
Solvation Dynamics of the Hydrated Electron Depends on Its Initial Degree of Electron
Delocalization†

Patanjali Kambhampati, Dong Hee Son, Tak W. Kee, and Paul F. Barbara*
Department of Chemistry and Biochemistry, The UniVersity of Texas at Austin, Austin, Texas 78712

ReceiVed: NoVember 20, 2001

We investigate the time scale for hydrated electron solvation as a function of the initial configuration of the
electron/water system. The experiments employ various 2-pulse and 3-pulse femtosecond pulse sequences
that allow for controllable preparation of the various optically excited and precursor states of the equilibrated
hydrated electron. We observe that the conduction band electron, which is produced by detrapping of the
hydrated electron, has the slowest time scale for electron solvation with an average solvation time constant
of 400 fs. In contrast, the solvation dynamics are significantly faster for electrons that are produced in “pre-
solvated” environments. These latter examples include the excited p-state of the hydrated electron and the
precursor states involved in UV femtosecond multiphoton ionization of water.

I. Introduction

The structure and dynamics of an excess electron in water,
i.e., the hydrated electron,1-9 is a unique prototype for a number
of important dynamical processes including: (i) the relaxation
of a nonequilibrium solvent configuration around a solute
(solvation dynamics);4,6-8,10-12 (ii) electron localization/delo-
calization in condensed systems;13-15 (iii) autoionization in
condensed phase;16-19 and (iv) electronically nonadiabatic
transitions.20-23 Figure 1 summarizes the different experimental
approaches4,7,8,24,25that have been used to prepare nonequilib-
rium electron/H2O transient states. Ultrafast spectroscopy is used
to monitor the nonequilibrium system as it relaxes to yield the
final form, i.e., the equilibrated hydrated electron, eeq. The
electronic structure of eeq is s-like in character. It is localized
in a cavity (r ) 3 Å) in the solvent, which is surrounded by∼6
water molecules.26

The various nonequilibrium forms of the hydrated electron
in Figure 1 involve an excitation of both electron and solvent
degrees of freedom. One category includes the optically excited
states of eeq, namely ep, eCB′, and eCB′′.27 The optically excited
states are produced by 1- or 2-photon excitation of eeq, which
itself is typically prepared by the multiphoton ionization of water
with a prior UV laser in the experimental pulse sequence (not
shown in Figure 1). A simple example is the optically prepared
(eeqf ep) ep form, which consists of a set of three nondegenerate
p-like states, that are trapped and localized in the same solvent
cavity as their “parent” eeq.28

An alternative category of nonequilibrium excess electrons
in Figure 1 involve precursors to formation of eeq, e.g., H2O*.
H2O* signifies the water excited-state intermediate or intermedi-
ates in the near-threshold 2-photon (9.32 eV) ionization of water
with 266 nm femtosecond excitation.16-19,27,29,30Another key
precursor to the hydrated electron is the so-called conduction
band, eCB′′′, produced by exposing water to ionizing radiation.31

The different nonequilibrium forms are shown to scale in
Figure 1, where the size of each state has been experimentally

estimated from spatially sensitive measurements including eeq/
hole geminate recombination kinetics,18 3-pulse suppressed
geminate recombination dynamics,28 and chemical scavenging
yield studies.27 Of particular importance are the conduction band
forms, which can either be precursor (eCB′′′) or optically excited
states of eeq (eCB′, eCB′′).8,22,28,32-35 The conduction band forms
are delocalized over tens of angstroms. They lie above either
the “vertical ionization threshold” (ca. 9-11 eV) for the
photoionization of water, or, in the case of photodetrapping (e.g.,
eeq f eCB), above the “vertical detrapping threshold”.18,29,32,36

It is important to emphasize that the conduction band electron
is not significantly coupled to its original hole (ionization) or
cavity (detrapping) site. During relaxation, it is trapped and
solvated at a new solvent site.8,28 Furthermore, the various
conduction band forms are probably similar in structure and
dynamics, but have distinct designations (eCB′, eCB′′, eCB′′′) in
this paper to emphasize that the experiments used to prepare
them are very different and, as a result, may produce distinct
electron and solvent configurations.

