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Abstract

Dynamics of electron solvation at the water surface is studied using extensive ab initio simulations. Calculations
have been performed on semi-classical water at 300 K temperature with an excess quantum electron on its surface. It is
found that after a very fast 30-50 fs initial localization, there follow fast 50-70 fs rotationally mediated transitions of
the excess electron between surface trap states with a lifetime of 150-400 fs. In less then 2 ps the excess electron gets
trapped in an ordered “floating” electron state on the surface of water with a lifetime of more than 7 ps. The excess
electron diffusion coefficient and spectrum of its velocity autocorrelation function change over time to reflect a tran-
sition from a very mobile phase (first 2 ps) to a trapped “floating” electron phase (2-7 ps).

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The mechanisms and dynamics of electron sol-
vation and migration in fluids have received con-
siderable attention in a number of experimental
and theoretical groups because of their practical
and fundamental importance. The interest in this
species has been widespread not only because of its
intriguing physics but also because of its practical
importance in numerous areas of chemistry and
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technology. The species is ubiquitous in irradiated
aqueous systems and in electrochemical reactions.
Understanding of such processes as carrier
mobility, electron transfer reactions [1], electro-
chemical processes and chemical reactions in
solutions [2], electron solvation in fluids [3,4] and
electron attachment and localization on clusters
[5,6] rely crucially on our understanding of elec-
tron dynamics in fluids on a molecular level. In
this study we shall focus on the molecular
dynamics of an excess electron interacting with a
surface of water.

Because of its very small mass, the electron is an
inherently quantum object and some of its prop-
erties such as, for example, the diffusion coefficient
in bulk water can be explained only by resorting to
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a quantum formulation. Water itself at room
temperatures presents a very challenging system
for study mainly because the strength of the
hydrogen bond is comparable to the thermal en-
ergy of fluctuations, thus leading to a very mobile
structure of the hydrogen bond network.

An excess electron can be introduced into a
neutral water system by several different mecha-
nisms, including radiolysis, electrochemical pro-
cesses, and optical excitation of water molecules
[7]. Currently, only the optical excitation mecha-
nism allows a direct observation of the fast pro-
cesses in the femtosecond range, during and after
the formation of a solvated electron. Thus, most of
the experiments in water have been performed on
photo-excited aqueous electrons in the bulk of the
solvent [8-16]. For the same reason, most of the
theoretical [17-25] and theoretical computational
[26-50] research efforts so far have concentrated
on the study of excess electron solvation dynamics
in the bulk of a fluid.

It is known that a solvated electron in water
forms a cavity-like structure of approximately 4
6 A in diameter. An excess electron density in the
middle is surrounded by favorably oriented solvent
molecules where an excess electron mainly interacts
with the hydrogen atoms that are not directly in-
volved in hydrogen bonding with other water
molecules. It is also known that diffusion coefficient
[44,50] of excess electron in water is almost twice as
high as that one of surrounding water which is
attributed to the quantum nature of the excess
electron.

Generally, it is assumed that an excess electron
appears instantaneously in the bulk of water and
further dynamics is described from such a point in
time. This scenario is indeed possible when an
electron is photo-excited in the bulk of water by a
laser. However, if the surface of the water is
located nearby a photo-excited electron or if an
excess electron is injected into the water by an
outside source, the dynamics of solvation of such
an electron will be influenced by this surface.
Original work on solvation of an excess electron
on the surface of water clusters have been done by
[29,33,35,36,38]. It was established that for large
clusters (more than 64 water molecules) excess
electron has a slightly lower free energy inside the

water cluster than on the cluster surface. Starting
with medium cluster sizes (256 water molecules) a
long living surface state emerges with a lifetime of
more than 1 ps.

The aim of this paper is to investigate the long
term (beyond 1 ps) dynamics of electron solvation
when the water surface, rather than a cluster sur-
face, is present and to explore the nature of a
possible “floating’ electron state.

The work is presented in the following order. In
Section 2 we describe the classical flexible water
model and molecular pseudopotentials for the
interaction with an excess electron. The initial
stage of an excess electron localization (0-200 fs)
on the surface of water is considered in Section 3.
The intermediate regime of electron solvation (200
fs—2 ps) including the nature of the traps and inter-
trap transitions, is addressed in Section 3.1. In this
section, the dynamics of excess electron solvation
including the excess electron spacial trajectory,
excess electron—water diffusion coefficient and
spectral density of excess electron autocorrelation
function are discussed. In Section 3.2 we discuss
the structure of a fully developed surface state.
Finally, in Section 4 we make some concluding
remarks.

