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The processes by which solvated electrons are generated and undergo recombination are of great
interest in condensed phase physical chemistry because of their relevance to both electron transfer
reactions and radiation chemistry. Although most of the work in this area has focused on aqueous
systems, many outstanding questions remain, especially concerning the nature of these processes in
low polarity solvents where the solvated electron has a fundamentally different structure. In this
paper, we use femtosecond spectroscopic techniques to explore the dynamics of solvated electrons
in tetrahydrofuran(THF) that are produced in two different ways: ejection by multiphoton
ionization of the neat solvent, and detachment via the charge-transfer-to-s@\Vert) transition

of sodide (Na). Following multiphoton ionization of the solvent, the recombination of solvated
electrons can be well described by a simple model that assumes electrons are first ejected to a given
thermalization distance and then move diffusively in the presence of the Coulombic attraction with
their geminate cation. The short-time transient absorption dynamics of the THF radical cation in the
visible region of the spectrum do not match the kinetics of the solvated electron probed a,
indicating that caution is warranted when drawing conclusions about recombination based only on
the dynamics of the solvent cation absorption. Wittd eV of excess energy, geminate
recombination takes place on the hundreds of picoseconds time scale, corresponding to
thermalization distances=40 A. The recombination of solvated electrons ejected via CTTS
detachment of Na, on the other hand, takes place on two distinct time scales2odnd~ 200 ps

with kinetics that cannot be adequately fit by simple diffusive models. The fraction of electrons that
undergo the fast recombination process decreases with increasing excitation energy or intensity.
These facts lead us to conclude that electrons localize in the vicinity of their geminate Na atom
partners, producing either directly overlapping or solvent-separated contact pairs. The distinct
recombination kinetics for the two separate electron generation processes serve to emphasize the
differences between them: multiphoton ionization produces a delocalized electron whose wave
function samples the structure of the equilibrium fluid before undergoing localization, while CTTS

is an electron transfer reaction with dynamics controlled by the motions of solvent molecules
adjacent to the parent ion. All the results are compared to recent experiments on the
photodetachment of electrons in aqueous systems where contact pairs are also thought to be
important, allowing us to develop a qualitative picture for the mechanisms of electron generation
and recombination in different solvent environments. 2@00 American Institute of Physics.
[S0021-960600)52048-7

I. INTRODUCTION to be addressed include the mechanism by which the excess

Solvated electrons are excess charges in a liquid that al%ectrons are generated and the. manner by which .they. be-
not associated with a single solvent molecule. Instead, thet?Me localized in the solvent cavity. The initial work in this
electrons are physically confined in a cavity between solvenfi€!d addressed these questions by studying the free ion yield
molecules and have an electronic structure determined by tH¥ Solvated electrons produced using pulse radiolysitre
cavity’s fluctuating size and shape. Because solvated ele¢ecently, the advent of tunable ultrafast laser sources has
trons are important in radiation chemistrgerve as interme- offered the opportunity to observe directly the electron gen-
diates in charge transfer reactichand provide model sys- eration and localization processes following multiphoton
tems for understanding the role of quantum dynamics in théonization of the neat liquid=*! Accompanied by quantum
condensed phasSethey have been the subject of intense simulationst? the general picture that has emerged is that the
study over the past few decades. The outstanding questioistial step in the photoionization process consists of verti-

cally exciting electrons into the conduction band of the lig-
dAuthor to whom correspondence should be addressed; electronic maiHid' These initially prepared electroriwhich likely corre-
schwartz@chem.ucla.edu spond to “dry electrons” in the literatujeresemble plane
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waves in the conduction band of a solid, but are distorted anthe visible-wavelength absorption of the solvent radical cat-
localized by the disorder of the fluid. The liquid responds toion. For example, Long, Eisenthal and co-workers studied
the presence of the electron by expanding a small cavitynultiphoton ionization in alkanes and, based on the decay of
where part of the electronic wave function resides; this furtransient absorptions at several visible wavelengths, claimed
to formation of a solvated electron. It is also possible that the, sub-picosecond time scdl@his fast geminate recombina-
electron can be trapped in an electronically excited state dugjo, can pe explained by the higher electron mobility and the
ing the localization proces$l|kely corrgspondmg .to the lower dielectric constanfwhich leads to a larger Coulomb
yvet or “pre-solvated electronlln_the literaturg: this ex- force between the electron and cadi@f iso-octane relative
cited state then relaxes nonradiatively to the ground statet S . .
b polar fluids like water. The absorption of solvent radical

leading to the equilibrium solvated electron. i h iaht al h It of
Following ejection and localization, solvated electronsCatONS, NOWEVer, might aiso change as a result of processes

can undergo diffusive motion, leading to the possibility of ©ther than changes in cation population: vibrational energy
recombination with the product species from which the e|eC_reIaxat|on, solvation dynamics, or free radical chemistry can
tron was generate@jeminate recombinationt® The average ~alter the absorption spectrum on the same time &)aées
distance at which a photoejected electron localizes from it§eminate recombination. Thus, for experiments in nonpolar
parent is known as the thermalization length; the more exsolvents in which the electron is not being probed directly,
cess energy provided by the photons, the greater the thermdhese other processes that might affect the cation absorption
ization length. Once ejected and thermalized, the electronould possibly masquerade as geminate recombin&tion.

and its geminate partner move diffusivégnd possibly un- In addition to producing solvated electrons by photoion-
der the influence of their mutual Coulomb attraction if theization of the neat solvent, it is also possible to generate
partner is chargedso that there is some probability that they solvated electrons by photodetachment of a sdttiior ex-
recombine'* Solvated electrons produced with a greaterample, molecules such as tetramethylphenylene digfine
thermalization length take longer to recombine and have @ndergo spontaneous ionization following excitation to the
higher probability for escaping recombination than electrong; s singlet excited state, generating solvated electrons. Re-
produced with smaller thermalization lengths. Thus, the k"cent experiments have found the surprising result that fol-

netics of recombination can be used to leamn about the elecf()wing the photoionization of indole in water, essentially no

tron ejection process. by using transient absorption N peCtrO;;'eminate recombination occufsGiven that the excitation
copy to monitor the number of electrons that survive as

function of time, the thermalization length can be inferred. wavelength is usually well pelqw the ver_t|cal lonization
While the thermalization and recombination kinetics ofthreghold, SO thgt the thermalization length is gxpected to be
solvated electrons have been studied in a variety of solvent§€latively low, this result suggests that there is a large free
by far the most attention has been lavished on aqueou@N€ray barrier to recombination. A large barrier could be the
system€8 For water, once the changing order of multipho- Outcome of having the electron and cation become bound in
ton processes with excitation wavelength is accounted for, i@ Solvent-separated contact pair: if the energetic price to dis-
is clear that increasing excitation energy above the ionizatiofupt the local solvent structure around the pair is large rela-
threshold leads to an increased thermalization length for théive to kT, recombination could be effectively preventéd.
ejected electroh® Depending on the excitation energy, re- The presence of solvated electron:geminate partner con-
combination typically occurs on a time scale of tens to huntact pairs has also been invoked in yet another example of
dreds of picoseconds. It is also worth noting that the recomelectrons generated via photodetachment from a solute: that
bination kinetics in aqueous systems is somewhabf charge-transfer-to-solveti€TTS).24=28In contrast to the
complicated by the fact that the water cation produced upophotoejection process described above, simulations have pre-
photoionization reacts essentially instantaneously with &cted that electron production via CTTS proceeds via a
nearby water molecule to producg®” and OHs. The hy-  mych different mechanisA?:3°In a CTTS reaction, a photon
draFed electrc_m rec_ombines prefe_rentiglly with the hydroxy'promotes the electron on an anion in solution tmealized
radical; reaction with the hydronium ion serves only as ag,iteq statéthe CTTS statewhich is bound not only by the

