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Pump-probe spectroscopy of thequilibratedsolvated electron in methanol and ethanol has been studied
with ~300 fs time resolution. At low pump power the observed dynamics are assignet {o excitation

and subsequent relaxation ofl@calizedsolvated electron. In contrast, at high pump power, two-photon
absorption apparently produces mobile “conduction band” electrons, which are subsequently trapped and
relax at a remote site from the initial equilibrated electron. The two-photon excitation is also observed to
induce an ultrafast proton-transfer reaction from the solvent.

I. Introduction Much of the current research on the solvated electron is
The solvated electron is rapidly emerging as one of the focused on the purmaprobe spectrosqopy of equilibrated s-like
premier model systems for the exploration of condensed-phase.EIeCtronS’ an exp_enmental approach introduced by our laboratory

n 1993! In this three-pulse sequence scheme, solvated

structure and ultrafast molecular dynamic®® It is leading to electrons are generated by photodetachment or. alternativel
a unique convergence of theory and experiment, which is not ons are gene y p“ = ’ Hvely,
photoionization, with a UV “synthesis” pulse. Following

only offering new insights on some of the central issues in equilibration of excess electrons, a femtosecond “pump” pulse
condensed phase dynamics but is also allowing for an evaluation q ’ , pump’ p
promotes a subset of the s state populatma p state. After

of many of the most promising condensed-phase molecular :
y ost P g P 0 a variable delay, a tunable femtosecond laser “probe” pulse

theoretical/computational techniques. Solvated electrons are . asures the subsequent relaxation dvnamics. which include
unique prototypes for condensed-phase quantum dynamics d y '

because the spectral properties are strongly dependent on thg()l\/""t'on in the p and s states, as well as the pradiationless .
. - decay. For the hydrated electron, dynamics are observed with
surrounding environment. significant amplitudes on three distinct time scales, i.e; B0
There is general (although not compléfedgreement that 9 P P

. . . fs, ~300 fs, and~1 ps* Compared to the two-pulse electron
the Franck-Condon low-lying electronic states of equilibrated experiment. the three-pulse aporoach has several advantades
solvated electrons in 4D, alcohols, and other solvents cor- P ’ P pp ges,

respond roughly to “localized” electron configurations resem- It?c?rlugdhlg?etrgioargzﬁlr;ﬁ)r? frf gtrar:tpehrcgé:‘?nn;d?r?i(taiatloegceiiglorllirgc?rlgr?-
bling those of a particle in a sphere, namely, s- and p-like states. ’

The broad, featureless visible to near-IR absorption band of theconflguratmn, and greater theoretical accessibility.

solvated electron is assigned to three strongly allowed g el;;llfor:\;voir-w zTgo;glr:e(-tﬂzls:ugj_grcattf%?t tﬁi)éna?m;) (z‘resocl?gzt:;j
transitions-*3% The lack of perfect spherical symmetry, analogous to those of the h djrated electrcl)on IOwhich has begn
however, makes the “s” and “p” designations nominal at best. 9 y ’

The low-lying s and p states are localized by the potential well more extensively studied by experiment and theory. For the

from the solvent molecules. The upper “conduction band” (CB) Bﬁ(fjc:?tfr?aze;rt;%?’ j{‘dv{lﬁ;‘t?:sef;t;gnﬂ:g Zlgggto :i’té?iﬁ;’i&n
states are significantly delocalized, since the energy of these guity P P

states exceeds the local potential well. of th(.e'ultra.fast data, due to oygrlappmg sp and p— CB .
. . . . transitions in the near-IR and visible wavelength range. Owing
The traditional experimental approach to investigate the : e . ) .
; . to the overlapping transitions, multiple physical mechanisms
ultrafast dynamics of solvated electrons involves a two-pulse

pump—probe experiment in which the pump pulse generates CQUIq account for .the observeql dynamics. For example, a
. S kinetic model in which photoexcited excess electrons undergo
the solvated electron by multiphoton ionization of the solvent

and the probe pulse monitors the subsequent trapping, solvationraplcI (330 f_s) P s radiationless decay followed by grounc_i-
and geminate recombination of the elect!?® One of the State solvation (1.1 ps) was proposed based on a global fit of

most exciting issues from this type of experiment is that some E?’:;ﬁtefogfﬁfvnelgeteﬁF;:Eaeeqata (300 fs resolution) over a
fraction of the initially produced CB electrons are trapped in P g '
the p state>3537 Indeed, the p— s internal conversion is

