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We recently reported the first pumiprobe measurements on the hydrated electron with sufficient time
resolution ¢35 fs) to directly observe the initial processes in the solvation dynamics of this key prototype
for condensed-phase dynamics [Silva, C.; Walhout, P. K.; Yokoyama, K.; Barbara,Phy§. Re. Lett.

1998 80, 1086]. An unprecedented relaxation process for the hydrated electron was observed that occurs on
the 35-80 fs time scale and exhibits a solvent isotope effe@®{0)/r(H.O) ~ 1.4). The new process was
assigned to inertial/librational motion of the water surrounding the excess electron. The present paper reports
a more extensive study of the35 fs resolved dynamics of the hydrated electron ptnd QO at more

probe wavelengths and as a function of pump-pulse intensity. The results are in agreement with the preliminary
report and support the importance of librational water motion in the relaxation dynamics of the hydrated
electron. New high excitation pulse intensity measurements reveal evidence of a high-intensity, two-photon

channel involving ejection of the hydrated electron from its initial site to a different site in the solvent.

I. Introduction

Ultrafast studies on the solvated electrofi in conjunction
with quantum molecular dynamics simulatiéhs$2 are leading
to important new insights on the molecular aspects of quantum
dynamics in condensed phases. This research is also allowing
for a rigorous evaluation of many of the most promising
theoretical methods for condensed-phase dynamics. Much of
the recent research on the hydrated electron has focused on
transient pumpprobe experiments orequilibrated excess
electrons, involving excitation of the lowest energy electronic
transitions of the hydrated electrod x = 720 nm) and
subsequent relaxation, which is observed to occur over a
distribution of time scales ranging from 3042000 fs1—2 The p o 30-70fs
lowest energy electronic absorption band has been assigned to ﬂw/
three overlapping transitions from the s-like ground state to the 1 }m
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nondegenerate p-like excited states of the hydrated eleBt&n. ':\t/:rg?clan
The s and p states are theoretically predicted to be localized at hvpump

a particular site in the solution on the time scale of the
optical excitation and subsequent nonradiative relaxation.
Pump-probe spectroscopy of the hydrated electron probes the s
s— p transitions and the p-to-conduction-band (CB) transition
(of the photoexcited electron), as outlined in the upper panel of

Figure 1320 SOLVENT COORDINATE

The nonradiative relaxation mechanism of the hydrated Figure 1. Schematic summary of the adiabatic solvation model of

electron includes arelectronically nonadiabaticcomponent Schwartz and Rossky (see text). The complex spectral evolution
involving transitions between the nominal p-to-s states and following excitation (top panel) is ascribed to the evolution of the
among the three p sublevels. The nonradiative relaxation occupied p-state absorption spectrum and the evolution of the ground-
mechanism also includeslectronically adiabatic relaxation state bleach. The lower panel shows the time scales for the adiabatic
processes within the s and p states, selyation dynamicsf solvatjon versus t_he_ nonadiabatig_(internal conversion) processes
the hydrated electron. Nuclear motions of the water in the following photoexcitation of an equilibrated s-state electron.

nearby surroundings of the excess electron are critically
important in both the nonadiabatic and adiabatic components
of the nonradiative relaxation. The relevant water motions are

<<1ps

analogous to the types of solvent motions involved in the
solvation dynamics associated with photoexcitation of polar
molecular solutes in watéf.

*To whom correspondence should be addressed. E-mail barbara@ 1Nneory and simulation on the hydrated electron and polar
chem.umn.edu. molecular solutes quantify solvation dynamics in terms of the
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time correlation function of the-sp state energy gap, i.€5(t) absorption, and the p> s stimulated emission, although this

or the relatedvi(t).20.2125,31,37,38 latter component does not significantly contribute to the
spectroscopy in the visible to near-IR range. The alternative
model, which we denote asonadiabatic relaxationassigns

the initial relaxation components of the solvated electee800

fs) to the p— s nonadiabatic transition, while the slower
wherel[lJ(t)Cs the nonequilibrium ensemble average of the time- dynamics are ascribed to s-state adiabatic relaxation following
dependent sp energy gap. For watet) is predicted to  the radiationless transition process.

exhibit relaxation components ranging from the tens of femto-  T¢ address these issues and other aspects of the hydrated
seconds time scale to the picosecond time scale. TFedty electron dynamics, new-35-60 fs resolved pumpprobe

and simulatiof+53indicate that the polar solvation dynamics measurements on the hydrated electron have been made and
are dominated by solvent molecules in the first and second are reported in this paper. The measurements include a broad
solvent shell. The most important molecular motions have been range of probe wavelengths and an extensive investigation of
qualitatively classified asnertial librational solvent motion,  solvent deuterium isotope effects. Additionally, transient spectra
inertial '[I’anslational Solvent mOtion, and dlfoSIonal (|e, have been Stud|ed as a function Of the pump_pu'se |ntens|ty
overdamped) rotational motion of the solvent. The inertial The new data have verified that previously reported dynamics
processes occur on the 380 fs time Scale, involve so-called were due to Sing|e_photon—g p excitation. The h|gh pump
“free-streaming” motion of the solvent molecules, and possess jntensity results demonstrate that two-photon excitation of the
an effective mass close to relevant free molecular motion, i.e., hydrated electron leads to photoejection of the hydrated electron
translation or rotation. The diffusional motion on the hundreds from its initial site. The new data also shed light on the

