Excess electron transport in water
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The properties of excess hydrated electrons in liquid water, at room temperature, are studied
via coupled quantum-classical simulations. In these simulations, the system evolves
dynamically on the adiabatic potential energy surface with the electron maintained in the
ground state throughout the process. The diffusion constant of the hydrated electron under
field-free conditions is found to be the same as that obtained, via the Nernst~Townsend—
Einstein relation, from the electron mobility simulated for a system under an electric field of
3.2X10° V/cm, acting on the electron. For larger electric fields, the electron mobility is found
to be field dependent. The mode of migration of the excess electron is polaronic in nature and
the influence of the intramolecular degrees of freedom of the water molecules on the hydrated
electron transport properties is investigated. It is shown that the electron diffusion constant
obtained in simulations under field-free conditions with rigid-water molecules

[D? = (3.7+0.7)X10~° cm® /s] is larger than that obtained from simulations where a
flexible-water model potential is employed D¢ = (1.9 + 0.4) X 10 ~*] cm?/s] and smaller
than the experimental estimated value obtained from conductivity measurements (4.9 10>
cm?/s). The difference between the diffusion constants calculated for the two models is
correlated with a marked enhancement of the probability of reversal of the direction of motion
of the migrating electron in flexible water. The self-diffusion constant of water using the rigid-
molecules model [ D, = (3.6 + 0.4) X 10~ > em? /s] is also larger than that found for the
flexible-water molecule model D, = (2.3 +0.2) X 10~? ] cm? /s], with the latter in agreement

with the experimental value (D, = 2.3 X 10 ~° em?/s). Structural and dynamical aspects of

hydrated electron transport are discussed.

I. INTRODUCTION

Recent advances in theoretical methods for studies of
energetics, dynamics, and spectroscopy of systems with cou-
pled quantum and classical degrees of freedom' in conjunc-
tion with the development and application of experimental
techniques,” such as cluster beam methods, two-photon res-
onant ionization, and ultrafast time-resolved spectroscopy,
provide a wealth of new information about excess electrons
in diverse systems. These investigations include studies of
the properties and solvation dynamics of excess electrons in
diverse systems such as bulk® and clusters* of polar mole-
cules (water and ammonia), ionic salts (molten alkali ha-
lides® and alkali-halide clusters'®'®>%) and rare ga-
ses. 1(b),7.8

For polar fluid systems, studies employing quantum
path-integral methods'®*!¢»1¢»1(® and quantum molecu-
lar dynamics simulations,'1(®1¢® in which the time-de-
pendent Schrédinger equation for the electron is solved con-
currently with the coupled classical equations of motion for
the medium, revealed new information about the excess elec-
tron localization modes, structure, spectroscopy, and dy-
namics, in the bulk and in finite-size aggregates. In particu-
lar, these studies have provided overwhelming evidence for
the cavity model of electron solvation® in bulk polar
fluids,'® while in finite-size clusters a gradual transition
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from surface to internal (cavity) localization mode has been
found.'®-1®

In the cavity model of solvation, the nearly spherical
excess electron ground state distribution is localized in a cav-
ity (whose radius is ~2 A) surrounded by shells of the sol-
vent molecules, with those in the inner shell (and in gradual-
ly decreasing order further shells) exhibiting preferential
orientational order with respect to the center of the electron
distribution in the cavity (i.e., in water the OH bonds, and in
ammonia the NH bonds, of the surrounding molecules are
preferentially directed towards the center of the cavity ). As-
sociated with the formation of the cavity is a significant reor-
ganization of the polar molecular media (disruption of the
hydrogen-bonded network due to cavity formation and mo-
lecular reorganization) which for bulk water at equilibrium
(300 K) is estimated to be E == 1.2 + 0.4 eV for a flexible
molecular model’® (RWK2-M) and 0.6 + 0.3 eV for a rig-
id-molecular model'' (RWK2), where the reorganization
energy Ej is the difference between the molecular energy of
the system containing the excess electron and the neutral
system.