. . o > hv 330fs 1.1ps
predicted to be a critical rate-limiting component of the solvation Seq ™ P Tadiationtess Shot adiabatic ed 1)
process®37 The experimental data are highly consistent with transition solvation

this “quantum-solvation” process. )

where the subscripts “eq” and “hot” refer to nuclear degrees of
* To whom correspondence should be addressed (barbara@chem.umnfreedom and denote equilibrated and nonequilibrated states,

edu). respectively.
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Madison, Wi 53706, A contrasting picture emerged for the hydrated electron from
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Seattle, WA 98195. co-workers’~8 In the simulations an equilibrated s state electron
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is “photoexcited” b a p state, and the adiabatic and nonadiabatic II. Experimental Section
relaxation following the vertical (FranekCondon) transition

is monitored. Absorption transients, in good agreement with
experimentally measured ones, were constructed from the
simulation’ The complicated nonmonotonic dynamics are
predicted to be the result of the complex evolution of the excited-
state spectrum. After the nonadiabatic jump the ground-state
equilibrium spectrum is established rapidly compared to the
experimental time resolution 0f300 fs:

A detailed description of the ultrafast transient absorption
spectrometer has been given previod8ly Briefly, a Ti:
sapphire-based regenerative amplified laser system produced 130
fs, 180uJ pulses, centered at 780 nm, at a repetition rate of 2
kHz. Excess electrons were generated using one of two
techniques. With the first method the second harmonic of the
output of the amplified Ti:sapphire output (390 nm) photoion-
ized I” in solution. Alternatively, the fourth harmonic of a
Q-switched Nd:YLF laser (263.5 nm) produced solvated

hy 25-300 fs ~1ps <300 fs
Seq— Pre abane. Pea nonadiabatie Shot Seq (2) electrons by photodetachment freomaphtholate. After a delay
adlabatic . o
solvation transition of several nanoseconds the resulting equilibrated, ground-state

electrons were photoexcited by a 780 nm,-63uJ, 130 fs

where the subscripts “fc”, “eq”, and “hot” again refer to nuclear “pump” pulse. A variably delayed, tunable (430150 nm)
degrees of freedom and represent FranGkndon, equilibrated, ~ “probe” pulse measured the subsequent relaxation dynamics.
and nonequilibrated states, respectively. T3 ps dynamics ~ The tunability of the probe wavelength was achieved using
were interpreted as adiabatic relaxation in the p state. Thewhite-light continuum generated in quartz and selecting a 20
longer components were assigned to the>ps nonadiabatic nm portion from the continuum with a computer-controlled
decay process. According to the model, the rate-limiting process variable interference filter wheel. Typical pump and probe spot
for the downward nonadiabatic transition is the gradual decreasesizes were 80 and-20 um, respectively.
of the s—p quantum energy gap through solvation dynamics,  All solutions were circulatednia 1 mmpath flow cell such
in response to the new p state shape and charge distributiorthat each laser pulse sequence encountered a fresh sample
following photoexcitatiorf. Recent applications of a statistical ~ region. To avoid accumulation of unwanted species, the sample
theory of pump-probe spectroscopy of the hydrated electron reservoir was changed frequently. The transients at some
by Bratos, Borgis, and co-workers lead to a similar interpreta- wavelengths were corrected for small artifactual signals centered
tion12.13 at zero delay caused by pump-induced phase modulation of the

