended states in a finite
system.

(3) Bulk and surface states of the excess electron, The
relative energetic stability of these two distinct types of states
in different clusters is of considerable interest.

(4) Cluster reorganization. The energetically stable
state of the electron attached to the cluster may involve a
nuclear reorganization, and electron attachment is accom-
panied by a large cluster reorganization energy.

(5) Cluster isomerization induced by electron attach-
ment.”® Related to the cluster reorganization mentioned
above the attachment of an electron to a cluster may result in
a configurational change resulting in a close-energy isomer.
This phenomena exhibits itself in the sequence of structural
transformations (isomerizations) which the negatively
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charged cluster undergoes as the temperature is increased.

With regard to the parentage issue, it is established that
asingle water or ammonia molecule does not readily localize
an excess electron without a major configurational distor-
tion.*?~** Such intramolecular distortion amounts to the for-
mation of a new chemical species, e.g., the formation of
weakly bound H, + O~ or H + OH™ accompanying elec-
tron attachment to a water molecule. The wealth of experi-
mental information pertaining to the optical, magnetic, and
transport properties of metal-ammonia solutions and of the
hydrated electron in water'~53!>-52 and of the trapped elec-
tron in ice**>? precludes the notion of large intramolecular
distortions. Accordingly, electron localization in these and
other polar fluids is nonreactive, involving cooperative sol-
vation which originates from the combination of long-range
and short-range interactions and which is accompanied by
large local solvent reorganization. In this context, studies of
microscopic solvation effects of an excess electron in well
characterized environments would allow for the separation
of the role of the short-range forces and of the long-range
attractive interactions in electron solvation.

The issue of electron localization modes, i.e., surface
versus bulk (interior) states, is manifested by the ubiquity of
surface states of excess electrons on clusters which were pre-
dicted for vacancy-free alkali-halide clusters® and for heli-
um clusters.” This raises the distinct possibility, which is
indeed verified, that such surface states play an important
role in electron localization on water clusters.

Finally, the phenomenon of nonreactive electron at-
tachment to molecular clusters raises the issue of the size
effect on chemical and physical phenomena,>*>*¢ in particu-
lar, that of the minimal size of a (water or ammonia) cluster
which sustains a bound state of the excess electron and the
temperature dependence of the process.

Early information on electron attachment to clusters of
polar molecules emerged from studies of the absorption
spectra of excess electrons in supercritical ammonia and wa-
ter.’>°"%8 A dramatic difference between the characteristic
density for electron localization in D,0 and ND, was tenta-
tively attributed®” to the larger size of the (preexisting)
clusters of ammonia, as compared to those of water, which
are required for electron attachment. Unfortunately, the in-
formation emerging from such bulk experiments is intrinsi-
cally limited, as the size of the preexisting cluster and the
final cluster attaching the excess electron can only be in-
ferred indirectly. As is often the case, progress in this field
has been made possible by new experimental techniques be-
ing used in an imaginative fashion. The advent of supersonic
and cluster beams allowed for the experimental investigation
of the size effects and the energetics of the electron attach-
ment to water and ammonia clusters. Through these experi-
ments, the following information became available:

(1) The water dimer constitutes the smallest water clus-
ter which attaches an electron,>”>® resulting in a weakly
bound (H,0); state, with an estimated binding energy
of ~17 meV. We note the high degree of uncertainty of
this value due to the nature of the experiment (field
detachment) and various assumptions introduced in the
course of analysis of the results.
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(2) Strongly bound (H,0) clusters are observed®>
for n > 11. This critical cluster size does not depend on
the isotopic composition of the water molecules.

(3) Thestable (H,O), (n> 11) clusters are character-

ized®® by a large electron vertical binding energy

(EVBE) which varies from EVBE = — 0.75 eV for

n=11to EVBE= — 1.12eVforn=19.

(4) Nonreactive localization in water clusters was ex-

perimentally documented to originate either from elec-

tron binding during the cluster nucleation processs—>°
or by electron attachment to preexisting clusters.*>*!

(5) A striking difference is exhibited between the mini-

mum cluster size for the formation of (H,0), (n>11)

and of (NH,), (n>35).3%%

The occurrence of a weakly bound state in (H,0) ;" {ob-
servation (1)] can be understood on the basis of quantum
path integral molecular dynamics calculation to originate
from long-range electron-dipole interaction.???® Quantum-
chemical calculations®® and path-integral simulations*>
predict electron binding in a diffuse state with an equilibri-
um average vertical electron binding energy of — 3 meV and
an electron distribution whose radius of gyration is ~ 36 a,,
at 20 K. The equilibrium averaged nuclear configuration of
the water molecules in (H,0); is similar to that of the neu-
tral, (H,0), cluster. Detailed examination of the path-inte-
gral simulation®® results and recent studies of the real time
evolution of the system,%! using a method which combines
the classical molecular dynamics of the water molecules
with a self-consistent solution of the time-dependent Schro-
dinger equation for the electron, reveal that the (H,0);
cluster is highly fluctional. Accordingly, the nuclear config-
uration oscillates between the above mentioned low dipole
moment configuration, ~ 1 ea, = 2.524 D, and nuclear con-
figurations in which the total dipole moment of the water
dimer is as large as 1.5 ea,. These fluctuations are accompa-
nied by fluctuations in the excess electron vertical binding
energy’>5! between the above mentioned value of — 3 meV
for the low-dipole moment configuration, and a value as
high as — 24 meV, corresponding to a high dipole moment
configuration (note the experimental estimate of — 17
meV).

On the other hand, the experimental observation of sta-
ble (H,0), (n>11) clusters [observations (2)~(5)] poses
a challenging theoretical problem, as the origin of the ener-
getic stability of the excess electron clusters is not clear. Self-
consistent-field-configuration-interaction calculations in
conjunction with estimates of the water—water interactions
were conducted for (H,0);7 (n = 6,8) clusters.>*$? These
quantum mechanical calculations reveal that the electron
adiabatic binding energy (EABE), which corresponds to the
energetic change in the process (H,0) & + e— (H,0),; is
positive for (H,0); , (H,0)4 and also presumably for larg-
er water clusters. This result precludes the existence of such
excess electron clusters, in contrast with experiment. These
theoretical studies followed faithfully the conventional wis-
dom in the field of solvated electron theory, invoking the
implicit assumption that the excess electron state in
(H,0), constitutes an internal localization mode.

The quantum path integral molecular dynamics

J. Chem. Phys., Vol. 88, No. 7, 1 April 1988

Downloaded 09 Feb 2004 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Barnett et a/.: Electron localization in water clusters. li 4431

(QUPID) method'®? is ideally suited to explore the local-
ization modes of an excess electron in water clusters, which
is the subject matter of the present paper. We report on a
QUPID study of electron attachment to (H,0), clusters
over a broad range of cluster sizes (n = 8-128) and over a
wide temperature domain ( "= 79-300 K). From the tech-
nical point of view we have advanced a new electron-water
pseudopotential in the spirit of the density functional theory,
providing a general approach to the exploration of the inter-
action of an excess electron with a variety of polar molecules
(see paper 1®*). From the point of view of general method-
ology two major conclusions emerge from our study. First,
electron localization in medium-sized (8<n «<32) water
clusters does not involve the precursor of the celebrated sol-
vated electron, but rather constitutes a novel excess electron
surface state on a water cluster. Preliminary reports of these
results were already presented.’®?® Secondly, upon increas-
ing the size of the water clusters the internal electron local-
ization mode becomes energetically favored. The “transi-
tion” from surface to internal electron localization mode
occurs in the range of cluster sizes 32 < # < 64, providing the
signature of the onset of a substantial contribution from
long-range attractive interactions to excess electron localiza-
tion in large water clusters.

In Sec. IT we outline the quantum path-integral molecu-
lar dynamics method which we used in our study, and the
interaction potentials which were described in detail in the
preceding paper® (referred to as paper I). Our results are
given in Sec. I11.

Il. QUANTUM PATH INTEGRAL MOLECULAR
DYNAMICS AND INTERACTION POTENTIALS

The quantum path—integral molecular dynamics meth-
od (QUPID) rests on an isomorphism between the Feyn-
man path-integral formulation of quantum statistical me-
chanics® and a classical problem wherein the quantum
particle(s) is represented by a cyclic necklace of P pseudo-
particles (“beads”), where P is the number of points on the
discretized path.%® Each point on the path interacts with its
nearest neighbor via a harmonic potential and with any ex-
ternal potential (e.g., interactions with another quantum
particle or with classical degrees of freedom) via the interac-
tion potential reduced by the factor P ~'. The isomorphism is
exact in the limit P— 0, and the choice of P in implementa-
tions of the method depends on the temperature and nature
of interactions. As a rule of thumb, for an electron interact-
ing with water molecules, we found®® that adequate discreti-
zation is achieved for P kg T>€*/a, where k is Boltzmann’s
constant, T'is the temperature, e is the electron chargeand g,
is the Bohr radius. In the classical isomorphism the quan-
tum-mechanical averages are replaced by averages over the
phase-space generated by an effective classical Hamiltonian
which is derived via the path-integral formulation of the
quantum partition function. These averages can be evaluat-
ed by a Monte Carlo calculation or, as we apply in our study,
as averages over the phase-space trajectories obtained via
integration of the classical equations of motion generated by
the effective Hamiltonian.'® As such, the only physical infor-
mation which these simulations yield pertains to the equilib-

rium (energetic and structural) properties and no direct real
time dynamical data®' is obtained by this method.

