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Femtosecond time-resolved resonance Raman measurements were carried out to examine the relaxation process
of the hydrated electron in water. The rise of the intra- and intermolecular vibrational Raman bands of the
solvating water molecules was successfully time-resolved with a time resolution as high as 250 fs. The temporal
intensity change of Raman bands, as well as that of luminescence background, was compared with the time
evolution of the transient absorption signal. It was found that (1) the Raman and luminescence signals exhibited
the same temporal behavior, (2) the rise time of the Raman bands is faster than the appearance of the equilibrated
hydrated electron, indicating that the precursor state also gives rise to resonance Raman signals, and (3) the
rise of the transient Raman band is slower than that of the transient absorption at the probe wavelength of
800 nm. Because it has been shown that the Raman intensity enhancement arises from the resonance with the
s f p transition, fact 2 implies that the precursor state is the nonequilibrated s-state electron. The delayed
rise of the Raman signal compared to the absorption was explained in terms of the temporal change of the
resonance condition. In very early time when the absorption is largely red-shifted, the probe at 800 nm is
resonant with the high energy part of the absorption that provides little resonance Raman enhancement. This
explanation was consistent with the probe wavelength dependence of the temporal behavior of the Raman
signal: the Raman bands measured with the higher energy probe (600 nm) rose even more slowly. The
resonance Raman signal in the anti-Stokes side was also examined, but no anti-Stokes band was observable.
It suggests that the temperature increase of the solvation structure around the nonequilibrated hydrated electron
is less than 100 K.

1. Introduction

The hydrated electron is the most basic anion in solution and
it has been attracting much interest for decades in the fields of
chemistry, physics, and biology. A large number of spectro-
scopic studies have been done so far and, especially, time-
resolved absorption experiments were carried out to clarify the
relaxation dynamics of the hydrated electron.1-23 Because the
electron injected into water is fully relaxed within a few
picoseconds, femtosecond pump-probe spectroscopy has been
performed with use of two-1-13,23or three-pulse sequences.14-22

The absorption signal of a precursor of the fully relaxed electron
was first observed in 1987,1 whereas its existence had been
predicted based on the picosecond time-resolved experiments
in alcohols.24-27 The assignment of this precursor as well as its
relaxation dynamics has been intensively discussed. Actually,
the assignments proposed so far are classified into the following
three categories: (1) the precursor is the excited p state;1-4,6,7

(2) both the p and s states contribute to the absorption band in
the femtosecond region;5,8,14,15and (3) the precursor is attribut-
able solely to the s state.9-13,18,21,22Concerning the spectral
evolution, a broad absorption band appears in the near-infrared
region after photoionization, and it subsequently shifts to the
higher energy side in the femtosecond region until it becomes
identical with the fully relaxed band centered at 720 nm. The

following three different explanations have been given for this
dynamic peak shift: (i) the internal conversion from the p state
to the s state;1-4,6,7 (ii) the stepwise pf s relaxation coupled
with the spectral shift due to the solvation;5,8,14,15and (iii) the
continuous shift attributable to either thermalization12,21,22 or
solvation9-11,13,18in the ground state. Recently, the absorption
spectrum of the earlier precursor has been observed in the mid-
infrared region.23 Ultrafast time-resolved absorption spectros-
copy has played a crucial role in the study of the generation
and relaxation dynamics of the hydrated electron. However, it
is still difficult to make unambiguous assignments of ultrafast
relaxation dynamics of the hydrated electron only on the basis
of the time-resolved absorption data.

Recently, we reported resonance Raman scattering from the
equilibrated hydrated electron.28,29 Tauber and Mathies also
reported the same phenomena, independently.30-32 It was found
that the intensity of the vibrational Raman bands of the water
molecules around the electron is strongly enhanced under the
resonance condition with the electronic transition of the hydrated
electron. The observed resonance enhancement arises from the
strong interaction between the electronic state of the electron
and the vibrational state of solvating water molecules. This
finding indicates that the hydrated electron should be regarded
as a “quasi-molecule” that consists of both the electron and
solvating water molecules, and it is too simple to consider it
merely as the captured electron in a cavity. The Raman
excitation profiles were measured and it was concluded that
the s f p transition primarily contributes to the resonance
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enhancement. The observed Raman frequencies of the water
molecules that interact with the electron were well reproduced
by a recent theoretical calculation for hydrated-hydronium
clusters, which is a finite-size model of the hydrated electron
in the liquid phase.33 Therefore, Raman spectroscopy is a new
tool to study both the local solvation structure and the nature
of the resonant electronic transition of the hydrated electron. It
can provide unique information that cannot be obtained by time-
resolved absorption measurements.

