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Photodissociation of gas phase | 5 using femtosecond photoelectron
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The photodissociation dynamics of gas phasedllowing 390 nm excitation are studied using
femtosecond photoelectron spectroscopy. Bothahd |, photofragments are observed; the |
exhibits coherent oscillations with a period of 550 fs corresponding®70 eV of vibrational
excitation. The oscillations dephase by 4 ps and rephase at 45 and 90.5 ps on the anhgrmonic |
potential. The gas phase frequency of ground statdsldetermined from oscillations in the
photoelectron spectrum induced by resonance impulsive stimulated Raman scattering. The
dynamics of this reaction are modeled using one- and two-dimensional wave packet simulations
from which we attribute the formation of |to three-body dissociation along the symmetric
stretching coordinate of the excited anion potential. The photodissociation dynamics of gas;phase |
differ considerably from those observed previously in solution both in terms of;tivébrational
distribution and the production of | © 1999 American Institute of Physics.
[S0021-960609)01930-3

I. INTRODUCTION coherences. However, until very recerth! no gas phase
) ) ) data were available for this reaction. In this article, we report

Chemical reactions in the gas phase can now be probegl gas phase photodissociation study of tfeahion using
by an impressive arsenal of frequency and time-resolve@mtosecond photoelectron spectroscdpPES which al-
methods, leading to a detailed characterization of asymptotig, s a direct comparison with the liquid phase results.
product distributions and short-time transition state dynam- ¢ spectroscopy and dynamics gfiave been studied
ics. It is of considerable interest to understand how the dygyensively in solution. Its absorption spectrum consists of
namics of even the simplest of chemical reactions is altereg, ; proad bands centered at 360 and 29CPATRE The spec-

when the reaction is initiated in a liquid. The reaction COOra assignment of these bands has been somewhat
dinate near the transition state can be modified Sig”iﬁCan”%ontroversiaF?“ZE’ although the solution phase work has

I_or re?cttlons n Ilqu|d|§, and §olver][t fr;ctécl)ghnear t_ze trlan3|- shown that excitation into either band results in dissociation
'on state can aiso piay an Important roléne rapid relax- 4 grond state,l anionst>'” The resonance Raman spec-

ation processes that occur in liquids have hindered the COM- 1 of |- reveals a long progression of the symmetric
3

parison of gas and liquid phase reaction dynamics, HoweverStretchz,G'27'29|nd|cat|ng that at least the initial motion on the
the development of ultrafast pump—probe laser techniques_ . . . : .
- . xcited state is along this coordinate. However, some inten-
now enables one to initiate reactions and probe the products, . . : e
) : o .. _Slty in the antisymmetric stretch was also seen; this has been
on @ sub-100 fs time scale, thereby in principle yIE)Idmgattributed to symmetry breaking of the linear triatomic by the
nearly nascent product distributions that can be compared t y y 9 y

Solvent?9:3
as phase results. ' .
gas p In the work most relevant to that presented here, Banin

Thus far, only one comparison of this type has beent 11213 Dorf d femt dt ient ab i
made for a reaction yielding molecular products, namely, th al. pertormed femtosecond fransient absorption Spec-

photodissociation reaction HghkHgl+1, which was studied troscopy measurements of in ethanoli, in WhiCh the anion
in the gas phase and in ethanol by Zewail and co-wokers was excited at 308 nm and the resulting time-dependent ab-

and by Hochstrasser and co-work&r&’ respectively. Dur- sorption was monitored at a series of wavelengths. They ob-

ing the last few years, a series of femtosecond time-resolvederved coherently vibrating lanions in theirx 223 state as
experiments on the photodissociaﬁon §f|h ethanol solu- early as 500 fs after the initial excitation. At this time tlge |

tion have been performed in the laboratories of Ruhman anglroducts are in an average vibrational stat¢wf=12, and
co-workerd!® and, more recently, by Vohringer and the coherent motion is irreversibly lost within 4 ps due to

co-workerd”™°that have yielded the vibrational distribution interactions with the solvent molecules. Coherences due to

of the I, photoproduct within a few hundred fs of the pho- groulnd stateg were also observed with a frequency of 111
todissociation pulse through the observation of vibrationakm ~ and attributed to excitation via resonance impulsive
stimulated Raman scatteringRISRS. No evidence for T
aCurrent address: Atmospheric Chemistry and Dynamics Branch, NASAprOdUCtI.on was seen, ?Ven thoqu dissociation tﬁlb IS
Ames Research Center, Moffett Field, CA 94035. energetically favored with respect to-+1 by ~0.6 eV. More

PElectronic mail: dan@radon.cchem.berkeley.edu recently, Kihne and Varinger have performed similar ex-
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periments involving excitation of the lower band at 400 nm
(Refs. 17 and 1Band the blue edge of the upper band at 266 Photoelectron
19 . . Spectrometer
nm.” They also observed coherences due to vibrationally
excited |, products (v)=12) and oscillatingJ parent mol-
ecules. In addition, their work at 266 nm showed indirect Bf
evidence for T photoproducts with a 20% vyield.
Only a few studies of gas phasgthave been performed.
Do et al?° have measured the bond strength of ground state o -t
I3 through coIhsmq—mduced dissociation in a tandem mass I HEn .
spectrometer, obtaining a value of 1:30.06 eV for disso- r1 r |
c!atlon to b+l plroducts. This is 300 meV Iarger than pre- lon Time-of-Flight Reflectron
viously reported* Our group has reported a preliminary in- Source Mass Spectrometer lon Analyzer
vestigation of } photodissociation using FPES. In
addition, we have measured a high resolutier-10 me\f FIG. 1. Schematic of the apparatus showing the ion source region, time-of-
hotoel ' t t 32 I the photof ¢ flight mass spectrometer, photofragment reflection assembly, and magnetic
p. 0 (?e ectron spectrum OI{ aswe _aS .e p oto ragmgn bottle photoelectron time-of-flight spectrometer.
kinetic energy release from Iphotodissociation at a series
of wavelengths?