2. Classical water and quantum excess electron
simulations

To study excess electron dynamics in water one
has to account for the electron’s quantum nature.
Ideally, the water itself should be described
quantum mechanically. In practice, because of the
hundreds of water molecules involved in a simu-
lation and the multiple valence electrons on each
water molecule, the quantum description of water
becomes problematic. Thus, we model an excess
electron using a density functional theory ap-
proach, with the solvent treated using a classical
polarizable water model, and the interactions be-
tween the quantum electron and classical water
treated through the use of molecular pseudopo-
tentials.

For a normal density of water 1.0 g/cm? at
T =300 K, 112 molecules will occupy a box of
(15 A,15 A,15 A). To simulate a surface of water
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we choose a simulation box twice as large in the
vertical direction (15 A,15 A, 30 A) while still
maintaining 112 molecules. Interatomic interac-
tions in this model are introduced via a flexible
water molecule potential in which inter-molecule
and intra-molecule potentials are fitted to ab initio
data [50].

To maximize the amount of vacuum above the
water surface (which will be very important when
a quantum electron is placed on top) we con-
strain the first two layers (20 molecules) of the
water molecules to move around their ice-like
positions. The constraint is implemented via
an effective “spring” where one end is attached
to the oxygen atom of a corresponding water
molecule and the other end is attached to the
proper ice-like lattice position in space. Also, to
minimize the net dipole moment of these two
“thermostat” layers in the vertical direction, we
constrain the dipoles of these molecules to lie
predominantly in the horizontal plane. This con-
straint is implemented by means of effective one
dimensional “springs” along the vertical direction
where one end is connected to the correspond-
ing hydrogen atoms of the water molecule while
the other end is in the horizontal plane going
through the oxygen atom of the same water mole-
cule. A thermostat is imposed through the rescal-
ing of the velocities of the molecules in these
two layers. The rest of the molecules are allowed
to move freely. After a 100 ps thermalization
run without an excess electron, equilibrium is
achieved. In equilibrium, 7 A are taken by the
thermostat, 14 A are taken by the bulk and surface
and the rest 9 A is vacuum. Two equilibrium
“realizations” of the water surface are taken to be
the starting point of the excess electron solvation
simulations.

To make sure our system is not biased toward a
surface state, we also run a simulation of an excess
electron in the “bulk™ region of our cell. For that
we first fix 6 water molecules in a Kevan cavity
geometry without an excess electron in it. The
Kevan cavity is placed in the “bulk” region of the
simulation cell and allowed to equilibrate for 100
ps. We then introduce the excess electron and then
follow its dynamic evolution quantum mechani-
cally.

2.1. Classical polarizable water model

To correctly model equilibrium water proper-
ties, important features such as water molecule
geometry, dipole moments, hydrogen bond ener-
gies, etc. must be correctly reproduced by the
interaction potentials. Incorporation of internal
degrees of freedom of a water molecule such as
vibrational excitations can be very important when
dealing with dynamic processes. For the problem
of an excess electron diffusing in water it was rec-
ognized [42,20] that vibrational degrees of freedom
play an important role providing an additional
mechanism for the coupling of the electron energy
to the thermostat.

In our work, we use an ab initio fitted flexible
water—water interaction potential [51]. The po-
tential energy between two flexible water molecules
can be written as a sum of two contributions
arising from inter-molecular and intra-molecular
motions

V(roz,/i; 51) = I/i'nter(rzx,,(f) + Vintra(éi) (1)

where 7,; are the inter-molecular atomic dis-
tances, and J; are the internal coordinates. The
inter-molecular potential is ab initio fitted to
reproduce the correct energies and geometries of
the hydrogen bonded dimer. The intra-molecular
potential is also ab initio fitted to reproduce fre-
quencies of molecular stretching and bending
modes.

The equilibrium bond length R, and bond angle
0. predicted from the theoretical calculations
are 0.9576 A and 104.59, respectively, to be
compared with the experimental values of 0.9572 A
and 104.52. As the M center does not reside on any
atom, in the case of the flexible water model, we
restrict M to be on the line bisecting the H-O-H
angle and the ratio rom/row is taken to be a con-
stant, equal to the 0.456826. With this potential it is
found that the binding energy between two mole-
cules is —5.94 kcal/mol with 0.07 kcal/mol coming
from the intra-molecular potential.

