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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 — 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 following three different explanations have been given for this
dynamic peak shift: (i) the internal conversion from the p state
to the s staté;4%7 (ii) the stepwise p— s relaxation coupled
with the spectral shift due to the solvati®fi*15and (iii) the
continuous shift attributable to either thermalizatiot22 or
solvatior?~11:13.18in the ground state. Recently, the absorption
spectrum of the earlier precursor has been observed in the mid-

electron injected into water is fully relaxed within a few infrared regior?3® Ultrafast time-resolved absorption spectros-

picoseconds, femtosecond purmrobe spectroscopy has been  COPY has played a crucial role in the study of the generation
performed with use of twd=13230r three-pulse sequencis?? gnd .rela'lx.atlon dynamics of thg hydrated .electron. However, it
The absorption signal of a precursor of the fully relaxed electron 1S Still difficult to make unambiguous assignments of ultrafast
was first observed in 1987whereas its existence had been relaxatlpn dynamics of the hydrated electron only on the basis
predicted based on the picosecond time-resolved experiment®f the time-resolved absorption data.
in alcohols?4~27 The assignment of this precursor as well asits ~ Recently, we reported resonance Raman scattering from the
relaxation dynamics has been intensively discussed. Actually, equilibrated hydrated electré&2® Tauber and Mathies also
the assignments proposed so far are classified into the followingreported the same phenomena, independé?th It was found
three categories: (1) the precursor is the excited p $t4t&? that the intensity of the vibrational Raman bands of the water
(2) both the p and s states contribute to the absorption band inmolecules around the electron is strongly enhanced under the
the femtosecond regidt#1415and (3) the precursor is attribut-  resonance condition with the electronic transition of the hydrated
able solely to the s stafe!31821.22Concerning the spectral  electron. The observed resonance enhancement arises from the
evolution, a broad absorption band appears in the near-infraredstrong interaction between the electronic state of the electron
region after photoionization, and it subsequently shifts to the and the vibrational state of solvating water molecules. This
higher energy side in the femtosecond region until it becomes finding indicates that the hydrated electron should be regarded
identical with the fU"y relaxed band centered at 720 nm. The as a “quasi_mo|ecu|e” that consists of both the electron and
- - solvating water molecules, and it is too simple to consider it
*Author to whom corres . i i
Emai oheirkonin Feoor 8L, pondence o Should beaddressed. merely as the captured electron in a cavity. The Raman
tPresent address: Molecular Photoscience Research Center, KobefXCitation profiles were measured and it was concluded that
University, 1-1 Rokkodaicho, Nada-ku, Kobe, Hyogo 657-8501, Japan. the s— p transition primarily contributes to the resonance

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 electfo?® Because the
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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 250 fs
clusters, which is a finite-size model of the hydrated electron ‘
in the liquid phasé3 Therefore, Raman spectroscopy is a new
tool to study both the local solvation structure and the nature /N
of the resonant electronic transition of the hydrated electron. It
can provide unique information that cannot be obtained by time- _7 i_ 4 ps
resolved absorption measurements. ps pulse . A
It is desirable to apply time-resolved Raman spectroscopy to —— 3
the study of the ultrafast relaxation dynamics of the hydrated -10 -5 0 5 10
electron. However, picosecond time-resolved Raman spectros- Time / ps
copy, which we used to study the equilibrated hydrated electron,
cannot provide sufficient time resolution for the dynamics of (b)
interest, because the relaxation of the hydrated electron is
completed in a few picoseconds. Therefore, we decided to use o
femtosecond pulses to measure time-resolved resonance Raman fs pulse
spectra for the study of ultrafast relaxation of the hydrated
electron. It should be noted that femtosecond time-resolved ps pulse
spontaneous Raman measurements are not usually performed. —— T —
This is because the broad bandwidth of femtosecond pulses 500 250 0 -250 -500
makes the observed Raman bands broad, so that we cannot T T A A ;
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 e 5.1 pspulse
Raman study of the hydrated electron. We examine the temporal rrrr o e e e
intensity changes of the resonance Raman bands of the intra- 2000 1750 1500 1250 1000
and intermolecular vibrations of solvating water molecules, and Raman shift/ cm