~ Inthis study, FPES was used to study the photodissocigtagment mass spectrum. High electron collection efficiency
tion dynamics of gas phasg [following excitation of the s “achieved with a “magnetic bottle” time-of-flight
lower at_)sorptlon band at 390 nm, thereby allowing a deta'le%nalyze?ﬁ whose energy resolution has been optimized using
comparison between the gas and condensed phase dynamigs, jsed deceleraftr*® applied to the ions just prior to pho-

In the FPES experiments lis electronically excited with @ = ogetachment. The instrument resolution is approximately 30
femtosecond pump pulse. The resulting nonstationary state |§cv for an electron kinetic energyekE) of 0.8 eV and
photodetached by a femtosecond probe pulse and the phm&égrades as “approximately”eKE) 2

electron spectrum is measured. By performing this experi- ~The magnetic bottle time-of-flight analyzer is calibrated
ment at a series of pump—probe delay times one obtains i, 5 quadratic fit to three peaks: two at 1.76 and 0.77 eV
progression of snapshots detalllr'lg the dynamics 'mduced bgenerated by photodetachment oftly 260 nm light{corre-

the pump pulse. As in the §olut!on phase experiments, W&ponding to the RPs,) and IF(2Py,,) states, respectively
observe coherently vibrating lanions caused by a RISRS anq an additional peak at 0.12 eV from photodetachment of
process as well as coherent, vibrationally excitedphoto- |- {5 the ICP,,) state by 390 nm light. The calibration is

products. The J vibrational distribution, however, is cen- more accurate for electron energies below 0.5 eV than in our
tered at significantly higher vibrational levels than in SO'“'previous report using a two-point linear 4.

tion ar}d exhibits rephasing dynamics. We also'observe the The pump and probe pulses are generated by, respec-
formation of the T product, which was not seen in the con- tively, doubling and tripling the 780 nm output of a Clark-
densed phase studies at 308 and 400 nm. MXR regeneratively amplified Ti:sapphire laser system. The
energy of the resulting 260 nii@.77 e\j probe pulse is 20
wJ and its duration is 130 fs full width at half maximum
(FWHM) (sech), the latter measured by difference fre-
The FPES experiment consists of two major compo-quency mixing with the fundamental light at 780 nm. The
nents: a negative ion photoelectron spectrometer with higlpulse energy of the pump pulse at 390 (B8 eV} is typi-
collection efficiency and a high repetition rate femtosecondcally 90wJ; this pulse is characterized by difference fre-
laser. Each has been described in detail elsevih&tand quency cross correlation with the previously determined
will only be briefly described below. probe pulse and has a FWHM of 100 fs. The relative delay
The photoelectron spectrometer, Fig. 1, is designed to bbetween the pump and probe pulses is adjusted with a com-
compatible with the high laser repetition rate and the lowputer controlled translation stage, and the beams are col-
photoelectron signal expected for a two-photon pump—probénearly recombined and gently focused prior to entering the
experiment. Argon carrier gg40 psig is passed over crys- vacuum chamber. The probe pulse alone has sufficient en-
talline 1, and supersonically expanded through a pulsed piergy to detach, producing a background signal observed
ezoelectric valve operating at a 500 Hz repetition rate. Anin the experiment. By passing the pump beam through a 250
ions are generatedyta 1 keV electron beam which crosses Hz chopper(New Focus, 3501 shot-to-shot background
the expansion just downstream of the nozzle, and are insubtraction can be performed, and the electron signal during
jected into a Wiley—McLaren time-of-flight mass spectrom-this time is integrated and used to normalize different scans.
eter by applying pulsed extraction and acceleration fields The vacuum chamber window affects the individual
perpendicular to the molecular beam axis. After passingulse widths and the relative delay between the pump and
through several differentially pumped regions, the ions enteprobe pulses. Two-color above-threshold detachment
the detector chamber and interact with the pump and probeATD)*® of |~ is used to characterize the pulses and deter-
pulses. The ions can either be monitored with a retractablemine the zero of time inside the chamber. The probe pulse
in-line microchannel plate detector or with a second, off-axisalone produces a photoelectron spectrum with two peaks at
reflectron/microchannel plate assembly to record the photdd.77 and 1.71 eV. When the pump and probe pulses are
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FIG. 2. One-color photoelectron spectra f Results from detachment at  FIG. 3. Experimental FPES spectra gffrom —150 to 975 fs in 75 fs steps.
260 nm probe(4.77 eV, solid ling and 390 nm(3.18 eV, dashed lige ~ The scaling factors for high and low energy ranges are shown, and a base
photon energy are shown. line for each delay time is marked with a dashed line. The approximate

center of the broad feature between 0.8 and 1.6 eV is marked with a dot to
show its time evolution. An expanded view of the high energy signaiat
. ps is displayed in the inset.
temporally overlapped, additional peaks are observed that

correspond to shifting the | peaks 3.18 eV toward higher

eKE, i.e., the photon energy of the pump pulse. From thga)_(E). The presence of features at higie&E than in the
intensity of this two-color signal as a function of pump— 260 nm spectrum indicates that multiphoton processes are
probe delay, we determine the zero-delay time and the crosgntributing to the 390 nm spectrum. Indeed, wherin Eq.
correlation of the pump and probe pulses inside the vacuum) js taken as 6.36 e¥two 390 nm photons the VDEs of

chamber. This yields a convoluted FWHM of 175 fs. peaks(D) and(E) match the VDES of the two 260 nm bands.
Peak(A), the most prominent peak in the 390 nm spectrum,
1Il. RESULTS is due to photodetachment of to the 13Pg,) state by one
, photon of 390 nm light. This peak must also arise from a
Here in Sec. Ill we present one-color photoelectrony, nhoton process in which one photon dissociates ihe |

spectra of { taken separately with 390 and 260 nm light. We g the second photon detaches th@hotofragment. Peaks
then present measurements of the photofragment yield UPQR) and(C) at 0.65 and 1.45 eV presumably arise from two-

dissociation with the 390 nm pump pulse, and the timeppatn photodetachment to higher lying states of neugral |
resolved FPES spectra taken with the combined pump and

probe pulses.
B. Photofragment mass spectroscopy

A. One-color photoelectron spectra o
The photoelectron spectrum at 390 nm indicates that |

Before considering the two-photon FPES spectra, the efis a photoproduct. To confirm this, the photofgragment mass
fect of the individual pump and probe pulses on thehion  djstribution resulting from excitation of;1at 390 nm was
needs to be determined. Shown in Fig(sdlid line) is the  determined using the reflectron assembly in our instrument
one-color photoelectron spectrum qf taken at the probe (see Fig. 1 Equal yields of T and L, were observed for
wavelength, 260 nnt4.77 eV}, and plotted as a function of pump powers ranging over an order of magnitude. Although
eKE. Two broad, featureless transitions are seen, centered gfe pump photon also detachesgroducts, discussed in Sec.
0.52 and 0.25 eV. These peaks are assigned to transitions fi0 the relative yield betweenland |, does not seem to be
the ground and first excited electronic states, respectively, Céffected_ A more detailed power study was presented in our
neutral k. From the peak centers one obtains the verticakgrlier report!
detachment energ/ DE) from