Periodic boundary conditions are applied to the
computational cell. To avoid spurious self-inter-
actions between water molecules we use a cutoff
radius R, = 7.5 A and a reaction field method
where the properties of the thermostat beyond the



M. Skorobogatiy et al. | Computational Materials Science 32 (2005) 96-106 99

cutoff radius are approximated and included as a
correction to an interaction potential [52-54].

As we specified before we used 112 water mole-
cules in the (15 A, 15 A, 30 A) computational cell.
Water was first equilibrated over a very long, 100
ps, equilibration run with a consequent 20 ps

period during which statistics was gathered. After
equilibration 7 A of the the thermostat region, 9 A
of the bulk region of almost constant density of 0.8
g/cm?® and a 5 A of the surface region where the
value of the density drops from its bulk value to
almost zero could be clearly identified. Thus, after
equilibration the computational cell is subdivided
into bulk-like (~9 A) and surface-like (~5 A) re-
gions with a vacuum region (~9 A) separating the
water surface and the thermostat. We also com-
puted the self-diffusion coefficient of water in the
different regions of the computational cell. In the
bulk region, the self diffusion coefficient of water
has values in the range 1.0-3.0x 107> ¢cm?/s which
is around the accepted value 2.4 x 10~° cm?/s of the
bulk self-diffusion coefficient of water at 300 K. In
the surface region, however, the self diffusion
coefficient has values averaging around 4.2x 1073
cm?/s which is almost twice as large as the corre-
sponding bulk value. Thus the dynamics of water
molecules on the surface is significantly faster than
in the bulk.

2.2. Quantum electron—classical water interaction,
molecular pseudopotentials

In our simulations we use density functional
theory to model the ground state density and en-
ergy of an excess quantum electron.

Interaction between a quantum excess electron
and classical water molecules is modeled via the
molecular pseudopotentials. While ionic pseudo-
potentials describe the field in which valence elec-
trons interact with the core of an atom, molecular
pseudopotentials describe the field in which va-
lence electrons interact with a neutral molecule.
We obtain molecular pseudopotentials by the fit-
ting a physically motivated form for such a po-
tential to the ab initio density functional
calculations of the wavefunction and energy
associated with an excess electron in an isolated
molecule described by ionic pseudopotentials.

The field of construction of molecular pseudo-
potentials is very broad and important by itself.
There have been numerous electron—water molec-
ular pseudopotentials suggested in the literature
[28,29,32,55] all based on the same set of under-
lying physical ideas. In the following we adopt the
same molecular pseudopotentials as in [50]. One
starts with defining major physically motivated
contributions to the potentials. These are the
Coulomb, polarization, exclusion and exchange
contributions

V(re,Ro, Ru1, Ruz) = Veou + Vp + Vex (2)

where r. is the position of an excess electron, and
Ro, Ry1, Ry are the positions of the oxygen and
hydrogen atoms of a water molecule. The coulomb
contribution is constructed to reproduce the
equilibrium dipole moment of a water molecule.
The polarization contribution to the molecular
potential describes the polarizability of the
molecular valence cloud in an excess field of an
excess electron. It is taken to be similar to the
adiabatic polarization potential that can be de-
rived from standard perturbation theory of a
molecule with a permanent dipole [56]. The
exclusion contribution to the potential reflects the
fact that there is a repulsion between an excess
electron and the water molecule at small distances
due to the orthogonality of the wave function of
an excess electron to the wave function of the va-
lence electrons of the water molecule. The ex-
change contribution reflects the antisymmetric
nature of the total wave function. The exclusion-
exchange term also removes singularity in the
electrostatic potential at the atomic centers.

All the parameters were successfully tested to
predict the corresponding properties of an ab
initio water dimer. Two dimer calculations
were actually performed. In the first calculation,
both water molecules were described in terms of
ionic pseudopotentials. In the second calcula-
tion, one of the water molecules is described in
terms of the molecular pseudopotentials. It was
found that the molecular pseudopotential can
accurately reproduce the excess electron distribu-
tion, not only for static case, but also for the
case of room temperature vibrational motions
within 6%.
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3. Initial localization of the electron cloud

To make the visualization of the electron den-
sity distribution in the computational cell more
objective we shift all the molecules along the ver-
tical direction so that the vacuum region is located
in the middle of the computational cell. In the
upper edge of the vacuum region (left panel in
Fig. 1) one finds the two layers of the thermostat
and a part of the “bulk’ water, while the less dense
and substantially more rugged surface of water is
located in the lower part of the vacuum region.

