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Simulation of e "—(H,0),, for » = 1,2,3 done at 5 K, using path integral Monte Carlo methods
shows that a water dimer as well as a water trimer in the linear configuration can bind an electron
in a diffuse surface state. The binding energy of the electron dimer and the electron trimer is
estimated to be between 3—6 and 4-9 meV, respectively. The results indicate that the electron does
not alter the structure of the water dimer but does induce observable changes in the water trimer.
It is also shown that an electron does not bind to a monomer. These results are discussed in

connection with recent molecular beam experiments.

1. INTRODUCTION

The structure of the solvated electron continues to be of
considerable theoretical and experimental interest.'™ An ex-
cess electron in a fluid may be free, quasifree, weakly local-
ized, or strongly localized depending on the nature of the
solvent, the density, and the temperature.® The nature of
electron states in a wide variety of media has been investigat-
ed both experimentally and theoretically.>'® Many of the
models that have been used to predict the structural and
dynamical properties of the electron in polar solvents have
been purely phenomenological in nature.!! Ignorance of the
effect of short and long range forces felt by an electron in a
fluid environment has forced investigators to use very crude
models.'? Recent ab initio studies of the stability of an elec-
tron in clusters are thus very useful.'*~'® By performing these
calculations as a function of the number of molecules in the
cluster one can develop a model-independent understanding
of the forces operative in a medium.

The study of a localized electron in clusters is important
in a variety of physical situations such as (a) in understand-
ing the formation of electronic surface or bulk states, (b) in
the theories of electron attachment, and (c¢) as a model for
the theoretical description of electron transfer processes in
condensed matter. There is 2 more direct reason to explore
the nature of the binding of an electron to water clusters.
Haberland et al. have recently examined the stability of e -
(H,0), systems as a function of n, the number of water
molecules comprising a cluster, in molecular beam experi-
ments.'” They showed that the e~—(H,0),, system is stable
when n>11. More surprisingly,”® when the beam is seeded
with Ar atoms to effectively lower the beam temperature,
two water molecules can localize an electron. They find that
e ~(H,0), is not stable for n = 3, 4, or 5. Interestingly,
before these experimental results were published all previous
attempts to observe negatively charged water clusters were
unsuccessful.?’ Spurred by these findings, and given the ob-
vious importance of thoroughly understanding the nature of
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the hydrated electron, we have begun to explore the stability
and structure of an electron interacting with water clusters.
Our calculations are based on pseudo potentials. Path inte-
gral Monte Carlo methods are then used to investigate the
possibility of electron localization in water clusters as a func-
tion of the cluster size. This method is probably not as accu-
rate as ab initio calculations but has the advantage of being
applicable to larger clusters. Model potentials that describe
the energetics of electron-water clusters fairly accurately
can then be used in quantum mechanical simulations of an
electron in liquid water.”>** In this article we report our
results for the stability and structure of e ™—(H,0), system
for n = 1, 2, and 3 using path integral Monte Carlo (PIMC)
techniques.

Il. METHODOLOGY

The path integral Monte Carlo method is used to simu-
late an electron interacting with N water molecules. The
Hamiltonian for the system is given by

H———+2 s "“’+2V(R,,R)+§;U(rn>,

i=1 a=1 i>] i=1
(1

where R, denotes the collection of coordinates of the ith
water molecule, r is the location of the excess electron, p is
the momentum conjugate to r, m is the mass of the electron,
M, is the mass of the ath species (H, H, and O) in a water
molecule, P,,, is the momentum of the ath species,
V(R,,R;) is the interaction potential between two water
molecules, and U(r,R;) is the interaction potential of the
electron and the ith water molecule. The term F(R,,R;) is
taken to be the modified central force potential of water.**
The internal vibrations of the water molecule are modeled by
a set of Morse potentials.”® This was precisely the model for
the water—water interaction used in the recent path integral
simulation of small clusters of water molecules as well as
pure water.?