For a system of N water molecules with {R,, } denoting
collectively the coordinates of the nuclei (/= 1-3 corre-
sponding to one oxygen and two hydrogens) in the ath water

molecule (@ = 1,...,N), and r; denoting the coordinate of the
Jjth bead, the total Hamiltonian for the isomorphic classical
system is given by

H-1 S S mRL+ 3 [4RD

am ) i=1 a==1

4L Z' $R, },{Rj,,'})]

2
x+l)

i=1

z z V( {Rxa}) +_ 2 m‘r” (1)

a=1j=1 i=]

where m, is the mass of the electron, ﬂ = 1/kg T, and m;
and m* are the dynamic masses of the oxygen and hydrogen
and of the electron {m*) which are arbitrary (since the equi-
librium averages generated by the Hamiltonian in Eq. (1)
are independent of the masses). In our calculations the dy-
namic masses of the atoms were taken as the proton mass,
and to maximize computational efficiency m* was taken in
the range of 0.025 to 0.1 of the proton mass, with the lower
value at low temperature. The integration time step Af which
we used is 0.25 t.u., where the time unit t.u. = 1.054 X 10~ "
s. Our molecular dynamics simulations are performed at
constant temperature (canonical ensemble) with the veloc-
ity form of the Verlet integration algorithm.®

The first and last terms in Eq. (1) are kinetic terms. ¢
and ¢ are the intras and intermolecular potentials of the
water molecules which are modeled via the RWK2-M mod-
el®” (see paper I, Sec. III) and Vis the electron-water mole-
cule interaction potential (see Sec. II of paper I).

Invoking previous formalism and notation®®* the aver-
age total energy of the system is

E=200 1 @0+ 0% 4K+ (1), @
where
_ 3 1 N P aV(fj,{Rm}) R >
——-2?8"%“ 5P a§1j§l< ar, (r;—rp)), |
(3a)
and
= (5 z S V. R.D). (3b)
a=1j=1

The angular brackets indicate statistical equilibrium aver-
ages over particle trajectories generated via integration of
the equations of motion corresponding to the Hamiltonian
givenin Eq. (1). Y and ® are the total intra and intermo-
lecular interaction energies respectively [second and third
terms on the right-hand side of Eq. (1}].

In Eq. (2) the first term is the kinetic energy of the 3NV
classical degrees of freedom. The second term is the equilib-
rium average of the inter and intra atomic interaction with
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the water molecules. The third term [Eq. (3a)] is separated
into the kinetic energy of a free particle (3/2f3) and the in-
teraction kinetic energy,'%%® K, , [second term on the right-
hand side in Eq. (3a)].

The energetics of the systems which we study is ex-
pressed in terms of the electron vertical binding energy
(EVBE) electron adiabatic binding energy (EABE) and
cluster reorganization energy (E, ),

EVBE =K, + (V), 4)
EABE =EVBE + E_, (3)
Ec — (q)(l) + (I)(Z))(Hzo)_ . (Q(l) + ¢(2))(H20),,' 6)

The cluster reorganization energy [ Eq. (6)] is the difference
between the equilibrium intramolecular and intermolecular
potential energies in the negatively charged [ (H,0), ] and
the corresponding equilibrium neutral [ (H,0), ] clusters.
EVBE is the energy required to detach the electron from the
(H,0), cluster without allowing nuclear rearrangement to
occur and is the quantity measured in photoelectron spec-
troscopy.*® The energetic stability of the negatively charged
cluster with respect to the equilibrium neutral cluster plus
free electron is inferred from the magnitude and sign of
EABE (negative value corresponding to a stable bound
state). Note that these definitions differ in sign from those of
the corresponding electron affinities used in our earlier pub-
lication.?®

A characterization of the extent of the bead distribution
for the excess electron is given by the radius of gyration R,

2 1 2
Rg':EP—z %:(r,-—rj) 5 (7)
and the degree of localization by the complex time-correla-
tion function® # (¢t — ¢t '),

Rt —t')y=(r(t) —r(t)|*), t—1t'e(0B%), (8)

where r(¢) is the position along the electron path at time ¢
(location of a bead on the necklace in the classical isomor-
phism). From Eq. (8), the correlation length is defined as
the value at t — ¢’ = B#i/2, i.e., # (B#/2) is the diameter of
the necklace which for a free particle is denoted by
R, =\3Ar/2, where A is the thermal wavelength of the
electron, i.e., A7 = (#/Bm,)"/?=32.45 a,, at room tem-
perature. Further discussion of %% (¢ — ¢ ) and its use in esti-
mating'’ excitation energies are given in the next section.

An additional quantity which has been used'® for char-
acterization of the spatial extent of the quantum particle is
R, defined by

P P 172

RTE[_" 2 ((ri_ri+l)2)] ’ 9
P - i=1

which for a free particle takes the value R4 =34, (ie.,

R4 =24,). Additionally, it is of interest to note the rela-

tion (1/2)Ry =P #(B#/P).

In our simulations we have employed the electron-wa-
ter molecule pseudopotential which we have constructed
and discussed in detail in paper 1.%° This potential consists of
Coulomb (¥ ¢, ), polarization (¥, ), exclusion (¥, ), and

exchange (¥, ) contributions,
VILRGR,R) = Ve + V, + V. + V,, (10)

wherer is the electron coordinate, and Ry, R,, and R, are the
coordinates of the oxygen and two hydrogens of the water
molecule, respectively.

Theintra- and intermolecular interactions in water were
described using the RWK2-M potentials®” which are also
given in paper 1.4

lll. ELECTRON LOCALIZATION IN WATER CLUSTERS

Equipped with the simulation method (QUPID) and
the interaction potentials described in the previous section
(see also paper I), we have embarked upon an investigation
of the energetics and structure of (H,0), clusters for
n = 8-128.

A. Preparation

As discussed in Sec. I, the experimental preparation of
(H,0), clusters can be achieved by electron binding during
the cluster nucleation process®>° or by electron attachment
to a preexisting cluster.*>*' In correspondence with the al-
ternative experimental methods, and since we discovered
different modes of electron localization, i.e., surface vs inter-
nal localization, we describe first the methods of preparation
employed in our simulations. These preparation methods
were developed as a result of extensive experimentation and
prove to be most efficient computationally.

1. Surface states

To prepare a surface state we start from an equilibrated
neutral cluster of n water molecules at the desired tempera-
ture®® (see below). First we place a necklace containing 2®
beads which are distributed according to a Gaussian distri-
bution with a width of 2.5 a,. The center of the distribution is
located ~2 a, from the outermost water molecule of the
cluster. The system is allowed to evolve at the desired tem-
perature until the radius of gyration of the bead distribution
does not vary significantly. At this stage the number of beads
is increased to the number P appropriate for the desired tem-
perature and the system is allowed to evolve till equilibrium
is achieved, at which time the run continues and statistical
averages are collected. We should mention at this stage that
for the smaller clusters (8, 12, and 18) several attempts to
prepare surface states in this manner resulted in a very dif-
fuse surface state of low binding energy, which were discard-
ed.

2. Internal states

The first stage in preparing an internal state (for n = 32,
64, and 128) consists of a condensation of the n molecules
around a “classical” electron. The whole system is contained
inside a closed cavity of a radius of 35 g, to assure that mole-
cules will not escape in this preparatory stage. The system
evolves classically at constant temperature 7 = 400 K until
equilibrium is achieved (small fluctuations in the energy
around a mean value). At this point the classical charge is
replaced by a necklace of 28 beads distributed according to a
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Gaussian of width 2.5 a,, centered about the former classical
electron, and the system is allowed to equilibrate at 7 = 365
K, after which the number of beads is increased to 2!° and
the system evolves for another 5000 At. Subsequently the
temperature is brought to 300 K (by incrementally reducing
the mean of the Maxwellian velocity distribution used in the
stochastic collision frequency algorithm used for constant
temperature control) over 2000 At, the system is allowed to
equilibrate and afterwards data is recorded and averaged.
For n = 18, the same procedure is followed but when the
number of beads is increased from 2° to 2!° the system is
cooled down to 158 K (the n = 18 cluster does not localize
the electron internally at 300 K. Upon heating the low tem-
perature internal state for this cluster to 300 K, it converts to
a surface state). We found that adding a small repulsive in-
teraction of the form €(o/r),'? with 0 = 5 g, and € = 0.01
hartree between the classical electron and the oxygens of the
water molecules enhances the formation of the cavity
around the classical electron and speeds up the calculation,
yielding the same final answers.

