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Anion Threshold Photodetachment and above Threshold Solvent lonization

Victor H. Vilchiz, Jeremiah A. Kloepfer, Amy C. Germaine, Victor A. Lenchenkov, and
Stephen E. Bradforth*

Department of Chemistry, Usersity of Southern California, Upersity Park,
Los Angeles, California 90089-0482

Receied: October 26, 2000; In Final Form: January 5, 2001

The early time dynamics of electron photoejection and relaxation after one-photon UV photodetachment of
iodide ions in aqueous solution is compared with that resulting from two-photon ionization of neat water.
The effect of solvent composition on the ejection and relaxation is probed via experiments on iodide
photodetachment in a water/ethylene glycol mixture. Representation of ourpuunifiple wavelength probe
experimental data sets as two-dimensional contour plots provides a convenient fingerprint of the electron
dynamics. Global fitting of the data to a solvation model for spectral evolution indicates varying time scales
for solvation for each of the ejection systems. In all cases, the spectral evolution is complete in the first 10
ps, however electrons ejected via the anion charge-transfer-to-solvent pathway relaxes by a factor of 2 slower.
For iodide detachment in the water/glycol mixture, evidence is found for a precursor excess electron state in
the infrared that decays on the order of 250 fs. No evidence for an electron precursor state is found for the
ionization of water within the 4061000 nm window studied, and the ground state is apparent within 200 fs.
From these results, and from picosecond scale recombination dynamics presented elsewhere (Kloepfer et al.
J. Chem. Phys200Q 113 6288-6307), we conclude that the electron production mechanism is distinct for
the anion detachment and solvent ionization pathways.

I. Introduction understand the relationship between the broad absorption line
shape of chromophores in solution with the underlying solvation
dynamics. For example, the recent photon echo experiments
liquid phasé6 and in gas-phase clustérs, This stems from a from Wiersma’s group using .5 fs pulses have sugge;t.ed that
desire to find and test theoretical modétd” that may simulate the extre_mely_broad absorption spectrum of the equilibrated
the dynamics of a quantum solute in a condensed environment €lectron is entirely homogeneously broadefied.

Ultrafast studies of simple dipolar probe molecules have led to  The work reported here for the first time critically compares
some important insights into our understanding of the nature the relaxation of electrons ejected into water by two distinct
of the solvent response to a change in charge distribd#cA. pathways with high time resolution. Electron photoejection in
The solvated electron provides a particularly rich testing ground liquids furnishes a window on a number of fundamental solution
because of the absence of intramolecular degrees of freedomphenomena. By use of a short laser pulse, an excess electron is
strong electrorrsolvent coupling, and large nonequilibrium  effectively injected into the solvent and the parent species
changes possible when the system undergoes a change imndergoes a sudden change in charge. There is a large
guantum state. It is worth noting that several distinct types of rearrangement of the solvent in accommodating such reactions.
dynamical studies have been performed involving solvated Depending on the mechanism of the electron ejection, these
electrons in the condensed phase. The first class aims to uncoveevents may take place within the same solvent sphere as the
and contrast the dynamics of generation of electrons by parent or at separated sites in the solvent. For example, when
photoionization from liquid waté”32 and organic solute iodide undergoes photodetachment after resonant excitation into
moleculed® and by photodetachment from anions such as its charge-transfer-to-solvent (CTTS) stét¢he density for the
iodide 53436 chloride?"-*8and ferrocyanidé®“°Recent studies  excess electron is proposed to evolve from an iodine-centered,
on electron ejection in low-polarity solvents parallel the put diffuse, CTTS cloud to a localized entity at a separate site
experimental work in water. Both ejection via solvent ioniza- in the solvent849As a result of the electron transfer, the solvent
tion*land CTTS ejection from alkali anioffs”in these solvents  pushes in around the iodine atéfrand other solvent molecules
have been explored. The second series of experiments hasire expelled from the electron cavity accompanied by the
addressed the solvation and relaxation dynamics after phOtO-restructuring of the water dipoles around the newly trapped
excitation of arequilibratedsolvated electron into the electroni-  electron. An ultrafast experiment can view the solvent response
cally excitedp statel254446 These experiments, which were g these large-scale perturbations.

pioneered by Barbara’s grodpaddress rather different aspects £ iher the solvated electron spectrum has long been known
of the solvent response as the §9Ivent cavity 1s already initially 1, )¢ exquisitely sensitive to the local solvent structure because
defined and are similar in spirit to experiments that try to of its large spatial extent. Numerous papers on shape stability

* To whom correspondence should be addressed. E-mail: bradfort@ Of the electron spectrum to temperature changes, the changes
cheml.usc.edu. Fax: (213) 748972. in the form of the spectrum with increasing ionic strength and

There has been a recent intensification of research into
understanding the dynamics of hydrated electrons, both in the
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interpreted by inclusion of a precursor form of the trapped
electron?6.30.60.61known alternatively as a pre-solvated, weakly
bound omp-staté? electron. This species absorbs in the infrared,
peaks at around 1250 nm, and precedes appearance of the
ground-state hydrated electron, whose absorption centers in the
near-infrared around 720 nfAiRecent work has challenged this
picture for multiphoton ionization of waté563and it is now
clear that the precise number of photons deposited (and thus
—_— the excitation energy) is an important parameter in the subse-
quent electronic dynami@:2® The lifetime of the p-state
electron is also currently under hot deb&f.In contrast,
electrons produced through the solvent induced destruction of
the CTTS state are likely to lie below tlgestate electron (see
Figure 1), and thus, this state should not be seen as a precursor
if an electron is detached from an iodide ion with a single
resonant photoht Therefore, it is of some interest to compare
the two pathways for electron ejection to determine the
differences in the relaxation of the nascent electron. Furthermore,
the electrons generated from the two different pathways may
Figure 1. Energy level diagram for the aqueous iodide and neat water be ejected to different IO_Cat_'On?’ in the SO'Ye”t relative to the
systems, based on a figure in ref 58. The positions of the vacuum level Parent moleculé? In water ionization at energies above 9.38V,
(dashed line) and thus the conduction band edge are determined bythe electron is believed to spend some time in the conduction
extrapolation of hydrated electron cluster results and are considerablyband and may reach several solvent shells separation from its
lower in energy than currently accepted by the radiation chemistry parent before becoming trapp&#-6However, for the electron
community?® The reader is referred to ref 58 for a full discussion of produced via the lowest iodide CTTS state, quantum simulations

the problems with establishing an energy level diagram for liquid water. . .
In O'?Jr experiments, the anic?n is resc?r%lantly purr?ped into(ihe lowest Suggest that the electron is detached into a ground-state electron

energy edge of the CTTS band, which is below the conduction band. @nd an i0(_jine radical arranged as a contact JﬁéﬁExperi_- _
Water is photoionized by absorption of two UV photons putting the mental evidence based on observed geminate recombination