In this paper we assume that the electron-water mon-
omer interaction, U/ *(r,R,), consists of three parts: (a) an
exponential repulsive interaction due to the closed shell wa-
ter electrons. This term is also designed to mimic the con-
straint that the orbitals of the excess electron be orthogonal
to those of the bound electrons. This is in the same spirit as
the construction of the effective core potentials®’; (b) an
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anisotropic electron-dipole interaction centered on the cen-
ter of charge of H,0; and (c) an electron-induced dipole
interaction due to the water polarizability centered on the
oxygen atom, Parts (b) and (c) contain a switching function
which turns off these interactions when the electron gets
close to the respective centers. In this model the electron is
not allowed to penetrate the surface of the water molecule
which is justified for the very low energy electrons consid-
ered here. The functional form for the first model potential
UY(r,R,) is given by

Ul(r)Ri)
eu R(x) Ro)) {r— (x) (l . ‘)
Tl LIRS — RY(Ir - RG
—-l'ﬁgV'ﬁi, (2)
Teo

where the switching function S(|r|) is taken to be
S(r) =1—exp(—r/r.)", (3

with 7, the cut-off distance, was set equal to the equilibrium
oxygen-hydrogen bond distance. The vector positions are
defined as follows:

RE) =} (R +RY — 2RY) +RY, (42)
rily =r—RY,, (4b)
ro =r—Rg. (4c)

In Eq. (4) RY) is the center of the dipole of the ith water
molecule, r§‘c3D is the vector distance between the electron
and the center of charge R{},, R is the position of the ith
oxygen atom and r'J) is the distance between the oxygen
atom of the jth water molecule and the electron.

In Eq. (2) u is the dipole moment of the isolated water
molecule, a,, is the spherical dipole polarizability, V,, is the
strength of the short range repulsion, and 15}, is the equilib-
rium oxygen-hydrogen distance in an isolated water mole-
cule. The values of u, @y, V, and 3, are taken to be 1.84
D, 1.45 A%, 21.754 €V, and 0.96 A, respectively. In order to
assess the importance of the spherical dipole polarizability
we constructed another model potential omitting the second
termin U'(r,R, ). The strength of the repulsive term and the
distance at which the charge-dipole term was switched off
were suitably modified. In particular the value of ¥ is
changed to 18.128 ¢V. The resulting potential will be re-
ferred toas U (r,R;). The accuracy of our model potentials
can be assessed by comparing our results to ab initio calcula-
tions as shown below,

Figure 1 showshow U'(r,R;) and U" (r,R, ) depend on
r for the case when the electron approaches the center of the
dipole R ., along the dipole direction. U' (r,R,) exhibits an
asymmetric double well character for 0.7 <r < 1.6 A.Thisis
due to the different switching functions used for the charge-
dipole and spherical polarizability terms in the potential and
therefore has no physical significance. U™ (r,R;), which
does not include the spherical polarizability term, has a sin-
gle minimum at r = 1.38 A and the well depth is about 338
meV. The well depth corresponding to the deeper of the two
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FIG. 1. The electron~water monomer potential (in eV) as a function of r
(in angstroms) when the electron approaches the center of dipole R op
along the direction of the dipole, i.e., when r-R¢p = 1. The solid line corre-
spondsto U* (r,R, ) and the dotted line corresponds to U* (r,R, ). The func-
tional form for U* (r,R,; ) is displayed in the text {cf. Eq. (2)].

minima of U (r,R, ) is a factor of 7.8 larger and is therefore
expected to induce stronger localization. It is interesting to
observe that both these model potentials have a wide barrier
extending from 1.5~-3.0 A. Thebarrier height for U (r,R; ) is
229.1 meV whereas it is 356.9 meV for U™ (r,R, ). Because
the potential is anisotropic these quantities depend on the
direction of approach of the electron. The presence of the
barrier, which is quite central to the physics of localization in
these systems, is also found in the recent Hartree—-Fock cal-
culations of the electron water potential.*®

For a given Hamiltonian and a specified temperature 7'
we can calculate all the equilibrium properties of the system
from the canonical partition function Q which is given by

Q = Tr(e -‘BH/P)P,

where 8 = 1/kT. If Pis very large then using the discretized

path integral formulation @ can be conveniently written
730
as’

o G5 )
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Thus in the discretized path integral formulation the system
consisting of 3NV + 1 quantum particles is isomorphic to
3NP + P classical particles moving in a potential field given
by Eq. (6). The formulation allows us to evatuate Q and all
the relevant properties (like energy, distribution functions)
by classical Monte Carlo techniques.