3. Neutral clusters

In preparing neutral water clusters we start with # ran-
domly distributed water molecules inside a sphere of radius
35a,. The system is equilibrated at T = 365 K using classical
molecular dynamics with the RWK?2-M interaction poten-
tials (see Sec. III of paper I) and an integration time step of
0.25 t.u. Subsequently the temperature is incrementally
ramped down (over 2500 Ar) to 300 K and the simulation
continues till equilibrium at this temperature is achieved. In
order to obtain low temperature neutral clusters, 25 configu-
rations are selected from the 7" = 300 K equilibrium ensem-
ble and each is cooled down over 2500 Az to 158 K where the
cluster is essentially frozen. We found that when equilibrat-
ed at that temperature the dispersion in the energy per mole-
cule between the 25 randomly selected configurations is
rather small. The resulting one with the lowest energy is
selected. To achieve a lower temperature cluster, that select-

ed configuration is cooled to the desired temperature and
equilibrated. The total energies, intra- and interpotential en-
ergies and dipole moments for the various neutral cluster
sizes at several temperatures are given in Table I. From this
table we observe that the aggregation of the water molecules
to form a cluster causes structural distortions of the water
molecules which are reflected in the values of the equilibri-
um average intramolecular potential energy (®") of the
molecules in the cluster [the value of (@) = 0for an isolat-
ed water molecule is taken as a reference]. A fraction of this
value is due to thermal fluctuations which, assuming har-
monic behavior, yields for the three intramolecular degrees
of freedom (one angle and two O-H bonds) an energy of (3/
2) kT per molecule (which for 79, 158, and 300 K equals
0.000 375, 0.000 75, and 0.0014 hartree, respectively). The
other part of (®) corresponds to distortion of the intra-
molecular HOH angle and O-H bond length. We note also
that at a given temperature the value of (®"") /n increases as
the cluster size increases. In addition, we observe that the
total dipole moments of the neutral clusters are nonzero and
they increase with an increase in the cluster size.

B. Energetics

Following the preparation procedures described above,

. we have carried out QUPID simulations for a range of clus-

ter sizes at several temperatures and classical molecular dy-
namics simulations of the corresponding neutral clusters
(see Sec. III A and Table I). Results pertaining to the equi-
librium energetics of (H,O), clusters with the excess elec-
tron localized in a surface or interior localization mode are
given in Tables IT and III, respectively, along with the radius
of gyration R, [Eq. (7)] of the excess electron distribution.

As discussed in the previous section, the formation of a
neutral cluster is accompanied by intramolecular structural
distortions of the water molecules. The attachment of an
electron to a water cluster is accompanied by a reorganiza-
tion of the intermolecular structure of the cluster compared
to the corresponding neutral cluster, while further intramo-

TABLE I Intra ($'") and inter (®?) molecular potential energies, total energies, and total dipole moments
for neutral (H,0), cluster, at various temperatures. Energies and dipole moments in units of hartree (1 har-
tree = 27.212 V) and eq, = 2.524 D. Estimated uncertainties (standard deviation of 5 subaverages) are given

in square brackets.
n T(K) (q)(l)) (Q{Z)) (q,(l) + ¢(2)> <|“|)
8 79 0.0103 —0.1126 —0.1023[4Xx 107¢] 0.8[0.2]
158 0.0123 — 0.1054 —0.0931[6X107%) 0.8[0.2]
12 79 0.0168 - 0.1859 —0.1691{4x 1074 1.5[0.2]
158 0.0193 —0.1728 —0.1535[4x 1074 1.4{0.2]
18 79 0.0272 —0.3027 —0.2755[3x 107%] 2.6[0.2]
158 0.0312 —0.2827 —0.2515[5x1074] 2.6[0.3]
300 0.0392 —0.2229 - 0.1837[5.2x107?] 1.9[0.7]
32 79 0.0510 — 0.5697 —0.5186[1x1073] 2.9[0.4]
158 0.0602 —0.5343 —0.4741[3.2%1073] 2.4[0.6]
300 0.0742 —0.4569 —0.3826[8.6x107?] 24[1.1]
64 300 0.1500 —0.9411 —0.7911[6.7x1073] 24[1.1]
128 300 0.3015 —2.036 — 1.735[7.6Xx1073] 4.1[1.5]
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TABLEII. Energetics of excess electron localization via surface states in (H,0) ,, at several temperatures. (®'") and (®®) are the intra- and intermolecular
potential energies, respectively, () is the total molecular potential energy of the cluster, and E, is the cluster reorganization energy [Eq. 3(c)]. (V) is the
potential energy of the excess electron and K;,,, the interaction kinetic energy [see Eq. 2(b) ]. EVBE and EABE are the electron vertical and adiabatic binding
energies, respectively [Egs. (4) and (5)], and R, the radius of gyration of the bead distribution [ Eq. (4) ]. Energies are in hartree = 2 Ry = 27.212 ¢V, and
length in unit of Bohr radius a, = 0.5218 A. Estimated uncertainties (standard deviation of 5 subaverages) are given in square brackets. The number of beads
used in the simulations at the various temperatures are 2'* (at 20 K), 2' (at 79 K), 2! (at 158 K) and 2'° (at 300 K).

n T(K) (D) (D) () E, ) Koot EVBE EABE R,
2 20 0.0006 —00100 —0009%4 ~0 —0008  0.0007 —00001 —00001 236
8 79 0.0102 —0.1070 —0.0968 —00055 —00212 00137 —00074 ~0.0020 10.6

[0.0007] [0.0007]
158 0.0126 —0.1006  —0.0880 00052 —00239 00142 —00097 ~00045 93
{0.001] [0.001]
12 79 0.0162 —0.1535 —0.1373 00317 —00745 0.0382 —00363 ~00046 6.0
[0.0009] [0.0028]
158 0.0191 —0.1451 —0.1260 0.0274 —00702 0.0371 —00331 ~0.0057 60
[0.0011] [0.0030]
18 79 0.0258 —02523  —0.2265 00490 —00920 0.0438 —0.0482 0.0008 5.5
{0.0004) [0.0024]
300 0.0377 —02009 —0.1632 0.0206 —00837 0.0410 —00426 00220 47
[0.0017] [0.0035]
2 79 0.0512 —05314  —0.4802 0.0385 —00815 0.0393 —00423 -00038 64
[0.0070] {0.0022]
300 0.0712 —04120  —0.3408 0.0418  —00827 0.0350 —~ 00478 —0.0059 59
[0.0069] {0.0065]
64 300 0.1467 — 0885 —0.7398 00513 —0.1212 00512 —00700 —00187 52
[0.0166] [0.0050]

lecular distortions of the water molecules compared to their
structure in the corresponding neutral cluster are small. The
energetics of the intramolecular structural modifications is
reflected in the values of the equilibrium average intramole-
cular potential energies, ($") [with reference to (®'V) =0
in the isolated water molecule] and that of the intermolecu-
lar binding is given by (®?). Comparing the values of (®")
and (®®) for the negatively charged clusters (Tables IT and
III) with the values for the corresponding neutral clusters

(Table 1), we conclude that the dominant contributions to
the cluster reorganization energy E_ (see Tables II and III)
originates from intermolecular structural modifications in
the cluster due to electron attachment. Furthermore, com-
parison of E, for excess electron localization via the forma-
tion of surface and interior states (Tables II and III, respec-
tively), shows that for the same cluster size, n, the degree of
reorganization, reflected in the magnitude of E,., is consider-
ably lower for a surface state than for an internal mode of

TABLE III. Energetics of excess electron localization via interior states in (H,0),, at several temperatures. The simulations for n = 8 denoted by * were
performed for a static configuration of the molecules with the structure used in the quantum-chemical all-electron calculations.*® For meaning of the entries,

see caption of Table 1I.

n T(K) (DM (P (d) E, (V) Kine EVBE EABE R,

g* 79 0.0045 —-0.0174 00129 0.0894 —0.0715 0.0485 —0.0230 0.0664 6.4
[0.0015]

158 0.0045 —00174  —0.0129 0.0802 —0.0744  0.0518 —0.226 0.0576 6.1
[0.0015]

18 79 0.0249 —02195 —0.1946 0.0809 —0.1543  0.0823 —0.0720 0.0088 4.1
[0.0016] [0.0036]

158 0.0311 —02013 —0.1702 0.0814 —0.1540  0.0857 — 0.0683 0.0131 40
[0.0021} [0.0038]

32 79 0.0473 —04783  —04310 0.0876 —0.1868  0.0984 —~0.0884 —0.0008 40
{0.0059] [0.0035)

158 0.0540 —04367 —0.3827 00915 —0.1806  0.0941 —0.0865 0.0050 3.9
[0.0038] {0.0051]

300 0.0700 ~0.3632 —02932 0.089% —0.1777  0.0869 —0.0908 00014 338
{0.0101} [0.0040]

64 300 0.1439 —0.8351 —0.6912  0.0999 —0.2042  0.0866 —0.1176 —00177 3.8
10.0069] [0.0041}

128 300 0.3023 — 19424 —1.6401 0.0944 — 02169  0.0865 —0.1305 --0.0361 3.9
[0.0134] [0.0052]
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TABLE V. Relative contributions to the electron vertical binding energy, EVBE = K,,, + (V') [see Eq. (4)], of the Coulomb, polarization, exclusion and
exchange interactions, as well as relative contributions of the total electron potential energy, (¥ ), and interaction kinetic energy (K, [see Eq. (3a)].
Equilibrium results are given for various cluster sizes, (H,0), at several temperatures. (SS) and (IS) indicate surface state and interior state localization
modes, respectively. The value for 7 = 8* is for the static (H,0)4 cluster in the configuration used in the all-electron quantum chemical calculations.