It should be emphasized that according to theory, the p stateprobe. In most cases the amplitude of this “artifact” was less
is localized in the original potential well that had trapped the than 10% of the signal amplitude. As expected with an absence
Se¢ Although solvent fluctuations could in principle cause the of complications due to ¥solvated electron interactions, the
p-state electron to migrate to a remote site in the liquid, initial bleach amplitude was observed to depend linearly on salt
simulations for the hydrated electron predict that this is too slow (KI or TBAI) concentration, and the normalized transients at
to compete with the p~ s radiationless decay in the original low to moderate salt concentrations were found to be superim-
site 538 posable. When'at large concentrations-50 mM) was used

Yet a third hypothetical interpretation of the three-pulse as a precursor, there was evidence for formation by the
solvated electron data involves site ejection (detrapping) of the diffusive combination of T and t. 1>~ is known to absorb in
excess electron from the original site by a two-photon mech- the same spectral region as the solvated electron and is a

anism as follows® potential complicatiort! Addition of a solvated electron
guencher (e.g., acetone) to the solution reservoir was observed
solvent to completely quench the solvated electron signal and verified
s 2 B —— py dependent -, (3) that the reported data were not due to an impurity. Transients
q trapping radiationless ~€d

were also found to be identical using either KI or TBAI in the
femtosecond UV synthesis, demonstrating the lack of counterion
ffects. Finally, transients using either synthesis technique were
ound to produce indistinguishable ultrafast dynamics of the
solvated electron.

relaxation

where the subscripts are the same as in eqs 1 and 2 and th
prime represents an s or p state electron at a site different from
that occupied by the initial equilibrated s-state electron. This
interpretation ascribes the observed dynamics in the three-pulsqII Results and Discussion
experiment to electron retrapping and solvation at a new site,
in analogy to the dynamics of the standard two-pulse electron Overview of the Kinetics. Figure 1 shows pumpprobe
injection experiment. (Theoretical calculations suggest that transients of the solvated electron in methanol at various probe
near-IR one-photon excitation does not have sufficient energy wavelengths. Transients near the ground-state absorption
to directly detrap the electron in wafesr methanol?) maximum (e.g., parts A and B of Figure 1) display an
This paper is concerned with a detailed investigation of the instrument-limited decrease in optical density (bleach) due to s
three-pulse pumpprobe spectroscopy of the solvated electron — p photoexcitation. The decrease in optical density recovers
in methanol and ethanol solvents as a function of probe on multiple time scales. Transients at the red edge of the
wavelength in the visible and near-IR and as a function of pump spectrum (e.g., parts G and H of Figure 1) show an increase in
intensity. The results lead to new insights into the validity of optical density at zero delay. At intermediate wavelengths (e.g.,
the alternative models (eqs-B) for the dynamics of the electron  parts E and F of Figure 1) the data display nonmonotonic
in alcohols. The ultrafast data at low pump intensity (one- dynamics. The initially decreased optical density rapidly
photon excitation) are consistent with localized p and s states.overshoots to become an increased absorption at later delays.
In contrast, at high pump powers the ultrafast data show The data presumably primarily reflect the dynamics of the p
evidence of a two-photon channel involving detrapping/retrap- s radiationless decay along, in principle, with solvation dynamics
ping of the solvated electron. The data also lead to new insightsof the s and p states. However, it is difficult to unambiguously
of a previously observed excited-state proton-transfer reactionassign the dynamics specifically to these processes, owing to
of the solvated electron in alcohols. overlapping (s— p and p— CB) transitions, which complicate
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1060 nm ¢ Figure 2. CompositeAOD spectrum of the solvated electron in 250

mM KI methanol solution at various time delays following excitation
with a 780 nm linearly polarized pump pulse oriented at 54vith
respect to the polarization of the probe pulse. The spectra were
reconstructed from the individual transiehOD data obtained at 23

different probe wavelengths. Each transient was normalized by scaling
0 20 40 60 -??me (F;)S) 2408 the residual bleach at long delays to the equilibrated ground-state

absorption cross section at the probe wavelength.