Starting from an arbitrary initial configuration the iso-
morphic classical system was equilibrated. To accelerate the
equilibration process the number of equivalent pseudoparti-
cles P was increased slowly from a small number to the final
desired value. The calculations reported in this paper were
done with the number of particles in the electron chain equal
to P = 1000 and the number of beads in the hydrogen and
oxygen chains set to 100. After the system equilibrated, the
results reported here were obtained by averaging over the
subsequent 13 000 passes. Our simulations employed two
types of moves, the displacement of each bead on a given ring
polymer and the translation of the center of mass of the ring
polymer. In addition, for the water molecules, a third type of
move involving the translation of the center of mass of the
entire chain representing the water molecule was made. The
acceptance ratios for all the moves were chosen to be
between 0.3-0.5 except that for the translation of the elec-
tron ring polymer where the acceptance probability was ad-
justed to be between 0.6~-0.7. The criteria for binding is de-
termined by (a) the overall external potential energy
between the electron and water clusters, (b) the behavior of
the external electron oxygen radial distribution function
g2.0(r), and (¢) examination of the configuration of the
e~(H,0), system. The nature of the electron state is in-
ferred by inspecting the configurations generated during the
calculation. We should emphasize that the results reported
here are independent of the step size used in the Monte Carlo
stmulation. Unless otherwise stated all the calculations were
done at 5 K.

iIl. RESULTS AND DISCUSSION
A. Electron-water monomer

The initial configuration for the electron monomer
was obtained by removing a water molecule from the
e~ ~(H,0), system (discussed below). The binding energy
of the electron-monomer is so small that we cannot distin-
guish it from zero. The electron—oxygen radial distribution
functions gL, (7) and gX, () corresponding to the model po-
tentials U* (r,R;) and U (r,R, ), respectively, exhibit a flat
region from r~1 A onward indicating that the electron is
essentially free of the monomer. The configuration of the
electron-monomer system generated during the calculation
shows that the electron chain physically separates from the
water molecule. This is not surprising since the dipole mo-
ment of the water molecule is less than the critical value
needed to localize an electron.®! The ab initio calculations of
Chipman also suggested that a water monomer in its equilib-
rium configuration cannot bind an electron. He did find,
however, that in some unusually distorted geometries—geo-
metries of H,0 not accessible in beam experiments—the
binding energy can be as high as 3.75 meV.

1585

B. Electron-water dimer

Several sets of initial starting configurations were em-
ployed. In almost all cases the water molecules were initially
close together. This was partly inspired by Chipman’s'* ob-
servations that the geometry of the water dimer in the pres-
ence of the electron is very similar to that of the neutral
dimer. However, in order to study other geometries initial
configurations with the two water dipoles pointing in oppo-
site directions were employed. The water molecules rapidly
reoriented to form a hydrogen bond as in the neutral equilib-
rium water dimer. The results reported here were indepen-
dent of the several starting configurations.