th ith the ch f the lumi d th Figure 1. Time traces and spectra of femtosecond and picosecond
compare them wi e change of the luminescence and e yser pylses: (a) the cross correlation between the pump and probe

transient absorption signals. Anti-Stokes Raman scattering frompyises: (b) spectra of the probe laser; and (c) Raman spectra of water.
the hydrated electron is also discussed. Taking advantage ofThe top of each figure represents the data for femtosecond pulses, and
the resonance Raman spectroscopy, we elucidate the nature ahe bottom is for picosecond pulses. Probe and pump wavelengths are
the electronic transition of the precursor state of the hydrated 800 and 267 nm, respectively.

electron, from a viewpoint different from that of the time- ) " )
resolved absorption studies. the superimposition of the two pulses. Typical pulse energy was

10uJ (pump), 2uJ (800-nm probe), and 08 (600-nm probe)
at the sample point. The beam radii of the pump and probe
pulses were about 200 and 2@n, respectively. The linear
The light source of the apparatus was a femtosecond mode-polarizations of the pump and probe pulses were set perpen-
locked Ti:sapphire oscillator (Spectra-Physics, Tsunami) pumpeddicular. The zero-delay time was precisely determined by
by the frequency-doubled output of a CW diode-pumped Nd: measuring the optical Kerr signal ofhexane. The Raman
YVO, laser (Spectra-Physics, Millennia-Vs). The output of the scattering light was collected and introduced into a spectrometer
oscillator laser was amplified with a Ti:sapphire regenerative (Jobin-Ybon, HR320) by a camera lens. A holographic notch
amplifier (Spectra-Physics, Spitfire) that was pumped by a CW filter (Kaiser Optical Systems, Inc.), sharp-cut colored glass
Q-switched, diode-pumped Nd:YLF laser (Spectra-Physics, filters (HOYA), and a short wave pass dielectric filter (Asahi
Evolution-X). The wavelength, pulse energy, pulse width, and Spectra Co., Ltd.) were placed before the entrance slit of the
repetition rate of the amplified output were 800 nm, 951 spectrometer to eliminate unwanted light, such as strong
140 fs, and 1 kHz, respectively. The third harmonic (267 nm) Rayleigh scattering or the emission arising from the pump pulse
of a part of the amplified output was used as the pump pulse toirradiation. A liquid nitrogen cooled CCD camera (Princeton
photoionize water molecules. The residual fundamental output Instruments, LN/CCD-1100PB) was used to detect the Raman
was used as the probe light source. Two probe wavelengths,scattering. The obtained signal intensity, which was distorted
800 and 600 nm, were used to obtain the transient Raman signalby the optics such as a camera lens and filters and by the
The 800-nm probe pulse was the fundamental output of the Ti: sensitivity of each pixel on the CCD camera, was corrected by
sapphire laser. The 600-nm probe pulse was the seconda calibrated halogen lamp (Ushio Inc.).
harmonic of the signal output of an optical parametric amplifier  In Figure 1, the time and spectral resolutions of the present
(Topas, Quantronix) that was pumped by the fundamental outputfemtosecond setup were compared with those of the picosecond
of the regenerative amplifier. The pump and probe pulses weresetup that was used in our previous wét® The time
collinearly focused onto a thin film-like jet stream of water resolution of the measurement (the fwhm of the cross correlation
(thickness~300 um) with a quartz lensf(= 400 mm). To between the pump and probe pulses) was improved from 4 ps
minimize the chromatic aberration, the beam radius of the probeto 250 fs, whereas the spectral resolution (the bandwidth of the
pulse was expanded by a lens pdir=(—250, 350 mm) before  probe) was significantly lowered from 10 to 160 Tt

fs pulse

2. Experimental Section
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i Typical pulse energy was 18 (pump) and<0.1xJ (probe) at
N 600 nm (16667 cm ') the sample point.
S To compare the dynamics measured in time-resolved absorp-
A 625 nm (16000 cm”") tion and time-resolved Raman measurements, we carefully
/’ checked the pulse energy dependence of the transient absorption
A

S - - signals. Although some saturation (above the pump energy of
650 nm (15385 cm ) 5 1J) and bleaching (above the probe energy ofi@)leffects

were recognized, no distortion was discerned for the dynamics
up to the experimental condition of time-resolved Raman

=] measurements (pump 10J; probe 2uJ). Therefore, the
dynamics of the transient signals measured in time-resolved
Raman and absorption measurements can be directly compared
700 nm (14286 cm’) to each other.