Figure 1. TransientAOD (change in optical density) spectra of the

solvated electron in 250 mM KI methanol solution obtained at the probe TABLE 1: Multiexponential Fit Parameters for the

wavelengths indicated in each panel. The solvated electrons were excitedlransient Pump—Probe Signal of the Solvated Electron in

with a variably delayed, 780 nm pump pulse and interrogated with a Various Alcohols at Room Temperaturet

variable wavelength probe pulse. The pump and probe pulses were

linearly polarized and oriented at 54.@the magic angle) with respect I 2 15 a0
to eac?/] I())ther. The first 10 ps of the tr(gnsientgspect?a ())n the Ieftpside of (m) _(ps) A () A (p9) As A (ps)
the figure are shown on the right side of the figure on an expanded Methanol gmax= 640 nm)
time scale. The solid lines through the data are the multiexponential 600 0.95 —0.68 9.6 —0.27 -0.050 3.4
nonlinear least-squares fit at each wavelength. Al fits are convoluted 640 0.62 —0.68 76 -027 -0.055 2.6
with the instrument response function, shown in the lower right panel. 660 0.44 —0.60 7.2 033 -0.070 2.8
740 044 -0.32 556 —042 6.9 021 —-0.054 c
the interpretation. For example, both the-pCB absorption ggg 8:25 _8:22 2.74 ~0.22 8:2 8:33 _8:812 g
band and the s> p absorption band (of the unrelaxed s state) 1060 1.0 0.08 10.1 091 —0.010 9.3
may potentially absorb strongly near 1060 Arithus, the slow- 1150 1.6 0.37 10.7 0.61 —0.015 7.2
relaxing transient absorption at 1060 nm may be due-te § Ethanol fmax= 725 nm)
radiationless decay, s-state cooling, or both processes. 680 0.87 —0.58 16.5 —0.37 —-0.052 6.9
The transientAOD spectrum of the solvated electron in 700 0.42 —0.67 6.1 -030 -0.031 22
methanol at various pumiprobe delays is shown in Figure 2, ;gg 8"21; :8"718 15 —0.08 23'2 _0646198 :8'823 C4'0
further illustrating the trends shown in Figure 1 over the whole g59 1842 064 ' 245 0.33 —0.030 9.6
spectral region covered by our white-light continuum (430 Ethylene Glycol fma= 580 nm)
1150 nm). After only 500 fs following photoexcitation, a  gg0 042 —0.89 "423  0024-0084 1.6

significant fraction of the relaxation has already occurred. 800 0.65 —-0.51 1.9 0.46 185 0.021-0.0068 2.6
Within this time scale there is a rapid blue shift in the region 920 0.52 -0.54 3.9 0.25 340 0.054-0.040 9.2
from ~800 to 1150 nm, leading to the nonmonotonic dynamics  atrangients are fit to the functioMOD(®) = SA expti)
discussed above. In addition, around the absorption maximum,convoluted with the instrument response function shown in Figure 1H.

the initial decrease in optical density recovers b$0%. A The amplitudes are normalized such thath| = 1. 74 is always held
“pseudo-isosbestic” point emerges close to 800 nm and persistsconstant at 100 000 ps to represent a permanent absorption tiefieit.
throughout the remaining relaxation. average time constant is defined @8= Y ;Azi/YiA. ¢ In the case of

We have also performed ultrafast transient absorption experi- transients at probe wavelengths where the dynamics are nonmonotonic,
the average time constant is determined using the fit components of

ments on the solvated electron in ethanol and ethylene glycol. je apsorptive portion of the transient (i.e., the components with positive
Table 1 shows multiexponential fits to transients in all of these amplitude).

solvents at a variety of wavelengths.

In addition to the dramatic spectral dynamics due te-s Figure 3 shows the dynamics of the solvated electron in nor-
decay and p- and s-state solvation, there is also a residual bleachna| and deuterated methanol, probing at 660 nm in both cases.
at all probe wavelengths that has been previously assigned tojnspection of the data reveals no measurable isotope effect on
an excited-state proton-transfer reaction from the alcohol solventany portion of the>300 fs dynamics. However, there is a con-
to the excess electrdf 4 siderable isotope effect on the amplitude of the residual bleach,