It is desirable to apply time-resolved Raman spectroscopy to
the study of the ultrafast relaxation dynamics of the hydrated
electron. However, picosecond time-resolved Raman spectros-
copy, which we used to study the equilibrated hydrated electron,
cannot provide sufficient time resolution for the dynamics of
interest, because the relaxation of the hydrated electron is
completed in a few picoseconds. Therefore, we decided to use
femtosecond pulses to measure time-resolved resonance Raman
spectra for the study of ultrafast relaxation of the hydrated
electron. It should be noted that femtosecond time-resolved
spontaneous Raman measurements are not usually performed.
This is because the broad bandwidth of femtosecond pulses
makes the observed Raman bands broad, so that we cannot
obtain well-resolved vibrational spectra. In the case of water,
however, femtosecond pulses (longer than a few hundred
femtoseconds) can provide reasonable spontaneous Raman
spectra, because the water Raman bands are isolated and
intrinsically broad. The broad bandwidth of femtosecond pulses
does not drastically degrade the spectrum.

In this paper, we report femtosecond time-resolved resonance
Raman study of the hydrated electron. We examine the temporal
intensity changes of the resonance Raman bands of the intra-
and intermolecular vibrations of solvating water molecules, and
compare them with the change of the luminescence and the
transient absorption signals. Anti-Stokes Raman scattering from
the hydrated electron is also discussed. Taking advantage of
the resonance Raman spectroscopy, we elucidate the nature of
the electronic transition of the precursor state of the hydrated
electron, from a viewpoint different from that of the time-
resolved absorption studies.

2. Experimental Section

The light source of the apparatus was a femtosecond mode-
locked Ti:sapphire oscillator (Spectra-Physics, Tsunami) pumped
by the frequency-doubled output of a CW diode-pumped Nd:
YVO4 laser (Spectra-Physics, Millennia-Vs). The output of the
oscillator laser was amplified with a Ti:sapphire regenerative
amplifier (Spectra-Physics, Spitfire) that was pumped by a CW
Q-switched, diode-pumped Nd:YLF laser (Spectra-Physics,
Evolution-X). The wavelength, pulse energy, pulse width, and
repetition rate of the amplified output were 800 nm, 950µJ,
140 fs, and 1 kHz, respectively. The third harmonic (267 nm)
of a part of the amplified output was used as the pump pulse to
photoionize water molecules. The residual fundamental output
was used as the probe light source. Two probe wavelengths,
800 and 600 nm, were used to obtain the transient Raman signal.
The 800-nm probe pulse was the fundamental output of the Ti:
sapphire laser. The 600-nm probe pulse was the second
harmonic of the signal output of an optical parametric amplifier
(Topas, Quantronix) that was pumped by the fundamental output
of the regenerative amplifier. The pump and probe pulses were
collinearly focused onto a thin film-like jet stream of water
(thickness∼300 µm) with a quartz lens (f ) 400 mm). To
minimize the chromatic aberration, the beam radius of the probe
pulse was expanded by a lens pair (f ) -250, 350 mm) before

the superimposition of the two pulses. Typical pulse energy was
10 µJ (pump), 2µJ (800-nm probe), and 0.5µJ (600-nm probe)
at the sample point. The beam radii of the pump and probe
pulses were about 200 and 30µm, respectively. The linear
polarizations of the pump and probe pulses were set perpen-
dicular. The zero-delay time was precisely determined by
measuring the optical Kerr signal ofn-hexane. The Raman
scattering light was collected and introduced into a spectrometer
(Jobin-Ybon, HR320) by a camera lens. A holographic notch
filter (Kaiser Optical Systems, Inc.), sharp-cut colored glass
filters (HOYA), and a short wave pass dielectric filter (Asahi
Spectra Co., Ltd.) were placed before the entrance slit of the
spectrometer to eliminate unwanted light, such as strong
Rayleigh scattering or the emission arising from the pump pulse
irradiation. A liquid nitrogen cooled CCD camera (Princeton
Instruments, LN/CCD-1100PB) was used to detect the Raman
scattering. The obtained signal intensity, which was distorted
by the optics such as a camera lens and filters and by the
sensitivity of each pixel on the CCD camera, was corrected by
a calibrated halogen lamp (Ushio Inc.).