Vo) V) ¥, A vy (KM (KR) (K (K (Kine)

n T(K) EVBE EVBE EVBE EVBE EVBE EVBE EVBE EVBE EVBE EVBE
8* 79 3.070 1.183 —2343  1.200 3.109 —1.630 —0.365 0378 —0491 2109
8(SS) 719 2.493 0.760 —0.947 0533 2.840 —~ 1.120 0.147  —1.067 0200 —1.840
12 (SS) 79 1.724 0.449 —0.606 0399 1.966 — 0,483 0.152 - 0.803 0.168 — 0.966
18 (SS) 79 1.702 0.522 — 0767 0478 1.935 —0.532 0111 — 0.610 0.096 - 0.935
(SS) 300 1.720 0.477 — 0664 0.421 1.954 — 0382 0227 ~1032 0234 —0954
(Is)y 7 1.831 0.581 —0.848  0.564 2.127 —0.441 0.224  —1.127 0217 - 1.127
32(SS) 300 1.666 0.459 ~0.652  0.386 1.859 —0.498 0.061 —0473 0.050  —0.859
(IS) 79 1.687 0.676 —0.929  0.606 2.04 —0.439 0.235 - 1.056 0.219 - 1.040
64 (SS) 300 1.541 0.424 —0567 0.348 1.747 —0.340 0.138  —0.675 0120  —0.747
(IS) 300 1.401 0.521 —0.648 0433 1.708 ~0.276 0178 —~0.775 0.165 —0.708
128 (IS} 300 1.374 0.585 —0.628 0421 1.752 —0.249 0227 —0950 0220 —0752

localization. Finally, we note that the reorganization energy (K2, ) and (K %, ), respectively. The large relative contribu-

per molecule (i.e., E./n) decreases as the cluster size in-
creases which indicates that the spatial extent of the reorga-
nization region is limited to the neighborhood of the local-
ized electron (more will be said on this question in our
discussion of the structural characteristics).

The interaction potential energy of the electron with the
host water molecules [ (¥}, see Eq. (3b) ] isseen to generally
increase with the size of the cluster (with the exception of the
values for the surface states for n = 18 and 32, Table II), and
for a given n (V') is larger for internal localization than for
the surface state. A similar trend is observed for the electron
vertical binding energy [EVBE = K, + (¥ },seeEq. (4)].
The values of EVBE for the surface states of (H,0), clus-
ters for n< 18 compare well with the values obtained from
photoelectron measurements,® while the corresponding
value for the internal state of (H,0) ;; is outside the range of
the experimental data, and EABE > O for this state.

At this point it is of interest to remark on the relative
contributions of the four terms in the electron~water interac-
tion potential [V, see Eq. (10)] to the average electron po-
tential energy (V') and interaction kinetic energy (K, ),
which together comprise the electron vertical binding ener-
gy EVBE. These relative contributions are given in Table IV
for the surface and interior states (SS and IS, respectively)
for different cluster sizes n at several temperatures. First we
note that the relative contribution of (K,,,) to the average
electron vertical binding energy (EVBE) is approximately
one half that of the electron potential energy (¥), and of
opposite sign (attractive for (V') and repulsive for (K., )).
As evident from Table IV, for all cases the dominant contri-
bution to (¥') is from the Coulomb term (¥ ¢, in the inter-
action potential) with the next largest contribution coming
from the repulsion due to the exclusion potential (¥, ). The
attractive contributions to (¥} from the polarization (¥, )
and exchange (¥, ) are of comparable magnitudes. The lar-
gest contribution to {K,, ) is due to the exclusion term
(K¢, ), followed by the contribution due to Coulomb inter-
action (K '), with smaller and comparable in magnitude
contribution from the polarization and exchange terms,

tion of the exclusion term to (K, ), reflects the fact that the
evaluation of K, involves the gradient of the potential [see
second term on the right-hand side of Eq. (3a)] and as can
be seen from our discussion of the electron—-water interaction
potential (see paper I, Sec. II), the repulsive exclusion term
exhibits the fastest spatial variation.

The energetic stability of the equilibrium negatively
charged cluster with respect to the equilibrium neutral clus-
ters plus free electron is inferred from the magnitude and
sign of the electron adiabatic binding energy [ EABE, see Eq.
(5) 1, with a negative value corresponding to a stable bound
state. The values of EABE are a consequence of a balance
between the electron vertical binding energy, EVBE, and the
cluster reorganization energy E,. As seen from Table II the
surface states for cluster sizes n<18 are characterized by
negative EABE values (the small value forn = 18 at =179
K is within the calculational error). The corresponding
EABE’s for electron internal states are all positive preclud-
ing a stable internal localization mode for n<18. In fact, we
were unable to form an interior localized excess electron
state in clusters with n = 8 or 12. The absence of 300 K data
for n =8 and 12 surface states is due to the fact that no
excess electron-water cluster bound state was found by us
upon heating the lower temperature (H,0),, clusterstothat
temperature. Similarly no data are given for an interior state
(IS) for n = 18 at 300 K since upon heating the equilibrated
IS (H,0) 5 cluster from 158 to 300 K the mode of localiza-
tion converted to a surface state. We should also remark that
the inability to structurally anneal the surface state clusters
for n < 18 at high temperature (which would have enhanced
the molecular motions and allow for optimization of the mo-
lecular reorganization processes) may cause these negative
charged clusters to be not fully relaxed which would result in
E,, as well as EABE, values which are upper bounds to the
optimum values. For this reason our equilibration calcula-
tions, particularly for these low temperature clusters, were
rather time consuming.

To estimate the initial binding of an electron to an equili-
brated neutral cluster, and to confirm the thermodynamic
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TABLE V. Dipole moments (|p|} of equilibrium molecular clusters
(H,0), , not including the excess electron, and average values of the H-O—
H angle, (8 ), and O-H bond length (R oy ), for various cluster sizes at sev-
eral temperatures. The corresponding values for an isolated water molecule
arey = 0.74 eay, 6 = 104.52°, and R oy = 1.809 a,. The dipole moments are
in units of eq, ( = 2.524 D). For comparison with the dipole moments of
the corresponding neutral (H,0), clusters, see Table L. (SS) and (IS) indi-
cate surface state and interior state localization modes, respectively. The
value for n = 8* is for the static (H,0)j, cluster in the configuration used in
the all-electron quantum chemical calculations. Standard deviations are
given in parentheses.

n T(K) {u) (6) {Ron)
8* 158 1.6 109.0 1.795

8 (SS) 79 3.6 (0.2) 104.4 (2.5 1.846 (0.031)
12 (SS) 79 5.4 (0.1) 104.2 (2.5) 1.849 (0.031)
18 (SS) 79 5.1(0.2) 104.1 (2.5)  1.850 (0.031)
(SS) 300 43(0.7) 103.9 (4.7)  1.841 (0.048)
(IS) 79 22(02) 104.4 (2.7)  1.848 (0.030)
32 (S8) 300  8.9(L0) 104.4 (4.7)  1.344 (0.049)
(IS) 79 1.9 (0.4) 104.1 (2.6)  1.851 (0.029)
(IS) 300 20(08) 104.2 (4.8)  1.843 (0.049)
64 (SS) 300 124 (1.5) 104.7 (4.8)  1.844 (0.049)
(IS) 300 29(12) 104.4 (4.6)  1.843 (0.048)
128 (IS) 300 63(L7) 104.7 (4.7)  1.847 (0.049)

stability of the excess electron surface states for n < 18, we
first attempted to equilibrate a system consisting of 12 static
water molecules (in an equilibrium neutral cluster configu-
ration) plus an excess electron. The EVBE for this system
was positive for T>79 K, but at 7= 20K we obtained a very
diffuse bound electron state with EVBE~ — 2X 10™* har-
tree ( =5 meV). Subsequently, we allowed the water mole-
cules to evolve dynamically, heated the system to 150 K, and
observed that the isomorphic system slowly developed from
the diffuse, low EVBE state toward a localized bound sur-
face state similar to that obtained by the preparation method
described above. Thus, we conclude that a neutral equili-
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FIG. 1. Plots of the electron vertical binding energies (EVBE) and electron
adiabatic binding energies (EABE), for surface states of an excess electron
in (H,0) ;7 clusters, vs n~ '3, For EVBE the square, hexagon, and diamond
symbols correspond to results at 300, 158, and 79 K, respectively. The same
symbols but with a cross inside are used for EABE.

brated (H,0),, cluster can weakly bind an electron with
little or no molecular reorganization and that the free-energy
barrier from this initial diffuse and marginally bound state to
the localized surface state, characterized by EVBE
2 — 0.035 hartree, can be overcome when cluster molecular
reorganization becomes operative. These observations relate
to the alternative experimental methods of preparation of
negatively charged clusters,*>! particularly to the capture
of very low energy electrons by cold water clusters.*%*!