; At 6
m|n<|)r recc:mb;nau?[n chs??éll. - bout elect Coulomb attraction between the electron and the anion
' contrast, quite a bit 1ess 1S khown abou f‘\e(.: ron 9€N5,ycleus but also by the polarization of the solvent around the
eration and recombination in nonpolar liquitid! Without

. . C nion. Following excitation, the local solvent structure
the strong dipolar forces present in polar liquids, solvate : .
. . around the anion changes, causing the electron to detach and
electrons in nonpolar fluids tend to occupy much larger vol-

umes than their polar counterpatfs® As a result, the ab- become solvated in a cavity nearby the parent. Thus, the
sorption spectrum of solvated electrons in nonpolar andcronym CTTS is somewhat of a misnomer: the Franck—
weakly polar solvents tends to peak in the mid-infrared, typi-condon CTTS excitation does not directly produce solvated
cally near 2um*® (the absorption maximum of the hydrated €lectrons. For the CTTS process in aqueous halides, simula-
electron, for comparison, is 720 APh The mid-infrared is a tions suggest that after detachment, the hydrated electron and
wavelength range that was inaccessible to ultrafast lasers ufeutral halogen atom are bound by sevée@lin a contact

til recently; as a result, essentially all of the work in nonpolarpair, separated by only a few angstrofi<Once formed,
fluids has examined recombination dynamics by monitoringhere are two ways for the contact pair to undergo recombi-
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nation. If the solvated electron’s wave function overlaps thabusly conclude that there are fast recombination kinetics. For
of the nearby partner atom, recombination can occur directlglectrons produced via CTTS excitation of sodide {N&
via a nonadiabatic transition; the rate for this type of proces§HF, we see two time scales for recombination: a fast re-
can be estimated by the Golden REflé! If the solvated combination on<2-ps-time scale, and a slower recombina-
electron is held at some distance from its geminate partnetion on a hundreds of picoseconds time scale. Neither of the
on the other hand, recombination cannot take place until theecombination decays can be adequately described by a dif-
local solvent structure is disrupted, a situation akin to that ofusive kinetic scheme, pointing to the importance of both
the indole photoionization described above. directly overlapping and solvent-separated geminate atom:
Recently, we presented a detailed exploration of the dysolvated electron contact pairs following CTTS detachment.
namics of electron production following the CTTS excitation All Of the results emphasize that direct photoejection is a
of sodide (Na) in tetrahydrofuran THF).32 Our choice of fundamentally different electron production mechanism than
Na~ was based on the spectroscopic convenience afforded T TS
by this system: the spectra of both the CTTS ground and
excited states, as well as the absorptions of both thg solvatqf_i EXPERIMENT
electron and neutral sodium atom products, are easily acces-
sible in the visible or near-infrared. Following excitation, we The solvent we have chosen for this study is THF. Alkali
observed the decay of the CTTS excited state and the correaetal anion solutions can be prepared readily in this solvent,
sponding appearance of the solvated electror-ifl00 fs.  and unlike metal/amine solutions, there are no solvated elec-
When exciting at 800 nm near the CTTS band maximum, drons present at equilibrium, allowing us to cleanly monitor
majority of the electrons produced undergo geminate reconthe appearance of solvated electrons produced by detachment
bination in less than 2 ps. In order to fit the observed spectrdbllowing CTTS excitation of sodid& Our choice of Na as
transients, we had to invoke the presence of a contact paihe CTTS anion of interest is based not only on its spectro-
that undergoes a pseudo-first-order recombination procesg¢opic conveniencé*® but also on the fact that sodium
Bradforth and co-workers recently have carried out a similatéached out of the walls of the sample cell can act as a
set of experiments for the CTTS transition of aqueouscontaminant in solutions of the other alkali metal aniohs.
iodide?® Like we determined for the NaTHF system, Our procedure for preparing sodium anions is an adaptation
Bradforth and co-workers also found that the electron dy-°f the method of Dye? the details have been reported in our
namics following CTTS detachment from iodide is best de-Previous papet For both the neat solvent and sodide CTTS
scribed in terms of recombination of a contact pair. In con-Studies, the THF employed was freshly dried over potassium
trast to the rapid=2-ps recombination observed following Metal before use. All of the experiments performed on
CTTS excitation of sodide in THE recombination in the samples with different concentrations of Naroduced iden-

aqueous iodide system was observed to take place on a tintigal results, indicating that interactions between neighboring
scale of tens of picosecontfs Na anions are not important in any of the dynamics reported

All of these observations lead to some fundamentapere' It is also well known from conductance measurements
guestions: Why do the time scales for electron recombinatioﬁhat therg IS essentllally No lon pairng between the ca_tlons
and alkali metal anions in these solutiotisso the experi-

appear to be so much faster in weakly polar fluids like THF .
) ST ; . ments reported below can be regarded as spectroscopic stud-
than in polar liquids like water? Why is formation of a con- . : .
ies of isolated, uncomplexed Na anions.

tact pair important for electrons produced via CTTS but not The laser system used for the femtosecond pump-probe

for electrons generated via multiphoton ionization? Why do . . . - - .
S . . experiments is a regeneratively amplified Ti:sapphire laser
contact pairs in water live for so much longer than in low

. . . i - (Spectra Physigghat produces 1 mJ; 120-fs pulses at 790
polarlty solvents like THF? qu does increasing the excita -+ 2 1-kHz repetition rate. The amplified pulses pump a
tion energy affect conte.\ct pair for.matlon fgllowmg CTTS? dual-pass optical parametric amplifi@PA) that generates