Distilled water (HPLC grade) was purchased from Wako Pure

I Chemical Industries and used as received. All measurements
725nm (13793 cm ) were performed at room temperature in the aerated atmosphere.

750 nm (13333 cm’™) 3. Results and Discussion

B 3.1. Time-Resolved AbsorptionAs the basis for discussion
% S, - on time-resolved Raman data, we first measured femtosecond
S 775 nm (12903 cm ) . . L

: ‘ » time-resolved absorption traces and analyzed the kinetics of the
800 nm (12500 cm ) absorption data. Time-resolved absorption traces of the hydrated
electron monitored at 15 probe wavelengths are shown in Figure
825 nm (12121 cm’™ 2. Because the_ tw_o-photon energy of the 267-nm pump light is
larger than the ionization threshold of the water molectt@.0
eV),3* the hydrated electron was generated via the two-photon
850 nm (11765 cm ) ionization of water in the experiment. The average transient
absorbance measured in the range of-20 ps (not shown)
| 1T has been normalized to the extinction coefficient of the
875 nm (11429 cm ) equilibrated hydrated-electrdf at each wavelength.
We analyzed the kinetics of the temporal intensity change of
900 nm (11111 cm™ the trarjsient absqrption, assuming the following model for the
relaxation dynamics:

Absprotion coefficient (40000 M cm™ /1 div.)
b3

925 nm (10811 cm’)

a . . .
Emid—IR -~ Epre T~ Eaq (gEMiNate recombination)
1 2

i 1- . .
950 nm (10526 cm’) £-9 ef;g (long-lived species;-300 ns) (1)
2 0 5 4 6 8 10 where @,q¢—r iS the earlier precursor giving rise to a mid-infrared
Time / ps absorptior?? ey represents the precursor of the equilibrated

hydrated electron which shows the near-infrared absorption

ore " € T band, g, stands for the equilibrated electron that is going to
long

Figure 2. Femtosecond time-resolved absorption traces of the hydrated "écombine geminately & denotes the equilibrated electron
electron in neat water (dots). The gray filled Gaussian trace denotesthat escapes from the geminate recombination, arid the

the cross correlation between the pump and probe pulses. The blackprobability of the geminate recombination. When the electron
solid line represents the best fitted curves of the transient absorption.js injected into water, #e is generated with the time constant
The dotted and dashed lines are the contributions of the precugspr (e 7, from the earlier precursor. In this model, it was assumed

and equilibrated (g) states of the hydrated electron, respectively, which . s
were calculated based on formula 2. The pump wavelength is 267 nm.that the relaxation process from.£to the equilibrated state

The probe wavelength (as well as the corresponding wavenumber) is (€ed) IS represented by the single-exponential function with the
indicated for each trace in the figure. time constant ofr,. A part of the equilibrated electron de-

cays with the geminate recombination in the picosecond region
Nevertheless, reasonable Raman spectra can be measured wii(regg), and the corresponding population decay is represented by
the present femtosecond setup, as shown in Figure 1c, becausthe diffusive model. Consequently, the differential equation for
the Raman band of water is isolated and intrinsically broad. the population change of each state can be written as follows,
Time-resolved absorption traces were measured by monitor-

absorption: obs. e | best fit —, e

ing the intensity of the probe pulse that passed through the dlegir] [€mig_ir]

sample solution. The pump wavelength was 267 nm and the €mid-Ir: at I— (2A)
probe light was tuned to 15 wavelengths in the range o600 1

950 nm. The probe light was the fundamental output of the d[epre] [€mig_ir] [epre]
regenerative amplifier, the second harmonic of the signal{600 Eorer dt = 7 - 7 (2B)

800 nm), or idler (825950 nm) outputs of the optical
parametric amplifier. The measurement was carried out with