The water dimer energies remain essentially unchanged
in the presence of the excess electron. The binding energy,
which is taken to be the average potential energy between the
electron and the water dimer, is found to be about 3-6 meV
using U'(r,R,). The binding energy using U" (r,R,) is
lowered to about 2-3 meV. These values are in good agree-
ment with the LCAO-MO-SCF calculations of Chipman, '
who estimated that the binding energy is between 0.2 and 9
meV depending on the water dimer geometry. Figure 2
shows the electron-oxygen pair correlation functions,
£ (r) and gi%, (r) corresponding to model potentials 1 and
11, respectively, as a function of ». The solid line representing
g (r) exhibits two very narrow peaks at r<2.0 A. This
corresponds to the electron density trapped in the asymme-
tric double well in U" (r,R;) when the electron approaches
the water in the z direction (cf. Fig. 1). It is also seen that for
r>2 A there is a peak in the density at around 9 A followed
by a slowly decaying tail with a range of about 3040 A. A
qualitatively similar result is obtained when potential II is
used with the exception that the two sharp pzaks are missing,
that is, there is no probability of finding the electron r<1 A.
In addition the peak at r~9 A is less pronounced than seen
ingl, (r) but the tailin g%, (7) also vanishes where the tail of
g0 (r) does. Examination of the radial disiribution of the
oxygens around the electron barycenter g, o (r) (not
shown here) indicates that the center of mass of the electron
chain is within 20-30 A of the water dimer. These observa-
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FIG. 2. Plot of the electron—oxygen radial distribution functions g, (r) and
&' (7} as a functtion of » calculated using U'(r,R,) and U™(r,R,), respec-
tively, for the electron--water dimer system.
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tions clearly indicate that the bound electron resembles a
very diffuse cloud. Comparison of the results obtained using
the two model potentials I and II suggest that the inclusion
of the polarizability not only lowers the energy of the local-
ized state, but also alters the electron density distribution as
depicted by the electron—oxygen radial distribution func-
tion. A closer examination of Fig. 2 indicates that there is a
spikeing!, (r) at r~4 A. The bulk of the electron density is
located around a single water molecule (which is more clear-
ly demonstrated below) and the spike seen in g', (r) corre-
sponds to the oxygen atom of the second water molecule, Itis
interesting that this spike is absent in g&, (r) indicating that
the second water molecule plays a weaker role in the local-
ization process. The weaker localization seen in g}, (r) is
also consistent with the higher barrier and lower well depth
present in U (r,R;) when compared to U'(r,R; ).

In order to gain insight into the geometry of the system
we present an instantaneous snapshot of the isomorphic clas-
sical system in Fig. 3. This figure shows that the electron is in
a diffuse cloud with an approximate spatial extension of 100
A. Detailed analysis shows that the electron density is more
closely located around one of the water molecules. It can be
noticed by inspecting this plot that the tightly bound water
dimer is located on the fringe of the electron cloud. Figure 3
and the radius of the gyration projected along the principle
axis demonstrate the anisotropy of the electron distribution
in this system. In addition a plot of the coordinate of the
isomorphic electron—-water dimer system projected into the

FIG. 3. An instantaneous photograph of the coordinates of the isomorphic
electron-water dimer system. The number of beads in the electron chain
P, = 1000, whereas the Py, , = 100.

xy, zy, Xz planes is displayed in Fig. 4. This figure clearly
shows that the two water molecules are located on the
fringes of the electron cloud. Both these figures graphically
illustrate that the electron is in a diffuse state and the elec-
tron density is anisotropically distributed around the water
dimer.

Because of the very small binding energy, the effect of
electron attachment on the structure of the water dimer is
expected to be small. This is born out in our calculation of
the pair correlation functions goy (7), oo (7), and gy (1)
in the presence of the electron. The only noticeable differ-
ence is seen in gy (#) which is shown in Fig. (5). The solid
{—) and the dash-dot-dash (---) curves correspond to
the classical gy (7) of the neutral water dimer and to that of
the water dimer in the presence of the electron, respectively,
while the dash~dash (--) and the dotted lines are the
Zuy (r) curves for the corresponding quantum systems. The
first thing to observe is that both in the classical and quantal
systems there is only a slight increase in some peaks in the
presence of the excess electron. There is however a dramatic
difference between the quantum g () and the classical
€5 (7). The classical water dimer seems to have frozen into
two structurally distinct dimer conformations. One of these
corresponds to the minimum energy configuration of the
classical dimer while the other is obtained by displacing the
hydrogen in the hydrogen bond from the O-O axis. Unlike
the calculations at 100 K reported elsewhere®® the dimer is
clearly frozen into these configurations. The quantum pair
correlation functions is much more diffuse. There is appre-
ciable tunneling into the classically forbidden region and un-
like g5y (7) the quantum distribution function does not
show two distinct structural configurations. Although there