How do the observed differences in behavior depend on thgyahe signal and idler beams in the infrared. In particular,

interplay between the solute’s electronic structure and the,q idler beam can be tuned through the region nean®
solvent dynamics? . allowing easy spectroscopic access to the absorption of the
The purpose of this paper is to address these and relategh}yated electron in THF, which has its absorption maximum
questions by comparing the production and recombinatiopegy 2.1xm . In addition to using the OPA outputs directly,
dynamics of solvated electrons generated by multiphotoyoth the signal and idler beams may pass through additional
ionization to those of solvated electrons produced via CTTS$gnlinear crystals to produce tunable visible pulses via har-
in Weakly polar fluids. For solvated electrons produced meoniC generation or by sum frequency mixing with the re-
multiphoton ionization of THF, we find that recombination sidual 790-nm fundamental light. The probe light in the ex-
occurs on a hundreds of picoseconds time scale with kinetigseriment is split into signal and reference beams, which are
that are well described by a model assuming ejection at @detected on a shot-by-shot basis with matched InGaAs or Si
thermalization length followed by diffusive motion in a Cou- photodiodes as appropriate for the wavelength. The system is
lomb field. We also find that the absorption dynamics of thesensitive enough to measure absorption changeslomOD
solvent cation do not match with those of the solvated elecaveraging as few as 600 laser shots per point; the full details
tron at early times, showing that at least for the THF systemof our pump-probe spectrometer have been described
experiments which probe the cation absorption could erroneslsewheré?® The pump beam intensity was controlled
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using calibrated neutral density filters. Control experiments

. - 00, ‘e
on the empty sample container assured that the silica cell G PR .
walls did not contribute to any of the measured pump-probe
signals. ¢ 2100 nm probe
As discussed further below, it is not obvious in the ex- — SHQTIPIE

periments on neat THF how many photons are involved in
the multiphoton ionization of the solvent at a given pump
wavelength. Thus, to determine the number of photons used
to ionize THF, we also measured the intensity dependence of
the nonlinear absorbance of neat THF at different pump
wavelengths. The setup for this nonlinear absorbance experi-
ment is similar to that recently reported by Crowell and Qian
for liquid water®® In brief, the energy of a portion of the
pump pulse was measured on photodiodes both before and
after the THF sample as a function of pump pulse intensity.

¢ 2100 nm probe

Change in Absorbance (Arb. Units)

— 1700 nm probe
Calibrated neutral density filters were used to prevent satu- — 575 nm probe
ration of the diodes at high intensities. Absolute fluences .
were determined by calibrating the number of counts re- 0 0 1(’)0 ' 2(’)0 300
corded from the integrated and digitized photodiode signals Time (ps)

against a pyroelectric power meter at the highest intensities.

. . FIG. 1. Femtosecond pump-probe transients exciting neat THF with 395-nm
The number of photons absorbed in the mUItlphOton procesﬁ]ht. Upper panel: The solid diamonds show the appearance of the solvated

is then determined by the slope of a log-log plot of absor-electron monitored near its absorbance maximum at 2100 nm, the solid
bance against input intensﬁ?. curve shows the dynamics of the THF radical cation probed at 575 nm. The
two transients have been normalized to have the same maximum change in
absorbance. Lower panel: Same data as in the upper panel on a longer time
scale, with the transients normalized to have the same change in absorbance
at a time delay of 8 ps. The thin solid curve shows the dynamics of the
IIl. RESULTS solvated electron detected at 1700 nm.

One of the key aspects of this work is that the solvatedhen fit the observed kinetics to a standard model involving
electron in THF is a fundamentally different object than thediffusion under the influence of the Coulomb potential. This
solvated electron in water. Many studies have shown thagllows us to extract the thermalization length, which can be
solvated electrons in nonpolar and weakly polar liquids haveorrelated with the excess energy if the ionization potential
a much greater spatial extent than electrons in polar fluidgnd the number of photons absorbed are known. Unfortu-
like water!” 1841420 2_methyltetrahydrofuran glass, elec- nately, the ionization potential of liquid THF is not known:
tron paramagnetic resonance experiments indicate that thehe liquid ionization potential will be lower than the gas
radius of the solvated electron’s cavity+s3.4 A, and more-  phase ionization potential of 9.38 &because the electronic
over, that only a small fraction of the electron’s density ispolarizability of the liquid lowers the energy of the free elec-
found on the nearest proton sites, implying that the electronigon and cation relative to vacuum. Following the recent
wave function extends out to distances much farther than th&ork of Rozenshteiret al. who have studied the photoion-
first solvent shelf2 Our picture of the solvated electron in ization of Rb in THF,* we can estimate the ionization po-
THF is of a quantum mechanical object with the majority of tential of liquid THF by making use of the Born formula to
the probability density inside a 3.4 A diameter cavity, butcalculate the polarization energy provided by the solvent. We
with tendrils of probability density extending out past the find that weakly polar fluids such as THF providel.8 eV
closest solvent molecules. In contrast, the hydrated electrodf polarization energy to lower the liquid ionization potential
is essentially completely confined within its2.0 A radius  relative to the gas phase value. It is reasonable to use this
cavity** As we will see below, the larger size of solvated ~1.8 eV polarization energy, along with the9.4 eV gas
electrons in THF has important implications for the recom-phase ionization potential, to estimate that the ionization en-
bination behavior, especially for those electrons produced bgrgy of liquid THF is~7.6 eV. This means that the multi-
CTTS excitation that are bound in contact pairs. Thus, in théhoton ionization of neat THF requires at least three 395-nm
remainder of this section, we present our results on the rel3.1 €V) photons, at least four 500-n2.5 eV) photons, and
combination dynamics of solvated electrons in THF, first forat least four or possibly five 575-nf2.1 eV) photons.
electrons produced by multiphoton ionization of the neat sol-  Figure 1 shows the results of femtosecond pump-probe
vent, and second for electrons produced via detachment fopxperiments in which neat THF was ionized with 395-nm
lowing CTTS excitation of Na. photons. The upper panel shows the early dynamics in the
first few ps, while the lower panel shows the same transients
on the hundreds of ps time scale. The dynamics of the sol-
vated electron were probed at both 17@0in solid curve

In this section, we use femtosecond pump-probe specand 2100 nnsolid diamond} the two transients are indis-
troscopy to monitor the survival probability of solvated elec-tinguishable within the signal-to-noise. The fact that the dy-
trons produced by multiphoton ionization of neat THF. Wenamics are wavelength-independent indicates that processes

A. Electron production by multiphoton ionization of
neat THF
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such as solvation dynamics that could shift the solvated elec-
tron’s absorption spectrum are not important on the time
scales considered hetThus, the amplitude of the absorp-
tion near 2um provides a direct measure of the population
of solvated electrons, and hence the electron’s survival prob-
ability. Figure 1 makes it clear that following multiphoton
ionization at 395 nm, solvated electrons in THF live for hun-
dreds of picoseconds and undergo no appreciable recombi-
nation on the few-ps time scale.