. __ ralon gr
. - : e =1[e + [e
the same optical setup of the time-resolved Raman measurement. eq [eed =1 qu] [eed
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lon 1000 S ghif“cm-1 1000 2000
d[eeq — (1 _ a)[epre] eal A s ORISR A A6 R MR T =l

dt 72 (a)

dled; : r
[dIQ] = (IM — [ed] %erf \/? (2C) -'——""'/// 3.1ps k___

L2

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 /
E .1...1...p$...¥.._._

diffusion controlled modet® Only g, and @q give rise to the o

transient absorption signal in the observed wavelength region. /
0.7 ps \V._

The global fitting for the obtained 15 transient-absorption traces -

was carried out for these two species on the basis of the kinetics ____,_,-f‘“ 4%
SRS —— |

described in formula 2. We fixed the parameterat 200 fs, —

which was the value reported by a time-resolved absorption | g

measurement carried out with 50-fs time resolufi@nd the M o

other parametersrf, o, T, and extinction coefficients of e el 030s b

and gqat each wavelength) were determined by the fitting. The

results of the fitting analysis are shown in Figure 2. The best- e 0.2 ps

fit global parameters were, = 540 fs,a. = 0.41, andT = 3.1

ps. The wavelength-dependent temporal absorption change in L. 0,106 Mameacsse s oot
the early delay time reflects the difference in relative extinction

coefficients of g and gq at each wavelength. Note that the =~ e e —
present model 1 is just for the sake of convenience and it does

not necessarily mean a stepwise relaxation process such as the e

electronic relaxation. Actually, the time constantgbbtained
by the analysis based on model 1 is consistent with the

correlation time reported in a previous time-resolved absorption -0.9.08 o
study, in which the dynamic peak shift of the hydrated-electron
absorption was assigned not to the stepwise process but to a -1.9pS

| ]
12000 13000 14000
Wavenumber / cm’’

continuous blue shift. Therefore, the calculated rise time,

can represent the appearance of the equilibrated hydrated

electron, regardless of the assignment of the precursor state of

the hydrated electron. (b)
3.2. Time-Resolved Resonance Raman Spect\/e mea-

sured femtosecond time-resolved Raman spectra using 267-nm

pumping and 800-nm probing. For quantitative discussion on band

the temporal change of the observed Raman signals, we carefully -

corrected spectral distortion due to the reabsorption effect of @l

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 1000 0 -1000 -2000

effect. We note that the 800-nm light for probing is resonant Raman shift / cm’”

with not only the electronic transition of the equilibrated electron Figure 3. (a) Femtosecond time-resolved spectra of the hydrated

but also its precursdr.’® As seen in the figure, the signal electron in the delay time from-1.9 to 5.1 ps (pump laser 267 nm;

appeared within a few hundreds of femtoseconds after photo-Probe laser 800 nm). The spectrum taken only with pump or probe

P : . pulse irradiation has been subtracted from each spectrum, and the
lonization In both lower (Stokes) and higher energy (ant-Stokes) spectral distortion due to the reabsorption effect has been corrected.

S'des_ of the probing light (1_2500 cr. Tem_poral_change Of_ (b) The time-resolved spectrum at 5.1 ps, which is decomposed into
the S|gna| was SUCCGSSfu”y t|me'reSO|Ved Wlth atime reSO|utI0n each Component (See text). The Steady_state Raman spectrum of the
as high as 250 fs. The observed signal consists of the Ramarbulk water is also shown.
scattering and a broad structureless luminescence. The bands
around 1600 and 600 crh which are recognized on the Raman spectra with probe at 780 nm and determined the shape
luminescence background, are assignable to the intramoleculaiof the luminescence background by comparing the data taken
HOH bending vibration and the intermolecular libration, with 800-nm probe. In Figure 3b, as an example, the transient
respectively, of the water molecule that solvates the elec- spectrum at 5.1 ps was decomposed to Raman scattering and
tron28-30.32 The measurement did not cover the region of the luminescence. By subtracting the luminescence background from
OH stretch region+{3200 cnt?t) because of lack of the CCD  the time-resolved spectrum at each delay time, we obtained the
sensitivity. femtosecond time-resolved Raman spectra shown in Figure 4.
To separate the Raman band from the luminescence back- 3.3. Temporal Change of the Raman, Luminescence, and
ground, we measured time-resolved Raman spectra by slightlyAbsorption Signals. We analyzed the temporal intensity
shifting the probe wavelength. As the probe wavelength is changes of the two Stokes Raman bands (bend and libration)
changed, Raman bands shift correspondingly whereas theand luminescence signal, and plotted them in Figure 5. Because
luminescence band does not. We measured the time-resolvedhe Raman and luminescence signals from the equilibrated

|
11000

Raman

libration (transient)