VDE=hv—eKE. (1) C. Femtosecond photoelectron spectroscopy of | 3

This yields VDEs of 4.25 and 4.52 eV for the small and Iargephomd'Ssoc'at'on
peaks, corresponding to the vertical transition energies from Figure 3 shows successive time-resolved, two-photon
the anion to the two neutral electronic states. As discussephotoelectron spectra for pump—probe delays-460-975
elsewhere, the peak at 0.52 eV exhibits vibrational structurés in 75 fs increments. As was discussed in Sec. Il, the back-
at higher resolution and corresponds to a bound statgBf | ground from the probe pulg@60 nm, Fig. 2 has been sub-
Also shown in Fig. 2(dashed lingis the photoelectron tracted through the course of the experiment. Thus, at posi-
spectrum measured at the pump wavelength, 390 nm. Thisve delay times, the background features from the probe
spectrum exhibits intensity up teKE=2.3 eV with peaks pulse would normally be less than zero due to bleaching of
centered at 0.12, 0.65, 1.45, 1.85, and 2.09 eV labelethe ground state. In Fig. 3, however, a constant fraction of
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FIG. 4. Expanded view of the;Ifeature at 0.25 eV showing oscillatory F|G. 5. Intensity at 0.28 eV from 5 to 30 ps in 75 fs steps. The inset displays
motion. The inset overlays the spectra at 45@lid line) and 600 fSdashed  the Fourier transform of this signal which consists of one peak at 112
line) to illustrate the intensity change associated with this oscillation. +1cemL

background signal has been added back in to make the spegay the maximum of which oscillates between 0.24 and

tra positive at all delay times. Likewise, the signal arisingy 5 ey with a 300 fs period. The total intensity of this band
from two-photon detachment by the pump pulse al®B 515, Gepends on the position of the peak. The intensity is

Pm’ Fig. 2 has been subtracted to enhance the two-Colog 5 ier when the peak is centered at IelE and larger at
eatures. high eKE; two examples are displayed in the inset of Fig. 4.

TZebsp;ectra foIIo;]N the sarzqeégeneral tre?ds V‘;le ha\r/]e Brne periodic nature of the oscillatory motion is seen more
served before on other systeffis” At —150 fs, when the clearly in Fig. 5, which shows a cut through the photoelec-
probe pulse comes before the pump pulse, a signal due 10

- ! , on spectrum at 0.28 eV from 5 to 30 ps with a step size of
detachment of theI by the probe pulse is se¢B60 nm, Fig. 90 fs. This energy exhibits the largest oscillatory amplitude.

2). As the delay time is increased, the pump and probe pulsepy,q inset of Fig. 5 displays the Fourier transform of the time
begin to overlap, and the twq Ifeatures decrease in inten- spectrum at 0.28 eV which is dominated by a single fre-

sity. This is accompanied by the appearance of an eleCtroﬁ‘uency at 1121 cm L. No higher harmonics are observed.
signal at higheeKE, out to ~3.8 eV. Starting at 75 fs, this

higher energy signal begins coalescing into two features that L
eventually become two tall, narrow peaks at 0.77 and 1.7f- Afomic iodine features
eV. The intensities of these peaks increase steadily up to Figure 6 shows an expanded view of the atomic
about 600 fs, and are split by the spin—orbit splitting of I(?P3»)«1~ feature, which evolves in two distinct steps.
atomic iodine. These features are due to the atonfie)f) From 150 to 300 fs, a broad band is observed with a down-
—1~ and F(?P,,)«I|  transitions, respectively, arising
from detachment of the | photoproduct. Additionally, first
apparent at 150 fs, there is a signal between 0.9 and 1.6 eV
and a low intensity signal out to 3.2 eV, these features are %00}
present at the longest delay times probed in our experiments
The low intensity signal from 1.8 to 3.2 eV is displayed in
the inset of Fig. 3, taken at a delay time-66 ps. As will be
discussed below, these features result frgnpthotoproduct.
Overall, Fig. 3 demonstrates how FPES can provide a
complete picture of a reaction occurring in real time. By
performing a single measuremefie., photoelectron spec-
troscopy at each delay time, we observe depletion of the |

450
reactant and the accompanying evolution of theahd | 300 &:z

products. We now consider these three aspects of the spectr _/\,\
in more detail. bt ! 150 fs
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1. 15 features

In addition to a steady drop in intensity of the two | FIG. 6. Expanded view of the atomic®R,)« |~ feature at 1.7 eV. The
features from—150 to 225 fs. close examination of the two &7TOws indicate small features that persist for early time delays. Note the
! . .. dramatic decrease in width beginning at 300 fs. In the inset, the time depen-
bands at 0.25 and 0.52 eV reveals time-dependent 0sCillgrnce of the signal at 1.70 eV is shown. It reaches its half maximum height

tions. Figure 4 shows an enlarged view of the lower energyy 350 fs.
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FIG. 7. Time dependent signal at several valuesKiE from 0 to 4000 fs FIG. 8. Time dependent signal at from 41 to 46 ps illustrating heephas-
illustrating the § product coherencessolid line) with ~550 fs period.  ing dynamics.
Simulations(discussed in Sec. IV Dare also displaye¢dashed ling

An oscillatory structure with the same period reappears

ward sloping intensity from 1.55 to 1.8 eV that exhibits at 45 and 90.5 ps. Figure 8 shows slices at 1.21, 1.37, 2.86,
small features at 1.61, 1.67, and 1.76 eV, marked with arand 2.91 eV near 45 ps. At 1.21 and 1.37 eV, the oscillations
rows. Starting at 300 fs, the entire feature becomes progresse approximately 180° out of phase, and, likewise, the os-
sively narrower. The shoulder at 1.61 eV drops in intensitycillations at 2.86 and 2.91 eV appear 180° out of phase,
and the distribution becomes peaked at 1.71 eV. This translthough they are centered at approximately 42 ps. At 90.5
formation continues until approximately 600 fs after which ps, large oscillations are again obsergadt shown.
no additional changes are observed.