Most previous studies of solvated electron recombina-
tion dynamics in nonpolar and weakly polar liquids have
relied on probing the visible absorption of the solvent radical

—_—

O 395-nm pump
% 500-nm pump
< 575-nm pump

a Change in ~2 um Absorbance

cation rather than the infrared absorption of the electron be- > 0 i 1
cause of the limitations of the ultrafast laser sources avail- 0= 9 : 0 1 2,00 # 40(,) N
able at the tim&-114'The heavy solid curves in Fig. 1 show 0 100 200 300 400

the results of this type of experiment for the 395-nm multi- Time (ps)
photon lonization of THF, where the solvent radical cation isFIG 2. Dynamics of the solvated electron’s absorptior at.m following
: - -2 "

probed !n the visible at 575 _nm' TO the best ‘?f our knOWI'femtosecond excitation of neat THF at a variety of pump wavelengths: 395
edge, Fig. 1 represents the first direct comparison of the aliopen circles, same as solid diamonds in Fig.5D0 (crossek and 575 nm
sorption dynamics of both the cation and electron following(open diamonds The data are normalized to have the same maximum
multiphoton ionization. The lower panel shows the data nor<£"ange in absorbance. The thin solid curves are fits to @giand (2); see

. . text for details. Note that the main figure has a highly expanded vertical
mff‘“ZEd to have the same _Change in absorbance at 8 ps qel%Xale(there is a scale break at the bottom of yhexis). The inset shows the
it is clear that the long time decay of the solvent cationsame data as the main figure on an absolute scale.
absorption matches perfectly with that of the solvated

electron?® supporting the assignment of this decay to gemi-

nate recombination. The upper panel of Fig. 1 shows the ynfortunately, we were unable to determine the order of
same data on shorter time Scales, normalized to the ma.X'ihe mu|tiphot0n jonization process S|mp|y by measuring the
mum change in absorbance. The rapid dynamics of th@hange in the size of the electron absorption signal with ex-
575-nm cation transient have no counterpart in th2-um  citation intensity: For all three excitation wavelengths, the
electron signals; thus, the fast decay at 575 nm cannot coklectron signal scaled linearly with pump power. Since the
respond to geminate recombination. Instead, the fast dynantreat THF sample clearly does not absorb only one photon,
ics probed at 575 nm likely result from vibrational energy this linear power dependence must be indicative of a multi-
relaxation, solvation dynamics, or another process such as ghoton process driven into saturation. In addition to the lin-
H atom abstraction reaction that alters the cation’s absorpear power dependence, all of the dynamics presented in Fig.
tion spectrum. If the trend we see for the cation dynamics irp were independent of excitation intensity for the range ac-
THF holds true for other liquids, the conclusions of many ofcessible in this stud§? In previous work on the multiphoton
the previous studies that investigated only the solvent catiofonization of water, the recombination dynamics were found
absorption may need to be reassessed. to be strongly intensity-dependent at some excitation wave-
Figure 2 compares the recombination dynamics of soliengths, showing that the order of the multiphoton excitation
vated electrons in THF following multiphoton ionization at process can change with pump po#ét. The intensity-
three different excitation wavelengths: 3@¥cles—same as independence of the results presented in Fig. 2 is again con-
the solid diamonds in Fig.)1 500 (crosses and 575 nm  sistent with the idea of a saturated multiphoton process: The
(open diamonds Consistent with the short-time data in Fig. intensity would likely have to be lowered below our detec-
1, none of the transients shows any evidence for geminatgon threshold to avoid absorption of the last photon, and the
recombination on early time scales. Perhaps more surprisingack of intensity dependence suggests there is little probabil-
the longer-time recombination dynamics for the different ex-ity to absorb additional photons at the higher excitation in-
citation wavelengths are remarkably similar: The dynamicgensities within reach.
following 500- and 575-nm excitation are the same within  Thus, instead of trying to determine the number of pump
the signal-to-noise, and recombination is only marginallyphotons absorbed by measuring the electrons that are pro-
slower for ionization with 395-nm photond-ig. 2 inse}. duced, it makes more sense to measure the number of pho-
This leads to some obvious questions, such as: Given that thens absorbed directly. Figure 3 shows the results of a direct,
different excitation wavelengths should provide differentnonlinear absorbance experiment on neat FHEhe inset
amounts of excess energy, why are the recombination dyincludes a simplified schematic of the experimental setup,
namics(and hence, the thermalization lengtes similar for and the main figure shows a typical nonlinear absorbance
the three cases? And, why are the recombination decays stata set for 575-nm excitation. The data are presented as a
slow compared to those seen in other fluids like water? Théog-log plot of the absorbance of the THF sample versus the
answer to both of these questions lies in determining preintensity incident on the sample. The results show at least
cisely how many photons are being used in the ionizatioriwo different intensity regimes of interest. At the lowest
process at each excitation wavelength. pump intensities, the data on the log-log plot have a slope of
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FIG. 3. Nonlinear absorbance of neat THF as a function of intensity for o 201 _
575-nm excitation. The inset at lower right shows a schematic of the experi- C=v rCD/[ RA(1—explr C/R))]’
ment, taken after Ref. 39. The dd@ossesare plotted on a log-log scale;