excited electron well inside the conduction band. The dynamics of the dynamics from our lab suggests this marked difference is indeed
solvated electrons produced by these two processes are determined bbccurring‘? This would be expected to lead to differences in
dicate theerioal sxitaions 10 aptcally ascessed states; al oher !N Observed relaxation behavior aiso.
indical v ; ; i i
energy levels on the diagram referrt)o full)); relaxed states. The vertical In th'.s paper, we present and contrast early time tranSIe.nt
position of thep state inside the conduction band on this figure results @PSOrption maps of the appearance and spectral evolution
from the assumptions made by Coe et al. for the location of the dynamics of photoejected electrons produced from solvent
conduction band edge. ionization and iodide CTTS excitation. For electrons undergoing
solvation in water, this requires very high time resolution
the addition of cosolvent emphasize how this unusual specieshecause of the fast response of water. Our experiments employ
provides a window on the local water solvent strucfiré® state-of-the-art 50 fs deep UV pump pulses; however, because
The CTTS state of a halide ion, which is also characterized by of the broadband nature of wavelengths probed, our experi-
a diffuse electronic wave function and is stabilized by the mental time resolution is limited by residual group velocity
(preexisting) solvent polarization, is known to be extremely mismatch (GVM) occurring even in rather thin water jets. The
sensitive to solvent environment. Recent ab initio calculations relaxation of electrons after CTTS detachment has not been
confirm that the stabilization energies of the CTTS precursor reported previously. We discuss the effect of modifying the
states in water clusters are indeed sensitive to local solventsplvent environment on the electron solvation dynamics by
structuret”S6-5"Thus, resolving the dynamics of both the iodide |ooking at the electron ejection from iodide in a solvent mixture
CTTS state and the excess electron itself once injected into theof water and ethylene glycol. In fact, only one previous study
solvent can thus be expected to probe fluctuations and non-by Jay-Gerin and co-workers has attempted to globally recon-
equilibrium behavior of the aqueous environment. It is also of struct the relaxation of hot electrons generated by water
interest to consider the change in solvent response to the electromultiphoton ionizatior?® so our results also provide new
ejection when a cosolvent is added to the water. The microscopicinformation on the solvation of an electron after controlled two-
structure and dynamics of hydrogen-bonded solvent shells with photon water ionization. The remainder of the paper is organized
admixed solvents has not received much focused attention inas follows. In section Il, we describe the experimental procedure;
the literature to date. in section IlI, we present our results and describe how maps of
The two pathways investigated and contrasted in this study the electron relaxation dynamics are constructed. In the fol-
are the generation and relaxation of photoelectrons following lowing sections, we describe the solvation model used to
photoexcitation of liquid water itself and of aqueous iodide ions. globally fit our data sets and the results of this modeling. Finally,
In the first case, electrons are generated by photoionizing waterwe discuss the contrasting dynamics uncovered for the different
by two-photon UV absorption (9.7 eV) imparting sufficient systems and compare the results for iodide detachment in bulk
energy to reach the bottom of the water conduction B&f%.  water with quantum/classical molecular dynamics simulatfons
In the case of solute anion detachment, iodide is resonantly and time-resolved photoelectron spectroscopy experiments on
excited to the lowest CTTS state with a single 4.8 eV photon, hydrated iodide clustefs.
which lies below the threshold for reaching the solvent ) )
conduction band (Figure $.A solvated electron is produced !l- Experimental Section
by the solvent-driven breakup of the CTTS stitePast A detailed description of our experimental setup has been
experimental work on multiphoton ionization of water has been given in a previous publicatioh.Briefly, the pump-probe
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experiments presented in this paper are performed using a 200 linHO

kHz regeneratively amplified Ti:sapphire laser systerb( fs

pulse width) which drives a 400 nm pumped optical parametric

amplifier (OPA). AT o st Prebe(nm) e
oS! Astpdeomn 1000

The 255 nm pump pulses for the photodetachment experi-
ments were obtained by frequency doubling the 510 nm output
(35 fs pulse width after optimal prism compression) from the
OPA using a~80 um thick type-1 BBO crystal. A deliberate
positive chirp on the 510 nm pulse is optimized using a pair of
fused silica prisms in the beam path prior to doubling to yield
maximum UV bandwidth and conversion efficierfe§f The
resulting UV pulse passes through a pair of calcium fluoride
prisms for dispersion compensation. This process results in 255
nm pump pulses of50 fs measured by cross-correlation with
the 800 nm Ti:sapphire fundamenfallhe probe pulses for
experiments reported here, 450000 nm, are obtained from
an 800 nm driven white light continuum. In most experiments, Delay Time (s)
the probe color was selected from a portion of the same Figure 2. Raw experimental data (circles) obtained from the electron
continuum used to seed the OPA using an interference filter photodetachment of aqueous iodide ions via resonant excitation into
(25 nm bandwidth for the range 45@00 nm, 40 nm bandwidth the CTTS band. A!I si_gnals represent a pump-induced abs_orp_tion for
for 800-1000 nm). The selected color was passed through athe probe. The solid lines represent the sums of exponential fits used

. . . ., to provide a functional representation of the data. Data for each probe
pair of fused silica prisms to compensate for group velocity \yayelength were recorded in separate experiments. Accurate estimates

dispersion in the generated white light and the optics later in for the relative optical densities between probe wavelengths are not
the probe path. The cross correlation of 255 nm with the probe easily obtainable from the experiment, so all data sets are scaled so
pulse prepared in this way was measured by difference that the signals have a common intensity at 10 ps. Finally, the data
frequency generation at the sample position usinga®@ype-I sets are offset vertically in even intervals for clarity of presentation.

) : The column of values at the far right are titerature molar absorption
BBO cr_ystal. The cross-correlation ranges from 70 to 85 fs for coefficients for the solvated electron; these are subsequently employed
the various probe wavelengths.

to reconstruct the full time-resolved transient absorption spectrum shown
In later experiments, a simpler optical arrangement was in Figure 3.

employed, albeit at the sacrifice of some time resolution. A

separate white light continuum generated in sapphire was formedbroad range of time delays, but because of the extremely small
just prior to the sample, and an interference filter preselected fractional change in transmissioabsoluteabsorbances in the
the probe color of interest immediately before the sample; no probe beam are not obtained. For this reason, as well as probable
probe chirp compensation was performed. In this way, data for variations in the probe interrogated pumped sample interaction
several additional probe colors could be collected rapidly. In volume between runs, we cannot cleanly compare probe
addition, a 0.15 m single monochromator-@0 nm band-pass  absorbancebetweerexperiments using different probe colors.
depending on probe wavelength) was used just prior to the This is handled by matching the measured signals to the known
detection photodiode. It was noticed that, for wavelengths close absorbance of the product electron once its spectrum is fully
to the continuum driving frequency (800 nm), if the presample developed (see below). Data were collected at probe wave-
interference filter was removed and the entire continuum was lengths in the 40861000 nm range for the iodide/pure water
transmitted through the sample (as carried out in a number of system at 50 nm intervals and over a 5d®00 nm range for
other workers’ broadband experimet#3 rather different decay ~ neat water and iodide/solvent mixture in 100 nm intervals.
profiles were recorded. It appears that it is imperative to exercise