The electron migration length and electron/hole pair “escape
yield” for H2O* is considerably smaller than that observed for
conduction band electrons, consistent with the nonvertical nature
of the ionization process. The 3-photon ionization of water at
400 nm (not shown in Figure 1) is similar to the 2-photon (9.32
eV) ionization of water and has been argued to have substantial
p-state Rydberg character.27 We designate the precursor in the
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Figure 1. Outline of the various pathways for generating the precursors
and other forms of the hydrated electron. See text for details. The
different forms are shown to scale.
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400 nm multiphoton ionization as H2O**, although this channel
has mixed contribution from 3 and 3+1 photon ionization that
complicated discussions on this electron precursor.18,19,29It has
also been argued that H2O* and H2O** are ionized by charge
transfer to rare existing solvent cavities in water that are
thermally “presolvated,” allowing for sub-threshold ionization.16-18

In this paper, we use femtosecond pump-probe spectroscopy
to determine to what extent the time scale for equilibration of
the hydrated electron is a function of how it is prepared. The
experiments employ different types of femtosecond 2- and
3-pulse sequences with time resolution in the range of 50-120
fs and probe wavelength in the visible and near-infrared region.
Due to the short lifetime of most of the initially formed states
(H2O*, H2O**, eCB′, eCB′′) and the expectation that most of the
states absorb at wavelength>2 µm,22,33-35 our “observation
window” essentially begins with ep and es,NE (s-state form with
a nonequilibrium solvent configuration).

The main result of this paper is that the time scale for initial
stages of hydrated electron relaxation (ep, es,NE f eeq) is
correlated to the extent of delocalization of the initially prepared
species. The observed relaxation reported herein is slowest for
the conduction band (eCB′, eCB′′) electrons and fastest for the
“pre-solvated” H2O*, H2O**, and ep. These results lead to a
new level of understanding of relationship of the different types
of experiments on the hydrated electron. In addition, the new
results have important implications on understanding the
relationship between photoionization of water with femtosecond
UV pulse4,6 and radiolysis of water with ionizing radiation.37,38

II. Experimental Section

The laser system used in these experiments is composed of
a home-built Kerr lens mode locked Ti:sapphire oscillator
pumped by a Nd:YVO4 laser and a Ti:sapphire multipass
amplifier pumped by a Nd:YLF laser. A detailed description
of the laser system can be found elsewhere.8 Briefly, <20 fs
pulses, centered at 800 nm and generated from the oscillator,
were subsequently stretched and amplified to give 35 fs, 0.4
mJ pulses at 1 kHz after compression.

The amplified femtosecond laser beam was divided into four
beams. The first and second beams were used to generate the
266 nm photoionization pulses. The first beam was used to
produce the second harmonic at 400 nm in a BBO crystal which
was then mixed with the second 800 nm beam in another BBO
crystal to produce the 266 nm beam. The third beam of
fundamental 800 nm light was used for the pump pulse. For
the 400 nm pump experiments, the 800 nm light was doubled
in a BBO crystal. The fourth beam of fundamental 800 nm light
was used to produce white light continuum in a sapphire crystal.
The continuum was used to probe the transient optical density
of the hydrated electron after filtering and compensation for
optical dispersion in a fused silica prism pair.

The pulse widths for the 800, 400, and 266 nm pulses were
respectively, 35, 60, and 110 fs. The instrument response
function for photoionization/probe experiment was 120 fs fwhm.
For the photoionization/pump/probe configuration, the cross-
correlation time between the probe and the pump pulse was 50
and 70 fs for 800 and 400 nm pump pulses, respectively. The
sample solutions were continuously flowed through a 300µm
jet nozzle to avoid repeated exposure of the same region of the
sample to the laser pulses.