Raman
(bulk) |

T = T T

T ™
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Figure 4. Femtosecond time-resolved resonance Raman spectra of the
hydrated electron in the delay time range frem.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 Iuminesce:nce
subtracted. (Stokes)

bend

hydrated electron originate from the same electronic transifion, 0 100 200 300

they exhibit the same temporal behavior after equilibration of
the electron. Similarly, the Raman and luminescence signals Time / ps

exhibited the same temporal behavior in early delay time when Figure 5. Temporal intensity change of the Stokes Raman bands (bend
the relaxation process of the hydrated electron takes place, agnd libration) and the luminescence (pump laser 267 nm; probe laser
shown in Figure 5ad. We carried out the fitting for the 800 nm): (a and e) the Raman intensity due to the intramolecular bend

i . h fth . s b d f la 2 mode (the area intensity from 1450 to 1750 ¢rim Raman shift); (b)
temporal intensity change of these signals based on formula 2,ihe 'Raman intensity due to the intermolecular libration (the area

as done for the absorption data. The parameier, and T intensity from 600 to 800 cmt in Raman shift); (c and f) the
were fixed at the optimized values for the time-resolved luminescence signal observed in the Stokes side (the area intensity from
absorption data, because it is known that the equilibrated 1000 to 1200 cm* in Raman shift); and (d) the luminescence signal
hydrated electron gave the resonance Raman, luminescence, an?:';]?‘fri‘r’]ega'&t;‘r? ;:‘i?t')StTohk:z zig?ét;iaer:ﬁ 'Tfﬁgslggm tg;“g%
absorption S|gn_als and he_nce Fhey should show the _Sameps are shown in parts-al, and those in the)llater time region up to 300
temporal behavior after equilibratiGfAll the traces shown in - ps are in parts e and f. Filled circles indicate the data point and the
Figure 5a-d were well fitted with the same fitting parameter solid curves are the best fits based on formula 2. Error bars shown in

71 (~330 fs), which confirmed that the Raman and luminescence the figure were determined by the S/N ratio of the obtained spectra.

signals behave in the same way also in early delay time Whenelectron calculated in section 3.1 (the dashed curve). As is
the precursor of the hydrated electron is the dominant species.Clealrly seen, (1) the rise time of the Raman bands is faster than
Although the temporal behaviors of the transient Raman and the appearance of the equilibrated hydrated electron and (2) it
luminescence signals are identical, they are different from that is slower than the rise of the transient absorption signal at the
of transient absorption in the early delay time. The temporal probe wavelength of 800 nm. Because the temporal behavior
behavior of the Raman band due to the bending vibration is of the transient Raman and absorption are identical in the long
compared with the time-resolved absorption trace monitored at delay time range of-3300 ps (Figure 6b), this deviation in the
800 nm in Figure 6a. Because the temporal behaviors of the femtosecond time range is not an artifact but is inherent to the
libration Raman band and the luminescence signal are identicalrelaxation process of the hydrated electron.
with that of the bend Raman band, we only show the plot for  The transient Raman band due to the solvating water molecule
the bend Raman band here. In the same figure, we also plot the(as well as luminescence) rose faster than the appearance of
curve that corresponds to the appearance of the equilibratedthe equilibrated hydrated electron. It means that the resonance
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transition contributes to the blue side of the absorption band,
although the main part is ascribed to the- transitiont9.20.38
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>s<CB
transition is significant® 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
b) absorption in the early delay time. Therefore, we consider that,
when the transient absorption is largely red-shifted, the 800-
1 nm light probes the blue part of the absorption that gives little
-'T CISRET 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
T absorption shows a blue shift during the relaxation process of
0 100 200 300 the hydrated electron. The present observation indicates that
Time / ps the transition energy between the s state and the conduction
Ramancllre|Fsbel = bastt band as well as the energy between the s and p states increases
absorption: * obs. — best fit ---- e, population with time. A theoretical study suggested that only one bound
Figure 6. Comparison of the temporal intensity change between .State (the s state) can exist when the S_,olvatlon structure _radlus
transient absorption monitored at 800 nm (black dots) and transient IS Smaller than a critical valui€.There might be a short period
Raman band due to the bend mode probed at 800 nm (open circles)When the s— p transition itself does not exist in the very early
(a) Temporal behavior in the early delay time region-df to 3 ps. time immediately after photoionization.
Thin black and thick gray lines indicate the best-fit curve for the Raman  The |uminescence intensity displayed the same temporal