With increase in the size of the water cluster the internal
localization mode becomes more energetically favored as
can be seen by comparing the EABE values given in Table 11
and III for the surface and internal states, respectively, of
(H,0), for n>18. It is observed that as the cluster size
increases the electron vertical binding energies (EVBE) be-
come larger in magnitude (and are larger for the internal
states than for the surface states) and the EABE’s are all
negative for clusters in this size range (the EABE’s for the IS
and SS for n = 32 and 64 are comparable to within the uncer-
tainty of the calculation). We also note that even for the
large (H,0) ;5 cluster the value of EABE ( — 0.036 har-
tree = — 0.98 eV) is significantly below the estimated ex-
perimental heat of solution (hydration) of an electron in
bulk water, AH(e_ ) = — 1.7 eV. This indicates that while
the internal electron localization in large water clusters may
be regarded as a precursor of the hydrated electron in bulk
water, the convergence to the bulk limit is rather slow, which
is a manifestation of the role of long-range interactions in
electron solvation in polar solvents.

These results suggest that the transition from surface to
interior excess electron localization in water clusters occurs
in the range of 32 < n S 64. A decisive determination of the
localization mode for this cluster size range may rest on the
experimental determination of EVBE from photoelectron
spectra, since the predicted values are markedly different for
the two localization modes (compare Tables II and III, for
n>32).
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FIG. 2. Plots of electron vertical binding energies (EVBE) and electron
adiabatic binding energies (EABE), for interior states of an excess electron
in (H,0), clusters, vs n~"/2. Note the linear relationship. Symbols as in

caption to Fig. 1.
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The results for the EVBE’s and EABE’s for the surface
and internal states are summarized in Figs. 1 and 2, respec-
tively, where the values at several temperatures are plotted
vs n~1/3, The motivation for the n~ !/ dependence origin-
ates from consideration of the expression for the binding
energy of an excess electron in a dielectric sphere. The ener-
getics of a charge distribution in the presence of a dielectric
medium®® and dielectric medium effects on a loosely bound
electron™ have been studied at the early stages of develop-
ment of the theory of solvation. In the following we adapt the
expressions for the binding energies obtained in these early
studies to our finite cluster system. From the definitions of
the electron adiabatic and vertical binding energies [Egs.
(5) and (4), respectively], and the total energy expression
given by Eq. (35) of Ref. 70, and assuming spherical symme-
try and uniform dielectric properties, the following expres-
sion for EABE is obtained:

R
EABE =K,, -% [1-D-'] f PdrE,(r)?,
0
(11a)

FIG. 3. Cluster configurations of (H,0), , via quantum path-integral mo-
lecular dynamics simulations. The large and small balls correspond to oxy-
gen and hydrogen, respectively. The dots represent the electron (bead) dis-
tributions. Shown at the center is (H,0);, for a static molecular
configuration as in Ref. 30. From top right and going counterclockwise: (i)
diffuse surface state of (H,0);; (ii) surface state of (H,0) 3; (iii) surface
state of (H,0); and (iv) internal state of (H,0) ;.

{e)

FIG. 4. Cluster configurations of (H,0)," obtained via quantum path-inte-
gral molecular dynamics simulations. Large and small balls correspond to
oxygen and hydrogen atoms, respectively. The dots represent the electron
(bead) distributions. (a) Surface state in (H,0);; (b) internal state in
(H,0)3;; (c) surface state in (H,0)4;; (d) internal state in (H,0); (e)
internal state in (H,0) ;5. All calculations were performed at 300 K.
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where D, is the static dielectric constant, K, is as defined in
Eq. (3a), Ris theradius of the dielectric sphere, and E, (7) is
the magnitude of the electric field due to the excess electron
distribution p(r). To obtain the expression for EVBE the
reorganization energy, E,. [see Eq. (6)], has to be subtract-
ed from EABE [see Eq. (5)]. In the dielectric continuum
theory, the quantity corresponding to E, is the energy
change involved in a transformation of a neutral dielectric
sphere, in which both the electronic and molecular orienta-
tion components of the polarization field are in equilibrium,
to a nonequilibrium state of the neutral dielectric sphere in
which only the electronic component is in equilibrium while
the orientational component of the polarization field has the
value it had in the equilibrium negatively charged system.
Thus, using Eq. (15) of Ref. 70 in conjunction with Eq.
(11a) we obtain

EVBE-—:EABE——;—- [Ds'—D ]

R

xf PdrE,(r)? (11b)
0
where D, is the optical dielectric constant.

To establish the linear dependence of EVBE (and
EABE) on n~!/3, we evaluate the integral in Eq. (11b) for a
compact, localized, excess electron charge distribution,
which is the case for our internally localized states (see pic-
tures of the cluster configurations and electron distributions
in Figs. 3 and 4 and values of the radii of gyration of the
excess electron distributions R, in Table III). Under these
conditions p(7) = O for 7> R,, where R, <R, and for r> R,
the electric field is given by

Ee(")‘—'%fd"’r"p(f):e/rz. (11¢)
Using Eq. (11c) in the integral in Egs. (11a) and (11b)
yields

R R, R
J FdrEe(r)2=J FdrEe(r)2+f P dr(e/r)?
0 (1 R,

e2

EGR, —_——

(11d)

Making the further assumption that K, and p(r) do not
depend on the cluster size, which is consistent with the re-
sults of the simulations for K;,,, and R, given in Table III, we
get

EVBE=K,, —1(1+D5'—2D")(eg, —R ")
=A+ Bn ', (11e)

where B= (1 + D ;"' — 2D ")é?/(2R,), and R, is the ef-
fective radius of a solvent molecule. An estimate of R, can be
obtained from the average density of molecules in the interi-
or of the larger water clusters studied by us yielding a value
of R, ~3.5 a,, With this value of R,, and taking'*
D,, = 1.78, D, = 78.5 (at 298 K) we obtain B = 0.21 har-
tree for the slope of EVBE vs n~!/3 (using'* R, =2.8 q,
yields B = 0.26 hartree). Inspection of Fig. 2 reveals that

both EABE and EVBE obtained via our simulations exhibit
a linear dependence on n~1/3 as predicted by the above con-
siderations. However, one should bear in mind the simplify-
ing assumptions underlying the dielectric response model in
comparing the predictions for 4 and B with the simulation
results. For the surface states, Fig. 1, no such clear linear
dependence on n~ /3 is seen, reflecting the lack of spherical
symmetry of the host medium about the localized excess
electron and a larger dependence on the local environment
for the different clusters. Finally we remark that the reorga-
nization energy E_ can be read from Figs. 1 and 2 as the
energy difference between EABE and EVBE [see Eq. (5)].

C. Structure

The energetics and structure of our systems are inti-
mately related to each other. In this section we discuss the
structural aspects of the excess electron states in (H,0),", in
light of our discussion of the underlying energetics given in
Sec. I1I B. A pictoral representation of the configurations of
excess electron states of (H,0), clusters (n<18) isgivenin
Fig. 3, and for n>32 in Fig. 4 (in addition we show in the
middle of Fig. 3 the (H,0)4 cluster in the static molecular
configuration used in the quantum-chemical calculations,*
which was employed in the construction of the electron—
water pseudopotential, see paper I). As seen in Fig. 3, the
(H,0), surface state (upper right corner) is characterized
by a diffuse electron distribution (radius of gyration,
R, = 10 a,, see Table II), with more compact electron dis-
tributions (see R, valuesin Table IT) for n = 12 and 18. The
cluster molecular configurations demonstrate the intermole-
cular cluster reorganization due to the presence of the excess
electron. For comparison we include in Fig. 3the T=79K
internal state for (H,0);, which is not the most stable state
for this cluster {positive EABE, see Table III). The internal
states for n = 32, 64, and 128 shown in Fig. 4 demonstrate
the high degree of electron localization in these states. It is
also of interest to note the development of hydrogen-bonded
rings which are characteristic to frozen water structures.