the solid lines are linear least-squares fits to the data with the indicateq\,hererC is the Onsager radiushe distance where the Cou-
slopes. lomb energy equals the thermal energy, which for THF at
room temperature with a dielectric constant 7.5 (Ref. 5J)
is 72 A), D is the mutual diffusion constant of the recombin-
~5, indicative of a five-photon absorption process. Givening speciesp is the reaction velocityrelated to the bimo-
the 2.1-eV energy of each 575-nm photon, this is a reasorlecular rate constanand erfc) is the complementary error
able number of photons to be absorbed if the ionizatiorfunction. The model represented by E¢B.and(2) assumes
threshold of THF is~8.5 eV, somewhat higher but still in that the ejected electrons thermalize at a single distapce
line with our earlier estimate of 7.6 eV. At higher pump from their parentgdelta-function distributiop that both the
intensities, the slope of the curve changes<tb, showing electron and cation undergo diffusive motion in the presence
that the initial five-photon process has been driven into satuef their mutual Coulomb attraction, and that the partners re-
ration: Light at this intensity drives a5l photon absorption combine instantly when the distance between them becomes
process. The data for excitation at 500 (@b eV) are simi-  less than the reaction radif& To fit Eq. (1) to the data in
lar, except that the initial slope at low intensities is 4, alsoFig. 2, we used the known value of the electron diffusion
consistent with our expectations of an8.5-eV ionization constant in THF of 7.8 10 ° cn¥/s,®? and assumed that the
threshold for neat THF. For 395-n(B.1 eV) excitation, the  diffusion constant of the cation is small relative to that of the
data show only a slopes1, indicating that the absorption solvated electron. This leaves the thermalization lemgth
process was driven into saturation at all intensities explorethe reaction radiuR and the reaction velocity as the only
in the experiment. adjustable parameters. The solid curves in Fig. 2 are fits of
Armed with the data in Fig. 3, we can now construct aEgs.(1) and(2) to the data. The fitted values Bf=11+1 A
consistent picture that explains the data in Figs. 1 and 2. Thandv =1.2+0.2 m/s were forced to be identical for all three
sensitivity of our pump-probe spectrometer limits how low excitation wavelengths; the fitted thermalization lengths
we can go in pump intensity and still observe a transientvere found to be 46, 42, and 4B A for 395-, 500-, and
signal. Thus, the pump-probe data presented in Figs. 1 and3¥75-nm excitation, respectively.
were taken using pump intensities corresponding to the The fitting parameters so obtained allow for the con-
higher-intensity regime in Fig. 3. In combination with the struction of a convincing physical picture of the microscopic
observed linear signal dependence and the intensitydynamics. The large reaction distance of 11 A, about twice
independent dynamics, we can conclude that our pumpthe value of~5 A seen in aqueous systems for the hydrated
probe experiments use more than the minimum require@lectron/OH radical paif® is reasonable considering the
number of photons to ionize THF: We are likely using-a13  larger radius of the solvated electron in THF than in water.
photoionization at 395 nm, doing a+4 photon process at The very large thermalization distanceg€ 40 A) are con-
500 nm, and driving a 51 photon process at 575 nm. This sistent with the~4 eV of excess energy imparted to the
means that for all three excitation wavelengths, we are proelectron by the 4-, 5-, or 6-photon absorption process for
viding ~12.5 eV of total energy, or roughly 4 eV of excess 395-, 500-, and 575-nm excitation, respectively. Finally, the
energy to the photoejected electrons. This explains why alleaction velocity of~1 m/s is of the same order of magni-
three transients are so similar, and also explains why thtude of the known value ot~4 m/s for the hydrated
recombination decays are so slow: With such a large amourelectron/OH radical pait® From these values we can con-
of excess energy, the thermalization length is expected to bgude that the recombination dynamics of solvated electrons
quite large. with their THF radical cation partners is governed by two
We can determine the thermalization lengths for the dat&ompeting factors: The large size of the solvated electron in
in Fig. 2 by fitting the observed recombination decays to alHF, which would make recombination facile for electrons
standard modé&P° near their geminate cationgarge R), and the very large
B amount of excess energy deposited by the multiphoton ion-
QO =1-W..W*(1), @ ization event, which causes the majority of the electrons to
where Q) (t) is the survival probability for the ejected sol- thermalize far away so that recombination takes a long time
vated electron, and (largery).
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B. Electron production by CTTS excitation of sodide the pair can separate, so that only a fractioak,/(ks
in THF +ks3) of the electrons undergo recombination, as described
In this section, we use femtosecond pump-probe spedy Egs.(5) and(6). For the~500-nm pump wavelength we
troscopy to monitor the dynamics of solvated electrons proemployed in our previous study, only a fractibs 0.4 of the
duced following CTTS excitation of Nain THF. The CTTS  electrons undergo recombination with their sodium atom
process is a unique way to generate solvated electrons in thpartners in the first few picoseconds following photo-
it represents the simplest possible electron transfer reactiomxcitation®?
The reactants and products have only electronic degrees of Although the delayed ejection model fits the observed
freedom, with the solvent behaving as both the promoter angump-probe transients remarkably well, it is oversimplistic
the acceptor for charge transfer. Thus, the CTTS detachmefy that it assumes that the spectra of all the species involved
of Na~ not only provides an alternate method than multipho-5¢ static. Thus, the minor discrepancies between the fits to
ton |on|;at|0n for generatlng solvatgd electrons in VVeaklythe model and the experimental data can be explained either
polar fluids, but it also provides an ideal model system forby solvation dynamics that shift the absorption spectrum of

studies of electron transfer. e
In our previous paper, we found that following excita- the N& product or by spectral diffusion in the ground state

tion of the CTTS band of Nain THF, solvated electrons bleach. Rgcent experiments by Ruhman_anq co—w_orkers have
were produced in-700 fs, the time it takes for solvent mo- ShOWn evidence for polarized hole-burning in the WeHF
tions to cause the electron to be ejected from the initiallySyStém, suggesting that the ground state absorption band is
prepared localized excited stéfeThe dynamics of the sol- inhomogeneously broaden&iBased on analogy with the
vated electron signal were independent of probe wavelengtiglectronically similar hydrated electrdh,however, we do
suggesting that dynamic solvation does not play an importarnot believe that spectral diffusion in the ground state bleach
role in the spectroscopy of the newly formed equilibriumis important for any of the magic ang(effectively unpolar-
solvated electron. Instead, the transient absorption signalged pump-probe scans presented here or in our previous
near 2um directly reflect the population of solvated elec- paper’? Thus, we believe that the delayed ejection model
trons, so that the rise and fall of the SignaIS Correspond dicaptures the correct “zeroth order” picture ofthe CTTS pro-
rectly to the production and recombination of solvated electess, with the caveat that solvation dynamics on time scales
trons. We also found that the CTTS excited state (Nehas  faster than our instrument response undoubtedly lead to

a strong absorption near 590 nm, enabling us to monitor thgpectral shifts of the transient species that are not accounted
~700-fs decay of this state due to charge transfer. The NeYS: in our modef®

tral sodium atom product (N has a broad absorption One question we did not address in detail in our previous
which peaks near 880 nfi:by probing at 1150 nm, we were 9 b

able to observe the appearance and disappearance of yhaper is how the electron production and recombination dy-
species without interference from the Naground state namics vary as the excitation wavelength is tuned through

bleach or the absorption of the solvated elecffon. the CTTS absorption band. Figure 4 presents the results of

per could be fit well to a simple kinetic model, which we solvated electron following excitation at several different

referred to as the “delayed ejection” mo(f@ll wavelengths: 39%thin solid curve, 500 (dashed curve 575
ho (dotted curvg, and 640 nm(heavy solid curve The upper
Na —Na *, (3)  panel shows the dynamics in the first 8 ps, with the transients
CTTS normalized to have the same maximum change in absor-
Na™* o N&’- esovatea 4 bance; the lower panel shows the same data on a much
recombination longer time scale, with the transients normalized to the same
Nalees ated o Na, (5 change in absorbance at 8-ps delay. The short-time scans in
escap: the upper panel fit well to the delayed ejection madied not
Na e ated W Na®+ egovated (6)  shown for clarity: The ratesk; andk, do not change sig-

