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ABSTRACT

Electron attachment to wnter clusters was explored by the quantum path
integral molecular dynamics nethod. denonottating that the energetically
favored localization mode involves ‘a surface state of the excess elec-
tron, rather than the precurzor of the hydrated electron. The cluster

size dependence, the energetics and the charge.distribution of these
novel electron-cluster surface states are explored.

I. Immuonon

Isolated clusters provide ways and means for the exploration of the
evolution of size effects on energetic, dynamic and chemical phenomena
in large, finite systeusl. Studies of the structure, the level struc-
ture and the dynamics of- clusters do not solelv manifest the “transi-
tion" from molecular to condensed matter systems, but also provide a
bridge between molecular and surface. phenonena. as is evident: from
experimertal studies of nicroscopic catalysis on metal clusters -and
from theoretical investigations of surface states for an excess electron
on alkali halide clusters3. The formation of a cluster-electron surface
state is facilitated by the large surface to volume ratio of the clus-’
ter, being determined by the cluster structure, its degree of aggrega-
tion and the nature of the electron-cluster interactions. We shall
de-nnstrate. using quantum poth integral molecular dynamiés simula-
ticnsd»"* (QUPID), that the energetically stable excess electron states
in small water clusters3~7 involve surface states rather than internally
localized states which may be regarded as precursors of the celebrated
hydrated electron.®

The existence of the solvated electron was experimentally demon-
strated in 1863 for 1iquid ammonia® and in 1962 for water.® The
localization of an excess electron in the bulk of a polar fluid
originates from the combination of long-range and short-range attractive

. interactions,!? and is -accompanied by a large local molecular reorgani-

zation. Nonreactive electron localizaticn in water clusters was
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experimentally documented to originate either from electron binding
during the cluster nucleation process,s’6 or by electron attachment to
preexisting clusters.’ The occurrence of a weakly bound state in

(H20)2 (vertical electron binding energy -3 meV for the equilibrium
statel!>12 and =13 to ~27 meV for a persistent metastable state),l?
characterized by -a diffuse excess electron charge distribution (radius

of gyration of ~36a°)1 can be understood on the basis of QUPID
calculations;’to ‘originate from weak electrori~dipole interactions. On
the other hand, the experimental observation of stable- (HZO)n (n>11)
clusters,s‘?wwhich are characterized7 by a 1arge vertical ‘electron
binding energy, i.e., =0.7 eV (for n=11) to -1.2 eV (for n=20), poses
a challenging theoretical problem. Quantum mechanical calculationsl3»1%
for (Hy0)§ and (Hp0)g reveal that the adiabatic electron binding energy
of ‘these, and presumably also larger, water clusters will be positive,
precluding the existence of such stable’ excess: ‘electron clusters, in
contrast with experiment 377 These theoretical studies followed faith—
fully the conventional wisdom in the field of solvated electron theory,!
invoking the- “implicit” assumption that the excess electron state in (HZO)n
constitutes an interior" localization mode. QUPID calculations are ideal-

ly suited to explore alternative localization modes of the excess elec-
tron in water clusters.

I1 ENERGETICS AND INTERACTIONS

The QUPID method rests om an isomorphism between the quantum problem and
a classical on+, wherein the quantum particle is represented by a
necklace of P pseudo—particles ("beads") with nearest-neighbor harmonic
interactions.3s* Invoking previous £ormalism and notatlon3 the average

total energy of the system is E = 3N/28 + v+ K+P <Z V(r P with
i=1
= 3/28 + Kint, where V. is the interaction potential between the
classical particles (whose pumber is N), V(ri) is the cluster-electron

interaction for the ith pseudoparticle, K =(1/2P) 2 <(3V(ri)/3r )
i=l

(ri-r )>, B = 1/kT and < > indicates statistical averaging. The water

molecules in this study were treated classically. The choise of the

number, P, of beads representing the excess electron is temperature

dependent. As a rule of thumb, adequate discretization 1is achieved

for PkT > e?/a,.