o ~ ascribed to the excited-state proton-transfer reaction (eq 4). At
Seq T ROH—H"+RO (4) 660 nm, for example, the amplitude of the persistent bleach is
~7% in MeOH but only~2% in MeOD. Table 2 gives
This reaction is described in detail below. multiexponential fit parameters for the solvated electron in
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Figure 3. TransientAOD spectra of the solvated electron in 250 mm  €thanol probing at 700 nm using a pump pulse energy of BJX)
KI methanol (upper panel) and methambflower panel) solutions at and 5.54J (B) and probing at 950 nm with pulse energies of_0.38 and
660 nm. The initial AOD bleach amplitudes of the methanol and 0-794J (C) and 0.75 and 5.6 (D). The 950 nm data at different
methanold data sets have been normalized to highlight the differences POWers in panels C and D are superimposed for comparison. In panel
in the relative residual bleach amplitudes. The solid lines through the C the transients are normalized by the pump intensity, whereas in panel
data are the multiexponential least-squares fit at each wavelength,P the transients are normalized to have the same maximum signal.
convoluted with the instrument response function shown in Figure 1H. EXCeSS electrons were generated by photodetachment from 10 mM
a-naphthol solutions.

TABLE 2: Multiexponential Fit Parameters for

Pump—Probe Measurements of the Solvated Electron in pulse energies (indicated in the figure). When the energy of
Isotopically Substituted Methanol and Ethanol at Room the pump pulse is<1.54J (~80um spot size), the kinetic form
Temperature® of the dynamics is independent of the excitation intensity and
A 71 72 73 FAL the magnitude of thAOD signal is linearly proportional to the
(m Ps) A (ps) A (ps) A A (ps) pump intensity. This is shown in Figure 4C, where two tran-
Methanold sients at a probe wavelength of 950 nm are obtained by pumping
600 0.81 —0.62 12.7 -0.37 -0.018 5.3 with 0.38 and 0.75.J pulses. The data are normalized by the
gig 8:2; :8:22 lg:gg :8:23 :8:832 ig pump pulse energy and are shown to be superimposaple. In
860 019 —037 2.16 —020 103 0.43 o contrast, at excitation energies larger thah5uJ, the dynamics
950 017 —-0.31 111 0.69 c become obviously intensity-dependent and the signals do not
Ethanolé vary linearly with excitation intensity. Slow-relaxing compo-
740 0.85 —0.52 73 —-0.23 —-0.035 2.4 nents become apparent (parts B and D of Figure 4). In Figure
860 0.31 —0.65 1.3 -0.15 21.3 0.17 —0.034 ¢ 4D the transients are normalized to have the same maximum
950 0.30 —0.59 6.8 0.21 284 0.17-0.029 6.6 AOD, and not by the pump intensity, as in Figure 4C.
aTransients are fit to the functioMOD(t) = SiA exp(—t/z) Therefore, excitation with intense pulses gives access to states
convoluted with the instrument response function shown in Figure 1H. that relax on much slower time scales than the one-photon states.
The amplitudes are normalized such thg®| = 1. 74 is always held Figure 5A displays how the magnitude of the initial depletion

constant at 100 000 ps to represent a permanent absorption &igfieit.  signal at 700 nm (derived from multiexponential fits of the data)
average time constant is defined @8i= > Aw/3/A. ©In the case of gepends on pump pulse intensity. At low pump intensities the
transients at probe wavelengths where the dynamics are nonmonotonlcdepleﬁon signal varies linearly, while at higher intensities it

the average time constant is determined using the fit components of h id f saturati d blv itati f
the absorptive portion of the transient (i.e., the components with positive Shows evidence ot saturation, au€ présumably o excitation o
amplitude). a large fraction of the ground-state electrons. Figure 5A also

portrays the pump intensity dependence for the photochemical

methanold (MeOD) and ethanott (EtOD) at a variety of yield (solid circles in Figure 5A), which is given by the

wavelengths. magnitude of the persistent bleach divided by the absorption of
Pump Power Dependence of the Kinetics.To assign the the equilibrated electron at 700 nm. The yields show an
dynamic processes observed in Figures3lio specific one- apparently linear intensity dependence, which at first glance