In Figure 1, the time and spectral resolutions of the present
femtosecond setup were compared with those of the picosecond
setup that was used in our previous work.28,29 The time
resolution of the measurement (the fwhm of the cross correlation
between the pump and probe pulses) was improved from 4 ps
to 250 fs, whereas the spectral resolution (the bandwidth of the
probe) was significantly lowered from 10 to 160 cm-1.

Figure 1. Time traces and spectra of femtosecond and picosecond
laser pulses: (a) the cross correlation between the pump and probe
pulses; (b) spectra of the probe laser; and (c) Raman spectra of water.
The top of each figure represents the data for femtosecond pulses, and
the bottom is for picosecond pulses. Probe and pump wavelengths are
800 and 267 nm, respectively.
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Nevertheless, reasonable Raman spectra can be measured with
the present femtosecond setup, as shown in Figure 1c, because
the Raman band of water is isolated and intrinsically broad.

Time-resolved absorption traces were measured by monitor-
ing the intensity of the probe pulse that passed through the
sample solution. The pump wavelength was 267 nm and the
probe light was tuned to 15 wavelengths in the range of 600-
950 nm. The probe light was the fundamental output of the
regenerative amplifier, the second harmonic of the signal (600-
800 nm), or idler (825-950 nm) outputs of the optical
parametric amplifier. The measurement was carried out with
the same optical setup of the time-resolved Raman measurement.

Typical pulse energy was 10µJ (pump) and<0.1µJ (probe) at
the sample point.

To compare the dynamics measured in time-resolved absorp-
tion and time-resolved Raman measurements, we carefully
checked the pulse energy dependence of the transient absorption
signals. Although some saturation (above the pump energy of
5 µJ) and bleaching (above the probe energy of 0.1µJ) effects
were recognized, no distortion was discerned for the dynamics
up to the experimental condition of time-resolved Raman
measurements (pump 10µJ; probe 2 µJ). Therefore, the
dynamics of the transient signals measured in time-resolved
Raman and absorption measurements can be directly compared
to each other.

Distilled water (HPLC grade) was purchased from Wako Pure
Chemical Industries and used as received. All measurements
were performed at room temperature in the aerated atmosphere.

3. Results and Discussion

3.1. Time-Resolved Absorption.As the basis for discussion
on time-resolved Raman data, we first measured femtosecond
time-resolved absorption traces and analyzed the kinetics of the
absorption data. Time-resolved absorption traces of the hydrated
electron monitored at 15 probe wavelengths are shown in Figure
2. Because the two-photon energy of the 267-nm pump light is
larger than the ionization threshold of the water molecule (∼8.0
eV),34 the hydrated electron was generated via the two-photon
ionization of water in the experiment. The average transient
absorbance measured in the range of 20-40 ps (not shown)
has been normalized to the extinction coefficient of the
equilibrated hydrated-electron35 at each wavelength.

We analyzed the kinetics of the temporal intensity change of
the transient absorption, assuming the following model for the
relaxation dynamics:7

where emid-IR is the earlier precursor giving rise to a mid-infrared
absorption,23 epre represents the precursor of the equilibrated
hydrated electron which shows the near-infrared absorption
band, eeq

gr stands for the equilibrated electron that is going to
recombine geminately, eeq

long denotes the equilibrated electron
that escapes from the geminate recombination, andR is the
probability of the geminate recombination. When the electron
is injected into water, epre is generated with the time constant
τ1 from the earlier precursor. In this model, it was assumed
that the relaxation process from epre to the equilibrated state
(eeq) is represented by the single-exponential function with the
time constant ofτ2. A part of the equilibrated electron de-
cays with the geminate recombination in the picosecond region
(eeq

gr), and the corresponding population decay is represented by
the diffusive model. Consequently, the differential equation for
the population change of each state can be written as follows,