of femtoseconds and longer time scales are collective in re|ationship offemtosecond pumiprobe experimentsn the
Character and haVe an effect|ve mass Wh|Ch |S much |al’gel’ thanhydrated e|ectr0n to the re'ated but d|St|nRa'rntosecond

a single water molecule. photoionization experiments water which generates hydrated
For the hydrated electron, transient puagoobe featureson  glectrong$—11.13-17
the 35-80 fs time scale have been observed and assigned for
the first time, based on the time scale of the dynamics and an Experimental Section
observed-1.4 D,O/H,0 isotope effect, to an inertial component
of solvation dynamics involving substantial librational motion. Femtosecond laser pulses were generated with a home-built,
Transient fluorescence measurements on polar fluorescentargon-ion-pumped Ti:sapphire oscillator (15 fs, 800 nm, 3 nJ/
probes in aqueous solution have also observed evidence ofpulse)®® The femtosecond pulses were amplifiedaal kHz
inertial solvation dynamics, but the limited time resolution in repetition rate with a Nd:YLF-pumped, home-built multipass
the latter type of measurements (3DL0 fs instrument Ti:sapphire amplifier consisting of a three-mirror multipass ring
resolution) was insufficient to directly time-resolve this pro- configuration®® The amplified pulses (30@J/pulse) exhibited
cess4 This component of the solvent response has also beena 35 fs fwhm autocorrelation trace obtained with a #@0thick
measured in other polar solvents in which more limited time KDP crystal. Assuming a Gaussian pulse temporal profile, the
resolution has been sufficient to observe such a resgén®e. 25 fs pulses were always within 5% of the transform limit.
Additionally, Raman-induced Kerr effect studies of liquid water, Pump-probe experiments were performed at 1 kHz with a
in conjunction with depolarized Raman spectroscopy, have three-pulse sequence as described in previous sthdiése
produced a model solvation time correlation function with a fourth harmonic of a Q-switched Nd:YLF laser (3010 uJ/
Gaussian component with a25 fs width%1.62 |nterestingly, pulse, 263.5 nm, 30@m spot size (fwhm)) was used as a
the observed isotope effect for the hydrated electron is larger synthesis pulse to generate solvated electrons via one-photon
than expected from some simulations on adiabatic solvation of electron photodetachment from aqueous Fe¢gEN)A portion
the electron which predict that the inertial relaxation is of the output of the multipass amplifier was used as a pump
predominantly translational in charac#ér. pulse (which was variably delayed with respect to a probe pulse)
Due to insufficient information on the dependence of the to photoexcite the thermally equilibrated, ground-state electrons.
solvated electron spectrum on the-s energy gap, it has  The resulting spectral dynamics were monitored with the tunable
unfortunately not been possible to analyze the transient spectrgorobe pulse. The probe light for most of the measurements
to determineS(t) for the hydrated electron. An additional was selected from a single-filament white-light continuum
complication in interpreting the hydrated electron spectrum generated by focusing 2J laser pulses inta 3 mmthick
results from ambiguity as to the assignment of the early time sapphire crystal. A pair of LaKL21 prisms in a double-pass
dynamics to adiabatic versus nonadiabatic relaxation. In configuration were used for dispersion compensation of the
particular, two alternative models have been proposed for continuum. A slit was placed after the first pass through the
assigning the experimentally observed purppobe dynamics prism pair to select the desired portion of the continuum with
of the hydrated electron to specific molecular processes. Onesufficient bandwidth to support a 285 fs pulse. The
of these modelsadiabatic sobation), which is summarized in ~ separation of the two prisms was determined by minimizing
Figure 1, ascribes the early tin¥e300 fs spectral dynamics of  the cross-correlation pulse width measured with aA9KDP
the hydrated electron to adiabatic solvation in the lowest p state,crystal via sum frequency mixing with the pump beam. For
observed via the p~ CB (conduction band) transitici:2! the measurements at 780, 800, and 820 nm a portion of the
According to this model, which is derived from nonadiabatic fundamental laser bandwidth (without the continuum generation
guantum molecular dynamics simulations, dynamics on slower optics and without prism compensation) was used for the probe.
time scales are a consequence of slower components of p stat€or the measurement probing at 600, 780, 800, 820, and 860
solvation and the p~ s nonadiabatic transition. The dynamical nm, we placed a 10 nm bandwidth interference filters in front
processes are predicted to be reflected in the ptipnpbe of the detectors. An 850 nm long pass filter was used when
spectroscopy via the “bleach” and recovery of the—sp the probe beam was centered at 920 nm, and no optical filter
absorption, the complex dynamical evolution of the p-state was used for the measurement probing at 720 nm. Typical
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cross-correlation widths (fwhm) were 45 fs at 920 and 860 nm
and 60 fs at 720 and 600 nm, and the autocorrelation of the
pump pulse was 35 fs.

