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Charge-transfer-to-solverfCTTS) transitions have been the subject of a great deal of interest
recently because they represent the simplest possible charge transfer reaction: The CTTS electron
transfer from an atomic ion to a cavity in the surrounding solvent involves only electronic degrees
of freedom. Most of the work in this area, both experimental and theoretical, has focused on aqueous
halides. Experimentally, however, halides make a challenging choice for studying the CTTS
phenomenon because the relevant spectroscopic transitions are deep in the UV and because the
charge-transfer dynamics can be monitored only indirectly through the appearance of the solvated
electron. In this paper, we show that these difficulties can be overcome by taking advantage of the
CTTS transitions in solutions of alkali metal anions, in particular, the near-IR CTTS band of sodide
(Na") in tetrahydrofuraffTHF). Using femtosecond pump—probe techniques, we have been able to
spectroscopically separate and identify transient absorption contributions not only from the solvated
electron, but also from the bleaching dynamics of the lgeound state and from the absorption of

the neutral sodium atom. Perhaps most importantly, we also have been able to directly observe the
decay of the Na* excited CTTS state, providing the first direct measure of the electron transfer rate
for any CTTS system. Taken together, the data at a variety of pump and probe wavelengths provide
a direct test for several kinetic models of the CTTS process. The model which best fits the data
assumes a delayed ejection of the electron from the CTTS excited statéd fs. Once ejected,

a fraction of the electrons, which remain localized in the vicinity of the neutral sodium parent atom,
recombine on a- 1.5-ps time scale. The fraction of electrons that recombine depends sensitively on
the choice of excitation wavelength, suggesting multiple pathways for charge transfer. The spectrum
of the neutral sodium atom, which appears on+h&0-fs charge-transfer time scale, matches well
with a species of stochiometry (Nae~) that has been identified in the radiation chemistry
literature. All the results are compared to previous studies of both CTTS dynamics and alkali metal
solutions, and the implications for charge transfer are discussed20@ American Institute of
Physics[S0021-96080)50221-9

I. INTRODUCTION perhaps the simplest charge-transfer reaction: electron trans-
) _ _ fer from a single atom to a cavity in the surrounding
Whenever a chemical species changes its electronigyyens The most prominent example of this type of elec-
charge distribution during the course of a solution-phasg,, yansfer is that shown by halide ions in solution. Isolated

chemical reaction, the surrounding environment undergoes ﬁalide ions in the gas phase support no bound electronic

corresponding relaxation in response to this change. This SO6xcited states, but in solution, these ions show an intense

vent relaxation can in turn alter the electronic structure of the . : .
reacting species or induce nonadiabatic transitions, the resu tear-UV absorption at energies well below that required to
3
being that chemical reactivity in solution is controlled by the create a freevacuu_n) electro_n. Th_e nature of these solvent-
details of the solute-solvent coupling. This has prompted aﬁ%*pporteo! states Is not tr.|V|'aI, since the polar solvents that
explosion of experimental and theoretical interest in solvadiSPlay this effectwater, nitriles, alcohols, efedo not pos-
tion dynamics, the study of the response of the solvent to th&&SS low-lying orbitals that can accept an extra electron.
excitation of a probe soluteThe role of solvation dynamics Study of these spectra have had a rich history in chemical
and the solvent-induced nonadiabatic mixing of electronid®hysics over the past 40 years, and they have become under-
states is especially important in controlling the dynamics ofstood as charge-transfer-to-solve(@TTS) transitions**
charge-transfer reactions, which are ubiquitous in chemistrj?hotoexcitation of these transitions produces a neutral halo-
and biology? gen atom and a solvated electfbGas phase studizandab
The goal of better understanding solute-solvent couplingnitio quantum chemistry calculatichdiave concluded that
has led to a resurgence of interest in the study of what i€TTS transitions evolve from features present in gas phase
clusters containing only a few solvent molecules: Localiza-