In the inset of Fig 6 a cut through the photoelectron IV. ANALYSIS AND DISCUSSION
spectrum at 1.70 eV is displayed which provides a measure
of I~ production as a function of time. The intensity reaches  In a similar fashion to that in Sec. Ill, the analysis and
half of its maximum by 350 fs, although its full height is not discussion proceed along three lines: analysis of {Heahds
reached until 600 fs. Hence, no moreis formed after 600 at 0.31 and 0.55 eV, the origin of the atomic features at
fs. Since the FWHM of the convoluted pump and probel.71 and 0.77 eV, and discussion of the nature of the oscil-
pulses is 175 fs, the formation of loccurs long after inter- latory structure from 0.9 to 1.6 eV.
action with thezpump pylse h§.§ ceased. Similar behavior IS 15 coherences
seen for the!1(“P,,)«|~ transition.

In the FPES experiment, the pump pulse promofetl
the first excited state on which the reaction takes place. How-
ever, as was shown fog]42 the pump pulse also creates a

The electron signal between 0.9 and 1.6 eV also exhibitsoherent superposition of vibrational levels on the ground
oscillatory motion. Discernible beginning at 150 fs with a state potential energy surface of the anion that can be de-
maximum near 1.4 eV, the intensity shifts to love#¢E and  tected in the time-resolved photoelectron spectra. The pro-
back again, completing a full oscillation by approximately cess by which this occurs, RISR, has been well documented
825 fs. In Fig. 3, a small dot marks the approximate center ofn previous femtosecond absorption experiméfité! in-
intensity at each time delay to emphasize this behavior. Theluding the studies ofl in solution*2":%9
oscillatory motion is shown more clearly in Fig(Solid line) In our FPES experiment, RISRS induced by the pump
where slices at 1.29, 1.41, and 1.54 eV are observed with pulse results in modulation of the photoelectron spectrum of
period of approximately 550 fésimulations are shown by the I; ground state. Thus, the oscillations superimposed on
dashed lines and will be discussed in Sec. IV Dhe phase the peaks at 0.31 and 0.55 eV can be unambiguously as-
of the oscillations shifts with increasing energy until a 180°signed to coherent;l vibrational motion induced by the
phase shift is observed between 1.29 and 1.54 eV. The anpump pulse. This point is worth emphasizing; while the fre-
plitude of the oscillations also varies with energy and is larg-quency associated with these oscillations, #1Zm %, is
est at 1.41 eV. Note that at 1.41 eV the amplitude of theclose to the ] fundamental at 110 cit, the photoelectron
second oscillation is larger than the first. Also shown in Fig.spectrum of J occurs at very differen¢KE values.
7 is a slice at 3.00 eV that also exhibits oscillatory motion ~ The 112 cm® frequency is assigned to thg symmetric
with the same frequency. These oscillations are of lower instretch. This value lies only 1 ¢ to the blue of the solu-
tensity and approximately 180° phase shifted from the osciltion phase resonance Raman va(i& However, in solution
lations appearing around 1.41 eV. At all electron energies théhe RISRS oscillations associated with decay in approxi-
oscillations decay by 4 ps. mately 3 ps due to interactions with the solvent molecules.

3. Intermediate energies
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Such interactions are obviously absent in the gas phase an 5,
the oscillations are seen to persist indefinitely.

B. I~ photofragments “or

2.0
eKE eV

Our finding of a 50% yield for T products based on >
reflection measurements is of interest since the formation o3,
atomic I~ was not observed in the solution phase work at §
400 and 308 nm?'" However, direct observation of lin
solution is difficult since it is a closed-shell species with no :
low-lying electronic states. In the solution phase studies by
Vohringer and co-worket&and by Banin and RuhmaAthe
amount of I' production was indirectly determined at delay
times longer than 10 ps. These studies indicate that, at 401 0.0}
and 308 nm, 100% of the dissociated thas produced,l
products. At 266 nm, however, lis only produced in an
80% vyield. The above studies are in stark contrast to the gas
phase work. FIG. 9. Wave functions fov=0 and 110 on the,l electronic ground state

- - : : and their corresponding photoelectron spectra. The upper potential is the
Itis possible that a multiphoton rather than a single pho electronic ground state for.l Note that the inner turning point of the

.ton process creates .| Specifically, V|bratl|0na”_y ?0|d21 n =110 eigenstate lies directly below thedround state, and the photoelec-
its electronic ground state has a large dissociative cross segen spectrum reaches up to 3.2 eV.

tion at 390 nnf'®* thereby allowing the possibility of a two-
photon excitation to produce 1

eKE/eV
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I3 = 1+15(22 5 v=0)—= 1+ +I. 2

3 _ 2(% _ ~so far not accounted for in the photoelectron spectrum are the
We previously reported an extensive power study varyingyroad features between 0.9 and 1.6 eV and the low intensity
the pump pulse Intensity and monitoring the amount of | 541 yp to 3.2 eV. Neither feature appears in the photoelec-
products formed: A linear trend was found, implying that .., spectrum of vibrationally cold,1*? in which photode-
single photon gxutaﬂon of;1 produces T products at' 390 tachment to the,lground state yields a single feature cen-
nm. The most likely reasons that E§) does not contribute tered at 1.6 eV and no intensity above 1.9 eV as shown in

significantly to I formation are because the majority gf | : _ .
products form after the FWHM of the pump pulse and be-Fi9. 9. However, a photoelectron signal from highly vibra-

cause the;l is also highly vibrationally excited, reducing its ionally excited § comes primarily from the inner and outer

absorption cross section at 390 risee below turning points of the anion wave function. Figure 9 shows

Production of T can occur by either a two- or three- the |, (v=110) wave function and the simulated photoelec-

body mechanism: tron spectrum from this level. The spectrum consists of two
hy well-separated features that straddle the/k=0) photoelec-