The sample consisted of @300 um jet produced by a
stainless steel nozzle. The sample solution was circulated
between a reservoir, the nozzle, and a heat exchanger (thermo-
stated at 15C) by a Teflon/stainless steel gear pump. Aqueous
solutions of 10 mM KFe(CN) (Aldrich) were prepared in
HPLC grade HO or in D,O (Cambridge Isotope Laboratories,
99.5% isotopic purity). To maintain a stable and flat sampling
region within the jet, poly(ethylene oxide) (Polysciences, MW
= 100 000) was added to the sample solution (0.5 wt %). It
was confirmed that the observed femtosecond dynamics were
not altered by the addition of poly(ethylene oxide).

The optical pump and probe beam spot sizes at the sample
were 300 and 4@m (fwhm), respectively. The energy of the
pump pulse was typically-22 «J ((2—4) x 109 W/cn?) except
for the pump energy dependence study, where the energy of
the pump pulse was varied from 30 nJ to 10Dby inserting
calibrated neutral density filters. The intensity of the probe
beam was maintained a2 nJ for the entire measurement. The
linearly polarized pump pulse was oriented at 84vith respect

AOD (Normalized)

to the polarization of the probe pulse. The pump and probe ¥ .7BIO nrln 780nm
beams crossed at a#4 1° angle at the sample. 400 0 400 800 O 1000 2000 3000
The detector hardware and associated electronics are similar Time (fs)

to those described previousl§. Some of the femtosecond
measurements reported herein were recorded wit8e0 fs function of pump-probe delay for the solvated electron in 10 mMK

resolqtlon pumprprobe spectrometer which has been previously Fe(CN) in H,O (solid lines) and BO (data points) solutions, probing
described. Briefly, a Nd:YLF-pumped (527 nm, 6 W, 2 kHz) 4t 600, 720, and 780 nm. The 800 nm, 25 fs21uJ pump pulse was
Ti:sapphire regenerative amplifier was used. The available linearly polarized at 54°7with respect to the linearly polarized probe
probe wavelength range (430150 nm) was obtained from pulse. The plottedAOD signals are normalized for comparison of the
frequency selection of a white-light continuum generated in data. The maximurAOD is <10 mOD at 720 nm. Each transient is
quartz using a variable interference filter wheel. After ampli- fit to a model function consisting of a Gaussian plus two exponential

. . . components convoluted with the instrument response function (fits not
Eﬁtlggoarj]dgﬁgzgpressmn, the output consisted of 130 fs, 7803hown; see Table 1 for details).
’ /’t .

The pump-probe data near the center of the absorption band
and at shorter wavelengths (Figure 2) are dominated by an initial
bleach at early delays followed by a bleach recovery on a

A. Pump—Probe Measurements with One-Photon s~ p distribution of time scales. The fastest of the time scales in
Excitation. The most extensive set of data on the femtosecond this region of the spectrum is in the range-8D fs and
pump—probe spectroscopy of the equilibrated hydrated electron corresponds to as much as 50% of the recovery at a probe
are shown in Figures-24 and Table 1. These measurements wavelength of 780 nm. The initial fast component of the decay
were made with a pump pulse centered at 800 nm and a durations better fit in this wavelength range by a Gaussian decay
of 25 fs. The pump pulse was derived directly from the output component rather than an exponential. As a result, we have
of the multipass Ti:sapphire amplifier. The pump-pulse energy routinely fit the 35 fs resolved pumfprobe data of the hydrated
for the data in these figures was sufficiently low3 xJ) to electron with a model function that includes one Gaussian decay
ensure that the-s> p excitation involved less than 10% depletion component and two additional exponential components, as
of the ground-state s population and that there was no significantshown in the title of Table 1. The use of the Gaussian decay
component of absorption of a second photon from the excitation component for the initial decay is further suggested by simula-
pulse. A more extensive discussion of pump pulse saturationtions on the hydrated electron which indicate that the initial
and two-photon excitation is presented in a later section of this decay of the energy gap correlation functi@ft) is ap-
paper. The femtosecond data at most wavelengths (except aproximately Gaussiaff.28304% As mentioned in our recent
780, 800, and 820 nm) were recorded with a variable wavelength preliminary report on these measurements, the Gaussian com-
probe pulse generated from a white-light continuum. The ponent corresponds to a significant fraction of the total decay,
dispersion compensation prism system for the continuum andand this decay component had been missed in earlier experi-
the associated optics restricted the bandwidth before the samplanents with lower time resolution, which were only able to
to approximately 40 nm centered around the chosen proberesolve the decay component that occurs on the 300 fs and
wavelength. In some cases an additional interference filter waslonger time scale. Thus, the average decay tiriésreported
used before the detector to reject the scattered pump light andin this paper are significantly shorter than those previously
any spurious emission associated with the UV synthesis pulsereported with 300 fs resolutidrsince the new measurements
of the hydrated electron. All transients were corrected for a include the initial femtosecond decay component represented
small artifactual signal centered around zero delay caused byby a Gaussian.
pump-induced phase modulation of the probe. These artifacts At longer probe wavelengths (Figure 3) the initial bleach of
were typically less than 1% of the total signal and in the largest the hydrated electron is clearly observed to recover to a positive
cases were approximately 5%. (absorption) signal which decays on a slower time scale. These