dAuthor to whom correspondence should be addressed; electronic mai'F.jon of the continuum wave function of the ejected electron
schwartz@chem.ucla.edu by the solvent molecules acts as a precursor to the states
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comprising the CTTS band in the bulk liquid. It is the sen-be difficult experimental systems for studying CTTS dynam-
sitivity of these purely electronic CTTS states to the solvenics. First, the CTTS transitions are fairly deep in the UV
environment that makes them ideal candidates for investiga(-——230 nm for '), a region where even modern ultrafast
ing how local solvent structure, solvent-induced radiationles$asers are hard-pressed to provide a conveniently tunable
relaxation, and solvation dynamics work together to controkource of light. This makes pump wavelength-dependent ex-
electron transfer reactions. periments difficult, and also effectively prevents ground state
The solvent dynamics underlying the CTTS transitionsbleach experiments which could access information on the
of aqueous halides recently have been explored in a series efjuilibrium CTTS fluctuations. In addition, careful control
guantum molecular dynamics simulations by Sheu andver the intensity is critical with UV femtosecond pulses to
Rossky and also by Staib and BordisThe simulations avoid multiphoton ionization of the solvent. Second, the
show that both the parent atom core and the polarized solETTS dynamics of halides in water or alcohols are extraor-
vent molecules around the ion play a role in supporting thedinarily fast, making it difficult experimentally to isolate the
CTTS energy levels. The CTTS spectra are found to have primary events leading to electron transfer. Finally, the reac-
complex substructure consisting of a series of unresolvetion dynamics can be monitored only through the absorption
transitions from thep-like ground state orbital to states of of the solvated electron produced following charge transfer.
mixed s andd character. Electron transfer from the excited It is unclear whether either the excited CTTS staie the
CTTS states is driven by solvent fluctuations, with the sym-eutral halogen atom product is spectroscopically accessible;
metry of the one-electron state playing a critical role in thethus, the details of the intricate solvent dynamics that drive
detachment dynamics: detachment takes place from only ththe electron transfer in these systems remain obscure.
lowest, predominantlg-like state. The simulations also pre- In this paper, we demonstrate that all of these difficulties
dict that the solvated electrons produced following CTTScan be overcome by taking advantage of the CTTS transi-
excitation remain in intimate contact with their parent atomstions of alkali metal anions. The CTTS transition of sodide
and thus can easily undergo geminate recombindtfon. (Na") is conveniently located near 800 nm, the fundamental
In a series of pioneering experiments, Long, Eisenthalywavelength of the Ti:Sapphire laser, providing experimental
and co-workerSas well as Gauduel and co-workEtstudied  accessibility to the ground state bleach dynamics as well as
the dynamics of the electron detachment from aqueous hahe possibility for experiments with tunable excitation. The
lides using ultrafast pump—probe spectroscopy. The limitaexcitation is one-photon directly into the CTTS band, and the
tions of the femtosecond laser sources available at the timase of visible/near-IR wavelengths ensures that there are no
of these experiments, however, required the use of multiphoworries with multiphoton ionization of the solvent. Solutions
ton excitation. Due to the symmetries of the various statesf alkali metal anions can be prepared in a variety of sol-
involved, multiphoton excitation accesses states higher thawents, providing the opportunity to study CTTS dynamics
the principal CTTS transition, leading to the possibility of not only in systems with solvation dynamics as fast as those
competing channels for electron production. Thus, the hyin water, but also in systems with dynamics that are signifi-
drated electrons probed in thés8and other experimerits  cantly slower. Finally, as we will discuss below, the optical
are likely produced not only by electron transfer from thetransitions of the neutral sodium atom produced following
CTTS band, but also by direct photodetachment of the halid€TTS are readily accessible in the near-IR and are well sepa-
and possibly by multiphoton ionization of the solvent, ob-rated from the absorption spectrum of the solvated electron
scuring the underlying CTTS dynami€s. in many solvents. This means that pump—probe experiments
Bradforth and co-workers recently have revisited thecan independently monitor all three species involved in the
transient spectroscopy of aqueous iodide, taking care to el©TTS reaction: the ground state Néleach, the absorption
sure that excitation was single-photon directly into the CTTSof the neutral Na atom, and the absorption of the solvated
band? These workers found that the dynamics of geminateelectron are all readily observable. In addition, we also will
recombination following CTTS were quite different from show below that the excited CTTS state, Na can be
those produced following multiphoton ionization of the neatprobed directly in the visible region of the spectrum.
solvent, consistent with the idea that electron transfer via  The selection of Na as the system of choice for the
CTTS and direct photodetachment represent distinct mechatudy of CTTS dynamics is predicated on a large number of
nisms for electron production. The time scale for appearancstudies of alkali metal anion solutions over the past 30
of the electon, however, was observed to be similar for exyears:*~*’ Sodium anions are formed by the dissolution of
citation of the CTTS transition and for multiphoton ioniza- the parent sodium metal in ether or amine solvents in the
tion of the pure solvent. Because the CTTS excited stateresence of a cation complexing ag&hthe Na~ complex-
could not be observed directly, Bradforth and co-workersing agent, usually a crown ether or cryptand molecule, drives
could assign only an upper limit of200 fs for the time the equilibrium 2Ng)— Na*+Na~ far to the right, produc-
scale of charge transféf.Both the rapid CTTS dynamics in ing ample amounts of the solvated metal anifhe actual
water and the observation of fast recombination are roughlgquilibria describing the relationship between the solid alkali
consistent with the predictions of the quantum simulationsnetal, metal anions and cations, and solvated electrons are a
discussed above; the experiments are only now becominiit more complex; see Ref. 14 for detailsIMR experiments
detailed enough to provide for a direct confrontation withindicate that the sodium anion does not significantly complex
theory®® with the solvent® which, in combination with numerous op-
There are several reasons why aqueous halides prove tizal studies**® leads to the conclusion that the intense
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visible/near-IR absorption band is indeed a CTTS transitionll. EXPERIMENT
The absorption spectra of solvated electrons in the ethers and While alkali metal anions can be prepared from a variety

amines used to make alkali metal anion solutions are well¢ gikali metals in many different solvents, we believe that
known™® and usually lie well to the red of the CTTS band. the N /tetrahydrofurar THF) system is the optimal choice
Less is known about the absorption spectrum of neutral sofr optical studies of CTTS dynamics. Preparation of solu-
dium atoms in solution. Upon irradiation of solutions con-tjons of alkalides other than Na(such as K) is compli-
taining sodium cations, however, several studies have idercated by contamination of small amounts of sodium leeched
tified a species with stochiometry Rifoften referred to as a from the glasswar& This is because the equilibrium con-
sodium cation:solvated electron contact pair {N&") in stant for the reaction M+Nat—Na +M* (M=K, Rb, or
the literaturé, which has a broad absorption in the nea®fR. C9 lies far to the right, so the presence of even small
In this paper, we will argue that the neutral species producedmounts of sodium makes it difficult to prepare pure solu-
immediately following CTTS has the same absorption spections of M~.** Sodide solutions, on the other hand, are easy
trum as that in the pulsed radiolysis studies, leading to thé0 prepare in high purity since, in the presence of excess
identification of this species as a solvated neutral sodiun$odium, any other alkali metals react away to produce more
atom. of the desired Na. Our choice of THF as the solvent is
The CTTS transition of sodide also offers an interestingpredicated on the fact that the dissolution of alkali metals in
contrast to the previous experimental and theoretical work od HF does not produce solvated electrofighus, Na /THF

halides because of symmetry. As pointed out above, the ouf?Utions can be easily prepared with high purity, and with
ermost electron in the halides is impdike orbital; excitation no solvated electrons present at equilibrium, it is straightfor-

of the CTTS band produces an excited state of predomi\—Nard .to mon]tor_ the appearance of t.h? electrons produced
following excitation of the CTTS transition.

nantly s symmetry that can undergo detachment to form the Sodide samples in tetrahydrofuran were prepared using

slike ground state of the solvated elegtrqn. FOFNEH}QW' an adaptation of the procedure of Dye and co-workéfe
ever, theig*roun(.d state CT_TS electron |s.|nsr.=\|lke orbital, samples were both synthesized and studied in a homemade
so the Na* excited state is presumablylike in character.  -neiner consisting of a 1-mm path length fused silica spec-
In fact, we expect the electronic structure of the CTTS ba”qrophotometer cell which was joined to a Teflon stopcock
in Na~ to be like that of the hydrated electron, consisting ofiih 5 graded glass seal. Sample synthesis was accomplished
threes— p transitions that are split by the local asymmetry by loading the reagents into the cell in the inert atmosphere
of the solvent environmerit. This hypothesis is supported of a nitrogen dry-box. The stopcock was then closed before
by the strong similarity between the absorption spectrum ofemoval from the dry-box so that the sample could be stud-
the hydrated electron and that of NaThe p-like symmetry ied on the optical table without ever contacting the ambient
of the excited sodide CTTS states suggests that the underlgnvironment. Once sealed this way, the samples were typi-
ing charge-transfer mechanism may be quite distinct frontally stable for several weeks if stored in the dark-&0 °C.
that in the halides. One possibility is that large-scale solvenAll of the synthesis and optical experiments reported in this
fluctuations may be required to induce a nonadiabatic transpaper, however, were performed at room temperature.
tion from thep-like Na—* state to produce the nodeless wave  The three reagents needed to synthesize ,Ndla
function of the solvated electron product. Another possibilitymetal, ~THF and  15-crown-5 ether (1,4,7,10,13-
is that the solvated electron may be produced directly in on@€ntaoxocyclopentadecanewere obtained from Aldrich.
of its excited states, and only later undergoes internal relaxSodium metal and the crown ether were used as received;
ation to the ground state. THF was dried over potassium metal before use. Sodium
In this paper, we present the results of a series of pumpmetal is not directly soluble in THF so a small amount
probe experiments on the CTTS dynamics of Na THF ~ (~10 mg of potassium metalwhose cation has a higher
which are aimed at providing a preliminary exploration of all ffinity for the 15-crown-5 ether than the sodium cajit
these possibilities. Like the previous work of Bradforth andused to catalyze the dissolution 0%1_00—mg sodlum._
co-workerst?> we see the delayed appearance of solvate(? hunks .Of the two meta.ls were placed in Fhe cell an_d Im-
. . i mersed in~1 mL of a 1:200 v/v 15-crown5:THF solution.
electrons following direct one-photon excitation of the CTTS