I3 — 17+l (3)  tron spectrum; detachment from the inner turning point of

hy the v=110 wave function produces electrons up to 3.2 eV,

I3 — |7 +I+1, (4 whereas detachment from the outer turning point yields a

The latter channel can be produced by a concerted thredoore intense feature between 1.2 and 1.8 eV. Note that the
body dissociation along the symmetric stretch of the potenmost intense peak around 1.6 eV is from the outermost part
tial, or, if the I first excited state correlates to a dissociativeof the anion wave function. At slightly smaller internuclear

I; potential(all of the excited states of lare dissociative or distances, the vertical detachment energy increases slightly
very weakly bountf>?), a sequential mechanism is also pos-due to the greater curvature of the anion potential. Hence,

sible: photodetachment from the corresponding section of the an-
e B ion wave function results in slower electrons.
lg = 141 (Mg ) =1+ 1. (5) We therefore attribute the remaining features in the ex-

Distinguishing among these possible routes ofdrmation  perimental spectra to vibrationally excitegl. IThe oscilla-
is not straightforward. However, the qualitative features oftions in these features, shown in Figs. 7 and 8, must then be
the time evolution of the AP5,)« |~ transition suggest a due to coherent vibrational motion of the photoproduct.
mechanism following Eq4). This will be addressed after a Both the maximum observeeKE and the frequency of the
discussion of the oscillatory features at intermediate enefyiprational coherences can be used to characterize ;the |
gies. vibrational distribution.
The maximum vibrational energy of thg Ican be di-
rectly obtained from the maximueKE based on the follow-
The photofragment mass spectra show that photolysis dfig considerations. The=0 wave function of § has ampli-
I; at 390 nm produces lin addition to I'. The only features tude from 2.62 to 2.72 A2 |f the inner turning point of the

C. Vibrationally excited, coherent | 5
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I, vibrational wave function lies in this range, it will detach =12) much lower than our results. This indicates that the
directly tov=0 of the |, ground state potential. Since the “nascent” product distribution is quite different in solution
energy difference between=0 of I, is well known EA  than in the gas phase, a point discussed in Sec. V.
=2.52eV)* the vibrational energy can be determined.  Although the traces in Fig. 7 show intensity beginning at
Thus, for 3.2-0.1eV electrongFig. 3, inse}, the energy 0 fs, it is unclear at what point this signal should be attrib-
difference between the inner turning point of the wave uted to the J product. If we use as the criterion the start of
function andv=0 of the neutral state potential is 1.57 the periodic oscillations, then the first maxima associated
+0.1eV using Eq(1). This gives 0.95:0.1 eV for the maxi- With the |, product are at 400 6l.29 eV), 550 fs(1.41 eV),
mum vibrational energy. For thg IMorse potential in Fig. /00 fs(1.54 eV), and 850 f93.00 eV). At 1.41 eV, there is
92 photodetachment from all vibrational energy levels@n ear_ller, smaller maximum at 100 fs. S!nce_product coher-
above 0.55 eV access thg\=0) state, so our result should €nce is generally expected to decay with time, the lower
be valid. We point out that this analysis directly yields the | Intensity of the earlier maximum suggests it is due to a tran-
vibrational energy; for the Morse potential in Fig. 9, the Si€nt k signal during the early stages of bond cleavage
corresponding quantum number is 110, but the true quanturither than to J. It also seems unlikely that, | products
number is likely to differ because the Morse function is notWould appear within 100 fs, since Is not fully formed until
very accurate so close to the dissociation limit. 600 fs. The transient] signal is probably the origin of the
The oscillatory § features, also in Fig. 7 and 8, provide Shoulder at 200 fs in the 3.00 eV slice as well.
further information on the,l vibrational distribution. Be-
cause theg dissociation is initiated with a laser pulse shorter D. Two-dimensional wave packet simulations
than a single period of product vibrational motion, the | )
photoproduct can be formed in a coherent superposition of Potential energy surfaces and wave packet
vibrational levels spanning the nascent vibrational distribu-2Yamics
tion. In the best case scenario, all of the frequencies associ- We now characterize the lexcited state potential en-
ated with the product vibrational distribution will be in phase ergy surface on which dissociation occurs and investigate the
at short times and will lead to large amplitude wave packetmechanism responsible for the formation of atomigrod-
oscillations which are detected in the FPES experiment. Asicts. In our previous report, one-dimensiortaD) wave-
time progresses, the frequencies will dephase from one amacket simulations using a Gaussian distribution,ofibra-
other due to the anharmonicity of the potential. Howevertional states were carried out to ascertain the distribution of
because of the collisionless nature of the gas phase enviroexcited vibrational levelé! a procedure that is approximate
ment, pure dephasing will not play a role and theptoducts  at best. To model the photodissociation process more realis-
should rephase at a much later time. Using thegtound tically and to determine the nature of the product coherences,
state frequency and anharmonicitiw,=110cm® and  we have performed two-dimensior(@D) wave packet simu-
wexe=0.37cm%),*? the average vibrational state of the lations on a series of collinear London—Eyring—Polanyi—
products can be determined along with the time at whictSato(LEPS®? potential energy surfaces, and present the po-
rephasing might occur. tential that best reproduces ouy Vibrational distribution.
The 550 fs oscillations seen in the experiment corre-Although we do not model the full 2D photoelectron spec-
spond to an approximately 60 cthenergy difference which trum, we can simulate the spectrum ongei$ formed by
indicates a vibrational quantum numbenof 67, or 0.70 eV projecting the 2D wave function onto the 1D wave function
of vibrational energy. From the anharmonicity, a predictedfor |, vibration. This LEPS potential also predicts that a
rephasing time of=45 ps is calculated, in close agreementsubstantial amount of three-body dissociation will occur via.
with experiment(Fig. 8). The number of states coherently Eq. (4) which we are also able to simulate in 1D and com-
populated, however, determines the dephasing time. If onlpare to the formation of the Ifeature at 1.7 eV.
three vibrational levels were populated, one would expect a This work was stimulated in part by the previous quan-
dephasing time of/2, which is much longer than the experi- tum simulations done by Baniat al® in which a simple
mental dephasing time of4 ps. This indicates that a wide LEPS potential was used to model the excited potential en-
distribution of [, states is populated. It is also consistentergy surface. Like in their work, our simulation was carried
with a vibrational distribution having a maximum energy of out using a method based on the wave packet propagation
0.95 eV, determined from the maximueiE, and an aver- techniques of Kosloff and Koslo®°® and implemented by
age energy of 0.70 eV, determined from the coherence freBradforth et al®® It treats the dynamics along the two
guency. stretching coordinates exactly, and assumes that all nuclear
The accuracy of the average energy determined from themotion takes place on a collinear potential energy surface.
coherence frequency is limited by the Morse potential. A Following Baninet al,'® we assume the ground state
better method of determining the vibrational energy distribu-potential to be harmoni€Table |), the excited state potential
tion is to measure the photofragment kinetic energy releastw be a LEPS surface that correlates to ground sfagdd-
from I3 photodissociatiori> However, the coherences in our ucts and an atomic iodine atom, and the pump pulse as being
report can be directly compared to the solution experimentsyeak, coherent, and infinitely short. The iodine atomic prod-
In solution, |, vibrational coherences were observed fromuct in their work, however, is assumed to be in its excited
photodissociated;], 1" *°with a period substantially shorter 2P, state since a pump frequency of 308 nm corresponds to
(350 f9 and the inferred average vibrational states)(  excitation to the blue band in thg Bbsorption spectrum. In
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TABLE I|. Parameters for the 1D and 2D potentials.