caution with probe colors in the near-infrared from a Ti:sapphire !ll. Results

fundamental driven continuum, particularly if the entire con-  Figyre 2 shows the early-time results for probes ranging from
tinuum is dispersed onto a CCD device. Finally, a data set was 400 to 1000 nm after electron photodetachment from iodide in
recorded using the second harmonic of the Ti:sapphire a_mpllfler aqueous solution. Each raw experimental signal has been scaled
at 400 nm as a probe. The 255/400 nm cross-correlation wasi, have the same magnitude at 10 ps to allow clear comparison.
determined to be 85 fs by difference frequency generation.  The pump-induced absorbance is largest for probe wavelengths
The relative arrival of the pump and probe pulses is computer around 700 nm and weakest at 400 and 1000 nm as is evident
controlled by a mechanical stepping translational stage in thein the relative signal-to-noise ratios. The pump intensity is set
probe path. The sample is a free-flowing jet200 um in so that less than 5% of the observed electrons originate from
thickness, of either an aqueous 60 mM KI (Mallinckrodt) ionization of the solvent itsef.The raw data presented shows
solution, 170 mM Kl in a 40 vol % ethylene glycol/water solvent only the first 10 ps of the dynamics; data sets for nearly all
mixture or neat deionized water at room temperature. The pumpprobe wavelengths were in fact recorded up to 400 ps (not
intensity was varied between % 10° and 2.5x 10 W/cn¥ shown). Signals over the full time range have been reported
for experiments on and water as described previousft.The elsewhere for two probe wavelengthall long-lived signals
transmission of the probe beam through the sample is detectecbbserved are expected to originate from a separated electron;
by a silicon photodiode and processed by a lock-in amplifier we do not expect significant absorption from the iodine radical
referenced to a mechanical chopper in the pump path. In at any wavelength probed. The initially excited charge transfer-
addition, two reference photodiodes monitor pump and probe to-solvent state itself may have a fleeting transient absorption
for laser fluctuation normalization purposes. The 200 kHz spectrum, but this will be extremely short-lived (see below).
repetition-rate pumpprobe apparatus yields a high signal-to- The following observations can be made by inspection of
noise measurement of the change in probe absorption across ¢he 13 curves shown in Figure 2. The time for the transient
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absorption due to the separated electron to rise to its maximum linH 0O
value slows as the probe wavelength is tuned to the blue. The 2
signal rises with a characteristic time scale~e80 fs at 1000 10000
nm but is biphasic for the blue probe wavelengths. We note
that for all probes the extracted rise times are significantly slower
than the corresponding pumprobe cross-correlation. Despite
the thin water jet used in the experiments, the factor limiting
time resolution is the GVM between pump and probe in the
~200um thickness jet. Attempts at employing still thinner jets
have so far led to poor jet stability. With a 2@0n jet, the
calculated GVM ranges between 90 fs for 255/400 arid5

fs for the 255/1000 experiments using the optical dispersion
equation for liquid wate?” However, we have verified that even
with a 1000 nm probe, the observed rise time for the electron
is slower than the minimum resolvable feature 100 fs). In
parallel with a slower rise in absorption with the bluer probes,

Time Delay (fs)

1000 900 800 700 600 500

probe wavelengths between 750 and 1000 nm manifest a rapid }1,,,.,( nm)
decay; the fastest is at 1000 nm 650 fs). By 6 ps, the spectral

evolution is complete and all traces now follow an identical neat H 0
slow decay that reflects electron population loss by geminate 10000 2

recombination. These longer time scale dynamics have been
analyzed elsewhefeywe therefore focus our attention on the
signal rise and spectral evolution dynamics.

These results are most usefully consolidated for presentation
in the form of contour plots as a function of time delay and
probe wavelength. These contour plots are constructed from
mathematical fits to the experimental data and by scaling each
probe wavelength data set so that the long-time absorbance
matches a known equilibrated absorption spectrum for the
solvated electron. In some detail, this reconstruction proceeds
as follows: The collected iodide data is fitted with a sum of
two exponential rises and multiple exponential decays, convo-
luted with the appropriate instrument response function, using
a nonlinear least squares algorithm to provide the best functional %( nm)
representation of the data. During the fitting scheme, the zero-
delay time is treated as a fitting parameter. The simple i
mathematical form employed implie® physical modehnd is Il in HZOIEG
chosen to best represent the data in an unbiased fashion. Once 10000 ' .
the fits were completed, the signal intensity of each time-
resolved trace was scaled so that the transient absorption 8000
spectrum at 10 ps matches the literature absorption spectrum
for the fully equilibrated electroP?-®8 At this time delay, it is
determined from the raw data that the thermalization and
relaxation processes are complete and the dynamics from 10
ps on captured in our experiment are only due to population
loss and thus the same for all probe wavelengths. The choice
of a later delay time has no effect on the reconstructed two-
dimensional data sets. A similar spectral reconstruction proce-
dure was used by Hertwig for the relaxation of the solvated
electron in photoionization of wattand is commonly used for
fluorescence spectral evolutiéh!® This is reasonable on the
basis of results for pure 40° and for DO multiphoton )‘wdn("m)
ionization3® where the transient absorption spectrum is directly
measured for electrons undergoing thermalization. Further Figure 3. (top) Contour plot constructed using the mathematical fits

discussion regarding the validity of this approach will be 1 the raw data for detachment of aqueous iodide ions shown in Figure

: ) 2. The contours displayed are in even intervals over the range of induced
present_ed b]le_ow. Wel nofte that dulrlng lth_e first le psl, _no probe absorption from blue (zero) to red (highest absorbance). (middle)
separation of time scales for spectral evolution and population g5 representation of experimental data for the two-photon ioniza-

decay is being assumed. tion of water. (bottom) Representation of the experimental data resulting
Figure 3a is a representation of the overall spectral evolution from resonant excitation of iodide ions into the CTTS-state in a solvent
dynamics from the raw data using the spectral reconstruction mixture of water and ethylene glycol. Notice the intense feature at early

: : s times around 1000 nm. For each contour plot, the transient absorption
method just described. The key point is that to reconstruct for each probe wavelength has been matched at 10 ps (15 ps for mixed

accurate intensities along the spectral axis, each time-domainggyent) to the appropriate literature equilibrium electron spectrum (see
curve in Figure 2 is scaled by the appropriate factor shown at text). This assumes the thermalization process is complete by this delay
the right of that figure, which is the extinction coefficient for time and no further evolution of the transient spectrum is expected.

Time Delay (fs)

1000 900 800 700 600 500

Time Delay (fs)

‘
1000 900 800 700 600 500
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the fully equilibrated solvated electron at that probe wavelength. 40000+
Thus, for all but the earliest delay times, the probe absorbance ——1'/HO 4
is largest around 700 nm as observed experimentally. Further, ]
the effect of different time offsets in each separate experiment
and the instrument response function are removed in the N
reconstruction. The contour plot quickly captures the information g
content of Figure 2 as well as providing a useful comparison ‘-‘E
for the relative absorption intensities at different probe wave- ¢ 200004
=
w

-A- I'/EG:HO

A-“‘A/

lengths. Two major features are emphasized: (1) A smoothly

curved ridge in the plot indicates exponential shifting of the *—e

[
electron absorption spectrum toward the blue with delay time. 100004 /\’ /.
This shift appears to be completed+® ps and is followed by \/

the onset of an overall absorption decay at all probe wavelengths. ¢

(2) The rise in the transient absorption, although delayed, is -

most rapid at 1000 nm, and the rising edge slows as one inspects 04(')0 j 600 j 800 ) 1000
the contour plot toward bluer probes.
Experimental data was also recorded for two-photon ioniza- )‘probe( nm)

tion of neat water pumped at 255 nm. Reasonable signal-to-Figure 4. Transient spectrum of the feature appearing in each

noise for direct water ionization is obtained by increasing the experimental data set at zero delay after excitation into the iodide CTTS

pump intensity by a factor of @0Once again, spectral evolution  band (see Figure 2). (circles) Detachmentdhlpure water; (triangles)

is determined to be complete by 10 ps. Figure 3b shows the détachment of 1in 17% mole fraction ethylene glycol/water mixture.

reconstructed contour plot obtained from the experimental data NS feature decays with close to our instrument response. Relative
. intensities are calculated by ratios with the transient absorbance

sets (not shown) bt_etv_veen 500 and 100_0 nm. The eJ(:"Ct(')dobserved at 10 ps for each probe data set and then scaled by the

electrons show a similar spectral evolution throughout the appropriate extinction coefficient of the fully equilibrated solvated

probed region; however, the time scale is clearly more rapid electron (see text). This zero-delay feature is not included in the contour

than that seen in Figure 3a. The absorption maximum shift in representations.