Xy Y

FIG. 4. This figure shows the instantaneous projection of the coordinates of
the bound electron—water dimer system onto the xy, zy, xz planes. The co-
ordinates of the isomorphic electron polymer chain are connected by dotted
lines. The coordinates of the water molecules are connected by the dark
lines. The electron polymer chain is highly diffuse, whereas the water mole-
cules are very localized.
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FIG. 5. The hydrogen—hydrogen pair correlation function gy, (7) as a
function of r for the neutral water dimer system and the electron-water
dimer system. The solid curve and the long dash correspond to gy, () for
the classical and the quantum neutral water dimer, respectively. The short
dash curve represents gy (#) for the electron-water dimer when the water
molecules are treated classically and the dash-dot curve denotes gy (7)
when the water molecules in the electron~dimer system are treated quan-
tum mechanically.

is a slight increase in the first peak of g&, (7) due to the
excess electron there is no appreciable rearrangement in the
structure of the water dimer in the presence of the electron.
It is interesting to note that Chipman also observed that the
excess electron induces insignificant changes in the proper-
ties of the water dimer. Aithough not shown here, our calcu-
lations also indicate that both goy () and goo () in the
presence of the excess electron look essentially the same as
they doin the neutral quantum dimer. Another quantity that
shows negligible change in the presence of the electron is the
vector sum of the dipole moment of the water dimer. It is
found that the dipole moment of the water dimer increases
by about 4% when the electron is attached. In Table I it can
be seen that when the water molecules are treated quantum
mechanically the intermolecular interaction energy is the
same both in the presence and in the absence of the electron.
There is, however, a substantial difference between the clas-

TABLE I. Cluster energies® at 5 K.
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FIG. 6. This figure shows the electron~oxygen pair correlation function,
£.0(r), for the electron-water dimer system. The long dashed curve is ob-
tained by treating the water molecules classically and the solid line is calcu-
lated by treating the water molecules quantum mechanically. Both the
curves were abtained using ' (r,R, ).

sical and quantum dimer energy. Thus the changes in the
intermolecular energy is attributable solely to quantization
of the degrees of freedom of the water molecules and is not
due to the excess electron. The detailed comparison between
the various properties of the water dimer in the presence of
the electron and those of the neutral water molecule clearly
suggests that the excess electron has a very minor effect on
the water dimer. This of course is completely consistent with
the notion of very weak binding and a diffuse state.

In Fig. 6 the electron-oxygen radial distribution func-
tions obtained by treating the water quantum mechanically
and classically are plotted as a function of r. Both of these
curves exhibit a build up of electron density at 7~ 10 A and
this is followed by a slowly decaying tail. However g, (r)
corresponding to the classical treatment of the water mole-
cule has a more pronounced peak and decays faster than
8.o (7) obtained by treating the water quantum mechanical-
ly. The classical water dimer seems to localize the excess
electron more strongly than does the quantum water dimer.

Intermolecular interaction

Kinetic energy

Vaon0 T

Configuration Anion Neutral Anion Neutral
Monomer

Classical 0.045
Dimer

Classical - 2.88 +0.01 — 290+ 001 0.35+0.30 0.090

Quantum - 243 4+ 0.07 — 2434007 3.98 4+0.38 3.80 + 0.40
Trimer SDL

Classical —~4.02 +0.03 - 4.03 + 003 0.92 +0.12 0.135

Quantum -~ 3.52 +0.06 — 3.54 +0.06 6.26 + 0.48 7.65 +0.40
Trimer SDC

Classical —~523+003 —5234003 0.135

Quantum —4.27+40.06 —4.27 4+ 0.06 6.74 + 0.50

* All energies reported in kcal/mol.
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This is because the quantum dispersion allows the oxygen
atoms to penetrate regions which are classically inaccessible.
Thus the g, (r) obtained by treating the dimer quantum
mechanically is broader and has less structure. In general
one would expect localization to become weaker when the
entire system is treated quantum mechanically and this is
borne out in Fig. 5.