Figure 2. TransientAOD (change in optical density) signal as a

I1l. Results
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TABLE 1: Parameters from Fits of the Model Function, AOD = Ag exp(—t%2rs?) + Ay exp(—t/r1) + A, exp(—t/ry), to the
Pump—Probe Signals (Change in Optical Density) for Excess Electrons in @ and in D,O at 288 + 2 K2

solvent A (nm) 76 (fs) Ac 71 (fs) Au 72 (fs) A Zfs)°
H,O 600 59+ 23 —0.26+ 0.08 497+ 98 —0.66+ 0.07 1952+ 107 —0.08+ 0.06 376+ 87
720 79+ 5 —0.26+ 0.03 263+ 9 —0.65+ 0.05 630+ 43 —0.09+ 0.02 215+ 5
780 51+ 6 —0.47+0.04 220+ 12 —0.47+0.03 2140+ 433 0.06+ 0.01 142+ 11
800 69+ 9 —0.30+ 0.08 194+ 24 —0.60+ 0.08 2049+ 332 0.10+ 0.01 156+ 12
820 58+ 7 —0.32+ 0.06 173+ 16 —0.56+ 0.06 1807+ 76 0.11+ 0.01 154+ 13
860 48+ 17 —0.35+0.12 91+ 11 —0.42+0.14 1120+ 183 0.22+0.01 154+ 13
920 32+ 8 —-0.28+0.1 99+ 21 —0.39+ 0.10 814+ 116 0.33+ 0.02 73+ 8
D,0O 600 57+ 25 —0.27+0.15 53+ 62 —0.66+ 0.15 2000 —0.07+0.04 446+ 49
720 120+ 13 —0.194+ 0.06 271+ 27 —0.734+0.08 905+ 200 —0.084+ 0.07 244+ 16
780 75+ 10 —0.38+ 0.05 222+ 23 —0.54+ 0.06 2007+ 678 0.08+ 0.01 169+ 13
800 102+ 6 —0.29+ 0.08 210+ 27 —0.59+ 0.08 1705+ 319 0.12+0.01 181+ 12
820 97+ 9 —0.33+0.08 185+ 23 —0.52+ 0.09 1631+ 234 0.15+ 0.02 159+ 10
860 88+ 5 —0.39+0.16 104+ 16 —0.32+0.17 953+ 125 0.28+0.01 108+ 10
920 81+17 —0.30+0.19 100 —0.35+0.21 832+ 134 0.33+0.01 99+ 4

aThe sum of individual amplitudes was normalized to unity. The errors are one standard deviation from the mean of multiple measurements
(typically >20). ® The average time constant is definedby= [(77/2)Y?Asts + Ait1)/(As + A1). € The time constant at these wavelengths was held
constant at the indicated value. The quality of the fits did not change significantly when this parameter was allowed to float.
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Figure 4. TransientAOD (change in optical density) as a function of
wavelength and after various pumprobe delays for the hydrated
electron in 10 mM KFe(CN) solutions. TheAOD signals are
comprised of various measurements at various powers within the linear
pump absorption regime, normalized by the pump power. Typical
ordinate error bars for all delays and all wavelengths are displayed for
the data at 720 nm. The spectral bandwidth reaching the detectors is
indicated by the error bars in the abscissa for the data at zero delay.
(See text for a detailed description of the frequency filters that were
used.)

probed in these experiments. Additionally, the bleach signal
at all wavelengths further recovers on the hundreds of femto-
seconds time scale. The spectral characteristics shown in Figure
4 can be equally well explained by either #diabatic sodation

Normalized AOD (a.u.)

600

AOD (Normalized)

5 e glzo nlm ; ) . 920 nrln mode?°21or thenonadiabatic relaxation modé(see Introduc-
460 0 400 800 0 1000 2000 3000 tion). In the former case the dramatic spectral changes seen in
Time (fs) Figure 4 on time scales 250 fs are attributed to overla}pplng
bleach signals for the s-state electron and the excited-state
Figure 3. Similar to Figure 2, but probing at 800, 820, 860, and 920 absorption spectrum that is evolving as thepsgap decreases

nm. rapidly during the p-state lifetime due to solvation. On the other

data are consistent with both the previous 300 fs measurement$iand, in the nonadiabatic relaxation model the rapid decay (i.e.,
which are unable to observe the initial fast decay component 50 fs, 300 fs, or both) is due top s internal conversion, and
and with the recently reported but less extensive measurementghe slower dynamics are associated with relaxation in the ground
with 35 fs resolutiod. Figure 4 presents the transient data in state. It is unclear which of these models correctly accounts
the form of aAOD spectrum at different probe delay times. for the observed dynamics.