Figure 2. Femtosecond time-resolved absorption traces of the hydrated
electron in neat water (dots). The gray filled Gaussian trace denotes
the cross correlation between the pump and probe pulses. The black
solid line represents the best fitted curves of the transient absorption.
The dotted and dashed lines are the contributions of the precursor (epre)
and equilibrated (eeq) states of the hydrated electron, respectively, which
were calculated based on formula 2. The pump wavelength is 267 nm.
The probe wavelength (as well as the corresponding wavenumber) is
indicated for each trace in the figure.
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Here,T indicates the jump rate of the one-dimensional random
walk model, which is often utilized to numerically describe the
recombination between the radical pair in the framework of the
diffusion controlled model.36 Only epre and eeq give rise to the
transient absorption signal in the observed wavelength region.
The global fitting for the obtained 15 transient-absorption traces
was carried out for these two species on the basis of the kinetics
described in formula 2. We fixed the parameterτ1 at 200 fs,
which was the value reported by a time-resolved absorption
measurement carried out with 50-fs time resolution,9 and the
other parameters (τ2, R, T, and extinction coefficients of epre

and eeq at each wavelength) were determined by the fitting. The
results of the fitting analysis are shown in Figure 2. The best-
fit global parameters wereτ2 ) 540 fs,R ) 0.41, andT ) 3.1
ps. The wavelength-dependent temporal absorption change in
the early delay time reflects the difference in relative extinction
coefficients of epre and eeq at each wavelength. Note that the
present model 1 is just for the sake of convenience and it does
not necessarily mean a stepwise relaxation process such as the
electronic relaxation. Actually, the time constant ofτ2 obtained
by the analysis based on model 1 is consistent with the
correlation time reported in a previous time-resolved absorption
study, in which the dynamic peak shift of the hydrated-electron
absorption was assigned not to the stepwise process but to a
continuous blue shift.9 Therefore, the calculated rise time,τ2,
can represent the appearance of the equilibrated hydrated
electron, regardless of the assignment of the precursor state of
the hydrated electron.

3.2. Time-Resolved Resonance Raman Spectra.We mea-
sured femtosecond time-resolved Raman spectra using 267-nm
pumping and 800-nm probing. For quantitative discussion on
the temporal change of the observed Raman signals, we carefully
corrected spectral distortion due to the reabsorption effect of
the hydrated electron, using the correction curve created in a
way described in the Appendix. Figure 3a shows time-resolved
Raman spectra obtained after the correction for the reabsorption
effect. We note that the 800-nm light for probing is resonant
with not only the electronic transition of the equilibrated electron
but also its precursor.1-13 As seen in the figure, the signal
appeared within a few hundreds of femtoseconds after photo-
ionization in both lower (Stokes) and higher energy (anti-Stokes)
sides of the probing light (12500 cm-1). Temporal change of
the signal was successfully time-resolved with a time resolution
as high as 250 fs. The observed signal consists of the Raman
scattering and a broad structureless luminescence. The bands
around 1600 and 600 cm-1, which are recognized on the
luminescence background, are assignable to the intramolecular
HOH bending vibration and the intermolecular libration,
respectively, of the water molecule that solvates the elec-
tron.28-30,32 The measurement did not cover the region of the
OH stretch region (∼3200 cm-1) because of lack of the CCD
sensitivity.

To separate the Raman band from the luminescence back-
ground, we measured time-resolved Raman spectra by slightly
shifting the probe wavelength. As the probe wavelength is
changed, Raman bands shift correspondingly whereas the
luminescence band does not. We measured the time-resolved

Raman spectra with probe at 780 nm and determined the shape
of the luminescence background by comparing the data taken
with 800-nm probe. In Figure 3b, as an example, the transient
spectrum at 5.1 ps was decomposed to Raman scattering and
luminescence. By subtracting the luminescence background from
the time-resolved spectrum at each delay time, we obtained the
femtosecond time-resolved Raman spectra shown in Figure 4.