III. Results and Discussion

The well-known absorption spectrum of the fully equilibrated
hydrated electron eeq is reproduced in Figure 2a.39 The main

portion of the spectrum and most of the oscillator strength has
been assigned to the sf p transition.20,34Recent results show,
however, that at short wavelengths (e.g., 400 nm) a transition
(eeq f eCB′) occurs between eeq and the conduction band with
unity quantum yield of the conduction band electrons.40

Typical spectra reflecting the formation and relaxation of es,NE

are shown in Figure 2. Figure 2b displays data reproduced from
the work of Bradforth et al.2 on the 2-photon ionization of water
at 266 nm, via a H2O* precursor. The hydrated electron
absorption of the nonequilibrium forms blue-shifts toward the
visible as trapping and relaxation occurs on the 100-1000 fs
time scale.4 The es,NE spectrum is due primarily to the sf p
transition and further evolves within 1-2 ps into the fully
relaxed eeq spectrum. Finally, the early absorption data may be
partly due to trapping a portion of the electrons in the p-state,
H2O* f ep, as discussed in a later section of this paper and
elsewhere.2

The complex multi-time-scale relaxation dynamics of es,NE

can be quantified by recording the transient parameters at an
individual probe wavelength or by globally fitting the entire
spectrum in the visible and near-infrared region to obtain a time
dependent width, peak frequency, or other characteristic pa-
rameters. In this paper we use the single wavelength approach
because it is less time-consuming and less susceptible to
experimental uncertainties due to temporal dispersion of the
probe pulse. Figure 3a and 3e display 2-pulse photoionization/
probe transients probed at 720 and 1000 nm for es,NE produced
from 2-photon ionization of water with 266 nm, 110 fs pulses
(H2O*). Figure 3b and 3f shows transients due to a mixture of
3-photon and 3+1 photon ionization with 400 nm, 60 fs pulses
(H2O**). A very weak pulse-limited rise and decaying absorp-
tion in the visible is also observed and may be associated with
absorption of a very short-lived H2O+.41-43 Probing at 1000
nm in the near-infrared region monitors a higher-energy
nonequilibrium form of the hydrated electron than that moni-
tored at shorter wavelengths, e.g., 720 nm. The data at 1000
nm is more sensitive to earlier processes, but probably is not at

Figure 2. Static and transient spectra of the hydrated electron. (a)
Absorption spectrum of the solvated electron adapted from Jou et al.39

(b) Transient spectrum of the photoinjected electron adapted from
Bradforth et al.2 (c) Transient spectrum of the preequilibrated hydrated
electron adapted from Yokoyama et al.8
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sufficiently long wavelength to cleanly monitor the electron
trapping dynamics. For the 1000 nm data, we focus exclusively
on the appearance kinetics of the signal, which reflects the
formation kinetics of the es,NE.2,8 For the 720 nm transient, which
only involves appearance kinetics and no decay, the average
time scale for appearance reflects the time scale for the electron
solvation to form the fully relaxed species. The different
relaxation times are summarized in Table 1.

The spectral dynamics due to hydrated electron relaxation
for the optically excited states, ep, eCB′, and eCB′′, are recorded
by a 3-pulse experiment incorporating photoionization, photo-
excitation, and variably delayed probe pulses. Typically, the
excitation pulse is delayed a sufficiently long time (e.g., 20 ps)
after the photoionization pulse such that the excitation pulse
excites a fully equilibrated electron, eeq. The transient absorption
data (Figure 2c and Figure 3c,3d,3g,3h) recorded by this
technique essentially correspond to a ground-state-depletion/
recovery experiment. The optical density is therefore in the form
of a “bleach” due to ground-state depletion followed by recovery

of the bleach and spectral shifting due to electronic relaxation
(e.g., pf s) and solvation in the p- and s-states.5,7,8By varying
the wavelength40 and pulse energy28 of the excitation pulse, it
is possible to selectively excite the equilibrated hydrated electron
to the p-state or the conduction band.