Of particular interest for investigations in solution
chemistry, radiation chemistry, and the general areas of elec-
tron transport in liquids and disordered media are issues
pertaining to the dynamics of excess electrons in these sys-
tems. Consequently, the migration dynamics of electrons in
molten salts,>® bulk liquid ammonia,’?> dense helium
gas,” and in bulk liquid water'* and water clusters'> has
been recently studied. Studies of F-centerlike excess-elec-
tron migration in molten salts>® suggest that the electron
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transport in these systems is mostly due to short-time jumps
between spatially separated sites, characterized by the oc-
currence of configurations where at the intermediate time
{between sites) the electronic wave function exhibits split-
ting, and it appears that a potential barrier separates the
initial and final localized states of the electron. On the other
hand, recent quantum molecular dynamics simulations sug-
gest that in the case of electron diffusion in water the mode of
migration is polaronic in nature.'*'* Thus in these systems,
the electronic distribution which polarizes the local molecu-
lar solvation environment is capable of instantaneous re-
sponse to changes in the local solvent configurations, result-
ing in spatial variations in the location of the solvated
electron density (we emphasize however that in this mode of
propagation, no dragging of host solvent molecules oc-
curs’®). As was discussed elsewhere,’”® the difference
between the electron migration mechanisms in polar molec-
ular fluids and in molten salts may be attributed to the differ-
ence in the solvent reorganization energies and solvent dy-
namics. Furthermore, the enhanced diffusion of a solvated
electron in water, in comparison to that of classical ions, has
been shown recently’* to be related to the quantum nature of
the former, which unlike the classical ions is capabie of re-
sponding adiabatically to the local solvent dynamical fluctu-
ations. In this context, it is of interest to note that studies of
relaxation dynamics following excitation of an electron sol-
vated in water yielded results'® in close correspondence to
investigations of classical ion solvation dynamics, including
the initial short-time (20-30 fs) reorientational stage. Thus
it appears that the quantum nature of the hydrated electron
is of particular significance for understanding its transport
properties. ‘

In this paper, we explore the transport properties of the
hydrated electron (e, ) in bulk water at room temperature
(300 K) using coupled quantum-classical molecular dy-
namics simulations. These investigations extend those de-
scribed in Ref. 14 in several respects: (i) study of the effects
of the dynamics of the water molecules (i.e., rigid vs flexible
models) on the transport properties of the electron; and (ii)
studies of the mobility of the electron under the influence of
an electric field acting on it. The simulation procedures and
methodology are described in Sec. I1.

The effect of intramolecular dynamics of the host water
molecules on the zero-field diffusion (D ?) of €,q» in thermal
equilibrium, is investigated by carrying comparative simula-
tions for rigid- and flexible-molecular models (RWK2 and
RWK2-M models, respectively) of liquid water. It is found
that the diffusion constant of the hydrated electron, as well
as the self-diffusion of the water molecules, are larger when
the rigid-water molecular model (RWK2) is employed.
This behavior [which was found earlier’” for self-diffusion
in water using rigid'”®™® and flexible '"® simple point
charge (SPC) models for the water monomers] is also re-
flected in an enhancement of the probability for reversal of
the direction of propagation of the electron in the flexible
water medium. Furthermore, the mobility of e,; under the
influence of electric fields of varying strength is investigated
(for the rigid-water model) and the value of the diffusion
constant obtained via the Nernst-Townsend-Einstein'®
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(NTE) relation is compared to D 2. It is found that for the
smallest field employed ( f= 3.2X 10° V/cm) the diffusion
constant [D, = (3.4)X10~° cm®/s], obtained from the
electron mobility by the NTE relationship, is in agreement
with D°[ (3.7 + 0.7) X 10~ % cm? /s], while for higher fields
a field-dependent mobility of e is obtained, i.e., the elec-
tron drift velocity depends on the applied electric field in a
nonlinear manner, and thus the NTE relation is not valid.
These results, along with structural and dynamical aspects
of the transport processes, are discussed in Sec. II1. We sum-
marize our results in Sec. IV.

il. METHOD

The simulation procedure and interaction potential
which we have employed in our investigations have been
described in detail in previous publications,' therefore we
limit ourself in this section to a short summary and pertinent
technical details.