and absorption intensities, respectively. The black dashed line represent: - - - . . )
the appearance of the equilibrated hydrated electron. (b) Temporalsc’ehavI0r as the Raman intensity, which suggests the lumines

behavior in the later time region up to 300 ps. The black line indicates C€NCe is very weak with thes CB excitation. This observation
the population change of the hydrated electron determined by the globalléads us to consider that the luminescence also has transition-
fitting for transient absorption. specific intensity. The luminescence is substantially observed
only with the s— p excitation, and therefore luminescence signal

Raman signals were generated not only from the equilibrated from the nonequilibrated state is also attributable to the
hydrated electron but also from its precursor. In other words, fluorescence from the p state. The luminescence intensity is
we observed resonantly enhanced Raman scattering also fronsmall in the case of the s> CB excitation, probably because
the water molecules that solvate the precursor-state electron, inthe electron is detrapped from the solvent catity®
the early femtosecond region. In the previous paper, we To confirm the dynamic energy-level shift of the hydrated
examined Raman excitation profiles and concluded that the electron as the origin of the delayed appearance of transient
Raman intensity of the water molecules solvating the electron Raman and luminescence signals, we measured femtosecond
is enhanced under the resonance condition with the time-resolved Raman and luminescence spectra with 600-nm
transition?® The resonance Raman enhancement significantly probe and compared their temporal behavior with transient
depends on the electronic transition in resonance. Therefore,absorption. The temporal intensity changes of the transient
the fact that the precursor state also gives a strong resonancébsorption and transient Raman band (the bend mode) measured
Raman signal indicates that the resonant electronic transitionwith two probe wavelengths (800 and 600 nm) are compared
of the precursor also has the-s p nature, even though the in Figure 7. Because the temporal behavior of the luminescence
absorption spectrum is red-shifted. It means that the precursorsignal was identical with that of the resonance Raman signal,
state of the equilibrated hydrated electron is also the nonequili- we only show the resonance Raman data here. Also in the case
brated s-state electron. Consequently, the present Raman studgf the 600-nm probe, the rise time of the resonance Raman
supports (3) and (iii) in the assignments described in the signal is faster than the appearance of the equilibrated electron
Introduction: the precursor is attributable to the ground-state but slower than that of the transient absorption. (Note that the
electron that has higher energy than the fully relaxed one (the absorption signal monitored at 600 nm rose more slowly than
nonequilibrated state), and the spectral change of the time-the absorption at 800 nm because of the temporal blue shift of
resolved absorption spectra in the femtosecond region isthe transient absorption.) Moreover, the rise time of the
described as a continuous blue sPift3.18.21,22 resonance Raman band)was different between the 800- and

It was also found that the rise of the transient Raman band 600-nm probe conditions. They are approximately 330 (800 nm)
was slower than that of the transient absorption, which was and 500 fs (600 nm) as shown in Figure 7b. This is consistent
quantitatively confirmed by the fitting analysis resulting in  With the “dynamic excitation profile” effect. The higher energy
longerr; for the Raman signals-330 fs) than for the absorption ~ Probe monitors the blue side of the shifting transient absorption
(200 fs). It implies that, in the delay time range of D.5 ps, until a later time.
the precursor (i.e., the nonequilibrated hydrated electron) absorbs Finally, we mention the anti-Stokes side of the time-resolved
the probe light but does not give rise to the resonance RamanRaman spectra. Time-resolved anti-Stokes Raman spectroscopy
and luminescence signals as much as expected from theis a good probe to monitor the local temperature change, because
absorption intensity. For the equilibrated state, theoretical and the intensity ratio between the Stokes and anti-Stokes bands is
experimental studies clarified that the-sconduction band (CB) equal to the Boltzmann factor. Keeping this advantage in our