Ground state potential surface far |
1 1
Vg(Q1,Q3) = 2m103(Q1— Qeg?+ 2M205(Qa— Qeg?
w?=112cm?,  w,°=145cm?, Q.~=5.358A, w;=63.5amu, uz=21.2amu
Excited state potential surface foy |
Ve(rab Ibe rrac) =A Eo+ Qapt Qpect Qea— (ngjL ‘]gc+ ‘](2:37 Japdbe— Ibedea™ Jca‘]ab) vz

[(1+Saﬁ)E(ra,3)l+(1_ Saﬁ)3E(raﬁ)] , 1E(raB):1D[1feflﬂ('a/fl'eq)]27 1

o™ 21+5,,)
_[A+Sp E(rap) ~ (1S *Erap)] _r3 380, ~3r.0n2 3
ap™ 2(1+S,p) , “E(rep)=["D(1+e s~ ed)2—3D7/2

ree=3.205A,'D=1.014eV,'s=1.181 A%, S,,=S,,=0.50

re=2.983A,°D=1.010eV,?°g=1.000A*, S.,=0.00

AE;=2.890 eV

1D potentials for the symmetric stretch of neutral |

Vo (r)=AEq+2D0 exd — B (r—rd)]+Dhexd —28"(r—rD)]=n(r), 0<r<7A
=sfi(r)vy(r)+[1—sfi(r)]vs(r), 7A<r<11A
=AEq+2D.exg—B(r—ro]+Deexg —2B8(r—rol=wy(r), 11A<r<r,

r—r
(r—rp) N 1)

ne1

1
sfy(r)= 3 CcoS

re=5.66 A,D,=1.47eV,3=0.53A"1, AE,=5.95eV
Vy: rl=5.10A,Dl=1.70ev,g'=0.38 A !
V,: r2=566 A, D2=1.47eV,3?=0.45A""
V3: ri=6.10A,D3=1.27eV,3%=0.52A°*

aSymmetric stretch frequency taken from this article, Sec. IV A.
PAntisymmetric stretch reported in Ref. 29.

our experiment, excitation at 390 nm corresponds to excitasurface to achieve better agreement with experiment. The
tion into the lower | absorption band, which predominantly original potential had a barrier #300 meV along the mini-
results in 1€P3;,) products®® This also means the energy mum energy path for the symmetric exchange reaction
available for bond dissociation differs between the two ex4+1, —l, +I. Lowering the barrier resulted in morg lvi-
periments. Baniret al. determined the available energy to be brational excitation, but not until the barrier was eliminated
~0.4 eV above the three-body dissociation limit of in favor of a shallow well did the;l vibrational distribution

I~ +1(2Pg;) + 1* (3P4,),** based on an approximate value of peak at vibrational energies comparable to our experiment.
1.0 eV for the bond strength ogl31 Since publication of This modification also produced more Via three-body dis-
their work a gas phase bond strength of 28106 eV has sociation, as is shown below.

been reported’ showing the amount of available energy is The final potential is shown in Fig. 10, along with snap-
actually much smaller. Using similar energetic argumentsshots of the wave packet evolving in 100 fs intervals, starting
the new § bond strength and the more recent bond strengtlirom its initial placement vertically above the ground state
for Iz_,42 ~0.3 eV of energy is estimated to be available forminimum. The potential is presented in mass weighted coor-
product dissociation at 390 nm to +1(?Pgy) +(?P3)). dinates for the linear+lg—Ic molecule with thex axis
With this in mind, the ground state geometry is adjusted saepresenting the distance frog tio the center of mass of the
that a vertical transition to the excited state lies 0.3 eV aboveleparting J (I,—1g) product. They axis corresponds to the

the three-body asymptote. I, bond lengthR, g. The parameters for the potentials are
In an effort to understand the features required to proiisted in Table I.
duce vibrationally excited,l products, we first ran simula- The initial motion is primarily along the symmetric

tions, using the methods described below, on the originastretch coordinate of the potential, consistent with the reso-
Banin et al. excited state potential with thg Iground state nance Raman work:*® Once the wave packet passes
geometry adjusted so that the vertical transition energy wathrough the potential wel(~100 f9 it begins spreading
0.3 eV above the three-body asymptote. We found that thiglong the antisymmetric stretching coordinate. This broaden-
surface yielded considerably less Vibrational excitation ing continues until the wave packet boundaries reach the
than was observed experimentally, and nosas produced. repulsive walls in theJl product valleys at around 400 fs. By
We then adjusted the Sato parameters on the excited statas time, the wave packet spans the entire potential but still
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FIG. 11. Vibrational energy distributigrEq. (6)] for the 2D wave packet at
500 fs.