this case appears to be completed withid ps. The rise time

of the absorption at the reddest wavelength measured is 170 fs

similar to that found for iodide. However, the rise times on the

blue side of the spectral range are faster, and the decay time

on the red side are significantly faster, consistent with a more

rapi ral evolution for the ph lectron ej from . .
apid spectral evolution for the photoelectron ejected from a A feature present in all of the experimental probe traces for

water molecule. . ) iodide detachment is an absorptive transient around time zero
To probe the effect of the solvent environment on the ejected (seq Figure 2 or ref 34). The amplitude of this transient, relative
electron relaxation, the iodide photodetachment dynamics werey, {he solvated electron signal, varies with probe wavelength,
also monitored in an aqueous solvent mixture: a 17% mole 54 scales linearly with iodide concentration (at least at 550
fraction mixture of ethylene glycol in water. This introduces e therefore attribute the transient as originating from a
several changes to both the spectroscopy and dynamics of theg,,mp-probe interaction with the anion. The amplitude of the
detachment. The absorption spectrum of the iodide in the yangient for t in the solvent mixture is greater than in water.
mixture is shifted from 225 to 220 nm compared to a pure water qyever, excitation of the pure solvent also yields a zero-time
environment’ Because the experimental pump wavelength feature, as noted by a number of autht&%9These have been
employed in these experiments is at the reddest edge of thezgsigned to coherent cross-phase modulations, two-photon
absorption band, the extinction coefficient in the mixed solvent absorption, or transient Raman signals, in all cases requiring
is markedly lower. Thus, the concentration of iodide was the simultaneous presence of the pump and probe at the sample.
accordingly adjusted to attain a similar optical density as that These coherent artifacts for pure solvent can be either positive

in the aqueous system. The equilibrium solvated electron or negative, have complex shapes, and are sensitive to align-
spectrum also blue shifts in this solvent mixture; the band center ment70 However, this is not the case in the observed time-zero

for solvated electrons is estimated to be 676 nm from the datafeatyres for our iodide data. At each probe wavelength, the
of Idriss-Ali and Freeman (cf. 720 nm in watéf)The data of feature can be fit with an exponential decaying function-(
Idriss-Ali and Freeman for the entire equilibrated electron gg fs) that is instantaneous with the pump. We have chosen to
spectrurf® in the solvent mixture is used to normalize signal remove the time-zero transient from the reconstructed contour
intensities, at a delay time where the spectral evolution apparentp|ot. Figure 4 shows the absolute absorbance of the zero-delay
in the raw data is fully complete (in this case at 15 ps), t0 peak as a function of probe wavelength. The extinction
construct the contour plot (Figure 3c). coefficient was obtained from the ratio of the fitted peak height
The contour plot of detachment in the solvent mixture has to electron absorbance at 10 ps, which is calibrated against the
some similarity with those described earlier, the solvated known extinction coefficient for the solvated electron at each
electron band undergoes a blue shift in the 980600 nm probe wavelength. The early time transient has the largest
region. This shifting is slower than in aqueous iodide, and it extinction coefficient at 750 nm but shows additional spectral
takes approximately 10 ps to complete. However, an additional structure at least in pure water where we have a larger number
island in the infrared at very early time is observed in Figure of probe wavelengths. It is tempting to assign these spectral
3c of comparable intensity to the main band. The 1000 nm datafeatures as excited-state absorption (from the CTTS state) to
set shows a qualitatively different pumprobe signal: an  other quasibound CTTS stat@g'and into the continuurf? but
additional component of significant amplitude characterized by a solid assignment and an explanation for the structured transient
a rapid rise €180 fs) and almost as rapid decay250 fs) is absorption spectrum is certainly required. Given that our

observed in addition to slower decay phases. From the contour
plot, this appears like a distinct transient absorption band;
gmwever, we do not have data at longer probe wavelengths to
confirm definitively this assignment. The possible origin of this
feature is discussed in section VI.
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Figure 5. Simulation of electron relaxation resulting from three scenarios. (a) A two-state system where all electrons are trapped in tipe excited
state, band centered at1250 nm, then undergo internal conversion to the grausiéte with band centered at 720 nm. (b) Single electronic state
(ground state) undergoing spectral shifting due to solvation dynamics. (c) A two-state system undergoing internal conversion and ground-state
solvation. The parameters used in these figures are taken directly from fitting the multiphoton ionizatit, af Bef 30: for a and c, the internal
conversion time is 410 fs; for b and c, the spectral shift for ground-state electred.36 eV with an exponential correlation tinag,, of ~510

fs. The trapping time is 160 fs throughout. The opaque spectral region between 1000 and 1500 nm is not probed in the current experimental study.

effective instrumental response due to GVM-$00 fs, if this this topic is discussed further in the section VI. Several simulated
feature is assigned to absorption due to the real excited-statescenarios are presented in the form of contour plots in Figure
population, we are unable to recover an accurate lifetime. We 5 illustrating the expected fingerprints of (a) ejection into phe
note that the transient has a pronounced polarization anisotropy state followed by a pure two-state internal conversion, (b) direct
unlike the later signal which is due to the trapped electron, ejection to the ground-state and solvation dynamics in the ground
whose absorption exhibits no anisotropy throughout the entire state, and (c) ejection into thestate accompanied by internal

time range measured. conversion and solvation dynamics in both states. The param-
_ eters for these simulations (given in the caption) are those fitted
IV. Physical Model in the work of Jay-Gerin and co-workers for multiphoton

jonization of D:O.

Our main goal is to model the relaxation of an electron e .
As seen in Figure 5 parts a and c, thestate absorption

detached from an anion CTTS state manifested in its spectral .
evolution and contrast the result with the photoelectron ejection spezcgglgm is centered near 1250 nm but extends out to 1000
dynamics from water. To facilitate this comparison, the relax- 1M~ mostly beyond the range of probe wavelengths em-
ation dynamics of the ejected electron after photoionization from Pl0Yed in our current study. The form of our experimental data
water have been intensively studied by four groups; varying 'oF detachment and ionization in water (Figure 3 parts a and b)
relaxation models have been proposed to account for the!S doml_nated by continuous blue shifting arising f_rom s_olva.non
observed dynamics*3263\We note that our experiment on the ~dynamics, most reminiscent of the process depicted in Figure
water photoionization process does provide the highest time OP: If one includes the contribution of thestate internal
resolution study to date, and thus, our results provide additional CONVersion and solvation dynamics in tastate (Figure 5c),
tests of these models. In contrast, no previous study of CTTS there are only subtle changes observed if the experimental

ejection looks at the relaxation of the detached electron. window extends only to 1000 nm. Because it is difficult to
In our comparison, we chose to employ the most general conclude based purely on the experimental data for the necessity

model for electron relaxation proposed by Jay-Gerin and co- for _thep-state_inclgsipn, as a_rgged by two recent studies 9f water
workers for the multiphoton ionization of water. This model onization using similar excitation energy to odrSlet us first
comprises two states for the electron population with internal '€MoVe it from the overall model used to simulate data in the
conversion between levels and includes spectral evolution of #00-1000 nm range. The model now just simulates spectral
both populations undergoing solvatiithe solvation dynamics evolution anq is similar in spirit to methods used to globally
is not included via an ad hoc kinetic mo®el but rather by reconstruct tlme-r.esolved Stokgs sh|ft'fluorescence Hata. '
established treatments for polar solvents rearrangement after a The s_pectral Sh'ft of theband is described by an exponential
change in charge densit§ We note that shape stabilify573 correlation function

i.e., constant spectral width and overall oscillator strength, is

imposed for each electron spectral component while undergoing vyt) = vg() + (140) — v(e0))e 7o 1)
spectral evolution. The two states are identified with strongly

and “weakly bound” electron®;these are often associated with  whereuv(t) represents the frequency of the peak absorption of
thes-andp-type states, respectively, arising in the cavity model the electrons band as a function of time ando represents