When an excess electron is introduced into a
system before any structural relaxations of the
water, the electron becomes trapped into one of
the very delocalized surface states with mean
square radius 4-6 A. As one can see from Fig. 1, in
the next 30-60 fs a very fast localization occurs
with radius of the electron cloud shrinking to its
equilibrium value of ~1.8 A. This localization is
driven by rotational motions of the water mole-
cules around the localized electron. Since the
rotational time scale is ~50 fs, the water molecules

around an excess electron reorient themselves on
the order of this time-scale to make new hydrogen-
bonds with the electron cloud. In the following 150
fs, the total electron and water energy drops
halfway to its equilibrium value signifying a for-
mation of an initial solvation shell around the
electron cloud. Further energy relaxation is much
slower and does not simply constitute the relaxa-
tion of this primary solvation shell as might be
expected. This is demonstrated in detail in the next
section.

3.1. Dynamics of the “floating” excess electron
on the water surface

After initial fast localization, the excess electron
begins to explore the surface of water. In Fig. 2, we
plot the excess electron trajectory for a 309 K
“surface” run during the first 2 ps. These results
reveal that early diffusion of an electron cloud on
the surface of water proceeds through relatively
long lived (150400 fs) trap states (placed in dotted
circles on Fig. 2) connected by the inter-trap

Fig. 1. Snapshots of the electron density cloud during the first 50 fs of the electron localization on a surface of classical water. There is
almost no translational motion of the water molecules to be seen on this timescale, however rotational motions of the water molecules
are clearly visible. Initial localization, thus, is mostly driven by molecular rotations with a characteristic timescale of 3050 fs.
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Z(A)

X(A)

Fig. 2. Excess electron trajectory during the first 2 ps of a 309
K “surface” run. Water surface is located in between 6-10 A. In
dotted circles we highlight the trap regions along the trajectory,
which are connected by the inter-trap transition regions.

transitions regions with very fast inter-trap tran-
sition times (50-70 fs) being on the time scale of
rotations of the water molecules.

One way of defining the trap regions is by
plotting a short time diffusion coefficient at each
point of time ¢ along the excess electron trajectory.
Such a diffusion coefficient defines the short time
dynamics of an excess electron and provides a
consistent way of characterizing local electron
dynamics over the relevant range of time periods
At. We calculate excess electron diffusion coeffi-
cient as

Da(t, At) = — < (r(t + At) — r(1))* >, (3)

1
6At
where At is on the order of a lifetime of a trap and
averaging is performed at each time step over the
following time interval of ~ Az. In Fig. 3 short
time diffusion coefficients are plotted for different
values of Ar €[100, 200 fs]. High excess electron
mobility regions (peaks on the Fig. 3 plots) cor-
respond to the fast inter-trap transition regions
while the shallow inter-peak regions correspond to
the traps. We have established that positions of the
traps are consistent for the averaging times
At ~100-300 fs. We have also established that
traps defined by the shallow inter-peak regions of
Fig. 3 coincide well with the traps defined visually
from the Fig. 2. Analysis of the 291 K “surface”
run leads to similar conclusions on the excess
electron dynamics during the first 2 ps period.

Short time diffusion coefficient Do) (cm?/sec)
=1
n

H ¥ ]
1000 1500 2000 2500
t (fs)

S W
0 500

Fig. 3. Short time diffusion coefficients during the first 2 ps of
the 309 K “‘surface” run. Peaks on the plots correspond to the
fast inter-trap transition regions while the shallow inter-peak
regions correspond to the traps.

During the same initial period “bulk” run
shows localization of the excess electron in the
“bulk” region of the cell. Center of the electron
density fluctuates along the vertical direction with
an amplitude of approximately 1 A. The “bulk”
excess electron energy and the structure of the
“wet” water shell around it is remarkably similar
to that of the “surface” excess electron.