3.3. Temporal Change of the Raman, Luminescence, and
Absorption Signals. We analyzed the temporal intensity
changes of the two Stokes Raman bands (bend and libration)
and luminescence signal, and plotted them in Figure 5. Because
the Raman and luminescence signals from the equilibrated

d[eeq
long]

dt
) (1 - R)

[epre]

τ2

d[eeq
gr]

dt
) R

[epre]

τ2
- [eeq

gr]
d
dt

erfxT
t

(2C)

Figure 3. (a) Femtosecond time-resolved spectra of the hydrated
electron in the delay time from-1.9 to 5.1 ps (pump laser 267 nm;
probe laser 800 nm). The spectrum taken only with pump or probe
pulse irradiation has been subtracted from each spectrum, and the
spectral distortion due to the reabsorption effect has been corrected.
(b) The time-resolved spectrum at 5.1 ps, which is decomposed into
each component (see text). The steady-state Raman spectrum of the
bulk water is also shown.
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hydrated electron originate from the same electronic transition,30

they exhibit the same temporal behavior after equilibration of
the electron. Similarly, the Raman and luminescence signals
exhibited the same temporal behavior in early delay time when
the relaxation process of the hydrated electron takes place, as
shown in Figure 5a-d. We carried out the fitting for the
temporal intensity change of these signals based on formula 2,
as done for the absorption data. The parameterτ2, R, and T
were fixed at the optimized values for the time-resolved
absorption data, because it is known that the equilibrated
hydrated electron gave the resonance Raman, luminescence, and
absorption signals and hence they should show the same
temporal behavior after equilibration.37 All the traces shown in
Figure 5a-d were well fitted with the same fitting parameter
τ1 (∼330 fs), which confirmed that the Raman and luminescence
signals behave in the same way also in early delay time when
the precursor of the hydrated electron is the dominant species.

Although the temporal behaviors of the transient Raman and
luminescence signals are identical, they are different from that
of transient absorption in the early delay time. The temporal
behavior of the Raman band due to the bending vibration is
compared with the time-resolved absorption trace monitored at
800 nm in Figure 6a. Because the temporal behaviors of the
libration Raman band and the luminescence signal are identical
with that of the bend Raman band, we only show the plot for
the bend Raman band here. In the same figure, we also plot the
curve that corresponds to the appearance of the equilibrated

electron calculated in section 3.1 (the dashed curve). As is
clearly seen, (1) the rise time of the Raman bands is faster than
the appearance of the equilibrated hydrated electron and (2) it
is slower than the rise of the transient absorption signal at the
probe wavelength of 800 nm. Because the temporal behavior
of the transient Raman and absorption are identical in the long
delay time range of 3-300 ps (Figure 6b), this deviation in the
femtosecond time range is not an artifact but is inherent to the
relaxation process of the hydrated electron.

The transient Raman band due to the solvating water molecule
(as well as luminescence) rose faster than the appearance of
the equilibrated hydrated electron. It means that the resonance

Figure 4. Femtosecond time-resolved resonance Raman spectra of the
hydrated electron in the delay time range from-1.9 to 5.1 ps (pump
laser 267 nm; probe laser 800 nm). The spectrum taken only with pump
or probe pulse irradiation has been subtracted from each spectrum, and
the spectral distortion due to the reabsorption effect has been corrected.
The luminescence spectrum measured at each delay time has also been
subtracted.

Figure 5. Temporal intensity change of the Stokes Raman bands (bend
and libration) and the luminescence (pump laser 267 nm; probe laser
800 nm): (a and e) the Raman intensity due to the intramolecular bend
mode (the area intensity from 1450 to 1750 cm-1 in Raman shift); (b)
the Raman intensity due to the intermolecular libration (the area
intensity from 600 to 800 cm-1 in Raman shift); (c and f) the
luminescence signal observed in the Stokes side (the area intensity from
1000 to 1200 cm-1 in Raman shift); and (d) the luminescence signal
observed in the anti-Stokes side (the area intensity from-800 to-400
cm-1 in Raman shift). The data in the early time region of-2.5 to 5.5
ps are shown in parts a-d, and those in the later time region up to 300
ps are in parts e and f. Filled circles indicate the data point and the
solid curves are the best fits based on formula 2. Error bars shown in
the figure were determined by the S/N ratio of the obtained spectra.
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Raman signals were generated not only from the equilibrated
hydrated electron but also from its precursor. In other words,
we observed resonantly enhanced Raman scattering also from
the water molecules that solvate the precursor-state electron, in
the early femtosecond region. In the previous paper, we
examined Raman excitation profiles and concluded that the
Raman intensity of the water molecules solvating the electron
is enhanced under the resonance condition with the sf p
transition.28 The resonance Raman enhancement significantly
depends on the electronic transition in resonance. Therefore,
the fact that the precursor state also gives a strong resonance
Raman signal indicates that the resonant electronic transition
of the precursor also has the sf p nature, even though the
absorption spectrum is red-shifted. It means that the precursor
state of the equilibrated hydrated electron is also the nonequili-
brated s-state electron. Consequently, the present Raman study
supports (3) and (iii) in the assignments described in the
Introduction: the precursor is attributable to the ground-state
electron that has higher energy than the fully relaxed one (the
nonequilibrated state), and the spectral change of the time-
resolved absorption spectra in the femtosecond region is
described as a continuous blue shift.9-13,18,21,22