for the solvated electron based on hybrid quantum classical the characteristic solvation tin¥é The overall functional form
molecular dynamics simulatior$.Ilt has been suggested that of the solvated electron spectrum employed is due to Jou and
electrons produced by photoionization of water have sufficient Freemar?3 The low-energy side of the spectrum is represented
energy to access the weakly bound state that subsequenthby a Gaussian function and the high-energy side by a Lorentzian.
undergoes internal conversion to the ground stat&.52 Both This analytic form accurately describes the equilibrium solvated
the lifetime of thep-staté* and whether it is formed in the  electron spectrum over a variety of temperat@fesurther, it
photoionizatiorstep has recently become controver$ffi2and has been noted that the energy width and overall shape of the
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Figure 6. The transient spectra of photoelectrons undergoing relaxation after ejectionfrgaft) and from HO (right) in liquid water. Spectra

are plotted in energy units. (left) At early times, the experimental data (circles) shows evidence for two peaks, one in the IR which is incompletely
resolved in the spectral range studied and a main band that blue shifts with time toward its equilibrated value of 1.73 eV. The global fit (solid)
shows a constant width band shifting due to the solvation of the electron. The parameters &850 fs,»(0) — v(«) = 0.36 eV, andg, ™t =

225 fs. The additional IR feature is not reproduced by the global fit. (right) The experimental data points show a single band with a larger initial
shift. The spectral intensity on the red side of the transient spectrum is not reproduced in the first picosecond by the global fit assuming constant
oscillator strength and constant width (dashed line; parametersqre 350 fs, »(0) — v(0) = 0.5 eV, andrise = 155 fs). Including an extra
exponential decay component ferax, Or equivalently forQy(t), yields an improved fit (solid line; see text for parameters).

solvated electron spectrum in water is remarkably stable with mean ejection radiusiiod= (16D'tym)'2, is 15 AS These
respect to temperatufé>73Thus, we follow Jay-Gerin and co-  parameters are fixed in our global fitting. In addition, a first
workers and assume that the Gaussian and Lorentzian half-order appearance timeppearfor the electron is included as a
widths W and W, respectively, and the peak extinctienax fitting parameter. Overall, the simulated signa§{s,t) = (1 —

are constants over the spectral evolution and use the literatureexp(—t/zappea)) L4(t) €(v,t). For electror-iodine recombination,
values for equilibrium solvated electrons in® rather than a competitive kinetics equation describes the total population
D,0O: W = 0.355 eV W = 0.489 eV,vg(0) = 1.725 eV, and of solvated electrons within and outside a caged Pair:

€max = 19000 M1 cm™158 The time-dependent spectral

function thus consists of a moving, constant shape and constant Ky |<p

oscillator strength band with the center frequengy): Qgp(t) = kg + k., + kot K, — ko X

e(wt) = eadexp(In 2 (v — v ()W for v < v(t) ki e Kk
kp A3
1

e(wt) = €a W forv=uvft) (2)
+1

A (katkn)t (4)

kot kg

For 255 nm resonant excitation, the inverse rate of diffusive
escape (k) and inverse nonadiabatic reverse electron-transfer
rate (1k,) are fixed at 70 and 33 ps, respectivelyhe rate of

For a global f|t, the SpeCtral evolution function must be electron Caged pair appearar‘g% allowed to vary to improve
combined with the population dynamics to reproduce all aspectSthe early time match with the experiment. The simulated signal
of the data. This comprises a trapping time, or delayed for jodide at probe frequenayis just given byS(v,t) = Qsg(t)
appearance time, for the ejected electron and a survival ¢(y ).
probability of the electron population from geminate recombina-
tion. Both aspects are appropriate only for a given ejection \y Results of Global Fitting
mechanism and ejection length. Thus, we use the survival
probability Q(t) function for the overall electron population With this simple three-parameter ground-state solvation
determined in our earlier pageior these systems at the same model, our best fit to the thirteen data sets represented in Figure

pump wavelength. This function for electron-OH recombination 3a for iodide detachment and six data sets for water in Figure
is 3b are given as follows: for| v40) — vg() = 0.36 eV and

Teor = 850 fs,ky ™t = 210 fs and for water ionization(0) —
vs(®) = 0.5 eV andreor = 350 fS, Tappear= 155 fs. The fits

WL

2
r I EXP[— T, /4D (t + t
Q) = erf x| PL M T+ t)] x capture the major part of the spectral evolution; however, some
\/4D't VaD'(t +ty) details uncovered in the experiment are absent from the
simulations resulting from this simple solvation model. The
f M'tn 3 quality of the fit can be assessed by examining spectral cuts at
er 4D’tg(t + tg) ®) various delay times (solid lines Figure 6(left)). Notice how the

thermalization time for the iodide system is more than twice as
long, and there is a smaller shift in the iodide system. The figures
illustrate that, in particular, excess intensity is found in the

where the reaction radius ig, = 5.7 A 27 the mutual diffusion
coefficient isD' = 0.0007 &/fs, and for 9.7 eV excitation the
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experimental data for both ejection processes on the red side ofshorter than the 410 fs reported by these authors because we
the spectrum at delay times up to 1 ps. For iodide (Figure 6 see<200 fs signal rises throughout the IR and visible. Even
(left)), this difference is manifested as what seems to be an allowing the internal conversion time to be reduced<tb20
independent contribution at 1000 nm (and presumably beyond)fs, the p state does not fill in any significant amount of the
that rises and falls more rapidly than the remainder of the signalsmissing intensity in the 8061000 nm range (see Figure 5c).
on the IR side. We note that this20% intensity discrepancy  We find it significant that Jay-Gerin and co-workers were forced
is more striking in the time domain between the simulated and to include an extra spectral component around 940 nm with a
the experimental 1000 nm signal. The fact that a separate bandelatively long lifetime of 2 ps to satisfactorily match the data
at a longer probe wavelength is hinted at in the pure aqueousin the 806-1100 nm region. Only when we include this final
solution echoes what is seen more convincingly in the water/ ad hoc component to our two-state plus solvation fit, we begin
glycol data (Figure 3c). For aqueous iodide, leaving aside the to see reasonable agreement with our experimental’elaa.
discrepancy around 1000 nm, the remainder of the overall our fits, this ad hoc component has a slightly highket(5000)
spectral evolution of the ground-state electron is well-captured and a slightly shorter exponential decay (1.5 ps) compared to
by the ground-state solvation model. values reported in ref 30. We note that this spectral component