The data were constructed from the best fits of the model It is important to note that there are additional features in
function in Table 1 to the individual wavelengths for the pump  the pump-probe data that are not well modeled by the simple
probe spectroscopy of the hydrated electron. The data clearlydynamical function in Table 1. This is demonstrated in Figure
show that the initial fast Gaussian decay component corresponds3. The initial positive-going signal before the bleach of the
to the partial recovery of the bleach signal at all wavelengths hydrated electron signal (800 and 820 nm) has been attributed
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Figure 5. A comparison of transiemiOD (change in optical density) L o P 1 1 Ld0
signal of the solvated electron in 1 mMiRe(CN}) in HO (solid lines) 0 20 40 60 80 100 120
and DO (data points) solutions with 300 fs time resolution, obtained Pump Power (uJ/pulse)
in a flow cell with a 1 mmpath length. The probe wavelengths are
indicated in each panel. Figure 6. Top panel: initial AOD (change in optical density) as a

function of pump-pulse intensity, measured at 720 and 920 nm. The
. . . initial AOD was obtained from the fit to a multiexponential function
to a coherent interaction of the pump and probe signal by 5,4 was normalized by the initial absorption of the hydrated electron
Wiersma and co-workefS. Additionally, the so-called “bump”  created by the UV synthesis pulse. The solid line represents a fit to the
in the signal (marked by the asterisk at 820 and 860 nm) is expressiomA{1 — exp(—I/ls)} wherels is the saturation intensity ((1.5
also not well described by the model decay function and =+ 0.3) x 10" W/cn¥). Bottom panel: fractionahOD as a function
spparenty reflcts some ype o wave packet ynafficile %M erel LES er xciin, o 720 (.12
return to _the question of wave p_acket dynamics of the hydratedin the top pangl, Withs = (1.2 + 0.3) x 102 W/cr2, The broken
electron in the D'SCUSS'OH, Sectlon. lines in each panel indicate the saturation intensity.

The data represented in the figures and Table 1 show a
significant DO/H,0O effect on the dynamics of the hydrated wavelength in this long time range. If one attempts to make
electron. This effect is primarily associated with the initial comparisons between dynamics at different probe wavelengths
decay component and is nearly undetectable at times longer tharin order to compensate for the previously reported 15 nm isotope
approximately 200 fs. At each of the probe wavelengths@/D  shift in the spectrum maximum, the data show dramatic
H,0 effect is observed. However, it is most dramatic at the differences that appear to result primarily from the spectral
redder wavelengths. The,D/H,O deuterium solvent isotope  dependence of the kinetics rather than anything due to an isotope
effect on the lifetime of this component is 1460.5. We have shift. Thus, the comparison of the;8 data at 860 nm to the
argued previously that this isotope effect is indicative of D,O data at 840 nm produces the same variation as simply

substantial librational character in the initial deéaFhis will comparing the KO data alone at these different probe wave-
be discussed extensively below. lengths. The main conclusion, therefore, is that static spectral
One important complication in interpreting the,@H,O shifts due to isotopic substitution is not a complication in

isotope effect is the possibility that there may be an isotope interpreting the isotope effects on the puagyobe dynamics
effect on the energies of the s and p states, resulting in spectrabf the hydrated electron.

shifts in the HO versus the BO data. Thus, it may be difficult B. Pump Intensity Dependence.The transient data shown
to directly compare the apparent dynamics in the two solvents in Figures 2-4 have been recorded with pump-pulse energies
since the spectra may be significantly shifted. There is some that induce only a small{10%) depletion of the ground s-state
evidence to support the importance of this complication since population. This is demonstrated in the upper panel of Figure
the s— p absorption maximum of the hydrated electron was 6 which plots the relative optical density of the initial bleach

reported to have a nearly 15 nm blue shift igversus HO .57 (t ~ 0) in transients at 920 and 720 nm as a function of the
To explore this possibility further, we studied the transient pump-pulse energy. The data are normalized by the optical den-
spectroscopy of the hydrated electron ipgCHand DO with a sity of the s— p absorption in the absence of the pump pulse

high signal-to-noise ratio at various probe wavelengths as and corresponds to the fraction of the initiatsp absorption
summarized in Figure 5. These data were acquired with our signal that is bleached (“bleach”). The conclusion that in this
earlier femtosecond spectrometer that had-200 fs time pump intensity range the data are due to one-photon excitation
resolution. The data in Figure 5 clearly show that the pgmp  of the s— p transition is further supported by the data in Figure
probe dynamics in D and DO are identical at the same probe 7. These data show that the observed transients in the low-
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Model 1 (two-state)
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Figure 7. TransientAOD (change in optical density) signal of the p
hydrated electron pumping with either 1.2-00.5uJ pulses and probing <20fs
at 720 or 920 nm. The data are normalized by the pump-pulse energy
and are superimposed to show the linearity of the signal. §50 fs
Osp pf

intensity regime, when linearly corrected for variation of pump 400 fs
intensity, are identical within the experimental error except for
the additional noise observed in the lower pump intensity data. s

The initial fractional bleach data in the upper panel of Figure
6 are qualitatively consistent with a simple two-state kinetic Model 4 (adiabatic solvation)

model, i.e., model 1 in Figure 8. In terms of this model the
observed saturation intensitys = (1.5 & 0.3) x 10" W/cn?