Time / ps
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Figure 8. A sketch for the temporal changes in the transient absorption
and the electronic transition of the hydrated electron during the
800 nm probe relaxation process. Left: The transient absorption spectra of the hydrated
electron, in which the gray area indicates the contribution of the s
conduction band (CB) transition. Right: The energy level of the
o — hydrated electron during the relaxation process and the optical process
relevant to the present experiments. Three typical probe wavelengths
are indicated in the figurefD, 800 nm,®, 600 nm, and®, 400 nm.

600 nm probe

~3780 cnt! 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 moleciflés
Time / ps calculated at~10 400 cnl. Therefore, a significant amount
©° Zgz&pﬁm - Zesgtpulaﬁon of energy is distributed over other places than the first solvation
e shell that gives rise to the resonance Raman signal. We consider
Figure 7. (a) The probe wavelength dependence of the temporal that the excess energy can be consumed through the collision
intensity change of the time-resolved absorption (small open circles). \\.h \water molecules in the electron ejection path (the average

Solid lines represent the best-fit curves based on formula 2. (b) The lect iection dist in th f about 9-eV 2-phot
probe wavelength dependence of the temporal intensity change of the®'€CtrON €jection distance in the case of about 9-eV: 2-photon

resonance Raman band due to the bend mode (large open circles). Thickonization was evaluated at1.5 nm®1) and the energy is

solid lines indicate the best-fit curves based on formula 2. For distributed over a larger region. A part of the excess energy

comparison, the temporal change of the absorption signal (thin solid may remain in a photoionized water molecule.

lines) and the rise of the equilibrated hydrated-electron population . .

(dashed lines) are also shown. The probe wavelength for each trace ish Figure 8 sketches the u'FrafaSt relaxation process of the

indicated in the figure. ydrated electron observed in the present Raman study. After
photoionization of water, the precursor of the equilibrated

mind, we tried to examine the thermal relaxation dynamics of hydrated electron (the nonequilibrated ground s-state) is formed.
the nonequilibrated hydrated electron. However, as shown in For this state, the-s> CB transition contributes to the absorption

Figure 3, the signal corresponding to the anti-Stokes Raman€Vven at 800 nm in early time, so that there exists a period when
bands was not observed even in the early delay time. Taking Raman resonance enhancement is small compared with transient

the S/N ratio of the observed spectra into consideration, we absorption intensity (Figure 8a). Itis considered that the energy
estimated that anti-Stokes Raman intensity is less than 10% ofdifference between the s state and conduction band at that time
the corresponding Stokes signal. When the intensity ratio iS approximately half compared to that in the equilibrated state.
between the Stokes and anti-Stokes bands at 0.3 ps is assumek accordance with the relaxation of the nonequilibrated electron
to be 10%, the temperature rise from room temperature is due to the solvation of the surrounding water molecules
estimated at-100 K for the libration band, ané-700 K for (conformational change), the transition energy between the s
the bend band. Therefore, the local temperature rise of thestate and conduction band increases (Figure 8b). Then, the 800-
solvation structure around the electron is less than 100 K alreadynm probe becomes more resonant with the g transition of
at 0.3 ps. This suggests that the electron injected into waterthe nonequilibrated electron, and transient Raman and lumi-
does not excite the water molecule to the vibrationally hot states nescence signals gain high intensity. The energy relaxation of
that can give rise to significant anti-Stokes Raman intensity for the electron progresses further, until the electron is fully
the libration as well as the bend mode. equilibrated in energy (Figure 8c). In the equilibrated state, the
Because the energy for the 100 K temperature rise of a waters — CB transition mainly contributes to the blue side of the
molecule corresponds te630 cnT1,4%it is roughly considered  absorption band around 400 rff#8and strong transient Raman
that the water molecules in the first solvation shell (consisting and luminescence signals are observed with both the 800 and
of ~6 water moleculeé’$29 hold the thermal energy of less than 600 nm probes.