2. I; vibrational distribution and dynamics

At times =500 fs, the wave packet has essentially
reached the asymptotic region of the potential energy sur-
face, so that slices through the upper and lower valleys per-
pendicular to the minimum energy path yield the Morse
function for the } ground state. In the lower valley, the

Y Iy Iy E Ty Y R v v Ty R T wave packet can therefore be decomposed into vibrational
u,c 12 -3 . . .
(“'A.:Bi Rons [ A and translational eigenstates according to
FIG. 10. Snapshots of the evolving wave packet on the 2D LEPS potential ~ W(X,y) = 2 Cn,i Pn(X) xi(Y), (6)
n,i '

for the excited state of;l from Table I. The potential is shown in mass-

weighted coordinates for the lineag-lg—Ic molecule.R¢ 4 is the dis- . .
tance betweencland the center of mass of the fragment (h—Ig), and WhereXi(y) are the Morse oscillator wave functions for the

Ras is the b bond length. The contours for the potential are<200 meV |2__ ground state, angb,(x) are 1D free particle Waver’g.O.n

steps and the contours for the wave packet represent a 10% chanigi.in  this basisx andy are perpendicular and parallel, respectively,

At 500 fs, significant intensity remains along the symmetric stretching cotg the minimum energy path. Only intensity at internuclear

ordinate. distances smaller thaR, g=5.5A is decomposed in this
manner since the basis only applies to those products corre-

has significant intensity along the symmetric stretching coorlating to b +1. Using the coefficients determined, the vibra-
dinate, in contrast to the surface reported by Baetiml 13 tional energy distribution is determined by first squaring and
By 500 fs the wave packet is entirely out of the transitionten summing(over n) the coefficients along the transla-
state region, and continues to expand as the products mo\;@ne}l coordinate, and the rgsults are plotted |n.F|g..11. The
apart. The simulations in Fig. 10 show similar features tgM@Ximum occurs a¢ =65 with a FWHM of 50 vibrational
those of Baniret al, but the wave packet progresses furthersStates. Itis also asymmetric, with a tail that reaches to at least
along the symmetric stretch coordinate before spreading oh= 120, in agreement with our analysis in Sec. IV C.

our surface, a direct consequence of the shallow well in the At €arly delay times, 2D calculations are required to

transition state region which accelerates the wave packét'mUIate the photoelectron spectrum arising from detachment
along the symmetric stretch coordinate. of dissociating . However, at delay times longer than 500

By 500 fs, the portion of the wave packet residing in thefS: tﬁe_: portion of the photoelectron spectra due 'Fo deta}chment
upper and lower3 valleys will form 1+1; and L +1 prod- of I, in the lower valley_ only depends on tlyeaxis mquon
ucts, respectively, while the remaining portion of the wave®f the wave packet. This allows the spectra to be simulated
packet will form I +1+1 via Eq. (4). Assuming that there is USing our previously developed 1D simulation collelsing .
equal probability for dissociating toHl; or I +1 products, the above coeff|C|.ents, a tlme-depepdent 1D wave functlgn
and that the dividing line between lower valley products andVa@S generated using the wave function at 500 fs as a starting
three-body dissociation products occursRatg=5.5A, in- point. Photoelectron spectra Were~then cal~culated from 500
tegration of the lower valley gives a 27% probability for to 4000 fs for detachment to th¥ 'S, A'°Il,,, and
three-body dissociation at 500 fs. To insure that further moA®Il,, states of neutral,1°?°%%° The results were convo-
tion did not significantly decrease the three-body yield, thduted to match our energy resolution and energy slices were
wave packet was allowed to evolve for an additional 150 fstaken for comparison with experimetfig. 7, dashed line
and the three-body dissociation probability was again deter- In agreement with experiment, the simulations produce
mined to be 27%. 550 fs oscillations that rapidly dephase by 4 ps and reflect
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FIG. 12. 1D potentials representing the symmetric stretching coordinate fog|G. 13. Simulated 1D FPES spectra of the atom?@g(g«—l’ feature at

the I3 anion ground, excited, and lowest three neutiaitites. The param- 1.7 ev. The three peaks at 75 fs arise from detachment to the three neutral
eters are given in Table |. Wave packets created by the 1D simulatiortates and the transformation from a broad spectrum to the atomic feature
described in Sec. IV D are also displayed. occurs starting at around 175 fs.

the same energy dependent phase shift. The first maximum is

due to reflection at the inner turning point and occurs at 650

fs ateKE=23.00 eV. Reflection from the outer turning point Morse—Morse-switching-function potentia(¥able | with

is observed 275 fs later in the slice at 1.54 eV. Results ayertical electron affinities of 4.25, 4.52, and 3.32 eV that

1.29 and 1.41 eV reflect wave packet motion in betweermatch those measured for the ground and first two excited

these two limits(see Fig. 9 and Sec. III)C states of neutralsl(Sec. Il A). Using the same initial wave
However, the maxima in the simulated energy slices fallfunction in the 1D simulation as was used along the symmet-

directly between the maxima in the experimental slices. Foric stretch coordinate of the 2D simulations, the wave packet

example, at 1.29 eV, the first two experimental maxima ocis coupled to the excited anion state by a pump pulse where

cur at 400 and 1000 fs, whereas the first simulated maximurit is propagated, the time-dependent photoelectron spectrum

is at 700 fs. As mentioned above, this simulated maximum iss calculated using a technique described previotfshnd

associated with wave packet amplitude near the outer turninghe results are convoluted with an instrument response func-

point of the b potential. In a 2D simulation of the photo- tion. To more realistically model the spectra the pump pulse

electron spectrum, we would expect an earlier maximum ayas given a FWHM of 90 fs. Figure 13 shows the calculated

1.29 eV around 200-300 fs associated with wave packgihotoelectron spectra at delay times of 75, 125, 175, 225,

bifurcation into the product valleys, because the wave packeinq 275 fs, and the wave packets that correspond to these

motion along the symmetric stretch coordinate slows dowrbelay times are shown in Fig. 12.

significantly in the region where bifurcation begifsee Fig. In the simulated spectra, formation of the fleature at

10). Itis the.refore reasonable to assign the first two preri1.7 eV occurs in two steps, in agreement with experiment

mental maxima at 400 and 1000 fs to wave packet b'f“rca(Figs. 3 and § At 75 and 125 fs a broad distribution of

tion and the first bond compression of the newly formgd | energies is formed ranging from 1.55 to 1.80 eV with three