(derived from a fit to a simple photodepletion expression), is P

consistent with the known s> p cross section at the pump

wavelength. The model is only consistent with fractional bleach Gssp

data for p— s lifetimes >300 fs. For substantially shorter 1ps
lifetimes, the predicteds is much larger that observed experi-

mentally. Thus, a simple two-state model interpretation of the s

data indicates that for measurements with pump intensitkes
ud less than 10% of the s electrons are excited. This is the Figure 8. Schematic diagrams of kinetic models used to simulate the
regime that corresponds to the data in Table 1 and Figurds 2 dynamics (Figure 10). Here is the absorption cross section. The
Furthermore, the analysis suggests that the s-state recovery timeuperscript cross symbol (1) denotes a nonequilibrium s or p state, while
is >300 fs, which is evidencagainstthe nonadiabatic relaxation the prime d(_en_otes an electron that has retrapped at a site that is different
model (at least in the case of a p-state lifetime~&O fs). from the original one.

It should be emphasized that model 1 is certainly too simple
to describe the complex dynamics of the hydrated electron, since Another model that cannot account for the data is model 3
it lacks dynamical processes that can account for the multiple in Figure 8 which is based on the assumption that excited-state
time scales that are experimentally observed. Model 1 also fails absorption (p—~ CB) simply results in rapid repopulation of p.
to predict the dynamical effects that are observed in the pump This model also fails to predict the slow dynamics that are
probe data for high pump energies. In particular, when the observed at high pump power.
pump intensity is increased significantly, especially above 20 The experimentally observed dynamics can, however, be
ud (4 x 10" W/cn®), the data exhibit a substantial dependence accounted for by model 4 in Figure 8. In this model, sequential
on the pump pulse energy. This is shown in Figure 9. The two-photon absorption (i.e.,~s p and p — CB) produces CB
strong variation in the kinetics in Figure 9 are not the simple electrons which are assumed to rapidly migrate to a new site in
consequence of saturation of the=sp transition, even in the  the solvent (which is indicated by a prime). Furthermore, it is
regime where rapid ground-state recovery is followed by further assumed that relaxation at the new site is slower than relaxation
s — p absorption. This has been demonstrated by carefully at the original site since the solvent configuration in the new
considering the effect of the saturation on the-$ transition site is not “preequilibrated”. (The relaxation at the new site is
using a kinetic model that convolutes the pump intensity profile arbitrarily assumed to occur on thel ps time scale in model
in space and time with model 2 in Figure 8. Model 2 includes 4.) The relaxation at the new site may involve a combination
a rapid p— s relaxation followed by slower adiabatic relaxation of s and p state adiabatic solvation as well a5 p- s
ins. Simulations with model 2, shown in the top panel of Figure nonadiabatic relaxation. Predictions from model 4 (bottom
10, fail to predict the change in the observed kinetics at high panel in Figure 10) are qualitatively consistent with experiment
pump power (top panel, Figure 9). (Figure 9).
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photodepletion expression, but the saturation intensity is
(1.2 £ 0.3) x 102 W/cn?, nearly an order of magnitude larger
than that at zero delay. This is interpreted as saturation of the
p — CB transition.

IV. Discussion

The pump power dependence of the purppobe spectros-
copy of the equilibrated hydrated electron strongly suggests that
the dynamics at low pump power are primarily due to single-
photon excitation of s-like electrons to the Fran¢kondon
geometry of p-like electrons. Theoretical simulations for the
hydrated electron indicate that the p sublevel relaxation is
considerably faster than other types of dynamfcsConse-
quently, the primary processes that are expected to contribute
to the observed dynamics are p-state adiabatic solvation, s-state
adiabatic solvation, and p> s nonadiabatic relaxation. As
mentioned previously, the exact assignment of these processes
to the particular relaxation time scales summarized in Table 1
is somewhat ambiguous. In particular, whether#&® fs major
decay component in the dynamics is p-state adiabatic solvation
or p — s nonadiabatic relaxation is still somewhat in doubt.

AOD (Normalized)

A ; A . . 9.20 nm Nevertheless, the analysis of the saturation dependence of the
200 0O 200 400 600 800 1000 initial bleach in the pumpprobe data tends to disfavor the
Time (fs) interpretation of this component as nonadiabatic relaxation.

Figure 9. Comparison of the transietOD (change in optical density) According to the p-st_ate adlaba.mc.s.owatlon model, both s
signals of the hydrated electron pumping with either 1.2 ae®pulses, p and p— CB absorpt'lons. are significant 6,“ all of the probe
and probing at either 720 or 920 nm. The data are normalized to the Wavelengths reported in this paper. In particular, the transient
same maximum negative signalot by the pump energy as in Figure ~ data probing at 920 nm is assigned to an initiab bleach
7) and are superimposed to demonstrate the pump-pulse energyfollowed by a delayed absorption of the p state{gCB) as it
dependence on the dynamics. The solid lines are the results from thep|ye-shifts into the probe wavelength region. Fhk ps decay
_fit to a Gaussian-plus-two-_exponential functions convoluted with the tjme at 920 nm is assigned to the actuatps nonadiabatic
instrument response function. transition. This model predicts very different behavior at 720
nm. The s— p bleach is almost exactly canceled by the
absorption of the equilibrated-p CB absorption band, giving
rise to a pseudoisosbestic point in this spectral regfléi Thus,
at this wavelength the dynamics primarily reflect the early
evolution of the p-state absorption due to adiabatic solvation.
Furthermore, at shorter wavelengths, for example, 600 nm, the
s— p bleach is only partially canceled by the p-state adiabatic
solvation and p~ s nonadiabatic transition. This model implies
L that the adiabatic solvation of the p state can be directly
720 nm monitored at all wavelengths that are summarized in Table 1.
- Model 2 Nevertheless, since the actual Fran@ondon factors of the p
L L L 4 L 1 1 — s and p— CB absorption are not known and, additionally,
the evolving electronic matrix element for the absorption is not
well understood, it is not actually possible to directly determine
an evolving energy gap for- s during the adiabatic solvation
process. Consequently, while the data clearly show spectral
evolution on the~50 fs time scale and on the 26800 fs time
scale, and this evolution is probably due to adiabatic p-state
solvation, it is not possible to definitively associate the time
scale of these dynamics with the relaxation processes in the