Next, we explore the long time diffusion coeffi-
cient of an excess electron on the surface of water.
For this purpose we use the same expression (3)
with Atz = 1 ps. The long time diffusion coefficient
of an excess electron is plotted on Fig. 4 as a
function of time. As formation of the “floating”
electron is a non-equilibrium process one expects
the long time diffusion coefficient to vary along
with formation of a stable surface state. Fig. 4
shows that in the first 1-2 ps, the excess electron
exhibits a very large mobility with diffusion coef-
ficient on the order of 10.0-30.0x10~° cm™> cm?/s
which is 2-6 times larger than the self-diffusion
coefficient of a solvated electron in the bulk. This
is because in the the first several picoseconds the
stable water shell around the excess electron is
formed mostly by fast rotations of water dipoles
rather than by slow translational motions of water
molecules. Thus, the electron gets frequently (200
400 fs, Figs. 2 and 3) exchanged between abun-
dant spatially separated energetic minima (traps),
contributing to its large mobility. After 2 ps, a
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Fig. 4. Long time diffusion coefficients along the excess electron
trajectory. Initial high excess electron mobility in “‘surface”
runs, is attributed to the frequent inter-trap transitions initiated
by the rotations of water dipoles. Subsequent reduction in the
excess electron mobility is attributed to the formation of a
stable water shell around the “floating” electron, making its
surrounding “bulk”-like.

well-structured water shell is formed around the
excess electron with a substantial energetic barrier
for a transition to a nearby competing trap. Thus,
the mobility of an excess “floating” electron on a

surface is reduced, and its diffusion coefficient be-
comes comparable that of a “bulk” solvated elec-
tron 5.0x 107> cm?/s.

To demonstrate competition between the po-
tential electron traps and to investigate further the
nature of the inter-trap transitions during the first
several picoseconds of the excess electron solva-
tion, we present snapshots of the excess electron
density distribution for one such inter-trap tran-
sition attempt in Fig. 5. At 580 fs, due to thermal
fluctuations, there is an alternative trap formed
(circled in Fig. 5) nearby the electron cloud. Be-
tween 595 and 605 fs, we find that one of the water
molecules try to minimize its energy by forming a
proper hydrogen bond with another water mole-
cule. Such a molecule starts rotating, leading (as
we find from analysis of the corresponding ener-
gies) to a decrease of the solvent energy by an
amount of the hydrogen bond energy. This, in
turn, pulls the excess electron cloud into the new
trap. However, judging by the total energy of the
system, the new trap happens to be substantially
less energetically favorable and the electron den-
sity gets pulled back into its original trap. Finally,

Fig. 5. Snapshots of excess electron-water configurations during a typical transition attempt. Due to thermal fluctuations an alter-
native trap (circled) is formed nearby the excess electron at 580 fs. Due to the rotation of a water molecule trying to establish a proper
hydrogen bond with another molecule, excess electron density begins to get pulled into the new trap. This is clearly visible at 595 and
605 fs. However, the new trap happens to be too energetically unfavorable and the excess electron density is pulled back into the

original trap.
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we find that the water molecule that initiated the
process also rotates back into its original position
at 620 fs.

Dynamics of water molecules surrounding the
excess electron also play an important role in the
formation and dynamics of electron traps. In
particular, it is of interest to consider what exci-
tations of water molecules contribute strongly to
the electron dynamics. As the position of the
center of mass of an excess electron cloud will be
strongly affected by the motion of surrounding
water molecules, we use the excess electron veloc-
ity autocorrelation function (VACF) to estimate
coupling to the molecular degrees of freedom. In
Fig. 6 we show spectral densities of the VACF of
the center of mass of excess electron ¢(w) defined
at time ¢, as

d(w, 1) = [m dt < v(to)v(z) > exp(io(t — t)).
4)

where v(¢) is the velocity of the center of mass of
the electron cloud at time . Averages are taken at
each ¢, over the following time interval of ~1 ps. In
equilibrium, ¢(w, ty) becomes only a function of w
and is the same for any fy. Integrals over the peaks
in the spectral density of VACF correspond to the
relative amount of energy in the corresponding
exited modes. From the top to bottom we show

0.30

T .=291K

T surf

0.32

500 2500 3000 3500 4000 4500 5000
o (cmt)

Fig. 6. Spectral density of the excess electron center of mass
VACF. Numbers in each region reflect the relative energies in
the corresponding excited modes. (a) 7 € (0 ps,2 ps), 309 K
“surface” run, (b) 7€ (2 ps,6 ps), 309 K “surface” run, (c)
t € (0 ps,2 ps), 291 K ““surface” run, (d) ¢ € (2 ps, 6 ps), 291 K
“surface” run.

spectral densities of the VACF for the two “‘sur-
face” runs and a “bulk” run. Fig. 6(a) and (c)
correspond to the first 2 ps and Fig. 6(b) and (d)
correspond to the (2-6 ps) of the “floating” elec-
tron localization on the water surface. Plots are
subdivided into different spectral regions by da-
shed lines. Spectral peaks in each region corre-
spond to different groups of excited modes.
Relative amounts of energy in such groups are
reflected by the numbers showed in the corre-
sponding regions.