In our studies, we simulated a system of 256 classical
water molecules at room temperature (7' = 300K) ina cu-
bic calculational cell of edge length 37.28 4, (ie., at the
experimental density of water 1 g/cm®) under periodic
boundary conditions, interacting with an excess electron.
Simulations were performed for two descriptions of water:
(i) rigid water, where the equilibrium geometry of the H, O
monomer is fixed and the intermolecular interactions are
given via the RWK2 model''; and (ii) flexible water, where
in addition to the intermolecular interactions, intramolecu-
lar interactions are given via the RWK2-M model.'® Both
models have been used previously with considerable success
in calculations of equilibrium properties and vibrational
spectra of bulk water and water clusters,'®'" and in studies
of electron solvation in water clusters.'(®)-1(&»15.16.20

The electron—water molecule interaction was modeled
by a pseudopotential which includes Coulomb, polarization,
exclusion, and exchange contributions.”® This pseudo-
potential has been used by us recently in extensive stud-
jes! (9718215162021 ofexcess electron localization modes and
solvation, migration, spectra, and relaxation dynamics in
water clusters of various sizes, predicting results in agree-
ment with available experimental data.’® All the long-
range interactions (intermolecular and electron—-molecule)
were cut off smoothly between 9 and 9.8 A.

The dynamics of the coupled quantum (electron)-clas-
sical (water molecules) system was simulated via the adia-
batic ground-state dynamics (GSD) method.!(®1(8»1316.22
In this method, the classical time evolution of the water mol-
ecules is governed, in addition to the interatomic interac-
tions, by the forces exerted on the molecules by the excess
electronic distribution evaluated via the Hellmann-Feyn-
man theorem. For each configuration of the solvent mole-
cules, obtained via integration of the classical equations of
motion using the velocity form of the Verlet algorithm®®
(with an integration time step 1.0365 fs for rigid water and
0.259 fs for flexible water), the ground state electronic wave
function is determined by solving the time-dependent Schro-
dinger equation, via propagation in imaginary time. To faci-
litate the determination of the ground state electronic wave
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function, the split-operator technique®* was used with the
excess electron wave function represented on a cubic grid of
16* points with a grid spacing of 1.5 a,. In order to assure
that the electronic wave function is well represented (i.e., the
amplitude of the wave function vanishes on the grid boun-
daries), we employed the moving-grid technique described
previously for finite systems,'*!'® where the wave function
grid follows the diffusive motion of the electron through the
calculational cell, such that the centroid of the electron den-
sity is close to the center of the wave-function grid at all
times. Having obtained the electronic wave function for a
given solvent configuration, it is used to evaluate the Hell-
mann-Feynman forces on the water molecules and subse-
quent integration of the classical equations of motion yields a
new solvent configuration.

Simulations for both electron diffusion under zero-field
conditions and electron mobility under the influence of an
electric field (acting only on the electron) were performed.
In the latter simulations, for an electric field strength fin the
x direction, the same method outlined above was used, with
the addition of the term — efx to the electronic Hamilto-
nian.

Inall our simulations, we allow the system to equilibrate
at 300 K for long times (at least 3 ps) prior to collection of
data (thermalization to the desired temperature is achieved
via the stochastic collision method?? ).

. RESULTS

In this section, results of simulations for hydrated elec-

tron migration in bulk water are shown. We begin with a
discussion of e diffusion for a system at thermal equilibri-
um (300 K) under zero field.

A. Excess electron diffusion (zero field)

The fluctuations of the potential E,, kinetic E, and
total binding energy E, of the hydrated electron, throughout
the simulation, using rigid- and flexible-water models are
shown in Figs. 1(a) and 1(b), respectively, and their equi-
librium average values are given in Table 1. As was found
previously,'*'®2! the fluctuations in the quantum kinetic en-
ergy (Ey) reflecting the variations in the confining cavity
sizes are smaller than those in the electron potential energy,
which is more sensitive to fluctuations in the local solvent
configurations. The fluctuations on the 20-40 fs time scale
relate to the librational motion of the water molecules'#!¢
(see below). The average e, binding energy over the course
of the simulationis E = — 2.84 and — 2.96 €V for the flexi-
ble- and rigid-water media, respectively (see Table I), in
agreement with the result obtained by using a different pseu-
dopotential for the electron-—-water molecule interaction and
a different (rigid-molecule) description of the aqueous me-
dium.?® We also note that for the zero-field case, the values
forE,, Ey, E,, and o (the width of the electron distribution)
are rather insensitive to the water model used (i.e., rigid or
flexible molecules), while the reorganization energy E, in
the case of the flexible-water solvent is about twice as large as
that of the rigid-water medium. Furthermore, analysis of the
systems reveals that throughout the simulation, the separa-
tion between the energies of the ground state and the lowest
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FIG. 1. The calculated potential (E,), kinetic (E), and total binding
(E,) energies of an electron hydrated under zero field in bulk (a) rigid-
molecule and (b) flexible-molecule water, at 300 K, vs time, for the length
of the simulation. Energy is in eV and time is in ps.