Detailed structural information for the various clusters
is provided by the histograms of the number radial distribu-
tions shown in Fig. 5-7. Shown in these figures are the radial
number distributions of the oxygen and hydrogen atoms
(positions R, ; o = O,H respectively) with respect to the
barycenter of the isomorphic electron bead distribution
(Fepc)

Ry o (1) =<Z 6(r— ’Rl,a - ebc“)’
=1

Also shown are the corresponding distributions with respect
to the electron distribution (i.e., the individual beads, whose
locations are denoted by r; (j = 1,...,P) where Pis the num-
ber of beads used in the calculation),
P n
R, ,(r) = (% Y 3 6(r—|Ry, —r,])). (12b)

j=11=1

(12a)

For the hydrogen distribution functions (a = H) the sum
includes both hydrogens of each molecule. In converting
Eqgs. (12a) and 12b) to histograms, as shown in the figures,
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FIG. 5. Histograms of the number radial distributions n{r) for oxygens (a)
and hydrogens (b), for the surface states of (H,0),; clusters (n = 8, 12, 18,
and 32) at T= 79 K. The solid lines correspond to the radial distributions
between the barycenter of the (isomorphic) electron distribution and the
atoms, and the dashed lines correspond to the radial distribution between
the isomorphic) electron distribution (beads) and the atoms.

we use a bin width of 0.5 a,,. The angular brackets indicate
average over electron (isomorphic necklace) and nuclear
configurations obtained via the simulation. In general
n,_ o (r) (dashed line) appears as a smoothed version of the
N - o (7) function, and provides a characterization of the
excess electron distribution relative to the atomic constitu-
ents of the host cluster. Inspection of n,. _, () for the sur-
face states of (H,0), forn =8 — 32at 79K (Fig. 5), dem-
onstrates the diffuseness of the electron distribution in these
states. Comparison of the number radial distributions for the
oxygens and hydrogens [Figs. 5(a) and 5(b), respectively]
shows that the hydrogens of the water molecules nearest to
the excess electron are closer to the barycenter of the elec-
tron distribution than the oxygens by 1-2 g, This observa-
tion applies to all the negatively charged clusters (see Figs.
5-7). For the surface states of the smaller clusters, (n<32)
we observe (see Fig. 5) that the distance of the closest ap-
proach of the water molecules to the barycenter of the elec-
tron distribution decreases with increasing cluster size. We
also note that for the surface states (Figs. 5 and 6) thereisno
clear indication of a shell structure of the water molecules
about the excess electron. For the higher temperature clus-
ters the number radial distribution functions are less struc-
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FIG. 6. Same as Fig. 5, for surface states of (H,0), clusters, n = 18, 32,
and 64, at T"= 300 K.

tured, due to the thermal motion of the molecules) (com-
pare Figs. 5 and 6).

Inspection of Fig. 7, for the internal localization mode,
reveals that the radius of the internal cavity containing the
electron is independent of cluster size (consistent with the
radii of gyration R, given in Table III). In contrast to the
absence of clear structural features of the host cluster for the
surface states, the n,,._ . radial distribution functions ex-
hibit minima, for all cluster sizes, at ~ 10 a,, establishing a
molecular shell structure about the localized electron. There
are typically about 20 molecules within the 10 ¢, radius. The
radius of the sphere around the barycenter of the electron
distribution which contains six oxygens is 7.0-7.5 a,. In-
deed, inspection of n,,. _ [ Fig. 7(a)] suggests the existence"
of a molecular shell of this radius.

Further evidence for the shell structure of the host clus-
ter is provided by the spatial distribution of the electron—
water interaction potential energy, an example of which is
shown in Fig. 8 for the surface and internal states of
(H,0)a, at 300 K. The function displayed in this figure is
given by

PEcro(n = (3

1 P
I=1_I_;j===1

V(rj,{R],a})a(r

~ Rpo — rx ), (13)
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Interior States ( T=300K )
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FIG. 7. Same as Fig. 5, for internal states of (H,0), clusters, n = 18, 32,
64, and 128. The data for n = 18 is for T'= 79 K, all the other data at
T=300K.

where R;, (a =0, H1, H2) are the positions of the oxygen
and hydrogen atoms of the I th water molecule, respectively,
and r; (j=1,...P) is the position of the jth pseudoparticle
(bead). As evident from the figure, the internal state (IS)
exhibits minimum interaction energies at 7.5 ¢, and 10 q,,

64 1S and S$
8
<
3s. ss
<
&3 1S
52
§°
i
=1
§?<
8]
?

.
50 100 B0 200 250 300 350
r {ow

FIG. 8. Radial distribution of the electron-water interaction potential ener-
gy, see Eq. (13), for the surface (SS) internal (IS) states of the (H,0)5
cluster at 300 K. Note the minima in the magnitude of the interaction ener-
gy for IS at r = 7.5 g, and 10 a,. Energy in a.u. (hartree).

64 IS ond neutral

50

LE e

i

50 00 B0 200 250 00
r (aw

FIG. 9. (a) The radial distribution function, n4..,, for (H,0)g at 300K
(solid line) and the radial distribution function of the oxygen atoms with
respect to the molecular barycenter of the neutral cluster at 300 K (dotted
line). (b) The solid line represents the radial distribution of the molecular
vertical binding energy (MVBE) of a water molecule, i.e., the negative of
the average energy required to remove an H,O molecule (whose oxygenisa
distance r from r,,. ) from the cluster without allowing molecular or elec-
tron relaxation, for (H,0) g at 300 K. The contribution to MVBE from the
intermolecular interactions, i.e., excluding the electron-water interaction is
represented by the dotted line. The dashed line represent MVBE of the neu-
tral, (H,0),, cluster at 300 K, with the origin at the molecular barycenter.
The per molecule cluster reorganization energy is reflected in the energy
difference between the dotted and dashed lines.

64 S5
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=-0.01
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PE / molecule (o)
-002
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r (ow
FIG. 10. The radial distribution of the molecular vertical binding energy
[MVBE, see Eq. (15)] of a water molecule (solid line) and the contribu-
tion to MVBE from the intermolecular interactions (dotted line) for the
surface state of (H,0)g at 300 K.
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which correlate with the molecular shell structure discussed
above.

In Fig. 9(a) we compare the radial distribution func-
tion, n.,. _o for (H,0)¢,, represented by the solid line, with
the radial distribution of the oxygen atoms in the neutral
cluster with respect to the molecular barycenter. First we
observe that the spatial dimensions of the two clusters are
comparable. Second, the reorganization of the cluster, due to
the attachment of the electron in an internal localization
mode, into a molecular shell structure, is apparent. To facili-
tate analysis of the spatial extent of the excess electron-wa-
ter interaction and of the resulting molecular reorganization
of the host cluster, we define, in addition to the function
PE, y,0(7) given in Eq. (13), the following functions: (i)
The intermolecular interaction radial distribution function,

N N
PEy0m,0 (1) = <z 7 5 4R R,

J£I

X6(r— |Ryy — ebc|)>’ (14)

where ®? is the intermolecular interaction potential be-
tween water molecules [see Eq. (1) and Sec. III of paper 1],
and (ii) the molecular vertical binding energy (MVBE) ra-
dial distribution function,

MVBE(r) = [2PBy 0110 (") + PEo .0 (7)]/Bape_o (7).
(15)

MVBE(r) is the negative of the average energy required to
remove from the cluster an H,O molecule, whose oxygen is
located at a distance r from the excess electron barycenter,
without allowing molecular and electronic relaxation. These
functions [with PEy o 0 (7) divided by in.,. _o (7)] are
shown in Fig. 9(b) as well as the radial distribution of the
intermolecular interactions in the neutral cluster, which is
obtained from Eq. (14) by replacing r,,,. by the molecular
barycenter r,,,,., and is normalized by dividing by the corre-

85SS 8 S8 2SS 73
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sponding oxygen radial distribution function. The per mole-
cule cluster reorganization energy is reflected in the energy
difference between the dashed and dotted curves in Fig.
9(b). As seen from Figs. 8 and 9, the spatial extent of the
interaction between the excess electron and the water mole-
cules and the resulting molecular reorganization is largely
contained within a sphere of radius 10 @, (note that beyond
this distance all three curves follow each other, except for
r> 18 a, where only a few water molecules are found). For
comparison, the MVBE and PEy o 4,0 distributions for the
surface state of the (H,0)q, cluster are shown in Fig. 10
(the corresponding neutral cluster MVBE curve is not
shown). Figures 8 and 10 illustrate that the excess electron~—
water molecule interaction is also largely contained within a
radius of 10 g, about the electron barycenter for the surface
state although the division is much less pronounced.