It was also found that the rise of the transient Raman band
was slower than that of the transient absorption, which was
quantitatively confirmed by the fitting analysis resulting in
longerτ1 for the Raman signals (∼330 fs) than for the absorption
(200 fs). It implies that, in the delay time range of 0-1.5 ps,
the precursor (i.e., the nonequilibrated hydrated electron) absorbs
the probe light but does not give rise to the resonance Raman
and luminescence signals as much as expected from the
absorption intensity. For the equilibrated state, theoretical and
experimental studies clarified that the sf conduction band (CB)

transition contributes to the blue side of the absorption band,
although the main part is ascribed to the sf p transition.19,20,38

In the previous paper, we reported that the vibrational Raman
bands of the solvating water molecules gain very little intensity
enhancement when the probe wavelength is tuned to the blue
side of the absorption where the contribution of the sf CB
transition is significant.28 The absorption of the nonequilibrated
hydrated electron is red-shifted compared to that of the
equilibrated electron. Therefore, the probe wavelength at 800
nm is located at the relatively blue side of the transient
absorption in the early delay time. Therefore, we consider that,
when the transient absorption is largely red-shifted, the 800-
nm light probes the blue part of the absorption that gives little
resonance Raman intensity (as well as little luminescence
intensity), which made the rise curve slower than that of the
transient absorption. In other words, we observed the temporal
change of the Raman excitation profiles while the transient
absorption shows a blue shift during the relaxation process of
the hydrated electron. The present observation indicates that
the transition energy between the s state and the conduction
band as well as the energy between the s and p states increases
with time. A theoretical study suggested that only one bound
state (the s state) can exist when the solvation structure radius
is smaller than a critical value.39 There might be a short period
when the sf p transition itself does not exist in the very early
time immediately after photoionization.

The luminescence intensity displayed the same temporal
behavior as the Raman intensity, which suggests the lumines-
cence is very weak with the sf CB excitation. This observation
leads us to consider that the luminescence also has transition-
specific intensity. The luminescence is substantially observed
only with the sf p excitation, and therefore luminescence signal
from the nonequilibrated state is also attributable to the
fluorescence from the p state. The luminescence intensity is
small in the case of the sf CB excitation, probably because
the electron is detrapped from the solvent cavity.18-20

To confirm the dynamic energy-level shift of the hydrated
electron as the origin of the delayed appearance of transient
Raman and luminescence signals, we measured femtosecond
time-resolved Raman and luminescence spectra with 600-nm
probe and compared their temporal behavior with transient
absorption. The temporal intensity changes of the transient
absorption and transient Raman band (the bend mode) measured
with two probe wavelengths (800 and 600 nm) are compared
in Figure 7. Because the temporal behavior of the luminescence
signal was identical with that of the resonance Raman signal,
we only show the resonance Raman data here. Also in the case
of the 600-nm probe, the rise time of the resonance Raman
signal is faster than the appearance of the equilibrated electron
but slower than that of the transient absorption. (Note that the
absorption signal monitored at 600 nm rose more slowly than
the absorption at 800 nm because of the temporal blue shift of
the transient absorption.) Moreover, the rise time of the
resonance Raman band (τ1) was different between the 800- and
600-nm probe conditions. They are approximately 330 (800 nm)
and 500 fs (600 nm) as shown in Figure 7b. This is consistent
with the “dynamic excitation profile” effect. The higher energy
probe monitors the blue side of the shifting transient absorption
until a later time.