excited state of e,; is much larger than the thermal energy of
the system and thus the probability for spontaneous radia-
tionless transitions from the ground state is negligible. This
provides an a posteriori justification for the ground-state
adiabatic simulation method which we used.

Related to the above observations is the behavior of the

width of the hydrated electron distribution o = R,/\/3,
where R, is the radius of gyration shown in Fig. 2. As is
evident, the excess electron ground-state distribution is com-
pact (R, ~2.2 f\), exhibiting throughout the evolution of
the systems only small fluctuations. In particular, large fluc-
tuations, characteristic of a bimodal distribution of the elec-
tron density (such as that found for an excess electron in
molten salts*® ), are absent in our system.

To investigate the field-free diffusion of the hydrated
electron, we show in Figs. 3 and 4 for the rigid- and flexible-
water molecules, respectively, the mean-square displace-
ment of the centroid of the electronic distribution vs time

Ar*(y={[r(t+7) — (1)1, n
along with the mean-square displacements of all the water
molecules in the calculational ceil, and those for the water
molecules in the first solvation shell around e, . In Eq. (1),

the angular brackets denote averaging over time origins and
for the media averaging over water molecules as well. For a
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obtained via coupled quantum-classical simulations, for ¢, in two water solvents are given: flexible molecules

results are given for zero field and for three values of an electric field { f) acting on the excess electron. E,, E,, and E, are the potential, kinetic, and total

TABLEL. Calculated properties of an electron solvated in water at 300 K and those of the solvent. Results,

(Ref. 10} and rigid (Ref. 11) molecules. For the latter one,

binding energies of the solvated electron. E is the reorganizational energy of the solvent. D, and D, are the self-diffusion constant of the water molecules and the diffusion constant of the electron, respectively. D, in the

presence of finite fields is calculated from the Nernst-Townsend--FEinstein (NTE) relation using the predicted electron mobility U, [ the NTE relation is not valid for the two highest fields (see the text) ]. The predicted

{#r*|3)) and theratio o, /o, between the widths in the direction

givenin thelast column. The error estimates in square brackets were obtained via the “blocking method” (Ref. 30). The er-

0) were obtained by the standard deviation of the diffusion constant [slope of r? (£} vs time] calculated for the three Cartesian directions.

drift velocity of the electron calculated for the centroid of the electron distribution is denoted by ¥,,. The width of the electron distribution (i.e., 30?

parallel to the applied electric field and normal to it are given. The length of each simulation is
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FIG. 2. Radius of gyration (R, = J30) of the distribution of an electron
hydrated under zero field in flexible (right) and rigid (lefta) water media, at
300 K, vs time, for the length of the simulation. R, isin A, time is in ps.

diffusive process lim, . [Ar2(#)/t] = 2n,D, where n, de-
notes the number of spatial dimensions and D is the diffusion
constant.”®

Several characteristic features should be noted from in-
spection of Figs. 3 and 4. In both media, the behavior of
Ar?(¢) for the molecular constituents changes at ~0.35 ps,
with a linear relationship vs time established for larger times.
Below that time, the motion is not diffusive in nature and
reflects intermolecular vibrations (indeed the density of vi-
brational states of water”’ exhibits a peak at ~0.01 fs~').
We observe that the diffusion constant of e,; [determined
from theslope of Ar ?(¢) vs tat large time, i.e., > 0.35 ps], as
well as the self-diffusion constant of the water molecules
(solid lines), are larger in the rigid-water medium (cf. Figs.
3 and 4; see the values in Table I). Furthermore, we note that
in both cases the water molecules in the first solvation shell
(dashed lines) diffused faster than in the rest of the liquid
(solid line).