photon, two-photon, and higher-order photon-induced processesappears to be an indication of a one-photon process. However,
we have investigated the ultrafast dynamics as a function of the apparently linear intensity dependence does not produce a
pump pulse energies. Figure 4 displays absorption transientsline going through the origin but rather extrapolates to a negative
of the solvated electron in ethanol probing at 700 nm (parts A intercept. Such behavior is expected for a photochemical
and B) and 950 nm (parts C and D) and pumping with different process resulting from successive two-photon absorption under
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Pump Energy (uJ) channel at low intensities is very small, an apparently negative
0 1 2 3 4 5 2200 intercept is deduced from the experimental yield data (Figure
~10 3 SA).
E) 08 15§ The small experimentally observed yield of proton transfer
5 a suggests that the branching ratle{(kpt + k7)) significantly
£ 06 103. favors trapping over proton transfer. On the basis of the actual
§ 04 ‘é PT yield and the simulations in Figure 5B, we estimate the
=" 5 < branching ration to be-10~1. Assuming that the CB state exists
8 0.2 o for ~100 fs, which is consistent with simulatiori;r in eq 6
< e is estimated to~10'2 s71. In contrast, the thermally activated
0.0 0 > proton-transfer reaction between alcohols angl is much
L ) slower4647 (For example, a pseudo-first-order rate constant of

3 1 x 10° st in ethanol has been reporté&y.
One-Photon-Induced s— p Dynamics. The power depen-
dence that is portrayed in Figures 4 and 5 strongly suggests
that the complex pumpprobe dynamics of equilibrated elec-
trons in alcohols is generally due to both one- and two-photon
excitation under conditions of moderate to high excitation (i.e.,
>20% of the initial s-state population excited). Nevertheless,
in the relatively low-power regime of Figures-B and Table
1, the reported dynamics are predominantly due to one-photon
(s — p) excitation?®
) G0z 004 006 008 010 The relatively fast relaxation dynamics observed for one-
Laser Fluence (J/cm?) photon-excitede, electrons strongly rules out photodetachment/

Figure 5. (A) Magnitude of the initial transierAOD signal @) and trapping (eq 3) "?‘S a mechanism for this process. Thus, the
photochemical yield®) of the solvated electron in ethanol as a function Ultrafast data evidence strongly suggests that the low-power
of excitation fluence, probing at 700 nm. The solid lines are fits to the €gime kinetics of the solvated electron is indeed due to
experimental data. The initi?dOD signal was fit to the functiofil — excitation of g4to a “localized” p state followed by subsequent
exp(=1/ls} wherel is the intensity ands fits to a value of 4.5« 10~ relaxation at the original site ofgi.e., one of the mechanisms
J/ent. The fit to the photochemical yield is simply a linear function.  shown in egs 1 and 2. The ultrafast kinetics of the solvated
The magnitude of the initiahOD is 3 x 10"* at the highest pump g jacron in the extremely slow-relaxing solvent ethylene glycol
energy that was investigated. (B) Results of a photodynamical model . . - . . .
described in the text. The computed signal components due to one-IS consistent W'_th th's conclusion. In part'CUI?r' ,the_Observed
photon @) and two-photon @) processes are displayed. Excess average relaxation time scale for the photoexcitation in ethylene
electrons were generated by photodetachment from 5 mM solutions of glycol is orders of magnitude shorter than the expected time
a-naphthol. scale for relaxation of photoejected electréfs.

The new data on the solvated electron do not allow us to
distinguish between the related, but distinct, mechanisms
represented by eqs 1 and 2. Thus, the slowest component of

Fractional Yield

conditions where the first process is easily saturated. This effect
is nicely demonstrated by the following simple photodynamic

model. the observed dynamics at low intensity may either correspond
Odou Tpdpu to the p-state lifetime or ground-state solvation time scale. In
Seq ~p - CB (detrapped) (5)  turn, the faster dynamical processes may be either p state
solvation or p— s radiationless decay. Further experiments
kPT _ . . .. . ey epeas
CB + ROH RO +H (6) will be necessary to distinguish between these possibilities.
proton transfer Two-Photon Excitation of & As mentioned above, at high
CB— p' and $ (retrapped) @) pump intensities a two-photon channel becomes important in

the pump-probe experiment on equilibrated solvated electrons.