Additional information and insight pertaining to the lo-
cal structure of the host cluster in the presence of the excess
electron is obtained from the bond and dipole orientational
correlation functions P(cos Gyonq ) and P(cos € 5501 ). The
correlation functions are defined by

PshelI(X)z"L—< 2 6(COSGI—X)>,
Ie

16
(N > € shell ( )

where the sum is over all molecules within the specified shell
[and over both O-H bonds in the case of P(cos G,.,q ) ], and
(N ) is the average number of terms in the sum. The bond
angle is defined by

€08(Opona ) = (Ryyy — Ry )o(roe — Ryp)/
|RI,H - Rl,o“l'ebc - RI,O" an

The dipole angle 6, is obtained by replacing
(R;x — Ry,) in Eq. (17) with a vector in the direction of
the molecular dipole (see paper I). The shells are defined to
contain all the molecules whose oxygens are located in the
interval (r_,r . ) between the two shell radii. In choosing the

BSS 18 SS 32Ss

10

i 1

Plcosd?

02 04 06 08
1

02 04 046 08
1

1
L

10 00 I 10
cos(ﬂq,*)

0.0
coslBy

FIG. 11. Orientational correlation functions, P(cos 8) vs cos 8, for the surface states of (H,0), clusters (n =8, 12, 18, and 32) at T = 79 K. For each
cluster size we show on the left the correlation function of OH bond directions with respect to the vector connecting the oxygen atom with the barycenter of
the excess electron distribution, and on the right the correlation function between that vector and the molecular dipole. Histograms are shown for the
correlation functions averaged over molecules in shells. The shell radii from the bottom of the figure and up are (0,7 a,), (7 @y, 10a,), (10a,, 15a,), and (15
o, oo ). The average number of molecules (rounded in most cases to the nearest integer) within each shell are given in the figure.
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FIG. 12. Orientational correlation functions, P(cos 8) vs cos 6, for the surface states of (H,0), clusters (n = 18, 32, and 64) at T == 300 K. For details see

caption to Fig. 11.

shell radii we were guided by the molecular shell structure
discussed above: (0,7 a,), (7 aq, 10 a,), (10 a,, 15 ay), and
(15 ag, oo ). While the values for the first two shells are based
on our structural analysis, the value of 15 g, was selected
since it is approximately the radius of the # = 32 cluster.

We note that when one of the OH bonds of a molecule
points toward the barycenter of the electron distribution
[i.e., c0S(Byona ) = 1] the other OH bond is oriented such
that cos(pong) = — 0.25, and cos(8 4. ) = 0.61; while
when cos(04p0.) =1, ie., dipole orientation then
€08(Byong ) = 0.61.

For the low-temperature surface states (Fig. 11) of the
small cluster sizes (#<32) we observe that the degree of
bond versus dipole orientation (with respect to the bary-
center of the excess electron distribution) depends on the
cluster size, and for a given cluster on the distance (i.e., shell

number) from the localized electron. For the smallest clus-
ter, n = 8, no molecules are found in the first (0~7 @) shell.
The orientation in the other shells is mainly dipole oriented.
For the surface states of the larger clusters (n> 8), dipole
orientation predominates, although with increasing cluster
size we observe an increased tendency for bond orientation
of the molecules in the innermost shells (see Figs. 11 and
12). The latter observation correlates with the more com-
pact nature of the excess electron distribution in the larger
cluster surface states. Comparison of the orientational corre-
lation functions for the low and high temperatures given in
Figs. 11 and 12, respectively, demonstrates that the in-
creased molecular motions at the higher temperature results
in a more uniform distribution over angles.

Inspection of Fig. 13 reveals that for the internal states
of all cluster sizes (7n>18) the innermost shell contains six

Plcos?)

1 w0
dpoke)

00
= G

' 0.0 ‘ .0 ) 0.0 ) l.o
) OHBpg  apote

10

FIG. 13. Orientational correlation functions, P (cos &) vs cos 6, for the interior states of (H,0), clusters (n = 18, 32, 64, and 128). With the exception of
the n = 18 cluster whose temperature is 79 K, all other clusters are at 300 K. For details see caption to Fig. 11.
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FIG. 14. Orientational correlation functions, P(cos 8) vs cos 8, for neutral (H,0), clusters (» = 18 and 64), at T = 300 K. The bond and dipole correla-

tions are with respect to the molecular barycenter of the cluster.

molecules which are bond oriented, in agreement with re-
sults obtained via simulations of electron hydration in bulk
water’®?” and the experimental results obtained via studies
of alkaline ice glasses.>>** In the second shell a predomi-
nance of dipole-orientation is seen. In the outer shells the
distribution is more uniform with a bias toward positive val-
ues of both cos(Byna ) and cos(8 gipore ). The molecular ori-
entations in the outer shells is influenced not only by the
long-range interaction with the excess electron, but also by
the cooperative interaction with the molecules in the inner
shells.

Finally, for comparison and in order to highlight the
influence of the excess electron on the structure of the host
cluster, we display in Fig. 14 the orientational correlation
functions for the neutral (H,0) 3 and (H,0), clusters (at
300 K). Here, the bond and dipole correlations are calculat-
ed with respect to the molecular barycenter of the cluster. As
evident from Fig. 14, the distributions are rather uniform
with no particular bias toward positive or negative value of
cos 6.

D. Electronic properties and excitations

In the previous subsections we discussed the energetics
and structure of excess electron localization in water clus-
ters. We focus now on aspects related to properties of the
localized electron.

As mentioned in Sec. II the degree of localization of the

excess electron can be characterized by the complex time
correlation (or response) function'>?” [see Eq. (8)] which
can be expressed as

R (1) = (F2(1)) (18)
where Z, (t) is the function for a fixed configuration of the
classical particles, and ( ). indicate an ensemble average
over these configurations.

For imaginary time, 0<7<pB#, the function Z#_(7) is
obtained from the rms distance between beads,

P
#2G8w/P) =(5 3 -1,

k=1

172
c

(19)

wherer, is the position of the k th bead, and here the angular
brackets indicate an ensemble average over necklace config-
urations (electron paths, see Sec. II).

For a free electron the correlation function is given by'*

R e (1) = BAr[(7/85) (1 — 7/87) 1", (20)

whered = #(B /m, )'/?isthe electron thermal wavelength.
It is instructive to examine the values of %7 (1) for 7 = f#/P
and 7 = B#/2, and the values of the radius of gyration, R,
[see Eq. (7)], of the bead distribution. In Table VI we give
the simulation results for % (B#/2), ﬁRg, and
VP R (BH/P); each of these quantities is equal to %,
=4/34,/2 for a free particle. We see that # (B#/2) and R,,
which are measures of the size of the electron distribution,
are much smaller than the free particle values indicating
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TABLE VI. Values of the complex time correlation function % (r) for
7= 4(B#i) and B#/P and for the radius of gyration R,, for (H,0), clus-
ters, at several temperatures. Surface and internal localization states are
denoted by (SS) and (IS), respectively. The results for the (H,0), cluster
in the static configuration used in the quantum-chemical calculations and
employed in the construction of the electron—water pseudopotential are de-
noted by an asterisk. At the bottom of the table, values for a free electron are
given for reference. Length in unit of Bohr radius, a,.

n T(K) RBR2) 2R, VP 7 (BH/ P)
2 20 53 51 109.5
g* 79 9.0 9.1 54.0
158 8.3 8.6 38.0
8 (SS) 79 15.5 15.0 54.5
(SS) 158 13.7 132 38.5
12 (SS) 79 8.4 8.5 54.0
(SS) 158 8.5 8.5 38.1
18 (SS) 79 7.8 7.8 53.5
(SS) 300 6.4 6.5 27.6
(18) 79 5.8 5.8 53.5
as) 158 5.5 5.6 37.7
32 (SS) 79 9.3 9.1 54.0
(SS) 300 8.4 83 279
(18) 79 5.6 5.7 53.0
(1S) 158 5.6 5.5 375
64 (SS) 300 7.2 7.3 27.6
(SS) 300 5.4 5.4 27.2
128 (IS) 300 5.6 5.5 27.3
free 20 109.5 109.5 109.5
free 79 54.7 54.7 54.7
free 158 38.7 38.7 38.7
free 300 28.1 28.1 28.1

electron localization. These correlation lengths [ % (B#/2) ]
are smaller for the interior states than for the surface states,
and are nearly independent of cluster size and temperature
for the interior states. For the surface states the size of the
electron distribution decreases as the cluster size increases
and the electron becomes more bound.

The imaginary-time correlation function % (7) can be
expressed in terms of R, and the vectors connecting the
beads to the barycenter of the electron distribution (rg,. ):

A1) =2R: —2{[r(2) — v J*[r(t+7) — 1. ]).
(21)

The term in brackets equals Rj for =0 or B#, and de-
creases as 7 approaches Sfi/2. For a free particle this term
vanishes at 7 = /2, but would clearly be negative for a
finite number of beads (take P =2 as a trivial example),
leading to the result 2 (8%/2) >2R . if the number of beads
is too small. Our results show that, to within the combined
statistical uncertainty of about 0.250 a,, the equality & (B#/
2) = 2R, is satisfied.