For water, the simulated signals are uniformly underestimating was unassigned by Jay-Gerin and co-workers and these authors
the signal intensity and possibly the bandwidth in the first were clearly unhappy in their discussion with its inclusién.
picosecond at probe wavelengths through-8D000 nm (dashed ~ Gauduel and co-workers also emphasized the need to include
lines on Figure 6 (right)). Several modifications to the model an extra peak in this spectral region; they assigned it to an
were attempted to improve this situation, including relaxing the encounter pair absorption on the basis of comparison to
constraint of shape stability by allowing a time-dependent width ionization in highly acidic solution&:"”However, their (kinetic)
function on the Gaussian side. We found that in no case could model did not include the continuously blue shifting ground
one improve the fit while maintaining the requirement for fixed state3° We agree with Hippler and co-workers that a much better
integrated band strengthlf instead one allows additional explanation is now available for this extra IR intensity. The
oscillator strength for the ground-state band over the first additional intensity in this region is due to a missing population
picosecond, the primary effect is to add intensity to the-800 decay phase (also characteristic time 1.5 ps), and that either
1000 nm region. Including a time varyinghax into the model p-state electrons were formed in Jay-Gerin and co-workers’
with otherwise constant spectral width substantially improves study entirely by absorption of an additional 2 eV pump photon
the agreement with the experiment (solid lines on Figure 6 or thep — sinternal conversion time is much shorter than 400
(right)). The best fit parameters argypea— 200 fs,7¢or = 500 fs and was obscured by the time resolution available to these
fs, andAEsqy = 0.56 eV with 24% additiona¢émax decaying workers. If p-state electrons, or in fact any precursor state of
exponentially with time constant 1.5 ps. Hippler and co-workers the electron$? are directly formed in our experiments on the
have suggested that the earliest part of the population decayphotoionization of water, their lifetime is shorter than 150
has been missed by earlier experiments because of the assumgs.24445.64.78.7Clearly, any definitive comment on whether a
tion of the separation of time scales for spectral evolution of p-state electron is directly produced in the two-photon ionization
the electron and recombinatiéi This is consistent with our  of water cannot be based alone on the recent studies employing
best fit. Instead of requiring additional oscillator strength for a restricted range of probe wavelengths, reported here and
the early time electron spectrum, a better explanation is that elsewheré:* A very recent study published by Laenen et al.
there is additional population decay phase that is not currently provides evidence for precursors absorbing in the mid-IR after
accounted for in the survival probability function (3). We believe two-photon ionization of both 0 and DO but these
it is entirely reasonable to challenge the early phase of the transients do not spectrally coincide with the features previously
survival probability function resulting from a diffusion-based assigned as an electrgnstate3° It would seem that a full
recombination model. The earliest recombination events occur analysis of these long probe wavelength studies is mandatory
between electrons ejected to short range where the effects ofwhile adequately including the ground-state relaxation. We
structured size solvent shells, rather than a structurelessemphasize that substantial absorption is observed within 200
continuum, becomes significant. We return to this point in fs even in the bluest wing of the ground-state spectrum.
section VI.

Before settling on this conclusion, it is reasonable to ask V/|. Discussion
whether the missing spectral intensity in the infrared for the
relaxation of photoelectrons ejected from water can be accounted Our results target the overall thermalization process of hot
for by returning to the full model proposed by Jay-Gerin and electrons injected into the aqueous environment from two
co-workers, i.e., by reintroducing the possibility of an excited sources: direct CTTS detachment of iodide and water ionization
state p-state) electron in the model (as in Figure 5c¢). The iodide above the threshold of the conduction band of the liquid. The
data indeed implies that a precursor state may be observed, anglobal-fitting results suggest different relaxation time scales and
if a precursor state was involved in both ejection processes, overall energy dissipation for the two pathways. Moreover, on
this would account for the very similar trapping times observed the addition of 17% mole fraction of ethylene glycol to the water
in each of our experiments despite the different mechanismssolvent, iodide photodetachment is characterized by a slower
for electron formation. For completeness, we attempted a fit to solvation time for ground-state electrons but faster rise times
our water photoionization data employing the full model of Jay- at all probe wavelengths and strong evidence for a longer
Gerin and co-worker% constraining all parameters for the wavelength absorbing precursor. A precursor species is hinted
spectral shape of theband to values determined in that study. at in iodide photodetachment in pure water but, ironically, is

We find it impossible to reconcile the parameters from Jay-
Gerin and co-workers original study with our data. In particular,
if a p-state electron is directly formed by the photoionized water

not observed within our spectral window for the two-photon
water data where its inclusion in the ionization mechanism has
been long-standingf:%9-%2 In this section, we address the

molecule, the internal conversion time must be substantially differences in ejection mechanisms leading to these observations.
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Water lonization. We initially performed experiments for  transient spectra, an additional population decay phase is
the water system to provide a benchmark for an ejection processnecessary. This population decay is assigned to an early
that leads to electrons ejected far from their initial site. The geminate recombination phase that has been ignored by other
relaxation dynamics are expected to reflect the rearrangementworkers who typically start fitting the population decay phase
of solvent shells made up entirely ob® molecules. However,  after 1 pg33132and can be attributed to deficiencies in the
the ionization of water has itself recently come under increased recombination model at the earliest tinfe&n additional 25%
experimental scrutiny. First, the mechanism for electron ejection of electron population is implicated over and above that
may be rather complex and depend significantly on excitation accounted for with the diffusion-limited geminate recombination
energy?123#0 |t is proposed that there is a changeover in model (eq 3). We have reported a fraction escaping diffusive
mechanism as the total excitation energy is increased up to 12recombination as-60%, in close agreement with othéps0
eV 32123318081The precise mechanisms are still under debate, Thus, adding the amplitude of the new recombination phase
but it appears that between 9.3 and 10 eV, although there isoccurring in parallel with electron solvation (0.25/1.25) to the
sufficient energy to reach the conduction band, there is a recombination fraction (0.4/1.25) fit by the diffusive recombina-

competition between an ejection pathway that leads to quasifreetion model® we arrive at a revised total recombination fraction
electrons in the conduction band and an *“indirect” ionization of 529, with only 48% of electrons escaping.

mechanisni.We have indeed observed that the solvated electron
signal increases markedly in our apparatus when the two-photon
excitation energy is increased from 9.3 (266 nm) to 9.7 eV (255
nm). In this context, our mapping of the relaxation dynamics
with the highest time resolution to date over 5AM00 nm after

It is reasonable to question whether such a fast recombination
phase is possible, particularly in light of the finding that electrons
in contact with a halogen atom undergo rather slow recombina-
tion 8 in agreement with simulatiodg.161t is usually assumed
" . - o in the photoionization of liquid water that photoelectrons are
excitation at 9.7 eV is of some interest in this arena. Second, ejected into a distribution of radii from the parent; therefore, a

the inv olyement of thep state, has recently bee_n - called Into fraction of the electrons is ejected to short range. The diffusive
guestion; on one hand, some argue that no additional transient

states are required to explain the relaxatiand, on the other, reactive pair_ model_ treats any electron_s ejected Wit_hin the
that new precursors rather than the cavity moplestate are reaction ra_dlus as |m_med|ately_ recombmﬁwg’.h_e surv_|val
observed in the mid-IR before the appearance of the ground-prc’t_’ablllty IS renor_mallzed_to_unlty to Ignore this fract|or_1. In
state electrofi Finally, it has recently been reported that the reality, electrons ejected within this radius (i.e., trapped in the

lifetime of the p-state electron is considerably shorter (as low first or seco_nd solven_t she_II surroundmg _the |c_)n_|zed_ parent
as 50 fs) than previously accepte®f. molecule) will recombine with OH or D™ in a finite time

Pepin et al. were the first to fully characterize the spectral determined by the nonadiabatic transition probability. Recent

evolution of the electron ejected from wa#however, the total e!ectron quenching experiments i_n our laboratory show that at
energy deposited in the pump step is uncertain. The authorshlglh concentrations of addeds@8" ions (-5 M), where every

suggest that % 2 eV are absorbed based on the recombination solvated electron is likely _in close proximity to a quen_cher, _the
profile; however, it is possible that electrons trapped after solvated electron population decays exponentially with a time

ejection can absorb one or more photons from the long pumpfinﬁt",’}m ofnomz arfe"\llt p|COS€(;0?E%t];E|Snn?1ng=ﬁl;5|t\i/e fortr e
pulse and become further excited. This would allow the tsa $)qu$ ]? 9 effj 7suggtests at _edog\ a afcf?l_ch 0
introduction of p-state electrons that are not formed in the ransfer rate for a jD™.e” contact pair is indeed very fast. The

ejection process itself. Recent studies have instead employecﬁao rea;ﬁnon 'St. actuilrllyor;ot gpnspl%el\;e(:hdlfflfj5|or;jlllr.nlted,
two-photon UV excitatiord:423.28.3+33.80.82However, only two whereas the reaction wi radica e therefore believe

complete multiprobe wavelength studies have been reported.the fast geminate recombination phase recovered in our analysis