: . he sample was then agitated by sonication until a uniform
band. We also find that the fraction of the electrons produce ark blue color was obtained, indicating dissolution of the

that undergo geminate recombination depends sensitively OMetals. The presence of sodide, =730 nm in THH was
" X

the pump wavelength, .suggesting 'multiple pathways for onfirmed by UV-visible absorption spectroscagge Fig. 1
charge transfer. A transient absorption characteristic of thBeIOV\b. The solutions produced at this point were usually too
CTTS excited state is identified in visible probe experiments.qncentrated for spectroscopic measureméoftical den-

the decay of this absorption i 700 fs provides a direct gjty ~5 in the 1-mm cell at 730 nin Thus, samples were
measure of the charge transfer rate. Near-IR probe expeffyrther diluted with dry THF until the desired concentration
ments monitor the appearance of the neutral sodium atom o@.d<2 at 730 nm was reached.

the same~700-fs time scale. In combination, the data pro-  While preparation of the sodide samples following the
vide enough information to build a kinetic model for the procedure of Dyeet al. was straightforward® we had to try
dynamics of all the species involved in the charge-transfeseveral synthetic variations to produce samples that were
process. stable for more than a few hours and were not easily
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el

experiments, either the signal or idler bedor both are

subsequently sum frequency mixed with the residual 800-nm

light in a BBO crystal to produce tunable pump and/or probe

laser pulses throughout the visible region of the specttim.

Other experiments used either the 800-nm fundamental or

the signal or idler beam&r harmonics therepfdirectly as

the probe pulse. For all experiments, the probe beam is split

into reference and signal components; the pump and probe

signal beams are focussed collinearly te-800-«m spot at

the sample. The relative polarizations of the pump and probe

, , , beams are set to the magic ang!.7°). The signal and

. ——— 9% . .

600 800 1000 1200 reference pulses are detected either by matched Si photo-
Wavelength (nm) diodes (probe wavelengths<1100 nmj, or by matched

FIG. 1. Absorption spectra of the species involved in the CTTS reaction oimGaAS photodiodegprobe wavelengths=1100 nm. The

sodide. The solid curve shows the absorption spectrum of tieMwE  output from the photodiodes is digitized on a shot-to-shot

samples used in this study; the absolute value of the molar extinction coelgsis by a fast gated current-integrating analog-to-digital
ficient for this curve at the 730-nm absorption maximum was scaled to : . : :
match that in Ref. 17. The dashed curve shows the absorption spectrum gpnverter. Pulse intensities outside preset bounds are reJeCted

the N& species in THF with data provided by John Millsee also Ref. 20  ffom the data collection on the fly; the remaining pulses are
The crosses show the absorption spectrum of the*Nexcited state as  normalized(signal/referenceon every shot. The pump beam
determined by fitting the data in Figs. 3 and 4 to the “delayed ejection” j5 glso Chopped and in-house software is used to digitally
model[Eg. (9), Table [J; see text for details. . . . .
lock the baseline while scanning the mechanical pump-
probe delay” typical noise levels for averaging 300 laser
shots per stage position are changes in optical density of
bleached by exposure to the femtosecond laser pulses. The2x 1074, The instrument function and position of time

key to producing stable samples is to place enough sodiufiero is found for each combination of wavelengths by mea-
metal in the cell to maintain an excess of metal after diSSOSuring the pump_probe cross-correlation using sum-

met?" at a given crown ether c.oncer?t.ration. Thi§ Way, a%he sample. Further details on the setup and data collection
sodium anions are destroyed by impurities or by dissociationstines have been published elsewtére.

with the laser, additional anions can be generated by disso- The ultrafast spectral transients presented below were
lution of the excess metal. The overall concentration of so-

e g recorded with pump pulse energies ofL wJ, resulting in
dide !s thus controlled by the_ fixed amount of c_rown ether’changes in optical density on the order of a few tenths of a
allowing the samples to be diluted and to remain stable fobercent. After the initial dynamics in the first few ps are

several weeks.

The presence of potassium metal in the samples mea
that there is a possibility that potaSS|de_can form after th sed to generate the pump—probe delayl(ng. The long
samples age and the excess Na metal is depleted. The e behavior of the transients was measured by flash pho-
sorption spectrum of our sample can be fit toasuperpositio?0| sis using —10-ns pulses at 532 nm from a doubled
of the known absorption spectra of N@\ .= 730 nm and y IS using pu u
K™ (M max= 950 nm.1*" The results suggest that the relative Nd:YAG laser to excite the samples and an arc lamp to
concentration of potasside in freshly prepared samples is Ie:p%Obe' The bleach signals were fou_nd to persist out to _tlmes
than a few percent. The height of the 950-nm shoulder due t a few ms. The long recovery time (_:OU|,d be explained
K~ grows slowly with time as the excess sodium is depleted?'ther by diffusive, nongeminate recombmatpn of the C.TTS
the fits indicate that the relative concentration of kan Products to reform the parent Naor by diffusion of addi-
reach~25% in samples that are several months old. At thigiional ground state Naions into the volume sampled by the
point, it is unclear whether production of Kis accelerated ~Probe beam. The long time scale for sample recovery means
by exposure to the femtosecond laser pulses or merely cofhat in the femtosecond experiments, there is the pOSSIbIlIty
relates with sample longevity. In any case, for the experi-that the photoproducts produced by one laser pulse are still
ments reported below we have chosen excitation wavePresent when the next pulse arrives at the 1-kHz repetition
lengths (near 500 nron the blue side of the NaCTTS rate. To ensure that build-up of the photolysis products did
absorption where K does not absorb, thus avoiding adversenot obscure the underlying CTTS dynamics, we performed
effects from a possible build-up of Kduring the course of the pump—probe experiments while the repetition rate of the
the femtosecond experiments. laser was varied from 50 Hz to 1 kHz. At all repetition rates,