In light of these calculations, what can one say about the
existence of a stable electron~water dimer found in beam
experiments?'? Unfortunately the beam temperature is not
known. Accordingly we repeated these calculations at 20 K
and the results clearly indicate that the excess electron does
not bind to the dimer. This is consistent with the low binding
energy already mentioned. Thus these calculations explain
the mechanism of the formation of stable electron-water
dimer in a molecular beam only if the beam temperature is
very low. It is possible that the stability of e ~(H,0), ob-
served in recent experiments’? is dynamic in origin. We note
that the ab initio calculations of Rao and Kestner'® on larger
clusters with fixed cluster geometry also lead to similar con-
clusions regarding stable cluster formation in molecular
beam experiments.

C. Electron—~water trimer

The water trimer can exist in different conformations
classified by the number of hydrogens of the centra} mole-
cule that participate in hydrogen bonding. To investigate the
nature of binding of an excess electron to a water trimer we
confine ourselves to two such configurations. Following
Reimers and Watts™ classification scheme, we label them as
the single donor linear (SDL) conformer and the single do-
nor cyclic (SDC) conformer. In the SDL conformation one
of the hydrogens of the central molecule is engaged in hydro-
gen bonding whereas the hydrogens of the two terminal mol-
ecules are free. This clearly results in an open linear configu-
ration. In the SDC conformer all three oxygen atoms are
essentially equivalent and each molecule has one proton in-
volved in hydrogen bonding. Thus it comes as no surprise
that the quantum SDC conformer is more stable than the
SDL conformer and this has been explicitly verified by
Wallgvist and Berne.?® However, it is anticipated that at suf-
ficiently low temperatures tunneling effects can give rise toa
finite transition rate from one conformer to the other.

We now consider efectron attachment to the SDC con-
former. In order to assess the possibility of localization we
treated the water classically and the number of beads in the
electron chain was set equal to 1000. After the system equili-
brated various quantities were calculated by averaging over
a subsequent 5000 passes. The binding energy was found to
be essentially zero indicating that the water trimer in the
SDC configuration does not localize the electron. Examina-
tion of the configurations of the system clearly indicated that
there is no electron density in the field of the trimer moiety.
Furthermore the electron chain seemed to physically sepa-
rate from the water trimer. It has been our experience that in
systems which are unbound the acceptance ratios are not
stable and this was indeed found to be the case for the solute
molecular moves. We also found that these conclusions did

not depend on the starting configurations or the step sizes
used in the simulation. If the localization is essentiaily
caused by the dipole field of the trimer moiety we expect that
no bound state will form because the net vector sum dipole
moment of the SDC water trimer is found to be 0.05 D, a
value much less than the critical value needed to induce
bonding of the electron. Needless to say, the structure of the
water trimer as measured by the radial distribution functions
goo (r), gon (#), guy (#) remains unchanged when com-
pared to the neutral trimer. We did not test the effect due to
neglect of quantum effects in the water molecules on the
nature of binding of the electron to the SDC conformer. The
treatment of water molecules quantum mechanically is ex-
pected to increase the energies and therefore will not qualita-
tively alter any of the conclusions regarding the attachment
of the excess electron.