The value of the diffusion constant under zero-field con-
ditions D? for the electron hydrated in the rigid-molecule

G ]

2 | rigid. =0 /

Ar? (A

20

0.0

7

T
10 20 3.0
time (ps)

FIG. 3. Mean-square displacments [Ar2(2)] of the hydrated electron in
rigid-molecule water, at 300 K, under field-free conditions (dotted line),
oxygens of the molecules in the first solvation shell of e, (dashedline), and
that of the rest of the oxygens (solid lines) vs time. Note the change in

behavior of Ar?(¢) at ~0.35 ps.
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FIG. 4. The same as Fig. 3 for ¢ in a flexible-water medium.

medium (RWK2) at 300K, D¢ = 3.7 (0.7) X 1075 cm?/s
[ where the value in round brackets indicates the error esti-
mate obtained as the standard deviation for diffusion in the
three Cartesian directions calculated from the slopes of
Ar2(2) for 2.5 ps time intervals] is in agreement with that
obtained in a previous simulation (D?=3.3x10"°
cm? /s), using the rigid SPC water model*® and a pseudopo-
tential for the electron—water interaction,' and both are
smaller than the experimental estimate” obtained via the
NTE relation (4.9 10~° cm?/s). The value obtained for
e, in a flexible-water (RWK2-M) medium is smaller yet
[1.9(0.4) X 107° cm?/s].

The self-diffusion coefficient of the water molecules ob-
tained from our simulations of e,; in the rigid-molecule me-
dium [D, =3.5(0.4) X107 ° cm®/s] with the error esti-
mate obtained by the “blocking method”* is also larger
than that obtained using the flexible-water model
[Dx = 2.4(0.2) X 10~ % cm? /s] with the latter in agreement
with the experimental value at 25°C (D, =2.3x10~°
cm?/s) and with that (D, = 2.54 X107 cm?/s) obtained
in simulations of water using a flexible SPC model."”® In
this context, we note that in separate simulations, at 300 K,
of neutral bulk water employing rigid- and flexible-water
molecules, we obtained similar results
D, =3.6(0.4)x 10~ % and 2.3(0.2) X 103 cm? /s, respec-
tively. We remark that the value of D, obtained in our simu-
lation with the rigid-molecule model is in agreement with
previous calculations employing a variety of rigid-molecule
water potentials.'*'” Furthermore, the fact that the self-dif-
fusion of water'!” is overestimated and the diffusion of
classical ions in water®' is underestimated in rigid-water
models has been emphasized previously, and the dynamical
origins of the dependence of simulated properties on the po-
tential models employed is open for further investigations.

The difference between e, diffusion in rigid and flexible
liquid water is seen in another way in Fig. 5, where the prob-
ability distributions for displacements of the centroid of the
electron density during various time spans (A#>400 fs) are
shown. For e, diffusion in rigid water [Fig. 5(a) ], the peak
of the distribution shifts gradually and monotonically to
larger distances for increasing time spans Ar. In contrast, in
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FIG. 5. Probability distributions [P(Ar) ] for ¢,; in (a) rigid and (b) flexi-
ble water, at 300 K, under zero field, vs displacement (Ar). In each case,
P(Ar) for different time spans A7 [0.4,0.8, 1.2 ps, ... (seetheright axis) ] are
shown. Note, for e in flexible water (b), the motion of the peak of P(Ar)
to a lower value of Ar for A7>1.6 ps, compared to its location for Ar=1.2
ps, indicating an enhanced probability for reversal of the direction of mo-
tion of the electron for larger times. Ararein unitsof A and P(Ar} isin A -

(the origins of the curves for different time spans are shifted by 0.5, starting
from the bottom).

the flexible medium [Fig. 5(b)], the time evolution of the
distribution indicates strong back scattering, resulting in a
broad distribution and in a significant probability for rever-
sal of the direction of motion of the electron for AR 1 ps.
This behavior correlates with the change in the slope of
Ar 2(¢) for the electron in the flexible medium (Fig. 4) at
about 1.6 ps and with the aforementioned smaller diffusion
coefficient of e,; in the flexible water host. The dynamical
origin of the above phenomenon is probably associated with
the significantly larger reorganization energy in the flexible
water, presenting a larger resistance to the local structure
change needed for the electron propagation. This larger re-
organization energy is reflected also in the self-diffusion of
water (with the self-diffusion constant smaller in the flexible
medium as compared to that obtained in a medium de-
scribed by rigid molecules) and in the relaxation dynamics
as expressed, e.g., in the dielectric relaxation behavior.