The laser system used in the time-resolved experimentée transient dynamics were identical, indicating that none of
consists of a regeneratively amplified Ti:sapphire lasethe long-lived species produced following excitation ad-
(Spectra Physigsthat produces 1-mJ-120-fs pulses cen- versely affected our study of the short-time CTTS
tered at 800 nmtaa 1 kHz repetition rate. The output is used dynamics>’ We also found that at high excitation fluences,
to pump a dual-pass optical parametric amplif@PA) that  the amplitude of the fast absorption decay in the transients
generates tunable signal and idler beams in the IR. For mostecreased markedly, which as discussed below, is consistent

*

Molar Extinction Coefficient (M~!cm—1/10%)

AO
[
<l

complete, all the spectral transients presented below persist
Br times much longer than the length of the translation stage
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on the iodide systef in that absorption by the solvated

electron does not appear for a few hundred femtoseconds
M after excitation, presumably related to the time for electron
transfer to take place from the excited CTTS state. After

e 490-nm pump creation, the electron’s 2150-nm absorption undergoes a de-

—— st Retponse cay which takes place on & 1.5-ps time scale. After the

decay is complete, an absorption offset from the solvated
R electron persists for times much greater than a few nanosec-

M" onds. There are several possibilities for the assignment of the
decay of the solvated electron’s absorption. The electron’s

* 400-nm pump absorption cross-section could change with time due to dy-

© 800-nm pump namic solvation or to the presence of a nonadiabatic transi-

tion (from ap-like to sdike state, for example On the other
hand, the absorption decrease could represent a loss of popu-
________________________ lation due to geminate recombination of a fraction of the
. CTTS-produced electrons with the nearby parent sodium
Time (ps) atom.
_ To gain more insight into the origin of the observed
FIG. 2. (a) Appearance of the solvated electron’s absorption at 2150 nm b ti d the 2150 d . f th lect
following femtosecond excitation of N&THF at 490 nm(circles. The thin absorp 'On_ ecay, the : .'nm ){namlcs 0 € electron
solid curve shows the experimentally measured instrument respémse. Were monitored after excitation at different wavelengths, as
Appearance of the solvated electron’s absorption following femtoseconghown in Fig. 2b). The results show that there is a continu-
excitation of Na/THF at 400 nm(crossep and 800_nm(d|amond$ For ous increase in the magnitude of the decay as the excitation
both (a) and (b), the rise of the 2150-nm absorption is slower than the | th is t dt d th d. Excitati t 400
instrument response, indicating a delayed appearance of the electron. wavelength Is tune OW"?“' € red. excitation a nm
(crossep produces essentially no decay of the 2150-nm ab-
sorption; the 490-nm excitation scan presented in Fig) 2
with decreased geminate recombination due to multiphotoghows an intermediate amplitude of the decay, while 800-nm
excitation of Na. excitation (diamond$ results in a nearly complete decay of
the entire signal. It is unlikely that changes in the electron’s
absorption cross-section due to solvation dynamics or to
l. RESULTS transitions between quantized electronic states would be so

The solid curve in Fig. 1 shows the steady-state absorpstrongly affected by the excitation wavelength. Instead, in
tion spectra for the sodide anion in THF. The spectrum is irdirect analogy to numerous studies where solvated electrons
excellent agreement with those previously publistetd;!” are produced by multiphoton excitati6h,the excitation
because we are not able to independently measure the cowavelength dependence can be explained by differences in
centration of Na in our solutions, they-axis showing the the population of the ejected electrons. An increase in the
value of the molar extinction coefficient was scaled to matctexcitation energy allows a larger fraction of the ejected elec-
that in Ref. 17. As discussed in many studies, the intens#ons to thermalize at distances further from the parent atom
absorption feature that peaks at 730 nm corresponds to Gore, reducing the probability for geminate recombination
CTTS transiton*'> No previous flash photolysis and leading to less decay of the absorption sigharhe
studiest®'” however, have been able to measure the rate o$lightly longer rise time observed for 400-nm excitation is
production of solvated electrons following excitation of the also consistent with a delayed appearance of the electron’s
Na~ CTTS transition. In THF, pulsed radiolysis studies haveequilibrium absorption due to the time needed to dissipate
shown that the solvated electron absorption band occurs iexcess thermal enerdy.We will return to the question of
the mid-IR, with a peak near 0.6 eV-2100 nm and a full  the wavelength dependence of geminate recombination later
width at half maximum of-0.3 eV® Thus, final confirma- in this paper. Overall, Fig. 2 leads us to expect that geminate
tion of the assignment of the optical absorption of N@ a  recombination of the neutral Na atom and solvated electron
CTTS transition awaits observation of the delayed appearproduced following CTTS excitation are an important part of
ance of the solvated electron band in the mid-IR correlatedhe photophysics of Na
with excitation of the CTTS band. Additional information concerning the mechanism of

Figure 2a) provides this confirmation by presenting the electron production and the nature of the CTTS band in so-
results of femtosecond transient absorption experiments extide solutions is available from the transient absorption dy-
citing on the blue side of the CTTS band at 490 nm andhamics at various probe wavelengths in the visible and near-
probing the solvated electron’s appearance near the maxiR. From top to bottom, Fig. 3 shows the spectral dynamics
mum of its absorption at 2150 nicircles. The thin solid of Na~ probed at 560 nm, 590 nm, 625 nm, 670 nm and 800
curve shows the cross-correlation between the pump andm following excitation near 500 nm. All five of these probe
probe beams as measured by sum-frequency mixing in wavelengths lie within the envelope of the Nground state
BBO crystal placed at the position of the sample, and verifiegbsorption(cf. Fig. 1), leading to the expectation of a tran-
that our instrument resolution is250 fs. The data are quali- sient bleach signalan instantaneous negative change in ab-
tatively similar to that reported by Bradforth and co-workerssorbancgdue to the loss of ground state Né#ollowing ex-

Change in 2150-nm Absorbance (Arb. Units)
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Change in 1150-nm Abs. (Arb. Units)

Time (ps)

FIG. 4. Femtosecond transient absorption at 1150 nm resulting from
615-nm excitation of Na/THF. The solid curve through the data points is a
nonlinear least squares fit to the “delayed ejection” mode. (9), Table

1]; see text for details.