Figure 3c-3d and 3g-3h shows examples of 720 and 1000
nm transients from the 3-pulse experiments with excitation to
ep and eCB respectively. Data of this type can be analyzed to
extract analogous time constants to those discussed above for
the 2-pulse experiments on the precursor states. The time scale
for hydrated electron relaxation for the different precursor states
and excited states are compared in Table 1 and Figure 4. To
analyze and fit the H2O* and H2O** precursor data to extract
the relaxation time-scales, it was necessary to correct the
transients for the small amount of eeq/hole geminate recombina-
tion that occurs during the relaxation process.

The clear trend in these data is that the time scale for
relaxation of a conduction band electron is considerably slower
than the electrons produced via H2O*, H2O** or ep. One possible
explanation for this result is that the more quickly relaxing cases
involve electron species that are already partially solvated. For
excitation to ep, the cavity surrounding the electron is already
fully equilibrated in the s-state before excitation. Thus, during
the excitation pulse (∼40 fs) and during the p-state decay (50
or 300 fs depending on assignment), the slow solvent modes
are essentially frozen. Likely candidates for the slow motion
include diffusive rotational and translational modes of water.11,44

Figure 3. Femtosecond transient absorption data of the various
precursors and forms of the hydrated electron at 720 (a-d) and 1000
nm (e-h) probe.

TABLE 1: Migration lengths ( lm)a and Average Solvation
Times (τavg)b for Different Forms and Precursors to the
Hydrated Electron Measured at 720 and 1000 nm Probe
Wavelengths

τavg (fs)

state lm (Å) 720 nm 1000 nm

ep <3 215 45c

H2O* 8.5 276 200
H2O** 14 285 215
eCB >35 400 280c

a Migration lengths were reported in Reference 40.b Solvation times
reported from single wavelength data. The data are fit to a multi-
exponential function and the average solvation time is calculated by
τave ) i Aiτi/ i Ai whereAi is the amplitude forτi. c Solvation time
reported for only appearance portion of the kinetics, i.e., kinetic
components with positiveAi values. The amplitudes for these cases
have been normalized to reflect only the positive amplitude contribu-
tions to the kinetics.

Figure 4. Fits of the hydrated electron transient absorption data. Panel
(a) and (b) show that the solvation dynamics are dependent on the initial
degree of delocalization. Panel (c) shows that excess nuclear energy
does not alter the solvation dynamics, whereas it is the electronic state
that does. The traces are reconstructed from the fit parameters of the
experimental data. The fits were used due to different time resolution
in each of these experiments and the need to correct for geminate
recombination. The contribution from geminate recombination is
corrected for by dividing the experimental kinetic trace with calculated
geminate recombination kinetic trace. Corrected kinetic trace shows
about 10% slower dynamics than uncorrected one.
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A particularly fast rise of the signal for ep at 1000 nm (Figure
3g) may be partially due to immediate population of the p-state
by photoexcitation, or alternatively to a very short ep lifetime.
(The 3-pulse experiments with excitation to eCB is related to an
earlier report of conduction band 1-photon detrapping with 300
nm excitation.45 These latter measurements had insufficient time
resolution to distinguish among the different types of electron
relaxation reported herein).

For the excited states of water, H2O*, H2O**, the existence
of a pre-solvated structure is consistent with the proposed near-
threshold photoionization process, i.e., H2O* f eeq.16,18,29,46The
electron ejection process has been assigned to charge transfer
from H2O* to preexisting deep trap sites or solvent cavities.
The thermally prepared sites already have a structure that is
favorable for electron solvation. In other words, the preexisting
hydrated electron sites are “pre-solvated.”

The proposed dependence of electron solvation time scales
on the degree of pre-solvation is also reflected in the observed
correlation of solvation times with electron migration length
(lm), as shown in Table 1. The electron migration length of the
hydrated electron species that precedes the formation of es,NE

is closely related to local solvent configuration. For ep, the small
migration length is a consequence of the localization of the
electron in a pre-solvated cavity that was formed around the
initial eeq from which ep was prepared by optical excitation.28

For H2O* and H2O** the small migration length (as compared
to lm for the conduction band) is consistent with the interpreta-
tion of H2O* and H2O** as diffuse, locally excited states of
water.27 As mentioned above, H2O* and the 3-photon-400 nm
component of H2O** are below the conduction band of water
and require preexisting, pre-solvated cavities in water.