We now turn to the binding of the electron to the SDL
conformer. As before a calculation was done by treating the
three water molecules classically and letting the number of
beads in the electron chain be 1000. Contrary to the previous
study it was found that the classical trimer in the SDL con-
former does indeed bind the excess efectron with the binding
energy of 10.8 meV. This was obtained by averaging over
10 000 passes. In order to assess the importance of treating
the water molecules quantum mechanically the number of
beads of each of the atoms in a water molecule was increased
to 100. This was done in two different ways. In one of the
calculations the number of beads in the water molecule in the
classically equilibrated system was increased to 100 and in
another calculation the system was prepared with
Py.o = 100and P, = 1000 and the system was subsequently
equilibrated. Both these calculations yield identical results
verifying that the results are independent of the starting con-
figuration. These calculations reveal that the binding energy
is between 4-9 meV which is lower than is the case when the
water molecules are treated classically. Qur calculations also
reveal that the dipole moment of the water trimer in the SDL
conformer is 2.0 D and this is larger than the critical value of
4 required to bind an electron.*' In Fig. 7 we plot the elec-
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FIG. 7. Plot of the electron—oxygen radial distribution function for the elec-
tron—water trimer system. The water trimer is in the single donor linear
(SDL) configuration. The solid line denotes g, () while the dotted line

corresponds to gig, (7).
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tron-oxygen radial distribution functions g’ (») and g%, (r)
calculated using model potentials U*(r,R;) and U“(r,R,),
respectively. The solid line representing g% (r) shows that
for r < 1 A there are two sharp closely spaced peaks and this
corresponds to the presence of low electron density trapped
in the double minima of the potential I/ '(r,R, ). There is also
apeakingl, (r)atr~4 A corresponding to the oxygen atom
of the second water molecule. It is clear that there is a sub-
stantial peak in g, () at 7~ 10 A followed by a slowly de-
caying tail that eventually vanishes at 7 ~40 A. The dashed
line denoting g'%, () also shows a peak at 7~ 10 A but the
range is longer. There is a dramatic decrease in the peak
heightatr~10Aing'L (r) as compared to the oneingl, (7).
This is clearly an indication that the polarizability term
plays a key role in enhancing the strength of the binding of
the electron by the SDL trimer molecule. Both gl (r) and
&%, (r) exhibit a slowly decaying tail indicating that the elec-
tron is not strongly localized. The slow decay of g, (7) sug-
gests that the electron is in a very diffuse state. It is interest-
ing to note that the g, () for the electron-water dimer
system is longer ranged than that for the electron-water
trimer system (see Fig. 2 for comparison) indicating that the
electron i1s more strongly bound by the SDL water trimer
than by the water dimer. This is consistent with the higher
binding energy for the electron~trimer system compared to
the electron—dimer system.

Because the g, (r) only represents angularly averaged
quantity it is of interest to look for evidence of the anisotropy

FIG. 8. Instantaneous photograph of the coordinates of the isomorphic
electron~water trimer system (with the water in the SDL configuration).
The number of beads in the electron chain P, == 1000, whereas Py , = 100.

-10 o] 10

FIG. 9. Projection of the coordinates of the isomorphic electron-water
trimer system onto the xy, zy, xz planes. (See caption to Fig. 4.)

in the electron density distribution. We have done this by
making instantaneous snapshots of the configuration of the
system and by projecting the coordinates of the system onto
the xy, zy, xz planes. The instantaneous snapshot, shown in
Fig. 8, and the projection of the coordinates of the system
onto the planes, shown in Fig. 9, both demonstrate that the
water molecules are confined to a small volume in space
whereas the electron is spatially extended. These figures
clearly demonstrate the anisotropy in the electron distribu-
tion and also allow one to unequivocally infer that the elec-
tron is in a diffuse state.

The electron seems to cause a small but noticeable dif-
ference in the trimer structure and this can be seen in Fig. 10
which shows a plot of gy (7). The solid line corresponds to
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FIG. 10. This figure shows the hydrogen-hydrogen radial distribution
function gy, (r) for the neutral water trimer (indicated by the solid line)
and for the electron-trimer system (indicated by the dotted line). In both
the cases the SDL water trimer is treated quantum mechanically.
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gun () of the neutral water SDL trimer, whereas the dash—
dash line represents gy (r) in the presence of the electron.
This figure suggests that the electron seems to force the dis-
tant hydrogen atoms closer together. As was the case for the
dimer there is a significant difference between the structure
of the quantum gyy (r) and that of the classical gy (r) at
this temperature. In Table I it can be seen that the intermole-
cular interaction energy has undergone no change due to
electron attachment. There is of course a change in the ener-
gy between the classical and quantum SDL trimers with the
classical trimer being more stable by about 0.50 kcal/mol.