] ) 0 B nificantly with excitation, while the fractiorf of electrons
Since the absorption spectra of NaNa,_ and €soivated @€ hat recombine increases continuously as the excitation is
known, the model has only a few adjustable parameters; neq to the red, from=30% with 395-nm excitation to

which are the absorption spectrum of Naand the con- =95% with 800-nm excitatioidata shown below in Fig.)5
stantsk,, k,, andk;. Equation(3) represents the photoex- The invariance of the electron detachment retawith
citation, which produces a bleach of the Nground state invarl flegani

and generates the 590-nm absorbing N& CTTS excited excitation wavelengtH tells us quite a bit about the CTTS

state. Equatiori4) shows that the CTTS excited state thenProcess. The rough constancy lof is consistent with the

undergoes charge transfer with time constait4/700 fs, basic picture of CTTS excitation being to a localized state.
leading to the delayed appearance of both the solvated eleticreasing the excitation energy likely increases the spatial
tron absorption, which can be probed neapf, and the extent of the localized excited-state wave function, causing it
Nal absorption, which can be probed cleanly near 1150 nmto sample regions of the fluid farther from the Na atom core.
The N&ee_,,.eq CONtact pait* can then undergo pseudo- Despite this extra delocalization, however, the same large-
first-order recombination with time constank]#1.5 ps, or amplitude solvent motions are still required for the electron
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1} @ farther_ out into thg ﬂu.id. For those ele_ctrons that still localize
> 395 nm pump close in, recombination still occurs i+ 1.5 ps. For those
z S —— electrons that localize just a little bit farther out, the overlap
':__E) 500 nm pump goes to zero, leading to essentially no probability for direct
o] U, nonadiabatic recombination. As the excitation energy is in-
< 575 nm pump creased, a higher fraction of the detached electrons will have
8 640 nm pump no overlap with the nearby Na atom, leading to a lower prob-
_§ 01— o . ‘ ability for recombination. Thus, Fig.(d) provides evidence
8 0 ) 4 6 8 for two different types of electrons ejected during the CTTS
= process: those that localize nearby so that they overlap with
§1 — 395 nm pump|  (b) their geminate partner, and those that localize far enough
a T ~ = 500 am pump away so that overlap with their geminate partner is negli-
g gible.
20 The next logical question to ask is what is the fate of the
= electrons that are ejected far enough from the Na atom that
© »+++ 575 nm pump they do not recombine in the first few ps? Figurd)dex-
—— 640 nm pump plores the dynamics of the detached solvated electrons for
0+

— it several hundred picoseconds after CTTS detachment. The
0 100 200 300 . . L
Time (ps) electrons that survive the first few ps undergo recombination
on a time scale similar to that observed for multiphoton ion-
FIG. 4. Dynamics of the solvated electron’s absorption atr following  ization of the neat solvent, as seen in the previous section. If

femtosecond excitation of Nain THF at a variety of pump wavelengths: the ea”y recombination dynamics is ignored, we can attempt
395 (thin solid curveg 500 (dashed curves 575 (dotted curvesand 640

nm (heavy solid curves (a) Short-time dynamics with transients normalized t© fit the long-time ta|I§ Of. the transients shown in Figb)4 _
to the same maximum change in absorbarigeDynamics on a longer time ~ t0 @ standard recombination model that assumes a Gaussian
scale with transients normalized to have the same change in absorbance agistribution of thermalization distances followed by diffusive

time delay of 8 ps. recombinatior??

— / 2

to detach, so that the CTTS charge transfer is rate-limited by Q(t)=erfaR/VADty) +[R- exp(— RYAD(t+1y))/
this motion of the ;olvent. This is in sharp contrast tq the m].erfo( \/WM% (7)
results of the previous section, where electrons are ejected
directly into the solvent by multiphoton ionization so that where()(t) is the survival probability of the electroig is
there is a direct correlation between the excitation energyhe reaction distancegzcrz/ZD, D is the mutual diffusion
and thermalization length. This idea of the CTTS electronconstantwhich we assume to be equal to the diffusion con-
detachment rate being roughly independent of excitation erstant of the electron o is the width of the Gaussian distri-
ergy is consistent with the results of recent MD simulations:bution of thermalization distancégiving (r o) = (8/7) Y0 as
The rate limiting step in solvating the species involved inthe average thermalization distance of the Gaussian distribu-
charge transfer reactions involves the translational motionson). The model represented by Eq) differs from that in
of solvent molecules that accommodate the new size of th&gs.(1) and(2) in that there is no Coulomb potential acting
solute following detachment of the electrgh. between the recombining speci@ince the Na atom partner

The invariance of the recombination rdtg, combined is neutra) and that there is a Gaussian distribution of initial
with the strong dependence of the recombination fraction distances rather than a single initial thermalization distance.
on excitation wavelength, provides insight into the nature ofThe quality of the fits(not shown, especially the high
the contact pair formed following CTTS. The fact that all the signal-to-noise scan with 395-nm excitation, is poorer than
pairs that recombine do so at the same rate while the numbéhat seen in Fig. 2: The functional form represented by Eq.
of recombining pairs changes with excitation wavelength(7) has the wrong curvature to perfectly describe the data. If
suggests that two different species can be formed upothe model is employed anyway, the best fit parameters of Eq.
CTTS excitation. At low excitation energies, the CTTS (7) to the data in Fig. é) result in a value of 453 A for
excited-state wave function is strongly confined to the regiorthe reaction distanc, and in values of the average thermal-
near the sodium nucleus; the resulting solvent motions carization distancer,) of 55, 61, 73, and 885 A for excita-
not transport the electron far away from the parent. Since thdon at 640, 575, 500, and 395 nm, respectively.
solvated electron in THF is a highly delocalized object, there  In addition to the poor functional form, the values of the
is a strong probability that the detached electron’s waveaeaction and thermalization distances obtained by fitting the
function will overlap with that of its geminate sodium atom data in Fig. 4b) to Eq.(7) are physically unreasonable. First,
partner. This overlap leads to a large probability for directthe reaction distancR of ~45 A is exceedingly large; even
non-adiabatic recombination, which occurs on the observedith the highly delocalized wave function of the solvated
~1.5-ps time scalé® At higher excitation energies, the electron in THF, there is no way that the electron could
CTTS excited-state wave function is more delocalized, sdunnel through several intervening solvent shells to recom-
there is an increased probability that solvent motions willbine instantaneously with its geminate Na atom partner from
cause the electron to detach and localize in regions a ba distance of~45 A. Second, the average thermalization
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there is enough overlap to lead to direct nonadiabatic recom-
bination on the~1.5-ps time scale. At higher excitation en-
ergies, the electron can be ejected just far enough away so
that there is an intervening solvent molecule between the
electron and the Na atom, forming a solvent-separated con-
tact pair that has negligible wave function overlap. We be-
lieve that the N& e, ,.qSOIVENt-Separated contact pair has
behavior similar to that seen following ionization of indole:
) 5 2, 3 3 Even though recombination is energetically favorable, there
Time (ps) is a large free energy barrier to break up the solvent structure
. around the separated contact pair, inhibiting the back elec-
(b) tron transfe® In other words, the back electron transfer
from the solvent-separated contact pair can be thought of as
occurring in the Marcus inverted regime. The small wave-
length dependence to the long-time decays in Fiy) 4
consistent with this idea. Higher energy excitation produces
10+ contact pairs with a slightly higher degree of separation and
thus a higher barrier for back electron transfer, leading to the
0 } observed slightly slower recombination dynamics. Overall,
0.1 Pillia Energ;, W) 4 the best pasig description. of the CTT§ process is that of the
delayed ejection model with one modification: Electrons that
FIG. 5. (a) Dynamics of the solvated electron’s absorption probed at 1850do0 not undergo the direct recombination process of (Bj.
nm following femtosecond excitation of Nain THF at 800 nm with low end up in So|vent_separated contact pairS’ which can undergo

intensity (squares 395 nm with low intensity(triangleg, and at 800 nm - o . i
with high intensity(circles. The fit to the high-intensity datanin dashed  LneTMally activated recombination on a time scale of hun

line) is a linear combination of the fits to the low-intensity détain solid dreds of ps.
lines); see text for details(b) Fraction of the fit to the high-intensity data One question that remains is whether the distance that