There are several prominent peaks in the VACF
spectra of an excess electron common to all
the cases of Fig. 6. First, the broad peak around
200-300 cm~! corresponds to the hindered trans-
lational motions of the water molecules. The rel-
atively sharp peak at ~500 cm™' corresponds to
the rotational motions of the water molecules. A
prominent peak at ~1700 cm~! is due to the water
intra-molecular bending mode. Finally, the two
broad merged peaks around ~3600 cm~!' corre-
spond to the water intra-molecular stretching
modes.

Comparing spectral densities of the VACF for
the initial stage of water shell formation around an
excess electron Fig. 6(a) and (c) with these of the
later stage of the “floating” electron formation
Fig. 6(b) and (d) we find a common trend of in-
creased relative energy in the hindered transla-
tional and rotational motions of the water
molecules at the beginning of electron localization
with a subsequent increase in the bending and
stretching modes of water molecules at the later
time. This again suggests that the initial dynamics
of “floating” electron formation is dominated by
water dipole rotations and inter-trap excess elec-
tron transitions followed by the final slow, trans-
lation-driven, relaxation of the water shell around
the “floating™ electron.

3.2. Surface state

In Fig. 7, we plot excess electron densities at 2, 3
and 7 ps. We observe that after ~2 ps a surface
state is already clearly visible with an irregular
shell of water molecules surrounding the excess
electron. After ~3 ps an ordered one layer “wet”
shell of water molecules is formed. As we follow
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Fig. 7. Surface state of an excess electron after ~ 2 ps, ~3 ps and ~7 ps 309 K “surface” run. At ~ 2 ps a surface state is clearly visible
with an irregular shell of water molecules surrounding an excess electron. After ~3 ps ordered one layer “wet” shell of water molecules
is formed. At 7 ps a very ordered thin “wet” shell surrounds excess electron. At this point electron size, structure and energy are close

to that of a totally hydrated electron in the bulk.

the excess electron dynamics in time we observe
that even after 7 ps from initial injection, the
electron is still bound to the water surface with an
ordered one layer “wet” shell surrounding an ex-
cess electron. The electron size, structure and en-
ergy are all close to a totally hydrated electron in
the bulk. This similarity of the fully formed
“floating” excess electron to the fully hydrated
excess electron apparently is the major factor in
slowing the dynamics of the “floating” electron
solvation into the bulk. Moreover, the fact that the
diffusion coefficient of water molecules on the
surface is at least twice as high as the diffusion
coefficient of water molecules in the bulk, makes
the surface state even more robust, as molecules on
a surface can adjust themselves faster to locally
trap an excess electron.

4. Concluding remarks

Our microscopic dynamical calculations suggest
that a “floating” electron has a lifetime of at least
5 ps. To explore timescales beyond this with the
current supercell becomes tricky as molecules
evaporate and transverse the computational cell
attaching themselves in unrealistic fashion to the
surface of the thermostat. We expect that the final
solvation of the electron into the bulk, if it even-
tually happens, must occur on the hydrodynamic

time scale. Thus, we can employ a hydrodynamic
model to obtain an estimate of this lifetime
approaching the problem from a more macro-
scopic point of view. From the point of view of
conventional hydrodynamics, disappearance of a
surface state would be initiated by the forces of
surface tension on a surface of the shell sur-
rounding excess electron and slowed down by the
finite viscosity of water. We estimate the surface
state lifetime to be ¢t = 1%, where 5 is a viscosity
constant of water, ¢ is a coefficient of surface
tension of water, and R is a characteristic size of a
surface state. At 7' =293 K, = 1.0019 x 10~ kg/
ms, 0 = 7.28 x 1072 kg/s?, and R = 4 A, leading to
an estimated lower bound of the “floating’ excess
electron lifetime of ¢# ~ 5 ps. Thus, both micro-
scopic and macroscopic models appear to be
consistent with a “floating” electron lifetime that is
on the order of tens of ps.
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