The results of our calculation show that the electron
trimer system is stable when the trimer is in the SDL config-
uration and this should be detectable in molecular beam ex-
periments. This can also be more clearly demonstrated on
energetic considerations as follows. The neutral quantum
SDC conformer is about 31 meV more stable than the neu-
tral SDL conformer. Since the binding energy of the elec-
tron-SDL system can be as high as 10 meV it follows that
these are of comparable stability. Our calculations suggest
that an electron will not bind to a preformed SDC conform-
er. Thus if one can prepare sufficient population of SDL
conformer then one should be able to observe binding of an
electron to a water trimer in beam experiments. The lack of a
e~ ~(H,0), peak in the recent beam experiments®® suggests
that the predominant trimer conformer is the SDC one.
However, Haberland er a/.*® note that when the beam was
seeded with Xe instead of Ar they were able to detect weak
signals corresponding to e ™—(H,0), system. This suggests
that Xe may facilitate the formation of the trimer in the SDL
configuration. It would be desirable to perform further ex-
periments to confirm our prediction that if SDL trimer con-
former can be formed the resuitant anion is more stable than
the dimer anion. A SCF calculation for the SDL geometry
generated here will also be useful in enhancing our under-
standing of electron localization in these systems.

1V. CONCLUSIONS

In this paper, we have explored the possibility of efec-
tron localization in water clusters using path integral Monte
Carlo methods. The major conclusions of our study are:

(a) A single water molecule in its equilibrium geometry
does not bind an excess electron.

(b) It is shown that two water molecules can bind an
electron. The excess electron is in a spatially diffuse state
with binding energy between 3-6 meV. The attached elec-
tron does not induce major structural changes in the water
dimer, an observation which is consistent with the weak
binding energy. These results are in accord with the LCAO-
MO-SCF calculations of Chipman.'*'s

(c) There seems to be a non-negligible difference
between the electron oxygen radial distribution function,
8.0 (r), obtained by treating the water molecules classically
and that obtained by treating them quantum mechanically.
It is found that a classical water dimer tends to focalize the
electron more strongly than the quantum water dimer.

(d) The inctusion of the spherical polarizability term
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enhances the strength of localization and gives rise to larger
binding energy.

(e) A trimer molecule in the single donor cyclic confor-
mation does not bind an excess electron. On the other hand,
the single donor linear conformer localizes (binds) the ex-
cess electron and the binding energy is estimated to be
between 4-9 meV. As in the case of the electron—dimer sys-
tem, the electron is in a diffuse surface state. In contrast to
the dimer case the excess electron induces smal} structural
changes in the water trimer with the largest difference being
manifested in g, (7).

(f) One can predict the stability of the e™—(H,0),, sys-
tem for any » based on dipole arguments alone. However to
describe the nature of electron states [as measured by
8.0 ()] one has to include the polarization term in the e—
water potential. This js likely to be important in the case of
electron solvation in liquid water.

(g) Given that the potentials we have devised seem rea-
sonable it is of interest to solve the one-body Schrodinger
equation for a constrained water geometry to obtain the
ground state energy for comparison. In fact this can be done
for clusters of any size as long as the geometry of the cluster
is fixed. This work is in progress and the results will be re-
ported in a future paper.

The present calculations suggest that the model poten-
tials employed here for the electron~water interactions may
indeed be reasonable. We are presently extending these cal-
culations to explore the nature of localization of an electron
in larger water clusters. In addition we are using these and
other model potentials to characterize the structure and en-
ergetics of the solvated electron® in bulk water.
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