Change in Sample Absorbance (Arb. Units)

stantaneously formed N& CTTS state. For this case, the
15 0 15 3 45 ¢ 75 rapid absorption decay would result from the loss of the ini-
Time (ps) tially prepared excited state due to the charge transfer pro-
, _ _ _ cess, and the absorption dynamics would provide a conve-
Eﬁ'O:f)"N';?/'T;tﬁée;r?ggrigis:ég&g;;g%”:ﬁ%s) EZ%U:L:?J;%@O,}?@XE%' nient spectroscopic handle for measuring the rate of electron
nm, () 800 nm. Negative signals correspond to bleaching of the Na transfer. The other possible assignment is that the absorbing
ground state absorption; positive signals reflect absorption of excited-statgpecies is the neutral sodium atom ENgroduct®® which
species. The solid curves through the data points are nonlinear least squaigguld be produced on a time scale faster than our instrumen-
fits to the “delayed ejection” moddlEq. (9); Table [|; see text for details. tal resolution if CTTS were quite rapid. One might expect
that immediately after removal of the excess electron, the
solvent would not have a significant interaction with the neu-
citation. The two reddest probe wavelengths considered itral atom product, possibly leading to a strong®Ndsorp-
Fig. 3, 670 nm and 800 nm, are near the maximum of thaion near 590 nm similar to that of Na in the gas phéke
ground state CTTS band and indeed, the transient signals af@nous “D” line). Dynamic solvation would then cause the
bleaches that appear within the instrument resolution. Thesda atom’s spectrum to shift, providing an explanation for the
two bleach signals show decay dynamics with similar ampli+apid decay of the absorption in this spectral region.
tude and time scale to that of the solvated elecfieinFig. How can we distinguish between these two possible in-
2(a)], suggestive of the reappearance of ground state Naterpretations of the data? On the basis of pulsed radiolysis
ions due to recombination of the solvated electron and neuwstudies, we expect the equilibrated Naroduct in THF to
tral sodium atom products. Finally, the bleach persists welhave a broad absorption in the near-IR peaking near 890 nm
past the~1-ns limit of our scan range indicating that pho- (Fig. 1, dashed curve, adapted from Ref).28t 1150 nm,
toexcitation produces a net loss of ground staté Mms. the ground state absorption of Nas negligible but the Na
At the three bluest probe wavelengths shown in Fig. 3species whose absorption spectrum is presented in Fig. 1 still
on the other hand, the spectral transients are dominated byhas appreciable cross-section§000 M~ cm™1).%° Thus, a
strong absorption that appears within the instrument resolufemtosecond experiment probing at 1150 nm should provide
tion and then rapidly decays i 700 fs into a net bleach a clean signature of the appearance of the equilibrated neu-
signal. The data indicate that the spectrum of this initial abtral sodium atom without interference from the bleaching
sorption must peak near 590 nm. The excited absorptiodynamics of Na.! This information can help to distinguish
band clearly spans the wavelengths between 560 and 6Z%tween the two possible interpretations of the visible-probe
nm, but there is no initial absorption at 670 nm or 800 nm.data presented in Fig. 3. The results of such an experiment
There also is no sign of an absorptir corresponding rise are shown in Fig. 4. Indeed, a species that absorbs at 1150
of the bleachwhen probing at 510 nrtnot shown, a wave- nm does appear with a rise time 6f700 fs. The 1150-nm
length where any excited-state absorption would be readilyransient absorption then undergoes a decay on the same time
apparent because of the small absorption cross-section of tiseale as the solvated electron at 2150 nm, followed by an
ground state. Thus, we have identified the presence of a rapffset that indicates the absorbing species persists for long
idly decaying excited-state species that absorbs predomtimes. The solvated electron in THF has only a small absorp-
nantly in the spectral region centered near 590 nm. tion cross-section at 1150 ffrtand the excited CTTS state
The assignment of this 590-nm absorbing species is nas expected to be short lived, so the majority of the persistent
immediately clear. The solvated electron product does not150-nm absorption must be due to the neutral sodium atom
have significant absorption in this spectral regidbut there  produced following CTTS.
are still two other possibilities for absorbing species pro-  The assignment of the 1150-nm absorption to the equili-
duced following excitation of Na. One candidate is the in- brated N4 species, in combination with the data in Figs. 3
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and 4, provides enough information to test two differentbleach signal. The absorption of the solvated electron is ne-
models of the entire charge-transfer-to-solvent process. Thglected in Eq.(5) since it has a very small cross-section at
first kinetic model we consider, the “delayed ejection” the visible and near-IR probe wavelengths used in Figs. 3
model, assumes that it takes some time for solvent fluctuaand 4 (€._ <ena,€n).o The chemical reactions in Egs.
tions to cause the electron to detach from the initially pre{1)—(4) lead to the following kinetic model for the concen-

pared Na* state: trations of the various species involved in the CTTS reaction:
hv d — % — %
Na —Na *, (1) ﬁ[Na 1(t)=—kq[Na"*](1),
CTTS d
Na * ? Nao'esolvatew (2) a[Na()‘es_olvateJ(t) = kl[ Na * ](t)
1
0 recombination — (ko + ka)[N&*egypyared (1),
Na *€solvated . » Na, (3) d (6)
2 i INaT IO =k NePeegged (1),
escape
Nao'esolvated — Na+ Csolvated: (4) d d _
ks &[Nao](t) = &[esolvate(](t) = k3[ Nao'esolvatet}(t)’

In this model, Eq(1) indicates that photoexcitation instanta- ) .

neously creates the CTTS excited state, presumably theHbiect to the boundary conditions:

source of the strong 590-nm transient absorption. The ex- [Na *](0)=—[Na ](0)=N,,

cited CTTS state then disappears with riie leading to a B 7
delayed appearance of the 1150-nm equilibrated Atad [N&?](0) =[Na’*egy,aed (0) =0,

2150-nm solvated electron absorptions, as described by E¢hereN, is the initial concentration of excited Na After
(2). Although we label the product in E@) as Nd*eouaes  solving the coupled differential Eq¢6) with the boundary
we do not intend to imply that this is a species that is speCgongitions of Eqs.(7), the time dependent concentrations
troscopically distinct from individual sodium atoms and sol- yptained are inserted into E€) to give the functional form

vated electrons. The idea of a “contact pair,” however, andyf the signals measured in the pump—probe experiments:
in fact the entire model represented by E@9—(4), is con- )
sistent with the simulations performed by Staib and Bofgis. t

. - T —— = €na-+ eXp—Kqt)+ Kq[expl— (ky+Kks)t
Introduction of the contact pair into the kinetic model pro- N, ©Na P kat) + engorka[ €xp(— (katks)t)
vides the mathematical convenience of being able to describe

the subsequent geminate recombination using simple first- ~exp—kit) ]+ enaprks exptkst)

order kinetics with ratek, [Eq. (3)].>* The model is com- — ek ks eXp— (Ko+Ka)t) + engokax
pleted by assuming that the contact pair can dissociate with

rate ky [Eq. (4)], so that a fractionf =k, /(k,+k3) of the + ena kKo expl—Kyt) + eng-(Kox — 1)