Here, ogp is the cross section for s p absorption, which is  This two-photon channel is closely analogous to the standard
known experimentally, andpq is the cross section for the two-pulse photoinjection experiment, as schematically repre-
CB absorption, which is assumed to be similar to the-p sented in Figure 6. Injected electrons (produced by multiphoton
cross, as suggested by simulations (at least for the hydratedphotodetachment) must seek an appropriate trap (e.g., Figure
electron)3%37 We further assume that the pump pulse width is 6A) to localize eitherni a p state or in the s staté. (Excess
much shorter than the p-state lifetime. electrons may be injected into the conduction band or they may

Simulation results from this model are shown in Figure*8B.  be injected through an excited state of the solvent, depending
The line with the solid circles (two-photon channel) represents on the photon energd?d) Further relaxation processes (the p
the fraction of initially equilibrated electrons that are ultimately — s electronic transition, adiabatic solvation) occur on a solvent-
converted to CB electrons by the pump pulse. The CB electronsdependent time scale. In the pumprobe experiment, two-
subsequently undergo proton transfer or are trapped in a newphoton excitation of the solvated electron ejects the electron to
site. The line with the squares (one-photon channel) correspondthe conduction band, where it may retrap in a different site (e.g.,
to the fraction of initially equilibrated electrons that end up site 2 in Figure 6B). The formation of fully equilibrated s
excited in the p state but are not excited by a second photon.electrons involves the same relaxation processes as those
At low excitation intensities the one-photon channel dominates, manifested in the injection experiments. The time scales of the
while at higher pump intensities the two-photon channel begins slow component in the high pump intensity regime are very
to compete and ultimately dominates (at higher powers than similar to those observed in photoinjection experiments. For
those shown in Figure 5). Since the yield of the two-photon example, comparison of our high excitation intensity data with
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A. PHOTOINJECTION

RO"+H

hvy

v,

ROH
B. PHOTOEJECTION

RO-+H

vy '

pump

Site 1 Site 2

Figure 6. Schematic illustration of one- vs two-photon excitation of
the equilibrated solvated electron. (A) In the photoinjection experiment
an injected electron is localized in an s or p state. (B) In the
photoexcitation experiment one-photon excitation of an s-state electron
in site 1 produces a (localized) p-state electron. Two-photon excitation
produces a CB electron, which may localize in a distinct site from the
original one (site 2). Alternatively, the CB electron may accept a proton

Silva et al.

reacts very efficiently with scavengers in competition with
excess electron relaxation and solvafiéh® The high quench-

ing efficiency suggested that the dry electron undergoing the
reaction is either an extended wave packet or a delocalized par-
ticle>* Experiments by Lewis and Jonah on the reactions of
the dry electron in ethanol andpropanol over a wide temper-
ature range are in agreement with that hypoth®&sighis leads

one to compare the CB electrons prepared in our experiment
via two-photon excitation with the highly reactive “dry” elec-
trons discussed in the radiation chemistry literature. This possi-
bility opens up the door for future studies of CB electron struc-
ture and dynamics, since climbing the energy ladder from the
ground state represents a new way of producing CB electrons.

Solvent Isotope Effects Another important issue to evaluate
the different mechanisms for the transient absorption dynamics
presented here is their predictions of solvent isotope effects on
the p— s radiationless transition rate. Figure 3 shows that we
observe no significant isotope effects on any portion of the
dynamics within our time resolution of 300 fs. There are
presently no nonadiabatic MD simulations on the solvated
electron in methanol to compare predicted isotope effects on
the p-state lifetime with the data, but hydrated electron simula-
tions give conflicting predictions. Nonadiabatic MD simulations
by Schwartz and Rossky predict that the excited-state lifetime
is a factor of~2 longer in BO than in HO2 This is a result
of smaller nuclear velocities in deuterated water, producing a
smaller nonadiabatic coupling between the ground and excited
states. It was predicted, however, that the decay of quantum
coherence after nonadiabatic coupling takes0% longer in
D,O than in BO, and therefore, the smaller nonadiabatic
coupling acts coherently for a longer time than isC-10 After
inclusion of this effect in the simulation, only a small net isotope