J. Chem. Phys., Vol. 93, No. 11, 1 December 1990

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



8192 Barnett, Landman, and Nitzan: Electron transport in water

The short-time (# < 0.1 ps) dynamics of the system [see
Figs. 6(a) and 6(b) for e,; in the flexible- and rigid-water
solvents, respectively] is nondiffusive and is characterized
by the librations of the water molecules.

This short-time behavior is characteristic of liquid wa-
ter.!®-1¢ The point which we would like to emphasize is the
correlation between the Ar2(¢)’s of e.; and the molecular
hydrogens [particularly those of the molecules in the first
solvation shell {see dashed lines marked H in Fig. 6) ] in the
short-time regime, reflecting the adiabatic response of the
hydrated electron to the librations of the surrounding mole-
cules. We note that a similar behavior has been observed in
investigations of the relaxation dynamics following an elec-
tronic transition of an excess electron in water.'®

The local equilibrium structure of the liquid about the
localized solvated excess electron exhibits a hydration-shell
structure, shown by the pair-distribution functions g, (7)
and g.4 (#) in Figs. 7(a) and 7(b), corresponding to the
distributions of molecular oxygens and hydrogens about the
centroid of e, respectively. Furthermore, the water mole-
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FIG. 6. Short-time dynamics of ¢, in (a) rigid and (b) flexible water, at
300 K, under zero field. Ar*(¢) vs ¢ are shown for the electron (dotted),
hydrogens and oxygens of the molecules in the first solvation shell of ¢,
(dashed lines marked H and O), and for those of the rest of the molecules
(solid lines marked H and O). Note the nondiffusive character of the mo-
tion and the similarity between Ar*(¢) of e,; and the nearest-neighbor hy-
drogens indicating adiabatic following of ¢, of the librational motion of the
water molecules. Ar 2(#) is in A? and time is in ps.
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electron density and the molecular oxygens {a) and hydrogens (b). Resuits
are shown for e,;; in flexible and rigid water, at 300 K, under zero field, and
for three values of an applied electric field acting on the electron hydrated in
rigid water (the magnitudes of the fields fare in units of 10* V/cm). Note
the change in the shape of the pair distribution functions as a result of the
mobility of the electron under field, in particular, the broadening and oblit-
eration of the second peak for the two highest fields [most noticeable in
(b)]. All the pair distributions are normalized so that they approach unity
at large distances. The distance scale is in A

cules in the first solvation shell (molecules whose oxygens lie
within 7.5 a, from the centroid of e ) are preferentially
oriented with one of the OH bonds directed toward the cen-
ter of the e,; solvation cavity.”"”’

'B. Excess electron mobility

Having discussed in the previous subsection the diffu-
sion of e, under zero-field conditions, we now turn to the
mobility of an excess electron under the influence of an elec-
tric field. Due to the considerably larger computing effort
involved in the flexible solvent case, we have limited this
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study to the rigid-water medium. The electric field ( f) ap-
plied in the x direction acts only on the electron (the effect of
the field on the water molecule does not affect the linear
response of the electron) and the dynamical ground-state
evolution of the system is simulated as described in Sec. II,
with the term — efx added to the electronic Hamiltonian.

Simulations were performed for three electric fields
f=321%10° 1.28 X107, and 2.56 X 10’ V/cm. Inspection
of the electronic distributions during the simulations for the
above fields indicates only small distortions from the average
spherical symmetry (see values of the width ratio of the elec-
tronic distribution parallel and normal to the field in Table
I). Moreover, the energetics of e, is only slightly influenced
by these electric fields (see Table I). Note, however, the
influence of the two higher fields on the reorganization ener-
gy (Er) of the solvent (see below). This strong effect is
remarkable in view of the fact that the field affects the water
molecules only indirectly via the motion of the solvated elec-
tron. When this motion is fast, the nearest OH groups at-
tempt to follow the electron while the rest of the water struc-
ture cannot adjust to this local structural change. This
results in a strongly nonequilibrium water structure which is
reflected in the large reorganization energy.