Na” and solvated electron species undergo recombination to — ena kg Koy exp( — (Ko + kg)t), @)

regenerate some of the initially bleached parent N&his
recombination accounts for the fractional loss of theWhere kx=(k;—ky—ks)~* and x=(k,+ks)~*. Since the
1150-nm N& absorption in Fig. 4, the 2150-nm solvated rate ks does not correspond to a process that can be directly
electron absorption in Fig. 2, and the visible Naleach measured spectroscopically, it makes more sense to recast
signals in Fig. 3. Note that for this model, we implicitly theé modelin terms of the CTTS rakg, the recombination
assume that solvation dynamics do not significantly affectatekz, and the quantum yield for recombinatibrFrom the
the spectroscopy of either the Nground state bleach or the definition of f=k,/(kz+k3), we can make use of=f/k;
absorption of the newly formed Ree,, ..., Solvated elec- and rewritex=f/(fk,—k,) to obtain:
tron, or N& products. S(t)

The measured signalS(t) in the “delayed ejection”  —— = éna exp( —kjt)
model consist of the sum of increases in absorption due to °

the formation of Na* and N& (or Nfeeg, ,cd as well as 1
the bleach of the Na ground state: +rexp(—kyt)| engp| Ko 7= 1| —ky | +Kaena
S(t) = ena-«[Na *](t) + eno{[ Na®* gyared (1) + ik f exp(— (ky/F)t)[ eno— €na-]
+[NJ(t)} + ena-[Na ] (1), 5 +eno(1— )+ eng (F—1). 9

where[ X](t) and ex are the time-dependent concentration For the model represented by H®), the cross-sections of
change and the molar extinction coefficient, respectively, othe Na ground state and Ngproducts at each wavelength
each species X" involved in the CTTS reaction. Note that are already determing@ig. 1). Thus, not counting the over-
in this notation,[Na ](t) will be negative, indicating a net all amplitude scaling factoN, for each transient, there are
loss of ground state population that corresponds to a transienhly nine adjustable parameters for the six transients in Figs.
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TABLE I. Fit parameters and probe wavelength cross-sections for the “delayed ejection” fiafdéb)].

Pump/Probe (a) (b) (c) (c) (c) (c)
Wavelengths €Ena- €N Ena—+ kq K,

(nm) (M~tem (M~ tem™ (M tem™ (ps™h (ps™)) f
505/560 29970 9100 77 000 14D.2 0.66-0.1 0.4:0.1
490/590 35230 10 100 69 000 140.2 0.66£0.1 0.4-0.1
490/625 46 180 12 000 84 000 140.2 0.66-0.1 0.4:0.1
500/670 67 380 14 800 35000 140.2 0.66-0.1 0.4-0.1
490/800 63 950 23750 27 000 140.2 0.66-0.1 0.4:0.1

615/1150 ~0 5800 0 1.420.2 0.66-0.1 0.70.1

dParameters taken from absorption spectrum presented in Fig. 1 with maximum scaled to have the same
cross-section as Ref. 17.

bParameters supplied by John Millesee also Ref. 20

‘Parameters found from the nonlinear least squares fit of the data in Figs. 3 and 4(8); kg.andk, are
constrained to be the same for all six pump—probe transiémssconstrained to have the same value for a
given pump wavelength. The fitted N& cross-sections have an uncertainty-0f5%.

3 and 4: The cross-section of the Naexcited state at each solvated electron, as represented by Bd). Since the ex-
probe wavelengttiwhich turns out to be zero for one of the cited absorption near 590 nm, which we would expect to
six wavelengths the CTTS and recombination rate con- come from “hot” gas-phaselike Na appears instanta-
stantsk; andk,, and the recombination fractidnFor com-  neously we would expect the rakg to be faster than our
parison, a simple fit of each of these transients to a biexpo=-250-fs time resolution. Once formed, the solvent relaxes
nential procesgwhich cannot adequately describe all the around the “hot” N&, producing the equilibrated Naspe-
data because of the long-time offsets on each)seanuld  cies, which absorbs at 1150 nm, on the solvation time scale
involve 18 adjustable parametd® decay times and an am- 1/, as described by Eq11). Then, like the “delayed ejec-
plitude ratio per transieptnot counting the overall scaling tion” model, some fractiorf of the N& species, either dur-
amplitude. ing solvation or after equilibration, undergo recombination
The solid curves in Figs. 3 and 4 show a global non-with the solvated electron to regenerate the parent bs
linear least squares fit of E(P), convoluted with the experi- shown in Eq.(12). This would lead to a fractional loss of the
mentally measured instrument response at each wavelength150-nm N4 absorption(Fig. 4), the 2150-nm solvated elec-

to all six of the various Na pump—probe transients. Given tron absorption(Fig. 2), and the visible Na bleach signals
that on average there are only 1.5 adjustable parameters pgfig. 3), all with rateks.

transient, the fits do an excellent job describing the data. The  according to the solvation model, the key spectral

best fit cross-sections for the Na excited state at each changes following excitation rely on the solvation dynamics
wavelength are shown as the crosses in Fig. 1. The best {ifat continuously shifts the absorption of Neom near 590
times for the CTTS electron transfer and geminate recombigm 1o the equilibrated spectrum near 890 nm shown in Fig. 1
nation processes arg =1/k;=0.70£0.09 ps andr,=1/k;  [Eq. (11)]. The dynamics of solvation in THF, however, al-
=1.520.2 ps, respectively. The best it fraction of recombi- o4y have been measured by Maroncelli and co-workers,
nation,f, for the visible transients in Fig. 3 is GD.1. The who found that after excitation the emission spectrum of a

Lr?cltlonf usteg ;fg'tlthti 1%15]‘?'””] tran3|e?tt '? F'g'ﬂ:‘ IS a(tj(fjaw dye molecule undergoes a biexponential Stokes shift with

! ilr%er atv. lercth e C;feretﬂ_ce resufts rotm h_ehre (;a_r time scales 0.2 p$45%) and 1.5 ps(55%).3° We use this
excitation wavelengtn used for this experiment, which as ISinformation as a constraint in the solvation model for CTTS
cussed above leads to a higher fraction of recombination. Al

, . : . excitation of Na: Once “hot” Na° is formed upon excita-
the fit parameters for this model are summarized in Table | . . o
o ; . tion, the rate at which the spectrum shifts with time is com-
The second kinetic model we consider to describe the

data in Figs. 3 and 4 is the “solvation model,” which in- pletely determined. Using the parameters for THF solvation

volves rapid charge transfer followed by dynamic solvationfron_] Maroncelli and co-workers, alqng with the fact that the
of the N& product: oscillator strength of the Naabsorption must be conserved

A during the Stokes shift, we have solved numerically the ap-

Na- — N +eopaes (10)  Propriate kinetic equations and attempted to reproduce the
ky signals measured in Figs. 3 and 4. The adjustable parameters
solvation are the absorption cross-sections for the “hot”Ngpecies

Nahor — Naggp (11 at each probe wavelength, the fractibof species that re-

k2 combine, and the recombination rdtg. The ratek; is as-
recombination sumed instantaneous, and,” is the bi-exponential solva-

f N+ f egopaes —— FNa . (12 tion process measured by Maroncelli and co-workers.