(tWO‘F;hO;O” C‘_’t“ttfib“‘,‘og‘as a fun'tcr:i?go%; Pt‘\’Nmp ir:‘t‘t*”S“y- Tth-f, Cti_rc'ed point electrons are ejected during the CTTS process depends only
et 21 exciaon ety i S0 beprolon coribulon €O on the amount of excess energy deposited. It is certainly
data points and are drawn to guide the eye. possible that the featureless CTTS band of Necomprised

of multiple overlapping transitions. This leads to the possi-

bility that as the excitation wavelength is changed, a differ-
distances(r), which exceed 80 A, are much larger than ent fraction of each transition is being excited, causing elec-
thermalization lengths obtained for the multiphoton ioniza-trons to be ejected at different distances. To investigate this
tion of the neat solvent discussed above.-AB0 A thermal-  possibility, we performed intensity-dependent pump-probe
ization distance following the one-photon CTTS detachmenexperiments on Na, the results of which are shown in Fig.
makes little sense since the total photon energy involved i§. The squares in Fig.(& show the change in absorption at
only a few eV: It is unlikely that there is enough excess2 um following low-intensity excitation at 800 nm. These
energy available to eject electrons to distances this laage photons have a low enough energy to ensure that nearly all
the ~40 A ejection distance with-4 eV of excess energy the ejected electrons thermalize close enough to their gemi-
for the multiphoton ionization in the previous section nate partners to recombine directlyst2 ps. The triangles in
Moreover, we know from Fig. @) that a significant fraction Fig. 5@ show similar low-intensity data taken using 395-nm
of the ejected electrons thermalize close enough to their parexcitation. The solid lines through these two sets of data in
ner Na atoms to form overlapping contact pairs and underg&ig. 5a) are multiexponential fits to the data. The circles
recombination in<2 ps. It is difficult to imagine a mecha- show the results of an experiment monitoring the solvated
nism that causes some ejected electrons to remain close @ectron absorption following high-intensity excitation at 800
their partners in an overlapping contact pair while the renm. It is clear that at high excitation intensity, the relative
maining electrons are ejected up to 80 A away. Thus, theveight of fast geminate recombination with the Na atom
only conclusion that can be drawn from the fits to the data irpartner decreases. This is undoubtedly a signature of two-
Fig. 4(b) is that a diffusive process is not the best descriptionphoton absorption becoming important at high pump flu-
of the recombination seen at long times following CTTSences.
detachment. We can describe the effects of this two-photon absorp-

The fact that simple diffusion models like E@) cannot tion at high intensities in a straightforward way. The dashed

adequately describe the data in Figb@leads us to propose line through the high-intensity transient in Figabis a fit to
an alternate picture to explain the long-time recombinatiora linear combination of the fits to the low-intensity data for
following CTTS. Following CTTS excitation, solvent mo- both 800- and 395-nm excitatidsolid lines in Fig. %a)].
tions cause the electron to detach and solvate nearby th&e performed similar experiments at a variety of excitation
geminate Na atom. At low excitation energies, the electrorintensities, and in every case the simple linear combination
ejection distance is likely to be on the order of 3 to 4 A;fits the data remarkably well. Figurgl summarizes the
since the radius of the solvated electron in THFi8.4 A*?  results of these experiments, plotting the fraction of the two-
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recover, indicating that recombination leads to reformation
of ground-state Na. Figure &b) makes a similar compari-
son between the dynamics of the solvated electimpen
diamondg and that of the neutral sodium atom product
probed at 1150 nnsolid curve. As expected, the transients
are in excellent agreement, supporting the idea that the
ejected electrons combine only with Na atoms and not with
any scavengers that might be present in solution. Overall, the
data in Fig. 6 verify that our basic picture of both the spec-
troscopy and the dynamics of the Naystem is fundamen-
tally correct®?

IV. DISCUSSION

In this paper, we have explored the mechanisms of elec-
tron production and recombination in THF both for multi-
photon ionization of the neat solvent and for electron detach-
ment via the CTTS transition of Na The recombination of
solvated electrons produced via multiphoton ionization of
neat THF can be well described by a simple diffusive model.
SThe recombination of solvated electrons ejected via CTTS

citation, the open diamonds show the dynamics of the solvated electron &letachment of Na, on the other hand, takes place on two

2100 nm; the dashed curve monitors tiregative of thg ground state
bleach of the parent Naat 480 nm.(b) Following 620-nm excitation, the

open diamonds show the dynamics of the solvated electron at 2100 nm; the

solid curve monitors the absorption of Nat 1150 nm.

photon component of the fii.e., the fraction of the linear
combination coming from the fit to the 395-nm dats a
function of excitation intensity. At low intensities the CTTS

distinct time scales o2 and ~200 ps with kinetics that
cannot be adequately fit by simple diffusive models, leading
us to postulate the presence of both directly overlapping and
solvent-separated Na atom:solvated electron contact pairs to
explain the observed dynamics. The dramatic differences in
recombination remind us that the electron generation mecha-
nisms are fundamentally different for the two processes.
Multiphoton ionization causes ejection of electrons into the

excitation is clearly in the one-photon regime, but at higherequilibrium structure of the fluid. Since the fluid is isotropic,

intensities above a few hundred nJ/pulggth a ~300-um
diameter spot size two-photon excitation is becoming in-
creasingly important. By using the data in Figbpand the

the only preference the electron has for localizing either

close to or far from its parent is determined by the amount of
excess energy provided during the ionization process. Exci-

expected intensity-squared dependence for two-photon alhation of the CTTS band, in contrast, results in an electron
sorption, we can determine the two-photon absorption crossansfer reaction. The electrostatic interaction between the

section of Na at 800 nm to be~10'° cm*/(J mo), a sur-

electron and the parent nucleus is not sufficient to bind the

prisingly large value. We emphasize that with the exceptiorCTTS excited state; the favorable interactions between the
of the circles in Fig. Ea), all the pump-probe transients on electron and the local solvent structure established by the
Na~ shown in this paper were taken with pump pulse enerparent anion are also required. Photoexcitation disrupts the
gies below 200 nJ, safely out of the regime where two-ocal solvent environment, which leads to ejection of the
photon absorption is important. Overall, the results in Fig.excited electron. The solvent motions that lead to ejection,
5(b) lead us to conclude that two-photon excitation at 800however, must stabilizéoth the neutral atom and the sol-
nm produces the same recombination dynamics as singleated electron, leading to formation of a stable neutral atom:
photon excitation at 395 nm: The electron ejection distancaolvated electron contact pair. Thus, the differences in the
depends only on the excitation energy, and not on whether tivo processes serve to emphasize that CTTS is an inherently

is provided by one 395- or two 800-nm photons.