which consider the relaxation of the ejected electé®oth IS re_asonable because both OH an@Hspecies are potentially
Madsen et af.and Hertwig et af. used 2x 4.65 eV to ionize available to the short-range ejected electron.
H,O. The tail end ¢ 1 ps) of the rapid relaxation of the electron ~ Second, Hertwig et al. also argue that no additional signals
is recovered from pumpprobe data by Madsen et al.; their due to an excited electron state are observed at early times and
experiment is limited by the |arge GVM\,@8 ps) between Speculate thap-state formation is not tak|ng place in the
pump and probe because of the 1.8 mm path |eﬁg[hwever’ ionization ste[f. Within the time and spectral window where
these authors fu||y recovered and Separated the geminaté)ur experiments recover Signals, we also find no need to include
recombination dynamics and spectral evolution by fitting @p state (or any precursor state) to model our data for water
transient spectra at each delay with absolute absorbances. Theipnization. Our global analysis of all data sets indicates a hot
modeled the observed spectral evolution from 1 ps onward with €lectron is formed in the ground state#200 fs and undergoes
the literature temperature-dependent spectral form of the ~ 0.5-0.6 eV blue shifting with a characteristic time500 fs.
thermally equilibrated ground-state elect®hey found that Either ap state is not an intermediate in the electronic relaxation
the data could be successfully reproduced with a 30 K of the ejected electron or, if it is formed, it must have a much
temperature shift and a 700 fs exponential time constant. In shorter lifetime to internal conversion than previously assutfied.
contrast, Hertwig et al. performed an experiment with similar However, of the experiments at around 9.5 eV excitation
time resolution and probe spectral coverage to ours and capturedincluding this one), only the recent report from Laenen et al.
a much larger spectral evolution, 0.5 eV blue shifting and an has employed probes further red than 1050%his recent
approximate 300 fs time constahDur experimental results are ~ experiment observes rapidly decaying200 fs) transients at
in good agreement despite the slightly higher excitation energy 1600 and 2900 nm, but instead of attributing these to a cavity
used in our experiments (9.7 vs 9.3 eV). The relaxation observedp state, based on their spectral shifts igtDthe authors assign
in the data reported here and in the results of Hertwig et al. them as different short-lived precurséfs.
corresponds to an additional 170 K cooling taking place before  The solvation time for the ground-state electron that we have
1 ps that was not resolved in the experiment of Madsen et al. derived is in good agreement with the slow (diffusive) solvation
As discussed in section V, we are also in agreement with the time for the response of liquid water to a photoexcited dye
main conclusions of Hertwig et al. First, to best fit the observed probe!®20 The latter may be associated with the Debye



1720 J. Phys. Chem. A, Vol. 105, No. 10, 2001 Vilchiz et al.

relaxation time in a dielectric model of water relaxatfénwe that no changes to the geminate recombination nfoded

feel it is now well-established that diffusive solvent relaxation required with the more comprehensive global fit, which unlike
around the ground-state electron is the predominant relaxationthe HO ionization case appears to show no “immediate”
process observed from 200 to 4000 fs after photoejection. It is recombination phase.

interesting to compare this result to the ground-state solvation  However, in analyzing our data we have assumed the electron
time extracted from pumpprobe experiments on equilibrated detached from iodide at 10 ps has an absorption spectrum
electrons’>4® Although the experiments starting with equili-  identical to a fully equilibrated solvated electron in waer.
brated electrons can be performed at higher time resolution givenindeed, if this assumption is in error, the overall form of the
both the experimental wavelengths and minimal GVM between intensity distribution in the contour plots will change markedly.
pump and probe pulses, their interpretation is complicated by For water ionization, the assumption seems clearly justified
the requirement of unraveling overlapping ground-state bleach, based on the length scale of the electron ejection and previous
excited-state absorption, and stimulated emission signals. Thereports® However, if the parent iodine atom is at close range
most recent report by Barbara and co-workers observes spectrato the ejected electron within this time frame, it is reasonable
evolution on 50 fs;~300 fs, and 1 ps time scaléShese authors  to question whether there is an interaction that is sufficient to
give arguments based on the expected pump saturation behaviogubstantially perturb the absorption spectrum of the solvated
and experimental results where two pump photons are absorbedelectron. We justify our assumption that this perturbation is
along with comparisons to nonadiabatic molecular dynamics minimal by statements by both groups performing quantum
simulations’®"°to justify a preference for assigning the short molecular dynamics simulations on the photodetachment process
time scale dynamics to solvent motions around the photoexcitedand observing caged halogeelectron paird316Further, from

p state with thegp — s transition assigned as one of the slower our experiments, we do not observe any spectral evolution from
recovered componentsNonadiabatic molecular dynamics 10 ps out to 400 ps by which time all electrons should have
simulations predict a 350 fs nonadiabatic relaxation time scale escape the influence of the iodine atom.