ks Upon fitting the data in Figs. 3 and (%ot shown, it is

In this model, photoexcitation detaches the CTTS electrorapparent that the solvation model cannot adequately describe
from Na~ to produce a “hot” (unsolvatedd N&® atom and a  the observed pump—probe transients. The solvation model
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fits the 560-nm, 590-nm, and 625-nm transients in Fig. 3he Na 3selectrons into the CTTS excited state. The idea is
nearly as well as the delayed ejection model, but the solvathat the excited electron interacts only weakly with the so-
tion model predicts the wrong general shape to properly dedium atom core, but serves to “hold back” the surrounding
scribe the two transients at 670 nm and 800 nm. The problergolvent so that the core has an absorption spectrum similar to
is that as the absorption maximum of Nshifts from near  that in the gas phase. When the excited electron is ejected by
590 nm to its final position near 890 nm, the peak has to passTTS, THF molecules rush in to solvate the core, rapidly
through both 670 nm and 800 nm. Thus, for these waveproducing the equilibrium Naspectrum measured by pulsed
lengths, the model predicts a bleach signal which at firSFadionsis(Fig. 1).2° Whatever the origin of the 590-nm ab-
decays as the maximum of the Nabsorption arrives, but sorption, it is clearly correlated with the presence of the
then rises again as the maximum of theé’asorption shifts  cTTS excited state. The importance of being able to monitor
further to the red. We tried several variations of the modekpe dynamics of the CTTS excited state spectroscopically
using different solvation parametefSbut all predict highly  was pointed out in the introduction. Without a spectroscopic
nonmonotonic bleach signals at 670 nm and 800 nm. In achandle on the initially prepared CTTS state, the time scale
dition, the rise of the 1150-nm Raabsorption is not well for charge transfer can be inferred only indirectly from the
described by the model since neither of the bi-exponentiahppearance of the solvated electron because the appearance

THF sqlvat_ion times match the observed00-fs single €X- of the electron’s absorption can be complicated by both sol-
ponential rise. Thus, we conclude that the solvation mode|,ation dynamics and internal relaxation.

represented by Eq$10)—(12) does not provide an adequate  The constraints imposed in fitting the delayed ejection