A key issue in modeling the system is the choice of interaction
potentials. Fortunately, for neutral small watar clusters, interaction
potential functions which provide a satisfactory description for a range
of properties are available. We have used the RWK2-M modellS for the
intra and inter-molecular interactions. For the electron water inter-
action we have constructed a pseude-potential (Fig. 1) in the spirit
of the density functional theory, which consists of Coulomb, polariza-
tion, exclusion, and exchange contributions:




-
v K.k Ry = v
The positign %f he oxygen and hydrogen nuclei of the water molecule are

given by (Rg,R,R3) and ?e is the position of the electron. The Coulomb
interaction is

coul + Vp + V. + Vx . (1)

3
> >
vcoul(re’§0'§1,§2) = - jZl qje/max(‘lre —ﬁj l ’RCC) ’ (2)

> -> > > -> .
where R3 = Rg+ (R)+R3-2Rg)8 is the position of the negative point charge
of the RWK2-M model and R, = 0.5a,. The values q;=q2=0.6e, q3=-1.2e,
§ = 0.22183756 ag were chosenl® to give a good representation of the

dipole and quadrupole moments of H;0. The polarization interaction is
given by ’

vp(}‘,ito) - —o.SueZ/(Ee-iiol 2, sz)z , (3)

where a = 9.7446 a,u. 1s the spherical polarizability of the water mole-~
cule. The form of V, and the value of = ]1.6ag were chosen to fit

the adiabatic polarization potential as calculated by Douglass et al.l6
The exclusion, V., gnd exchange, V., contributions-both require the
electron density p‘(r,iq', 1,§2), of the water moleculel? which, in the

regions of importance, is adequately approximated by the simple expres-
sion {see Fig, 1)

3R lla, 52 -3[TR|/a
p(;;ﬁo,ﬁl,ﬁz)-aao_se .0 0+303121 e 17 e, %)

The repulsion, due to the exclusion principle, is modeled as a "local
kinetic energy" term,

V@R, K = 0.5 ezao @are?/3 . (5)

The exchange interaction is modeled via the local exchange approximation,
> 2 2 .1/3
Vx(re,io,i{l,-ﬁz) = -ae a0(31v p) / I (6)

The parameter a, was taken to be 6y = 0.3 in order to obtain 'good agree—
ment between our simulation results and the SCF results of Rao and
Kestner!? for (H;0)g at a fixed configuration of the water molecules.

IIT SURFACE STATES OF EXCESS ELECTRON ON WATER CLUSTERS

Equipped with these potentials we have embarked upon an investigation
of the energetics and geometry of (H20), (n=8-18) clusters. In cor-
respondence with the alternative experimental preparation methodsS~7 we
invoked two initial conditions. (i) First condensing the water mole-
cules around a classical negatively charged particle with a radius of
5ap, and subsequently replacing the classical particle with the elec-
tron necklace. (1ii) Placing a compact distribution of beads next to an



equilibrated neutral cluster. For the smaller clusters n € 12 a sur-

face state develops rapidly, regardless of the initial setup of the

calculation, while for n=18 (i) and (ii) yield an "internal" and
"surface" state, respectively.
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Figure 1: Contours of electron-water interaction, left, and the
electron density (Loglgp(r)), right, (see Eq. 4) in the plane containing
the nuclei. The oxygen is located at the origin.

In table I we summarize the energetic data for the electron verti-
cal binding energy, EVBE = PE(e—(HZO)n) + Kint where PE is the averaged
interaction potential energy between the electron and the water mole-
cules, the cluster reorganization enmergy, Eas and the electrom adiabatic
binding emergy, EABE = EVBE + E.. The neutral cluster reference states
were obtained by simulated annealing. The lowest energy configuration
for each cluster size was then used to calculate E. (the difference
between the molecular potential energies of the megatively charged and
neutral. clusters). 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 EABE, (megative values
corresponding to a stable bound state). The bead distributions for the
excess electron (Fig. 2) are characterized by the radius of gyrationm,

R; =A§%z <i§j(§i-gj)2>, and the degree of localization by the complex



time correlation fumctionl? R(t-t') = <|r:(t:)--r(t')|2>1/2 for
(t-t")e(0,ph), yielding the correlation lengt?_k(ﬁh/Z), (Table 1),
which for a free particle is denoted by Rf = Y3Ap/2, where Ay is the
thermal wavelength of the particle. All calculations were at constant
temperature with the valocity form of the Verlet integration algo-
ritim.2