— T
-1.0 0.0 1.0 20 3.0
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4. Conclusion

Lef‘f
it) = vit)— A3
We applied time-resolved Raman spectroscopy to the study Aaoo(10) = Ao (") (A3)

of femtosecond dynamics of the hydrated electron after two- . . . .
photon ionization of water. It was shown that time-resolved €T Ler is the effective optical path length for the scattering

Raman spectroscopy with 250-fs time resolution provided a new t© the 90 direction. We could evaluatee from the relative
insight on the relaxation dynamics of the hydrated electron. R&man intensityRo) between the water bend band of the bulk

Raman scattering as well as the luminescence signal waswater (in the probe only spectrum) and that of the equilibrated

observed not only from the equilibrated hydrated electron but €/€ctron (in the pump and probe spectrum at the late delay time).
also from its precursor state. It was concluded that the precursor!n the previous papéf, we have already determined this
of the equilibrated hydrated electron is the ground s-state intensity ratio using the internal intensity standard to ca_lculate
electron, and the s p transition gives rise to resonance Raman [he résonance enhancement factor. If we compare this value
enhancement. The Raman and luminescence signals rose mor¥ith the observed intensity ratid¢»9, we obtain the b as
slowly than the appearance of the transient absorption. This was'© lows,

explained in terms of the “dynamic excitation profile” effect. Tr nbulk o Tr
When the transient absorption shows a blue shift as a functionR-;bsz lobd! _ 'o_bs= 10 Aeo Prendtind) (LeslL) —

of time, the effective resonance condition changes also as a R, |2)'r/|bulk |gr

function of time, and hence a probe wavelength monitors the — (oandtidCoarotLet
bluer part of the absorption that gives smaller resonance Raman 10 oendlaeeecoitett (A4)
intensity in early time. Anti-Stokes Raman bands due to the

nonequilibrated hydrated electron were not observed, indicating and hence,

that the local temperature rise of the solvation structure around —log(R,,/Ro)

the nonequilibrated electron is less than 100 K. The present off = —= (A5)
result supports the argument that the femtosecond relaxation €(Vpendtiate)*Celectron

process of the hydrated electron is the conformational change . . )
of the solvation structure around the ground s-state hydratedWhere I, and Iy stand for transient HOH bend Raman

electron. intensity before and after reabsorption correction. Note that the
Raman intensity of bulk watet®¢) is free from the reabsorp-
Appendix tion effect because it was measured with only probe. Concretely,

the intensity ratio at late delay time w&gp,d/Ry = 0.77 under
the present experimental conditioCyécyron= 4.3 x 1074 mol
dm~3), which gaveles = 290 um.

Finally, on the basis of the reconstructed transient absorption
spectra €(7;t)), the hydrated-electron concentratiordidctron,

The calibration curve@(7;t)) to correct the reabsorption effect
was created in the following way.

First, we reconstructed time-resolved absorption spectrum
(e(7;1)) at the delay time that corresponds to each time-resolved
Raman_ measurement, using the t|me_-resolv_ed absorption d_at nd the effective optical path lengthef), the correction curve
shown in Figure 2. (Note that the abscissa axis of the absorptlonfor the reabsorption effect at each delay time for Raman

spectra was represented by wavenumber for.the following easurement was calculated numerically, by the following
procedure.) Because the reconstructed absorption spectra hiﬁrmula

only sparse data points along the wavenumber axis, we obtaine
smooth spectra by fitting with the Gaussian functtérThe lops _ _ )
ordinate axis of the spectra was normalized to the extinction C(¥;t) = — = 10 Ao D = 7 g Ao @D (LerlL) —

coefficient of the equilibrated electron by referring to the average lo )
transient absorbance in the late delay time rangg) of 20— 10 <O Cetecrarbet (AG)
40 ps.

Second, the concentration of the equilibrated solvated electron Then, the corrected time-resolved spect&(i(t)) were
(Cetectro) in the Raman measurements was calculated from the obtained from the observed spect&,{¥;t)) as follows,
transient absorption at the late delay tim&¢(Vprobstiate)), -
which was monitored by the probe beam passing through the S = Sod731) (A7)

sample, by the following formula, C(r;t)
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