AOD (Normalized)

100 pJ

|\7/|2(():Inm energy gap correlation function.
B ode Itis interesting to compare the observed femtosecond pump
400 1 6 1 - 1 860 : probe data to recent quantum molecular dynamics (MD) simu-

Time ‘Z?g) Iations of this type of expgriment. U.nfortunately, the ;imula-
tions are restricted to a time resolution of 300 fs, which was
Figure 10. SimulatedAOD (change in optical density) signal probing  pyilt into the simulations to compare with previous, lower time
at 720 nm with the use of model 2 (top panel) and with the use of |ag0iution experiment&:2225.26 New simulations will be re-
mgdseilmtlgii%t:‘o&ﬂanel). Each panel shows two curves derived from quired to make a direct comparison to the early time ptmp
g a pump energy of 1 and 130 . . ; . .
probe dynamics. The published simulation results include the
Further evidence that the high pump intensity dynamics are time-dependent-sp quantum energy gap of the hydrated elec-
due to a sequential two-photon process is found in the pump tron, which was analyzed to determine the nonequilibrium sol-
intensity dependence afta 1 pspump—probe delay (bottom vent response functiorgt). Since this function measures the
panel, Figure 6). The data in this figure also fit well to a simple adiabatic solvation of the p state, one would expect at least a
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rough correlation of this function with the observed evolution acts coherently for a longer period of time in@. The two
of the transient spectrum. The simulatgt) due to Schwartz effects cancel out, and only a small net isotope effect on the
and Rossky has been well fit by a model decay function invol- radiationless transition time constant survives. Other nonadia-
ving a Gaussian decay-@5 fs, 38% amplitude) due to inertial  batic MD simulations by Neria and Nitzan predict a factor of
motion of the HO molecules and an additional exponential ~4 isotope effect on the - s transition timeé! which is clearly
decay ¢250 fs diffusive solvationj° These time scales are inconsistent with the results presented in this paper. A
also in agreement with adiabatic MD simulations of excess elec- significant isotope effect is also predicted by a recent statistical
trons in water clusters by Barnett et®8land with other related  theory for the hydrated electron by Bratos, Borgis, and co-
simulations on the hydrated electféf°and other charged spe-  workers?® This isotope effect is predicted to be the largest at
cies undergoing solvation dynamics in water® Qualitatively, the wings of the absorption band, and small near the pump
our results are consistent with the simulations in both the obser-frequency, since the spectral evolution near the pump frequency
vation of a large-amplitude Gaussian component of dynamics is predicted to be due to a “coherent spike” superimposed on a
on the tens of femtoseconds time scale and the observation of‘thermic band”. The latter is dependent on the nonadiabatic
a slower component on the300 fs time scale. However, the rate constant. Our results show that the largest isotope effect
fast dynamical component that we assign to inertial relaxation occurs at the red edge of the absorption band (920 nm), and
is significantly slower than that predicted in the MD calculations. the smallest at the blue edge (600 nm), with-&.4 isotope
Whether this discrepancy is a consequence of the failure of theeffect near the pump frequency, in apparent disagreement with
models or whether it has something to do with the failure of the predictions from this theory. Itis also interesting to compare
the absorption transients to tracXt) is unknown. Future the results to a simple hydrodynamic theory by Rips, which
simulations will hopefully address this issue in more detail.  predicts a~5% isotope effect on the radiationless transition
As mentioned in our preliminary report of the35 fs time, in agreement with the data reported in this p&per.
measurements of the pumprobe spectroscopy of the hydrated Another interesting aspect of the experimental data is the ap-
electron, our spectrometer has sufficient time resolution to rule parent manifestations of coherent nuclear wave packet dynamics
out a spectral dynamic component with a 25 fs time stdilaus, as indicated by the apparent “bump” in the data marked by the
the failure to observe evolution on the 25 fs time scale is not a asterisk in Figure 3. Coherent wave packet dynamics were
consequence of experimental limitations. Furthermore, the recently identified by Wiersma and co-workers in the pump
experimental results show a clearly resolveDIH,O isotope probe spectroscopy of the hydrated electron usintp fs
effect of 1.514 0.29 (at 800 nm). This isotope effect is larger pulses’® The features in Figure 3 are apparently not the conse-
than predicted by the MD simulations of adiabatic solvation quence of such nonlinear processes as pump-induced cross-phase
for the hydrated electron by Schwartz and Ros¥kyHowever, modulation of the probe and other high-order processes. Rather,
the adiabatic MD simulation by Barnett et al. does report an the reproducibility of the measurements and the isotope effect
isotope effect of this magnitud®€. The discrepancy between on the magnitude and peak time of the feature in the transients
our observed isotope effect and that predicted by simulations suggests that the feature is due to some kind of coherent exci-
is a critical issue in the comparison of theory and experiment tation of the vibrational motion caused by the>sp excitation.
of the solvation dynamics of excess electrons. The presence As mentioned earlier, a multiphoton channel becomes im-
of the isotope effect strongly suggests that the initial solvation portant in the pumpprobe experiments on excess electrons at
dynamics are dominated by librational motion of the water high excitation intensities. This two-photon channel is closely
molecules. In contrast, the MD simulations by Schwartz and analogous to the standard two-pulse photoinjection experiment
Rossky indicate a broader distributions of molecular motions and to charge-transfer-to-solvent (CTTS) transiti#hd’ as
in the initial solvation component including translational solvent schematically represented in Figure 11. Injected electrons that
modes. Thus, the experiments tend to suggest that the earlyare produced by multiphoton ionization (either directly to the
time dynamiCS of the electron are qU&"tatiVG'y different at the CBor through an excited state of water depending on the photon
molecular level than simulations Suggest. COﬂSiderab'y more energy; see ref 9) must seek an appropriate trap such as site 1
work will be necessary to firmly establish this apparent in Figure 11A and localize eithenia p state or in the s state.
discrepancy between theory and experiment. One possiblejn the high-intensity pumpprobe experiment, two-photon
explanation for the discrepancy is that the observeéi fs excitation of the equilibrated hydrated electron produces a CB
component may have significant nonadiabatic character aSSOCi-e|ectr0n’ where it may seek a new site in which to retrap (site
ated with this process. For example, it may be that this dynamic 2). The formation of fully equilibrated’ ®lectrons involves
component is in fact due tor s nonadiabatic transition, rather  the same relaxation processes as those manifested in the injection
than adiabatic solvation, despite the evidence supporting theexperiments. This statement is supported by the role played
adiabatic solvation model. Alternatively, the initial dynamiCS by the slow kinetic Components of the data. The time scales
may be partly due to relaxation among the p sublevels. of the slow components in the high-intensity regime are similar
Figure 5 demonstrates that there is no significant isotope effectto those observed in photoinjection experiments, which play a
on the>300 fs dynamics of the hydrated electron. Within the major role in the data. On the other hand, the slow components
excited-state adiabatic solvation model (Figure 1) the picosecondplay a lesser role in the one-photon pungyobe data. Direct
kinetic components of the data are interpreted as a consequenceomparison of the photoinjection and photoexcitation experi-
of the p — s nonadiabatic transition. The absence of an ments for the hydrated electron is rather dubious due to the
observed isotope effect for the s decay rate is consistent presence of unsubtractable artifacts in experiments which use a
with recent nonadiabatic MD simulations by Rossky and co- very high-intensity photoionization puf$e'” and also due to
workers, which predict that although the nonadiabatic coupling the limited signal-to-noise ratio and time resolution in the two-
between the s and p states inMis a factor of~2 smaller pulse daté that has been reported in the literature. However,
than in HO due to slower nuclear velociti@sthe decay of similar high excitation intensity effects have been observed by
guantum coherence after nonadiabatic coupling tak&8% us for the solvated electron in alcohélghere the time scales
longer in 022 The smaller nonadiabatic coupling, therefore, for fast and slow relaxation kinetic components are better
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probe wavelength range and with sufficient time resolution to
observe inertial solvation dynamics. The data are consistent
both with earlier measurements with more limited time resolu-
tion® and with our recent preliminary report on the hydrated
electront The spectral evolution following s> p photoexci-
tation is complex and reflects the involvement of transient
solvation effects in the p> s radiationless decay dynamics of
the solvated electron. Rapid spectral evolution (on-a&Dfs