In Fig. 8 we show the distance Ax traveled by the elec-
tron in the direction of the applied field (calculated for the
centroid of the electron distribution and averaged over time
origins) divided by the field strength vs time. The slopes of
the curves in Fig. 8 give the electron mobilities. For small
fields, the drift velocity v, is proportional to the electric field
strength, i.e., v, = U, f, with U, the electron mobility inde-
pendent of . As seen from Fig. 8, this is not the case for the
fields used in our simulations, since the different slopes cor-
respond to field-dependent mobilities (see Table I). We
note, however, that for the smallest applied electric field

which we used, the value of the mobility
o
3
=256
r>\ =
(=
ST f8
NS
X o
T =321
T T T
05 10 15 20
time {ps)

FIG. 8. The distance traveled by ¢, in the direction of the applied field,
divided by the field strength ( — Ax/f’) vs time for an excess electron hy-
drated in liquid rigid water, at 300 K, vs time. The different slopes for the
three fields yield field-dependent values for the corresponding mobilities.
The assumptions underlying the Nernst-Townsend—-Einstein relation
between mobility- and diffusion seem to hold only for the lowest field.
(Ax/f) are in units of (A2/V) and time is in ps. The magnitudes of the
fields fare in units of X 10® V/cm.
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[U,=(1.34+03)x10"*cm?® V~! s~ ! ]isofthesameor-
der as the experimental value’® for hydrated electrons
(1.85X107? cm? V~! s~ ). Furthermore, using the pre-
dicted value of U, in the NTE relation D, = k, TU, /e yields
D, =(34X107° cm® s '), in agreement with the value
obtained from our field-free simulations (see Sec. IIT A and
Table 1), indicating that for electric fields £$3.2X10°
V/cm, the assumptions underlying the NTE relation'® are
valid.

In this context, we note that the self-diffusion of the
water molecules is only slightly affected by the field acting
on the electron (see D, in Table I).

We emphasize again that these results were obtained
with the external field operating only on the electron. This
procedure is valid in the linear response regime (under the
same conditions where the NTE equation holds) and can
also serve to indicate the onset of nonlinearity. However, our
results in the nonlinear regime (the two larger applied
fields) should be further examined by including the field
effect on the water molecules. We defer this issue to future
studies. We expect, however, that the qualitative observa-
tions described below will also hold in the modified calcula-
tion.

Next we consider the short-time dynamics of the hy-
drated electron acted on by the applied electric field. The
calculated Ar *(¢) for the electron and for the nearest neigh-
bors and the rest of the hydrogens and oxygens are shown for
the two lower electric fields in Figs. 9(a) and 9(b), respec-
tively. Comparison between Fig. 9(a) and the Ar ?(¢) shown
in Fig. 6(a) shows that the short-time dynamics of the sys-
tem under a field of 3.21X 10° V/cm acting on the electron,
and that for field-free conditions, is very similar (i.e., nondif-
fusive, adiabatic response of e, to the librational dynamics
of the solvent water molecules, in particular to the molecules
in the first solvation shell). However, for the higher fields
(f=12.8X10° eV/cm and even more for the highest ap-
plied field ), the drifting electron is incapable of adiabatically
following the librational motion, as seen from Fig. 9(b).