description of the data in Figs. 3 and 4. model to the data also provide information about the identity
of the N& species. The shapes of the transients that can be fit
IV. DISCUSSION by the model are quite sensitive to the choice of cross-
The success of the delayed ejection model in fitting thesections assumed for the sodium atom product. Changing the
pump—probe transients allows the various features of thehape of the Naabsorption in the model leads to generally
data to be readily interpreted. The initially prepared Ka poorer agreement with the data in Figs. 3 and 4. Thus, the
state absorbs strongly at 560, 590 and 625 nm and weakly aticcess of the model indicates that the neutral sodium atom
670 and 800 nnfsee Fig. 1 and Tablg and takes~700 fs  produced following CTTS is the same species that has been
to decay by undergoing CTTS. The CTTS electron transfestudied in the radiolysis of NaTHF solutions?*>® The ra-
produces the contact pair containing®N#&ading to some of diation chemistry literature has always referred to this spe-
the apparent decay of the visible transient bleach signals ages as a (N&; e~) moiety since it was unclear whether this
well as the delayed rise of the 1150-nmNabsorption on  entity is better identified as a sodium cation/solvated electron
the same~700-fs time scale. Geminate recombination oncontact ion pair or as a neutral sodium atom. In our experi-
the ~1.5-ps time scale then causes a decay of tht &ta  ments, once the CTTS electron is removed from? Nareak-
sorption at 1150 nm. At the visible probe wavelengths, thedown of the N4 in the N&+e~ pair to generate a Nae~
cross-section of the Naproduced by recombination is larger contact ion pair would require the additional ejection and
than that of the Nalost due to recombinatiofFig. 1), pro-  subsequent solvation of a second electron from the sodium
ducing a further decay of the visible bleach signals. Theatom core, as has been observed for the Cl atom following
simplicity of the delayed ejection model suggests that wenultiphoton excitation of the CTTS band of aqueous &}
have a good understanding of the rudiments of the CTTSt is also possible that the initial excitation might eject both
process and that some of the more complex schemes invoke@lence electrons from sodide, an idea that would be consis-
to explain CTTS dynamics following multiphoton tent with early reports suggesting that the oscillator strength
excitatiort® are unnecessary. of the sodide CTTS transition is 2.3 If this were the case,
The data in Figs. @)—3(c) represent the first observa- then a better description of the CTTS process would be si-
tion of the excited CTTS state and thus provide the firstmultaneous ejection of two electrons: one that stays associ-
direct measure of the dynamics of charge transfer followingated with the sodium cation cofforming a (N& ; e~) spe-
one-photon excitation directly into a CTTS band. The factcies and a second that forms a contact pair with the {Na
that the excited state absorption is narrow and has a large’) species and eventually recombines to reform” Na
oscillator strength implies that it arises from a bound—boundlissociates to form a solvated electron. Unfortunately, our
and not a bound—continuum transition. Thus, if the 590-nndata do not allow us to distinguish whether one or two elec-
absorption arises directly from the CTTS excited g@fe trons are ejected upon photoexcitation of the CTTS transi-
these states must lie at least 2.1 €590 nm below the tion, although further experiments are in progress. The fact
continuum in THF. Since the CTTS band of Naeaks near that the equilibrium N&absorption appears immediately fol-
1.7 eV (720 nm), this would imply that the ground state of lowing CTTS and shows no subsequent spectral dynamics,
sodide lies at least 3.8 eV below the continuum. The thermohowever, suggests to us that only one electron is ejected and
dynamics of sodide and solvated electrons in THF are nothat the species whose absorption spectrum is shown in Fig.
well known, so it is difficult to determine whether the assign-1 is better described as a neutral sodium atom.
ment of such a stable Naspecies(and of CTTS excited The slight disagreement between the fits and the data in
states so far below the continulil reasonable. An alternate Figs. 3 and 4 suggests that solvation dynamics, which are not
possibility is that the 590-nm excited state absorption arisesicluded in the delayed ejection model, do play a role in the
from the neutral sodium core following excitation of one of CTTS process. One possible way in which solvation dynam-
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ics could affect the observed pump—probe transients is vidon of the CTTS electron. We will continue to explore the
spectral diffusion of the “hole” created in the ground state solvation dynamics of N&* and N& in future experiments;
bleach. Spectral diffusion results from the fact that the initialin the interim, however, it is reasonable to conclude that
pulse excites only a subset of Ndransitions that are in solvation plays an important but secondary role in the tran-
“selected” solvent configurations. This would leave a hole sient spectroscopy of the NaCTTS transition.
at the position of the excitation pulse in the ground state  The geminate recombination dynamics of the ejected
spectrum. The hole spreads after solvent fluctuations rarelectron shown in Fig. 2 also provide insight into the mecha-
domize the local environments, leading eventually to uni-nism underlying the CTTS transition of sodide in THF. Like
form bleaching of the absorption band. Our expectationwhat is observed in the photoionization of neat solvéhts,
however, is that spectral hole-burning is not important in thencreasing the excitation energy dramatically decreases the
transient spectroscopy shown in Figs. 3 and 4. Based on dmaction of electrons that undergo geminate recombination.
analogy with the electronically similar hydrated electron, ex-Our working hypothesis to explain this behavior is that the
citation of one of the §— p)-like transitions comprising the CTTS process spawns electrons that either can localize im-
CTTS band should result in photobleaching an electronienediately adjacent to the neutral parent atptaontact
progression of all three bands: Depletion of ground stateair,” as suggested by Ed2) and discussed in Ref.]&r
Na~ species leads to “replica holes” at the positions of all become trapped some distance away, as discussed further
three transitions originating from the ground stt&hus, below. If the solvated electron is produced far from thé Na
excitation anywhere within the band is expected to lead taore, the disruption of the local solvent structure needed to
nearly uniform bleaching with solvation dynamics playing regenerate the parent ion leads to a large free energy barrier
little role in the transient bleach dynamtfexcept perhaps to recombination. This free energy barrier makes it unlikely
near the edges of the CTTS batidWe note that since the that recombination would occur even on diffusive time
transition dipoles of the 8—p sub-bands are mutually or- scales, similar to the recent observations of Kohler and
thogonal, it should be possible to observe the asymmetricoworkers® The fact that very little decay is observed on
solvent fluctuations that split the transitions by taking advanthe hundreds of ps time scale for either the solvated electron
tage of polarized transient hole-burning spectroscBp§. or the N& species is consistent with this viewpoint. For
Our preliminary results using polarized pump and probethose electrons that are ejected near the sodium atom core,
pulses, however, show little anisotropy, suggesting thaminimal rearrangement of the local environment is required,
bleaching dynamics are not important in the spectroscopy adignificantly reducing the free energy barrier to recombina-
the CTTS transition. tion. Thus, we expect for this case that the solvation dynam-
Since bleaching dynamics are not likely to be importantics in THF that are known to occur on thel.5-ps time
in the spectroscopy of Na the discrepancies between the scalé® are effective for promoting recombination of elec-
delayed ejection model and the data in Figs. 3 and 4 likeltrons in the contact pair, consistent with the data in Figs.
result from solvation dynamics of the Rapecies. The idea 2-4. It is interesting to note that this picture of geminate
is that the neutral sodium product of the CTTS reaction isecombination as resulting from a contact pair is also consis-
formed out of equilibrium with the surrounding solvent. The tent with the dynamics following CTTS excitation of aque-
resulting solvent relaxation leads to spectral evolution of theous iodide*®
Na& absorption, as discussed earlier in connection with the  Our hypothesis explaining the variation in the recombi-
“solvation” model. The failure of the solvation model to fit nation fraction with excitation wavelength requires the exis-
the data makes it clear that solvation dynamics of the neutraknce of different pathways for electron ejection in the CTTS
sodium atom are not responsible for the bulk of the observegrocess. Based on the structure of the solvated electron in
transient spectral changes. But the fact that the largest diFHF, we believe it is likely that there are two distinct mecha-
agreement between the data and the delayed ejection modabms for electron production following CTTS. In water or
occurs for the 670-nm and 800-nm transients, however, suglcohols, the solvated electron is confined within a localized
gests that solvation of Nadoes play a secondary role in the solvent cavity, leading to an electronic absorption spectrum
observed spectroscopy. For example, solvation dynamicis the visible or near-IR. Solvated electrons in nonpolar flu-
could be responsible for a slight delay in the appearance dfis like THF, in contrast, have an absorption spectrum in the
the N& absorption at 670 and 800 nm. The growth of anmid-IR, suggestive of a weakly localized object whose vol-
absorption at these two wavelengths would appear in theme could encompass multiple solvent molecdfe$hus,
pump—probe experiments as a decay of the ground statee CTTS process of Nain THF involves expansion of the
bleach that is more rapid than that accounted for in theelatively compact CTTS excited state wave function into the
model, exactly what is observed in FiggdBand 3e). It is  more spatially extended ground state of the solvated electron.
also possible that solvation dynamics could shift the specExcitation into the lowest energy CTTS band likely produces
trum of the Na* excited state, causing it to pick up oscil- a solvated electron whose charge density remains centered
lator strength at the redder wavelengths, providing an altemear the sodium atom core upon expansion. The large spatial
nate explanation for the more-rapid-than-expected decay adxtent of the solvated electron’s wave function virtually
the bleach at these wavelengths. This idea is also consistegtiarantees there will be some overlap with the neutral so-
with the possibility that the 590-nm absorption results fromdium core, allowing solvation dynamics to efficiently pro-
the gas-phaselike core of N&, whose absorption spectrum mote recombination of the contact pfliargek, in Eq. (3)].
then undergoes a rapid shift upon solvation following ejec-The higher-lying CTTS excited states, on the other hand, are
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expected to have highly distorted electronic wave functionsvork. Finally, we express our gratitude to the referee both
that sample regions of the fluid farther from the sodiumfor suggesting the use of the &~ contact pair as a way to
nucleus. Excitation of the higher-lying CTTS bands can thusnclude geminate recombination in the kinetic model without
result in a branching between rapid electron ejection to locahaving to sacrifice the convenience of an analytical solution,
tions far into the solventlarge ks in Eqg. (4)] and nonadia- and for making us aware of Ref. 36.
batic relaxation into the lowest-lying CTTS excited state,
WhiCh leads to more |Ocalizec_1 ejegtion and a high_er PrObabi|'1For some recent review articles, see M. Maroncelli, J. Mol. 15@, 1
ity for recombination. Following high-energy excitation, the (1993; M. Cho and G. R. Fleming, Annu. Rev. Phys. Chef, 109
time needed to localize electrons far into the solvent leads to %99;??;’- Ef- R_Osl\s/lkysa”g f\ D. ﬁ'r_‘l‘(ony Nag‘tg’”gogv?'m 263 ;19949?R
an additional delay in the appearance of the electron’s o - Chomao, 99'(1{99&8 enichnikoy, and 2. A. Tiersma, Annd. Rev.
absorptior? The data presented in Fig. 2 are consistent with 2See, e.g., J. T. Hynes, loltrafast Dynamics of Chemical Systeresjted
all of these ideas. by J. D. Simon(Kluwer Academic, Netherlands, 1994h. 13, p. 345; P.
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