The slow time scales for relaxation of the conduction band
electrons, eCB′(1-photon-400 nm) and eCB′′(2-photon-800 nm),
are presumably due to electron localization, trapping, and
solvation in water sites that have a relatively small amount of
pre-solvation. Simulations show that the equilibrium concentra-
tion (or density) of sites with a small degree of pre-solvation is
much higher than that for more localized, “deep” pre-solvated
sites.47 The conduction band electron has a sufficiently large
migration length and total energy to sample the plentiful
“shallow” preexisting electron trap sites in water.

The difference between the solvation time scales for a pre-
solvated electron (e.g., ep) versus a conduction band electron is
especially relevant to the optically prepared electron species in
the 3-pulse experiments5,7,8,12,45. The single photon excitation
(eeq f ep) experiments with excitation at 800 nm (1.55 eV),
635 nm (1.95 eV), and 720 nm (1.72 eV, not shown here) have
identical time scales for electron solvation within experimental
error. Thus, significant changes in the excitation energy have
little dynamic consequences as long as the same localized state
(ep) is produced. In contrast, with 400 nm (3.10 eV) excitation
a highly delocalized conduction band state is produced with a
large migration length40 and a relatively slow solvation time
scale. Furthermore, the two methods for producing the conduc-
tion band (400 nm 1-photon40 or 800 nm 2-photon8,28) have
identical solvation time scales.

An additional complex issue involving the relaxation mech-
anism of the hydrated electron is the potential role of the p-state
electron. Molecular dynamics simulations35 suggest that about
50% of conduction band electrons should proceed through the
p-state

where es,NE in this case is nonequilibrium form of the ground

state, eeq. The other 50% of the conduction band population is
predicted to proceed directly to s-state, as follows

It would be an important breakthrough in hydrated electron
research to definitively determine whether the p-state is indeed
populated in conduction band relaxation.

To address this issue, it is useful to consider how p-states
are involved in the relaxation of the other nonconduction band
electrons and electron precursors. Of course, the 3-pulse
experiments that exclusively produce the p-state (e.g., 800 nm
1-photon excitation) should be particularly revealing. For these
experiments, the time-dependent evolution of the spectrum has
been assigned to a complex combination of p-state to s-state
nonadiabatic relaxation with adiabatic relaxation in both the
s-state and p-state.7,8 The different contributions to the dynamics
have similar spectral manifestation (time-dependent blue shift
in the spectrum) and are difficult to unravel. The three major
time scales for spectral dynamics of ep (79 fs, 263 fs, 630 fs)
have been assigned respectively to excited-state relaxation, p
f s internal conversion, and ground-state solvation.8 Further-
more, this interpretation is based on the assumption that the
excited p-state absorbs in the 800 nm region. This latter
assignment is consistent with observation that 2-photon 800 nm
absorption effectively produces eCB′′.8,28

It is tempting to use the spectroscopy of ep from the eeq f ep

3-pulse experiments to evaluate whether p-state electrons are
indeed formed in the 3-pulse conduction band experiment. The
data in Figure 4 reveal that the conduction band data are missing
the short time-scale dynamics in the 720 nm region that has
been assigned to p-state absorption and relaxation. Does this
indicate that few p-state electrons are formed during relaxation
of conduction band electrons? Unfortunately, the answer is not
completely clear, because the p-state in the two experiments
may absorb in different wavelength regions due to the different
nonequilibrium solvent configurations.