Related to the above behavior are differences, revealed
from inspection of Fig. 7 between the local structure of the
solvent around e, for zero-field conditions and under finite
fields. Comparison between g, , and g,y for e, (in a rigid-
water molecule solvent), for zero-field and under fields of
varying strength, shows clearly that while the local solvation
structure is similar for f = 0 and for the smallest applied field
( f=3.21X10°® V/cm), marked differences occur for larger
fields {particularly notable in g., [Fig. 7(b)]}. The
marked change in the height and shape of the first peak of the
pair distribution and the obliteration of the second peak
(particularly pronounced in g, ,; ) indicate a large perturba-
tion of the solvation-shell structure about the excess electron
drifting under the influence of the field. This perturbation,
whose origin correlates with the aforementioned change in
the nature of the short-time dynamics of the system for the
large fields, results in a disruption of the hydrogen-bonded
network of the solvent molecules about the hydrated elec-
tron which reflects itself in the larger calculated reorganiza-
tion energies of the medium for these fields (see Table I).
Finally, we remark that these effects are related to the above-
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FIG. 9. Short-time dynamics of ¢, in rigid water, at 300 K, for two values
of an external electric field acting on the electron: (a) 3.21 X 10° V/cm and
(b) 12.8 X 10° V/cm. Designation of the different curves as given in Fig. 6.
Note the similarity between (a) and Fig. 6(a) (corresponding to f= 0},
indicating that for the Jowest finite field, the short-time dynamics is not
influenced by the field, while for the higher field (b) the motion of ¢, does

not follow the librational motion of the hydrogens.

mentioned breakdown of the assumptions underlying the
NTE relation for the two highest fields.

IV. SUMMARY

The main results of our investigation of electron diffu-
~ sion and mobility in liquid water, at 300 K, may be summar-
ized as follows:

(i) Our simulations of electron diffusion in liquid water
under zero-field conditions show that in a rigid-molecule
model of water,!’ the diffusion constant of the hydrated
electron as weil as the self-diffusion constants of the water
molecules are larger than those in a flexible-molecule medi-
um.'® This difference is also reflected in the enhancement of
the probability for reversal of the direction of motion of the
electron in the flexible-molecule medium and is related to
the different reorganization energies in the two model sol-
vents and to different solvent relaxation rates in the two
models.

(ii) The value of the electron diffusion constant under-
zero field D? = 3.7(0.7) X 10~ ° cm? /s in the rigid-mole-

Barnett, Landman, and Nitzan: Electron transport in water

cule (RWK2 model'!) solvent is in agreement with pre-
vious adiabatic simulations'* which employed the rigid SPC
water model and a different pseudopotential for the elec-
tron-water interaction. Both the above result and that
obtained by us from adiabatic simulations using a flexible-
molecule  (RWK2-M  model’®) medium [D?
= 1.9(0.4) X 107%] cm?/s] are smaller than the experi-
mental estimate (4.9X10°° cm?/s) from conductivity
measurements.

(iii) The self-dissuion coefficient of the water molecules
using the flexible-molecule RWK2-M water model'®
[D, =24(02)x10~ *cm? s] is in agreement with the ex-
perimental value (D, = 2.3X 10~ ° cm? s) and with calcu-
lations employing a flexible version of the SPC water mo-
del_l?(a)

(iv) The short-time (7 < 0.1 ps) dynamics of the system
is nondiffusive, with the electron responding adiabatically to
the librational motions of the surrounding water molecules.

{(v) The mode of migration of the electron is polaronic
in nature,'*"* with the excess electron distribution polariz-
ing the local solvent environment, and responding adiabatic-
ally to fluctuations in the local solvent configurations.
Throughout the dynamical evolution of the system, fluctu-
ations in the width of the electron distribution are small.
This mode of migration differs from that suggested from
simulations of electron diffusion in a molten salt.>®

(vi) The diffusion constant calculated, using the
Nernst—-Townsend--Einstein relation, from the electron mo-
bility, obtained via adiabatic simulations with a field
S=3.21x10° V/cm acting on the electron, is in agreement
with that calculated for electron diffusion under zero field in
a rigid-molecule medium.

(vii) For higher electric fields ( f=1.28% 10’ and
2.56:X 10’ V/cm), a nonlinear relationship between the cal-
culated drift mobilities and the applied field is found. While
for the smallest field (f=3.21X10° V/cm) energetic,
structural, and dynamical characteristics are very similar to
those found for zero-field conditions, major differences are
observed for the two higher fields. Thus, for the higher fields,
the short-time (7 <0.1 ps) dynamics of the system does not
exhibit adiabatic coupling between the electron motion and
the librations of the water molecules and the solvation-shell
structure about the drifting excess electron is markedly per-
turbed, resulting in a large increase in the reorganization
energy of the medium and a decrease in the vertical electron
binding energy (see E; and E, in Table I). These results
should be reexamined in a model which includes the direct
electric field action on the water molecules.
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