for an equilibrategb state once the effect of decoherence is taken  The data for iodide detachment in the glycol/water environ-
into account in the simulatioff:®> Recent conclusions from  ment provides additional information. Clearly, the most interest-
Wiersma’s group based on 5 fs pumprobe experiment$* ing result in the mixed solvent data is the additional evidence
disagree and argue strongly for assigning the relaxation of thefor 3 second transient absorption band at long wavelengths that
photoexcitedp state in three phases as follows: (a) a 55 fs now comes squarely into our spectral window. Thus, whereas
depopulation of the excitep state to form a hot ground state, in aqueous iodide detachment we saw only a suggestion of a
(b) a phase between 100 and 300 fs where some energyseparate absorption band for the early-time detached electron,
relaxation takes place (as water librational modes transfer energysignificantly more intensity is now observed at 1000 #nn
to collective translational modes), and (c) pure translational addition, continuous spectral evolution of the ground-state band
relaxation with a characteristic 1.2 ps time sc#lé total of is once again observed. To extract the latter, we explicitly
~0.5 eV is released in the two ground-state relaxation phases,modeled the early-time absorption by inclusion of a separate
although the 1.2 ps phase is dominéfit.is certainly reasonable  precursor electronic state and fit the mixed solvent data (Figure
that if thep state is eventually implicated in the relaxation of = 3¢) using a two-state model with ground-state solvation (as in
photoejected electrons tipe— s internal conversion rate may  Figure 5c). We find a reasonable fit with the precursor lifetime
vary between an electron undergoing nonadiabatic transition in of 220 fs and a ground-state solvation time and shift of 1.5 ps
a preestablished solvent cavity, which is probed in the equili- and 0.25 eV, respectively. Therefore, the solvation response is
brated electron pumpprobe experiments, and a freshly ejected slowed by almost a factor of 2 with the addition of ethylene
electron rapidly establishing a new cavity in the solvént. glycol molecules to the solvent environment. In pursuing this
lodide Detachment. We now turn our attention to the two-state fit, the precursor state was modeled @setectron
comparison of the relaxation of the photoelectron resulting from with all parameters taken from ref 30 except the position of
detachment of iodide with that after water ionization. Our results p-band center, which after application of the same solvent blue
for I~ are suggestive of a differing excess energy dissipated by shift® for 17% mole fraction glycol as for equilibrated ground-
the solvent and a differing environment for the relaxation state band was placed at 1100 nm. The use ofpistate
dynamics. The global fits foridetachment in pure water yield —parameters is arbitrary and is based on a lack of additional
0.36 eV as the extent of the blue shift of the transition energy information about this early time spectral component; we
with a solvation time of 850 fs. Except for evidence of an emphasize that no assignment of the early spectral component
additional absorption at the longest probe wavelengths, theto an absorption of @-state electron can be inferred from our
complete 13-probe data set may be fit with a constant width experiment.
and constant oscillator strength ground-state spectrum undergo- Given the smaller excess energy for the ejected photoelectron
ing continuous blue shifting. The spectral evolution describes (Figure 1) after one-photon detachment, it perhaps is not
the response of the electron’s environment to accommodatingsurprising that the extent of ground-state cooling is smaller than
the new separated charge. Our analysis of the geminateobserved after two-photon solvent ionization. It is however
recombination kinetics after CTTS detachment indicates that surprising, given the small energy gap between the prepared
the electron is ejected to very short range and may form a cagedCTTS state and a relaxed solvated electron, that a separate
pair with the nascent iodine radical with a lifetime 920 ps® absorption band, suggesting a precursor state for the detached
The occurrence of caged pairs for electrons produced by low- electron, be observed. This is particularly puzzling given the
energy photodetachment is supported by evidence from theoreti-prediction from quantum/classical simulations of an adiabatic
cal simulation&*16and similar modeling of experimental data evolution from the lowest CTTS state to the ground state of
on Na.*1*2Therefore, the observed difference in relaxation time the separated electrd®1687 For example, Sheu and Rossky
scales for the ejected electron is consistent with a rather differentconsidered the possibility of conversion from the lowest CTTS
environment surrounding the ejected electron, e.g., with the state for aqueous iodide intopastate electron and concluded
presence of an iodine atom in the first solvent shell. We note that it was prohibited because of energetic considerations: the
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calculation indicated a~2 eV uphill energy gap for this lowest CTTS manifold, which are actively involved in the
conversiort! However, experimental evidence has recently been detachment mechanisth Therefore, it is reasonable that for
presented for a precursor absorption in the photodetachment ofiodide detachment, within the crucial period D0 fs
aqueous [Fe(CN)*,28 a system whose initial state has been indicated in the simulations where the electronic wave function
assigned as CTTS and whose energy gap with respect to thes strongly mixed, thes — p band temporarily disappears to
equilibrated solvated electron is simiffrCognizant of the reappear later once the electron is separated and the final orbital
checkered history of assigning additional states as early time symmetry is establishéd.Given the change in the symmetry
precursors in the ionization of water, we believe that the of the occupied one-electron state during this period, it is certain
assignment of this additional absorption near 1000 nm is perilousthat the available oscillator strength for absorption transitions
and we leave this issue open pending additional experiments.changes. We suggest this proposal may account for the zero-
Instead, let us restate the key observations relating to this featuredelay feature assignment of the CTTS excited state absorption
for iodide detachment: At 1000 nm, substantial additional as being distinct from complete spectral evolution of the electron
absorbance is observed at very early times in the mixed solventspectrum. It is worth noting that some of the widths of the
that is not accounted for by a continuous spectral shifting of features indicated in Figure 4 seem unreasonably narrow for
the ground-state spectrum. A smaller additional absorbance atthe proposed transitions; however, the error bar on each
the same wavelength is observed for the detached electron inabsorbance data point is rather large given the sensitivity to
purely aqueous iodide solutions. The extra absorption componentcorrectly fitting the shape of the time-zero transient.
in the mixed solvent decays very rapidly200 fs). Charac- It is clear that some rather interesting detachment dynamics
terization of the magnitude, but not the decay of this component, are going on in the first 200 fs after excitation, in particular on
is dependent on our assumption of matching the 15 ps spectrumthe infrared side of the spectrum. Not only does confirmation
to the literature equilibrated electron spect@##£ The observed of the precursor state at 1000 nm need to be tested by
strengthening of intensity of this spectral component for the experiments further into the IR but an explanation for the
glycol/water mixture is consistent with the blue shift observed spectrally distinct transient absorption around time zero is
for both the iodide ground— CTTS state transition and the required. Current experiments in our lab using thinner water
ground-state solvated electron bdn@However, to complicate  jets will allow us to make full use of our50 fs resolution to
the picture, in addition to this spectral component which might resolve some of these outstanding questions. New simulations
be identified with a precursor electron state, our experiments exploring the earliest phase of the detachment process would
also observe a fast decaying transienb( fs) around time zero  be extremely valuable in this regard. Time-resolved fluorescence
(Figure 4). experiments have been suggested as a means to unambiguously
Figure 4 shows the spectrum of the zero-delay transient; this 8ssign the various transient electronic species suggested at early
may be theexcited-state spectrumf the iodide ion, although ~ times, whose signatures in transient absorption spectrally
the extremely short lifetime of the experimental transient makes overlap!®!* We plan to try such experiments, exploiting the
us cautious in our assignment as such. It is worth noting that <100 fs resolution of the fluorescence upconversion techrifgue.
Figure 4 shows some similarity to a comparable graph in the  We bring the discussion for iodide detachment to a close by
paper by Long et af! assigned by those authors as an making direct comparisons to the situation recently explored
absorption by the lowest CTTS state formed after internal experimentally and theoretically in gas-phase clusters. Johnson
conversion from the higher-lying prepared iodide state. One- and co-workers have shown that small water clusters binding
photon allowed transitions from the lowest CTTS state should an iodide ion exhibit bound states in their absorption spectra
correspond to as — p promotion of the CTTS electron or  that lie within the detachment continudhAs the number of
transitions to the continuum. Let us consider prior assignments water molecules in the cluster increases, the bound states become
relevant to higher excited states of(d4q). Additional CTTS increasingly stabilized with respect to the detachment threshold.
states for aqueous iodide were observed in the ground-stateJohnson and co-workers suggest these excited dipole-bound
absorption spectrum by Fox and HayrHowever, selection  states are precursors to the bulk CTTS state. Ab initio calcula-
rules dictate that these transitions involve furtlseand d tions have shown, however, that the lowest energy configuration
symmetry excited states, and thus transitions from the first exited for I~(H2O)x clusters is for the iodide to sit on the surface rather
CTTS state to these levels are symmetry forbidden. The onsetthan break up the hydrogen bonding netw&k Very recently,
of the continuum for aqueous iodide is estimated at 7.0 eV abovethree groups have computed the cluster CTTS-analogue excited
the ground stat& and thus transitions to the continuum in the state via ab initio method$:555The dipole-bound state has a
excited-state spectrum would be possible from 550 nm toward considerably extended electronic wave function, which is highly
the blue. Sheu and Rossky simulated the transient spectrum ofasymmetric about the iodirté>"In comparison, the bulk CTTS
the lowest CTTS state that indicated st~ p CTTS band at state of halides are believed to have a spherically symmetrical
similar transition energy to the band predicted for the separatedwave function centered on the iodine which is trapped by the
electron product at longer timésThis may account for the  preexisting polarization of the surrounding water netwgrk,
transient intensity at 750 nm. However, in simulations of C| and that network cannot have a large fixed net dipole. It is
detachment, the pair of states involved in this- p transition interesting that Chen and Sheu find a bound excited state for
adiabatically evolve into the and p states of the separated aninterior iodide cluster, where the water cluster (in the absence
electron and the simulations show this band should undergo Of the iodide) has only a small permanent dipble.
continuous blue shifting on evolution from CTTS state to Despite these differences in the particular character of the
separated electrdfiIn other words, the separation is continuous iodide excited state, it is valuable to compare our dynamical
with the relaxation dynamics of the solvent shell surrounding results in the bulk phase with recent time-resolved photoelectron
the chlorine/electron pair and thus the pungpobe spectrum spectroscopy of hydrated iodide clusters from Neumark and co-
is simulated to evolve continuousty.The main difference workers? In these experiments, clusters are excited with a pump
between the simulations for iodide and chloride detachment is pulse into the dipole-bound state and a probe pulse monitors
the intermingling ofd-symmetry one-electron states within the the photoelectron spectrum of the excited cluster at various
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