Finally, we mention the anti-Stokes side of the time-resolved
Raman spectra. Time-resolved anti-Stokes Raman spectroscopy
is a good probe to monitor the local temperature change, because
the intensity ratio between the Stokes and anti-Stokes bands is
equal to the Boltzmann factor. Keeping this advantage in our

Figure 6. Comparison of the temporal intensity change between
transient absorption monitored at 800 nm (black dots) and transient
Raman band due to the bend mode probed at 800 nm (open circles).
(a) Temporal behavior in the early delay time region of-1 to 3 ps.
Thin black and thick gray lines indicate the best-fit curve for the Raman
and absorption intensities, respectively. The black dashed line represents
the appearance of the equilibrated hydrated electron. (b) Temporal
behavior in the later time region up to 300 ps. The black line indicates
the population change of the hydrated electron determined by the global
fitting for transient absorption.
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mind, we tried to examine the thermal relaxation dynamics of
the nonequilibrated hydrated electron. However, as shown in
Figure 3, the signal corresponding to the anti-Stokes Raman
bands was not observed even in the early delay time. Taking
the S/N ratio of the observed spectra into consideration, we
estimated that anti-Stokes Raman intensity is less than 10% of
the corresponding Stokes signal. When the intensity ratio
between the Stokes and anti-Stokes bands at 0.3 ps is assumed
to be 10%, the temperature rise from room temperature is
estimated at∼100 K for the libration band, and∼700 K for
the bend band. Therefore, the local temperature rise of the
solvation structure around the electron is less than 100 K already
at 0.3 ps. This suggests that the electron injected into water
does not excite the water molecule to the vibrationally hot states
that can give rise to significant anti-Stokes Raman intensity for
the libration as well as the bend mode.

Because the energy for the 100 K temperature rise of a water
molecule corresponds to∼630 cm-1,40 it is roughly considered
that the water molecules in the first solvation shell (consisting
of ∼6 water molecules28,29) hold the thermal energy of less than

∼3780 cm-1 at the delay time of 0.3 ps. The initial excess
energy of the electron ejection, i.e., 2-photon ionization energy
minus the ionization threshold of the water molecule,34 is
calculated at∼10 400 cm-1. Therefore, a significant amount
of energy is distributed over other places than the first solvation
shell that gives rise to the resonance Raman signal. We consider
that the excess energy can be consumed through the collision
with water molecules in the electron ejection path (the average
electron ejection distance in the case of about 9-eV 2-photon
ionization was evaluated at∼1.5 nm10,13) and the energy is
distributed over a larger region. A part of the excess energy
may remain in a photoionized water molecule.

Figure 8 sketches the ultrafast relaxation process of the
hydrated electron observed in the present Raman study. After
photoionization of water, the precursor of the equilibrated
hydrated electron (the nonequilibrated ground s-state) is formed.
For this state, the sf CB transition contributes to the absorption
even at 800 nm in early time, so that there exists a period when
Raman resonance enhancement is small compared with transient
absorption intensity (Figure 8a). It is considered that the energy
difference between the s state and conduction band at that time
is approximately half compared to that in the equilibrated state.
In accordance with the relaxation of the nonequilibrated electron
due to the solvation of the surrounding water molecules
(conformational change), the transition energy between the s
state and conduction band increases (Figure 8b). Then, the 800-
nm probe becomes more resonant with the sf p transition of
the nonequilibrated electron, and transient Raman and lumi-
nescence signals gain high intensity. The energy relaxation of
the electron progresses further, until the electron is fully
equilibrated in energy (Figure 8c). In the equilibrated state, the
s f CB transition mainly contributes to the blue side of the
absorption band around 400 nm,28,38and strong transient Raman
and luminescence signals are observed with both the 800 and
600 nm probes.

Figure 7. (a) The probe wavelength dependence of the temporal
intensity change of the time-resolved absorption (small open circles).
Solid lines represent the best-fit curves based on formula 2. (b) The
probe wavelength dependence of the temporal intensity change of the
resonance Raman band due to the bend mode (large open circles). Thick
solid lines indicate the best-fit curves based on formula 2. For
comparison, the temporal change of the absorption signal (thin solid
lines) and the rise of the equilibrated hydrated-electron population
(dashed lines) are also shown. The probe wavelength for each trace is
indicated in the figure.