from a solvent molecule. effect on the radiationless transition rate remained. It should
the data from Shi et al. for the solvated electron in methanol P€ noted that it was argued that the nearly _complete cance_llation
and ethanol shows that the dominant kinetic feature in both casesCf the dependence of the decoherence time and nonadiabatic
occur on similar time scales~7 ps in methanol~15 ps in couphng.m thg case of the p> s tr_ansmon of the hydrated
ethanol)2® The dominance of slow components at high pump _electron is accidental, and a_larger isotope eﬁect shou_ld be seen
intensities is also observed for the hydrated electraithough in other sol_ve_nté.7 A small isotope effect in the Ilfgnme_ of
a comparison of pumpprobe and the photoinjection experi- the p state is in agreemgnt with the data} pre;ented in th|s.work
ments is more problematic because of the presence of unsubPut in contrast to predictions from nonadiabatic MD simulations
tractable artifacts and the limited time resolution and signal- by Neria and Nitzai? which used a golden rule expression to
to-noise ratio in the published photoinjection dt& In calculate the p~ s nonadiabatic decay rate. The nonadiabatic
alcohols, where the time scale for the fast and slow relaxation transition time constant was found to be 220 fs ipOHand
components observed in the data are better separated, the-800 fs in DO. A recent study of the pumgprobe spectros-
correspondence between the two- and the (high pump power)copy of the hydrated electron by Bratos, Borgis, and co-workers,
three-pulse experiments is clear. using a statistical theory, predicts that an isotope effect should
One important distinction between the (one-photon) pump  be observed at the wings of the absorption band but not in the
probe experiment and the photoinjection experiment is the role Vicinity of the excitation frequency? This effect is predicted
played by the slow kinetic components, demonstrated by the because near the pump frequency the spectral evolution is domi-
average relaxation timeéz[] Although the slow components hated by a solvent-independent “coherent spike”, which is super-
dominate the dynamics following photoinjection, they play a imposed on a “thermic band” that dynamically depends on the
lesser role in the one-photon pumprobe data. (For example nonadiabatic rate constant. Since that parameter is solvent-
in Figure 4D, #0is ~9 ps pumping with 0.7%J pulses but ~ dependent (due to different nuclear velocities), an isotope effect
~29 ps with 5.54J pulses.) This is an indication that in the is expected in the evolution of the thermic band. The hydrated
low pump-power experiment the large amplitude, slow solvent electron shows a-1.4 isotope effect in the Gaussian30—70
motions are largely frozen out during the time scale required fs component of the dynamics near the pump frequénttyis
for the radiationless transition process. They play a critical role, also interesting to compare the experimental results with the
however, in the photoinjection (and multiphoton pungrobe) hydrodynamic theory of hydrated electron solvation of Rips,
experiment. which assumes that the excess electron resides in a symmetric
It is interesting to compare the concept of the CB electron cavity in an ideal, incompressible liquid, and the reaction
with a related concept in radiation chemistry, the “dry” electron. coordinate for the radiationless transition is the cavity radius
Upon radiolysis of water and alcohols a transient species (theitself.!® This simple model predicts that the transition time scale
dry electron), with energy well above the thermal energy, is depends on isotopic substitution only through the square root
formed>®! Hunt and co-workers established that the dry electron of the solvent density, producing a 5%®fD,0 isotope effect
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that is consistent with the experimental observations of the
hydrated electrof. The square root of the density ratio of
methanol and methandlis 1.01. A~1% isotope effect is also
in agreement with the data presented in this paper.

The isotope effect on the yield of photochemical reaction (eqs
5 and 6) is in agreement with earlier studies in which nano-
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out by the analysis reported herein. Experiments performed in
methanold and ethanot reveal that within the time resolution
of these experiments-300 fs), no observable isotope effect is
present in any kinetic component except in the yield of the
photoinduced proton-transfer reaction. These results provide
an important step toward an understanding of the electron
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