It is unclear whether the p-state is an intermediate in UV
photoionization experiments. For this type of experiment the
p-state may be formed from the photoejection process, as follows

This is in parallel with the direct formation of es,NE

Previous results4,48 suggesting that both processes (eqs 3 and
4) occur in parallel are consistent with the similar dynamics
reported herein for the genuine p-state experiment (3-pulse 800
nm excitation) and the 2-pulse 266 nm experiments (see Figure
2 for example). Although this seems to argue that ep is formed
from H2O*, others argue that the H2O* ionization route (7-
9.32 eV) is significantly below the vertical conduction band
threshold (9-11 eV),18,19,29,32,36,49which seems to suggest that
the lower energy channel, eq 4, should be more favorable. The
escape yield is constant from 7 to 9.32 eV, which indicates that
this energy range produces the same species.18 An energy of 7
eV is clearly below the conduction band edge suggesting es,NE

formation. The state produced by MPI cannot be clearly resolved
with this experiment, however, as we cannot distinguish ep and
es,NE by dynamics alone.

It is interesting to contrast the various experiments describe
herein with the analogous time-resolved experiment with
ionizing radiation, i.e., pulse radiolysis.24,25,37 Unfortunately,
pulse radiolysis does not have sufficient time resolution to

eCB f es,NE f eeq (2)

H2O* f ep f es,NE f eeq (3)

H2O* f es,NE f eeq (4)

eCB f ep f es,NE f eeq (1)

Solvation Dynamics of the Hydrated Electron J. Phys. Chem. A, Vol. 106, No. 10, 20022377



directly examine the time scale for electron solvation. On the
basis of indirect measurements including slower track kinetics,
yield studies with electron scavengers, theoretical modeling, etc,
it is generally assumed that ionization proceeds through a
conduction band electron, eCB′′′, shown in Figure 1. The
conduction band in radiation chemistry, eCB′′′, is known to have
a migration length of 52 Å.50,51It is interesting to compare eCB′′′
to the two forms of the conduction band produced by the 3-pulse
sequence. The latter species have an observed lower limit to
the migration length of 35 Å and as such may be electronically
indistinguishable from the species produced in radiolysis. The
radiolysis and 3-pulse sequence species differ however with
regard to the partner for electron. In radiolysis, a H2O+ hole
which fragments rapidly, is located at the center of the
conduction band. In the 3-pulse experiment with 400 nm
excitation, an empty cavity is located at the center of conduction
band due to the detrapping process. The cavity itself would be
expected to disappear on the∼1 ps due to solvent motion. Also,
because the 3-pulse experiment involves an initial ionization
step that produces a hole, the conduction band produced in the
3-pulse experiments actually has both a hole and a solvent cavity
at early times but only a hole at times much greater than 1 ps.

It is important to note, however, that the near-threshold
2-pulse photoionization/probe experiment does not produce a
conduction band electron (as mentioned above) and as such is
not analogous to the major mechanism of ionization in radi-
olysis, although some of the electrons in radiolysis may be
produced by H2O* like species. It would be useful to develop
a 2-pulse technique that will directly produce conduction band
electrons, but this might require shorter wavelength femtosecond
sources and more complex multicolor multiphoton ionization
schemes to strongly favor an above threshold ionization.

IV. Conclusions and Summary

The hydrated electron solvation dynamics were measured for
the different precursor states and optically excited eeq. The
observed relaxation corresponds to the latter states (>100 fs)
of the relaxation as the hydrated electron becomes fully
equilibrated. Many of the experiments described in this paper
employ a femtosecond 3-pulse sequence allowing for control-
lable preparation and monitoring of different nonequilibrium
forms of the hydrated electron including the highly delocalized
conduction band forms, eCB′ and eCB′′. It is observed that the
conduction band electron forms exhibit significantly slower
relaxation dynamics than the p-state electron and precursor states
(ep, H2O*, H2O**) that have an initially localized configuration
in a pre-solvated solvent environment. The results offer new
insight into the differences in structure and dynamics among
the various nonequilibrium forms of the hydrated electron. The
results also offer new insight into the fundamental difference
between the UV photoionization of water and radiolysis.
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