time scale) is observed, followed by evolution on slower time
scales{200-300 fs,~1 ps). Pump-pulse intensity dependence
studies reveal that the observed complex spectral evolution is
due to a one-photon excitation regime at low pump intensity
and a two-photon excitation regime at high pump intensities.
The one-photon regime is assigned to excitation and subsequent
relaxation between s- and p-like states that are localized in the
same solvent “site”. In contrast, the two-photon regime is
assigned to sequential two-photon excitation of the electron
producing conduction band electrons which ultimately are
trapped at new solvent sites.

The comparison with nonadiabatic quantum molecular dy-
namics simulations supports the general validity of the theoreti-
cal treatments and leads to new insights on the molecular details
of the solvation relaxation processes of the hydrated electron.

B. PHOTOEJECTION
While more work needs to be done in both experimental and

A J-;:a'-'
/// Conductlon Ban /
R A
theoretical fronts to assign the observed dynamics features to

p' adiabatic solvation or nonadiabatic relaxation processes, analysis
of the power dependence data supports the validity of the
excited-state adiabatic solvation model. Furthermore, the data
are in agreement with the MD simulations that predict small
isotope effects on the p-state lifetime. These results provide
an important step toward an understanding of the hydrated

1 S .
pump S electron photoinjection and purprobe experiments.
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