From these results we. assert that there-is a remarkable- ‘quantita~
tive difference between internal and surface states of the excess elec-
tron i water clusters. The value of Ec is considerably ‘lower for a
surface state than for an internal state insuring relative energetic
stability of the former (Table I). As is: apparent for (HZO)IB» IEVBE]
is consierably higher (and outside the range.of the experimental values)
for the interior state, however,; the high value of E.. ‘results in
EABE = 0.245 eV, precluding a stable internally localized state. On
the other hand, for the electron surface state: ‘of (H20)Tg the value of
EABE is close to zero (and the value of EVBE: is in the range of measured °
values) favoring this mode of localization. For: (H20)12 (Table I and
Fig. 2), only a- surface -state is found. Finally, for (H20)g, a very
small electron binding emergy is found and the state :is characterized by
a diffuse charge distribution (Fig. 2 and Table . .

From theee results we conclude that: (1) The electron localizatlon
mode in (HZO)n clusters involves the formation of a surface state.
. (2) The onset of electron localizatiom in a tightly bound state: in
(H20), clusters is exhibited for n > 8, in accord’ with experiment
(o > 11). (3) The vertical electron binding: energy: for the cluster-
electron-surface-state in (Hy0)7» and (H20)73- (Table I) are in adequate
agreement with the experimental photo-electron spectroscopic data.7
Additionally, |EVBE| rises sharply in the range n==8—12A For ‘the
couid lead to a latge collision induced electron detachment cross-
section, which may account for the absence of n < 11 clusters from the
experimental spectra.5 7 Considering the complexity of the system,
statistical uncertainties and those implic¢it in the model interaction
potentials, we are ‘encouraged by our results’ which provide a consistent

energetic and structural picture of- electron localization ‘in small
_ water clusters.

IV CONCLUSIONS s

We have demonstrated the prevalence of the surface localization mode in
(Hz0); clusters, which is qualitatively different from the localization
mode of the hydrated electron in the bulk. Consequently, we infer that
long-range attractive interactions play an important role in electron
localization in the bulk. In this context we conjecture that the
striking difference’ between the lowest coordination number for elec-
tron localization in water (n > 11) and that in ammonia (n > 35) clus-
ters, may originate from a weaker electron-molecule interaction in
ammonia, which renders the surface state unstable in (NH3), for small

n. Consequently localization may require in this case the buildup of long-
range attractive interactions thus resulting in large coordination numbers.



Pigure 2: cluster configurations of (HQO) via' quantum path-integral
molecular dynamica simulations. Balls, large and small,
pond to oxygen and. hydtogen. respectivelya The dots represent the
electron (b2ad) distributions. Shown at the center is (Hp0)3, for a
" static molecular configuration as in Ref. 13. From top right and going
counterclockwise: (1) diffuse surface state of (H30)3: (i1) surface

’carres—

atate of (H20)712%

(111) surface state of (H0)7g and (iv) internal
gtate of (ﬁzO) Tg.
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Table I. Energetics and excess electron charge distribution for (H20) g
clusters. All calculations were at T = 79°K, using P = 4096 beads for
the electron necklace.. Energies in eV, radius of gyrationm, Rg, of the
electron charge distribution in ag units.

CLUSTER (H20)8 (H20)72 (H20) 78 (H20) 18
Diffuse Surface Surface Internal
EVBE -0.190 -0.97 -1.31 -1.96
E. 0.136 0.871 . 1.333 2.204
EABE -0.054 -0.136 0.023 0.245
R% 10.6 6.1 5.5 4,1
R(eh/2) 0.28 0.15 0.14 0.11
Re
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In the QUPID method the averaged results s:,:dof"r'f;;': depend on the dyna-
mic‘g:.asge_”sr‘rusgd to generate-the classical trajectories.: We used a
mass of 1 'amu for the classical particles and 0.025 amu for the
beads. The integration time step was 2.625%10~1% sec. Prior to
averaging the systems evolved till no discernable trend was ob-
:::ved. Averaging was then performed typically over 2 x 10* time
ps.
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