local phenomenon controlled by the details of solvent mo-

We close this section by verifying that the conclusionstions in the immediate vicinity of the parent ion, while mul-
we have drawn by measuring the dynamics of the solvatetiphoton ionization produces a delocalized electron whose
electron near 2um also hold when investigating the other wave function is largely unaffected by the solvent before
species involved in the CTTS process. We know from ourundergoing localization.

previous work that the bleach of the Nground state can be

For the case of multiphoton ionization of neat THF, we

detected most cleanly to the blue of 500 nm, where neithefound it difficult to eject electrons at energies just above the

the Na* excited state nor the Maproduct strongly

ionization threshold. At all three excitation wavelengths we

absorb® Figure §a) compares the recombination dynamics selected, the ejection process used one more photon than that

of the solvated electrofopen diamondsto the bleach recov-
ery of the Na ground statgdashed curve The two tran-

minimally required to ionize the solvent. This leads us to
conclude that there is a broad continuum of excited states in

sients clearly agree within the signal-to-noise, showing thathe THF molecule near the ionization threshold~68.5 eV,
the same recombination events that decrease the absorbanqweviding intermediate levels that resonantly enhance the ab-
of solvated electrons cause the bleach of the ground state twrption of the last photon in the multiphoton ionization pro-
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cess. As a result, when the different numbers of photons The idea of producing a stable contact pair following
absorbed are accounted for, the multiphoton absorption pratetachment of an electron from a soffthas also been in-
cess at all the excitation wavelengths we selected for thisoked in related experiments on aqueous systems. Bradforth
study provided about 12.5 eV of energy, leavingt eV of  and co-workers noted that following CTTS detachment from
excess energy for the ejected electrons. Fits to a standaetjueous iodide, geminate recombination takes place on a
diffusion model suggest that the ejected electrons localizéens of picoseconds time sc&feThe recombination decays
=40 A from their cation partners, and can recombine wherdid not fit to standard diffusive models; like what we saw for
they diffuse to within~10 A. In a similar study on liquid the long-time recombination in the Nasystem, the fits to
water, Crowell and Bartels found that with4 eV of energy the iodide data produced reaction distances and thermaliza-
above the ionization threshold, the mean thermalization distion lengths that were unphysically large. Thus, Bradforth
tance of the ejected electron was35 A with a reaction and co-workers concluded that the electrons ejected from
distance of~5 A.}® The fact that the reaction distance in CTTS excitation of iodide do not recombine diffusively and
THF is twice that in water is consistent with the fact that theare instead localized close by in a contact paim the
spatial extent of the solvated electron in THF is nearlyphotoionization of indole in water, Kohler and co-workers
double that of the hydrated electron. The thermalization disnoted that following electron detachment there was essen-
tance in THF is comparable to that seen in water, indicatindially no geminate recombinatidii.Since the excitation en-
that excess energy plays a similar role in the electron ejectioargy in their experiments was expected to be just above the
process in both fluids. ionization threshold, these workers concluded that the
The large thermalization distances we observe for elecejected electrons were localized in a contact pair with a bar-
trons ejected via multiphoton ionization of THF preclude therier for recombination that is large comparedkt® at room
possibility of rapid geminate recombination, as had been asemperaturé® Overall, the results of all these related experi-
signed in previous studies of multiphoton ionization of hon-ments suggest that for the localized excitation of a solute, the
polar fluids® The fast absorption decays we observe in thesolvent motions that solvate the photoionized parent species
visible region of the spectrum do not match the kinetics meaand lead to electron detachment intrinsically tend to produce
sured for the solvated electron at2 um, and therefore stable solvated electron:geminate partner contact pairs.
cannot be assigned to geminate recombination. While dy- The relative rates at which recombination occurs in these
namic solvation or vibrational cooling could explain the ob- different examples of electron detachment can be rational-
served absorption changes in the visible, it is unlikely thaized by considering the structure of the solvated electron in
either of these processes would lead to the observed order different environments. In the iodide CTTS system, the com-
magnitude decrease in absorbance at 575 nm. Instead, weact form of the hydrated electron makes it unlikely that
believe the most likely explanation of the visible absorptionthere will be any direct overlap of the detached electron’s
dynamics is a chemical reaction involving the THF radicalwave function with its geminate iodine atom partner. This
cation, possibly a hydrogen-atom abstraction reaction with &xplains why the direct recombination observed on the
nearby THF molecule. The data we have presented do not2-ps time scale in the NadTHF system is absent in the
rule out the possibility that fast geminate recombinationcase of aqueous iodide. Once the electron is ejected from
could occur in THF or similar fluids if the ionization were iodide, half of the stability of the contact pair involves the
near threshold, but the only unambiguous signature of thifiydrophobic hydration of the nonpolar iodine atom. Since
would be a rapid decay of the solvated electron’s charactersolvation of a nonpolar species in water is energetically un-
istic infrared absorption. favorable, the barrier for breaking up the solvent structure
For the CTTS transition of Ng excitation of one of the around the iodine atom to initiate recombination of the con-
outermost electrons in the Na& &rbital produces a localized, tact pair is small, so recombination proceeds within tens of
p-like excited state. The electronic wave function of this dis-ps?® For the Na system, the nonpolar Na atom should be
torted p state samples only the nearby fluid, so the solvenguite favorably solvated by the weakly polar THF solvent.
motions that ultimately lead to charge transfer aftefO0 fs ~ This means there is a somewhat larger barrier to break up the
can expel the electron only into a nearby cavity, just a fewsolvent-stabilized contact pair in the Naystem than in the
angstroms away. If the ejected electron’s wave functioriodide system, leading to the observed recombination dy-
overlaps its geminate Na atom partner, direct nonadiabatinamics on the hundreds of picoseconds time scale. Finally, in
recombination occurs within 2 ps. At higher excitation ener-the indole work of Kohler and co-workers, the contact pair
gies, the excited state wave function can sample regions faconsists of an indole radical cation adjacent to the hydrated
ther into the liquid, leading to the possibility of ejection far electron. The barrier to break up the solvent structure around
enough away to form a solvent-separated contact pair. In thisvo ions in water is expected to be quite large, so that essen-
latter case, the process of breaking up the solvent structutélly no recombination can take place at room temperature.
around both the Na atom and the solvated electron creates a The contact pairs in all these systems consist of a sol-
large free energy barrier to recombination, so that the backated electron separated logt least one solvent molecule
electron transfer occurs on a time scale of hundreds of picdrom its solvated geminate partner. This makes it very un-
seconds. The distance the electron is ejected from the CTTikely that the electron and its geminate partner interact
excited state correlates only with excess energy; it does nattrongly enough to cause a significant perturbation in the
matter, for example, whether the excitation uses one 395-nralectronic structure of either species. In other words, we ex-
photon or two 800-nm photons. pect that the absorption spectrum of the contact pair is at
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most only subtly different from the sum of the absorptionthank Steve Bradforth for many stimulating discussions re-
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