The correlation between adjacent beads, #2(S#/P)
[see also Eq. (21)] is proportional to the average value of
the harmonic potential energy stored in the springs connect-
ing the beads [see fourth term on the right-hand side of Eq.
(1)], which would be (3/2)kg T for afree particle (indepen-
dent of P). In the presence of an external potential the differ-
ence between #2(B#/P) and the free particle value of

34 7/2/ P should decrease as Pincreases since the harmon-
ic spring constant is proportional to P and the external po-
tential at the bead position is divided by P [see Eq. (1) ]. Our
results show that 0.97 < 2P % (B#/P)/\34r <1, with the
smaller values of the ratio corresponding to the interior
states. The ratio for simulations with fewer beads is smaller,
e.g., for P=256 at T=300 K the ratio is typically

0.87 <2JP Z# (B#/P) /34 <0.90.

In terms of energy eigenvalues E, and eigenfunctions
¥, of the excess electron the imaginary time correlation
function is given by'>*’

RUT)=RBA2) +2 3 e " S RBe™ ™"

n>0 m>n

X {cosh[ (/B# — 1/2)€,,, ] — 1}, (22)

where €, =B(E, — E,), €,, =€,, —€,,, and Z2) is the
matrix element,

A = f drfdr'rﬁn(r)zp:(r)lr—r'|2¢:(r'>¢m(r'>,
(23)

where ¢, is the wave function. Note that although it is not
explicitly indicated, the energies and matrix elements de-
pend on the external potential, i.e., on the configuration of
the classical particles. The value at 7 = B#i/2 is given by

.@3(ﬁﬁ/2) =2‘@§3")e—(e,,,+e,,)/2_ (24)
n,m

It is possible in principal to use Egs. (22)—(24) to obtain
information about the excited state energies and dipole ma-
trix elements from the simulation results.

Ground state dominance is indicated by a lack of de-
pendence of (1) on 7 for values of 7 near the midpoint,
7 = B#/2. This is indeed the case in all our simulation re-
sults. This does not, however, necessarily indicate that only
the first excited state contributes to the deviation of # (1)
from 22 (B#/2) (except very near the endpoints). The first
excited state may not be bound, in which case the matrix
element is small, or there may be situations in which two or
more closely spaced states contribute to the sum [see Egs.
(22) and (24)]. If there are no bound excited states the
behavior of % (7) may be dominated by resonances in the
continuum which have a finite width, and in any case the
coupling to the classical degrees of freedom will effectively
give every state a finite width even if one assumes that the
matrix elements are constant.

In spite of the above mentioned difficulties, we have at-
tempted to fit our results with an equation appropriate for
the observed ground state dominance (assuming the ener-
gies and matrix elements are independent of the classical
particle configurations),

mmnx

R (jBA/P) = R (BA/2) + Y AGe” “

m=1
X {cosh[(j/P— 1/2)€,, ] — 1}. (25)
We define AR? = R*( jBh/P) — A*(PH/2), where
R*(BA/2) is the result of the simulation, and we minimize a
function F with respect to {#$2} and {e,,,}, where F is
given by
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Jonax
F= Y {In[AZ;(simulation)/AZ}(fit) |}*.  (26)

Jj=1

Because the statistical uncertainty in %2( jB#/P) increases
for large values of j we take ... to besmall (<0.025 P), and
we average Z*(r) around the midpoint to get a more accu-
rate value of #2(B#/2).

From the results of the simulation of (H,0)4 with the
molecules fixed in the tetrahedral cage configuration used in
the quantum-chemical calculations,® we were able to obtain
results for two excited states, AE, = E, — E;~0.024 har-
tree and AE, =~0.048 hartree, while a fit using only one excit-
ed state gave AE, ~0.038 hartree. In all other cases the at-
tempt to fit with more than one state failed either by
resulting in unphysical values of Z§2) (i.e., positive), or by
exhibiting a strong dependence onj,,, . The results of fitting
with a single excited state are summarized in Table VII. We
conclude that there probably are no bound excited states for
the smaller cluster sizes (8 and 12 molecules) and that for
the larger clusters the lowest excited state is near if not above

TABLE VII. Excitation energies, AE, = E, — E, (where E; = — EVBE)
obtained via fitting of the imaginary time correlation function [see text,
Egs. (25) and (26), for (H,0), clusters at several temperatures. Surface
and interior states are denoted by (SS) and (IS), respectively. Energy in
units of hartree.

" T(K) AE,
8* 79 0.038
158 0.038

8 79 0.012
158 0.013

12 79 0.037
158 0.041

18 (SS) 79 0.044
(IS) 79 0.084

32 (88) 79 0.034
(IS) 79 0.082
(IS) 158 0.083
(IS) 300 0.091

64 (SS) 300 0.051
(IS) 300 0.103
128 (IS) 300 0.092

response function for 32 IS
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FIG. 15. The imaginary time correlation function % (7), normalized to the free electron value, as a function of 7/f# for small values of the argument, for the
internal state of (H,0);; at three temperatures. Data obtained directly from the path-integral simulations are represented by symbols, and the fits to the
simulation results {see Eqgs. (25) and (26), and Table VII] are given by the solid lines.
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continuum limit. Only for the 128 molecule cluster interior
state can we conclude unambiguously that there is a bound
excited state. The quality of the fits is illustrated in Fig. 14
for the 32 molecule cluster internal states at different tem-
peratures.

In a separate study the electronic energy spectra of
(H,0), for the interior states of the n = 32, 64, and 128
clusters were investigated,®' using a fast-Fourier transform
method for the solution of the Schrddinger equation for the
excess electron. In these calculations the nuclear configura-
tions of the water molecules were those obtained via the
quantum-path-integral simulations described in this paper
and the interaction potential between the excess electron and
the water molecules was that given in Eq. (1). The values for
AE, obtained by these calculations are 0.1158, 0.0978, and
0.0875 hartree for the n = 32, 64, and 128 clusters, respec-
tively, in approximate agreement with the results given in
Table VII. These results which exhibit a trend toward the
bulk value (0.0625 hartree = 1.7 eV, at the peak of the exci-
tation band®!) with increasing cluster size, demonstrate also
the effect of long-range interactions on the electronic states
of the hydrated electron.

IV. SUMMARY

We have investigated systematically the energetics, sta-
bility, structure, and electronic spectra of negatively charged
water clusters for a wide range of cluster sizes and at various
temperatures. In these studies we have used the quantum-
path-integral molecular dynamics method and have em-
ployed a newly developed pseudopotential for the descrip-
tion of electron—water interaction. The major result of our
studies is the establishment of the modes of localization of an
excess electron in water clusters. For medium size clusters
8<n %32 the attachment of an electron to the cluster in-
volves the formation of a surface state, while for large clus-
ters an internal localization mode, which can be regarded as
the precursor of electron hydration in bulk water, occurs.
Our results for the electron binding energies (vertical elec-
tron binding energy, EVBE) for the surface states of clusters
in the size range n< 18 are in close agreement with the experi-
mental ones obtained via photoelectron spectroscopy.*® The
“transition” from surface to internal excess electron local-
ization mode is manifest by the size dependence of the mag-
nitude of the adiabatic electron binding energy (see Figs. 1
and 2 and Tables IT and III) and is exhibited in the range of
cluster sizes n ~ 64. The energetics of electron attachment to
molecular clusters is governed by a balance between the en-
ergy of the excess electron interacting with the cluster and
the cluster molecular reorganization [E,, see Eq. (6)]
which accompanies the electron localization. While E, is
smaller in magnitude for a surface state than an internal state
for all cluster sizes for which the latter is possible (n = 8 and
12 do not support an internal state) the gain due to the elec-
tron binding dominates in clusters in the size range n 2 64,
providing the signature of the onset of a significant contribu-
tion from long-range large-polaron attractive interactions
for electron localization in large water clusters. Further-
more, we find that even for the largest clusters which we
investigated [ (H,O) ;4 ] the bulk limit is not yet achieved,

Barnett ot a/.: Electron localization in water clusters. ||

which provides evidence for the importance of long-range
interactions in bulk hydration. A decisive determination of
the transition between the localization modes may rest on
the experimental determination of the vertical electron bind-
ing energy from photoelectron spectra, since the predicted
values (Figs. 1 and 2 and Tables II and III) are markedly
different for the surface and internal modes for clusters in
the size range n>32.

It is of interest to note that in most recent studies’’ we
found that for (NH;), clusters the onset of stable electron
localization occurs in internal states for #>32. In contrast to
our findings for water, the internal localization in ammonia
clusters is not preceded by stable well-bound surface states
for smaller clusters. These results are in agreement with the
experimentally observed difference between the minimal
sizes of clusters of these two polar materials (n>11 for wa-
ter>>*! and n>>35 for ammonia®*>?) which sustain an excess
electron bound state.
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