Figure 8. A sketch for the temporal changes in the transient absorption
and the electronic transition of the hydrated electron during the
relaxation process. Left: The transient absorption spectra of the hydrated
electron, in which the gray area indicates the contribution of the sf
conduction band (CB) transition. Right: The energy level of the
hydrated electron during the relaxation process and the optical process
relevant to the present experiments. Three typical probe wavelengths
are indicated in the figure:1, 800 nm,2, 600 nm, and3, 400 nm.
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4. Conclusion

We applied time-resolved Raman spectroscopy to the study
of femtosecond dynamics of the hydrated electron after two-
photon ionization of water. It was shown that time-resolved
Raman spectroscopy with 250-fs time resolution provided a new
insight on the relaxation dynamics of the hydrated electron.
Raman scattering as well as the luminescence signal was
observed not only from the equilibrated hydrated electron but
also from its precursor state. It was concluded that the precursor
of the equilibrated hydrated electron is the ground s-state
electron, and the sf p transition gives rise to resonance Raman
enhancement. The Raman and luminescence signals rose more
slowly than the appearance of the transient absorption. This was
explained in terms of the “dynamic excitation profile” effect.
When the transient absorption shows a blue shift as a function
of time, the effective resonance condition changes also as a
function of time, and hence a probe wavelength monitors the
bluer part of the absorption that gives smaller resonance Raman
intensity in early time. Anti-Stokes Raman bands due to the
nonequilibrated hydrated electron were not observed, indicating
that the local temperature rise of the solvation structure around
the nonequilibrated electron is less than 100 K. The present
result supports the argument that the femtosecond relaxation
process of the hydrated electron is the conformational change
of the solvation structure around the ground s-state hydrated
electron.

Appendix

The calibration curve (C(ν̃;t)) to correct the reabsorption effect
was created in the following way.

First, we reconstructed time-resolved absorption spectrum
(ε(ν̃;t)) at the delay time that corresponds to each time-resolved
Raman measurement, using the time-resolved absorption data
shown in Figure 2. (Note that the abscissa axis of the absorption
spectra was represented by wavenumber for the following
procedure.) Because the reconstructed absorption spectra had
only sparse data points along the wavenumber axis, we obtained
smooth spectra by fitting with the Gaussian function.41 The
ordinate axis of the spectra was normalized to the extinction
coefficient of the equilibrated electron by referring to the average
transient absorbance in the late delay time range (tlate) of 20-
40 ps.

Second, the concentration of the equilibrated solvated electron
(celectron) in the Raman measurements was calculated from the
transient absorption at the late delay time (Aat0°(ν̃probe;tlate)),
which was monitored by the probe beam passing through the
sample, by the following formula,

The optical path length (L) was separately evaluated to be
300µm. Then, the absorbance (at various wavenumbers and at
various delay times) for the beam passing through the sample
was also calculated as,

Third, we evaluated the effective optical path length for the
scattering in the 90° direction. Since Raman scattering was
measured in the 90° direction, the magnitude of the reabsorption
effect is correlated to the absorbance for the scattering to the
90° direction,Aat90°(ν̃;t), which is represented as,

Here,Leff is the effective optical path length for the scattering
to the 90° direction. We could evaluateLeff from the relative
Raman intensity (R0) between the water bend band of the bulk
water (in the probe only spectrum) and that of the equilibrated
electron (in the pump and probe spectrum at the late delay time).
In the previous paper,29 we have already determined this
intensity ratio using the internal intensity standard to calculate
the resonance enhancement factor. If we compare this value
with the observed intensity ratio (Robs), we obtain the Leff as
follows,

and hence,

where Iobs
Tr and I0

Tr stand for transient HOH bend Raman
intensity before and after reabsorption correction. Note that the
Raman intensity of bulk water (Ibulk) is free from the reabsorp-
tion effect because it was measured with only probe. Concretely,
the intensity ratio at late delay time wasRobs/R0 ) 0.77 under
the present experimental condition (celectron) 4.3 × 10-4 mol
dm-3), which gaveLeff ) 290 µm.

Finally, on the basis of the reconstructed transient absorption
spectra (ε(ν̃;t)), the hydrated-electron concentration (celectron),
and the effective optical path length (Leff), the correction curve
for the reabsorption effect at each delay time for Raman
measurement was calculated numerically, by the following
formula,

Then, the corrected time-resolved spectra (S0(ν̃;t)) were
obtained from the observed spectra (Sobs(ν̃;t)) as follows,
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