Hencg, although th_ere Is significant ggreement between thf%atures at 1.61, 1.67, and 1.76 eV. At these times the wave
expe_nme_ntal anq simulated energy slices, it appears that tll?acket resides primarily at internuclear distances near the
maxima in the simulated energy slices occur too early. . o . .
potential minimum along the symmetric stretch coordinate
(see Fig. 12, and the three small features arise from detach-
3. I~ channel ment to the three neutral states. At 175 fs the simulated spec-
We can also explore production of bn this surface. If ~ trum has leveled and begun to narrow, at which time the
|~ production occurs via concerted three-body dissociationwave packet is approximately halfway out of the potential
detachment of the wave packet along the symmetric stretchninimum. At this internuclear distande-8.5 A), the anion
ing coordinate of J should give rise to the atomic Ifea-  and neutral potentials are nearly parallel. By 275 fs the wave
tures in Figs. 3 and 6. It should therefore be possible tacket has largely left the potential minimum and the photo-
reproduce the main trends in the features by performing electron spectrum is dominated by a single atomic peak at
1D simulations of wave packet motion along the symmetricl.7 eV. Thus, the two-step trend in the photoelectron spec-
stretch coordinate of the potential in Fig. 10. trum corresponds to the wave packet traversing the potential
Shown in Fig. 12 are cuts along the symmetric stretchingninimum along the symmetric stretching coordinate of the
coordinate of the ground and excited stafepbtentials. Po- 2D potential energy surface, and the narrowing of the
tentials for b are also needed. These are represented blf2P,,)«|~ feature is a consequence of the wave packet
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climbing out of the potential well and leaving the transition addition, Geshgorert al!® performed femtosecond disso-
state region, by which point the thregslurfaces have almost ciation experiments onglin CH;CN, a less polar solvent
converged. Therefore, in the simulations, bond cleavage tthan ethanol, and found that the product coherences were
I~ +1+1 occurs between 175 and 275 fs when th&Pl),) less pronounced. This was attributed to a more rapid and
«—|~ feature narrows in width. coherent entry into the, I product valley induced by broken

The qualitative agreement between the simulation andgymmetry of the J anion in the more polar solvent. This
experiment leads us to believe that is being formed by interpretation is consistent with the wave packet simulations
three-body dissociation via E¢4). However, the narrowing in Fig. 10; if the initial wave packet did not lie along the
of the 1(>P3,) —1~ feature at 1.7 eV experimentally occurs symmetric stretch coordinate, one would expect less motion
at 300 fs, not at 175 fs as in the simulation, and suggests thalong the symmetric stretch coordinate and earlier localiza-
the simulated wave packet leaves the transition state regiafibn in one of the product valleys. As a result, thevibra-
too quickly. This is consistent with our conclusions modelingtional population would be colder and lesswould be pro-
the |, coherences; the simulated &nd |, products formtoo  duced, consistent with the differences between the gas phase
qUICk|y with this LEPS potential. A surface with a potential and solution experiments_ Symmetry breakings_ohhs also
well that extends to larger internuclear distances may depeen modeled theoreticaif®? and similar effects on the |
crease the discrepancy in both cases, or the slope of thgprational distribution are expected in the photodissociation
excited state potential in the Franck—Condon region may bgf | with antisymmetric stretch excitatioh.
too steep, imparting too much momentum to the wave  golvent friction effects can also play a role consistent
packet. We also must consider the limitations inherent inyith the differences in the gas phase and solution experi-
explaining the dynamics with a collinear rather than threements. Suppose that in solution the initial wave packet in
dimensional potential energy surface. In any case, comparfig. 10 does lie along the symmetric stretch coordinate. One
son of the simulations to experiment indicates that the bongyoyd then expect interactions with the solvent to impede the
cleavage to T+1+1 occurs between 300 and 600 fs. motion of the wave packet along this coordinate, leading to
bifurcation of the wave packet at smaller internuclear dis-
tances than in the absence of solvent. This, like symmetry
breaking, would result in a coldey istribution and reduced
I~ formation.

There are significant differences between the gas phase Vibrational relaxation of the,l products may account
and solution photodissociation dynamics of. 1In the for some of the discrepancy between the gas phase and so-
I3 /EtOH experiments involving excitation to the lower elec- lution experiments. The relaxation rate gfils known to be
tronic state, oscillations from, Iproducts are first resolved at strongly vibrational state dependent. In théHtOH experi-
approximately 500 fs with a frequency of 103 cht’ This  ments, an estimated 0.17 eV of vibrational energy is lost
corresponds tav)=12(0.13eV)? a considerably colder within 7 ps although 0.13 eV of this energy is dissipated
population than seen in the gas phase. In addition, o |during the first 1.5 pS’ In experiments monitoring the re-
product was seen in the solution experiments at 400 nm, igombination of photodissociated In ethanol,~0.75 eV of
contrast to the significant amount of een in the gas phase. vibrational energy is dissipated in the first 0.3 ps while the
Based on the simulations in Sec. IV, we understand whatemaining 0.25 eV of vibrational energy takeslO ps to
type of early time(<500 f9 dynamics lead to the observed dissipaté®>®* Hence, extremely fast relaxation rates for vi-
gas phase results. We now consider how these dynamics abeational levels above =30 are expectelf and relaxation
modified in solution. of these highly excited levels may have already occurred by

Four effects unique to the experiments in solution(@ye 500 fs, the earliest time at which clegrd¢oherences are seen
symmetry breaking of the;1due to its interaction with the in solution. Solvent induced dephasing accounts for a portion
polar solvent(2) solvent friction effects on the dissociation of the coherence loss of lin solution although this does not
dynamics in the transition state regid8) vibrational relax-  affect the vibrational distributiof
ation of the | products, and4) solvent induced dephasing. It is likely that symmetry breaking as well as solvent
It is useful to distinguish these effects by the time intervalfriction and vibrational relaxation effects contribute to the
over which they are important. Symmetry breaking, in whichdifferences between thg lexperiments. We note that similar
the D..,, symmetry of the anion is lowered 18..,, repre- but smaller differences are seen in kighotodissociation in
sents an initial-state effect whereby the anion is distortedhe gas phase and in solution. The gas phase reaction pro-
before any laser fields are applied. Solvent friction in theduces coherent Hgl in approximately)=29 (0.31 eV of
transition state region is relevant to the time interval justvibrational energy” In EtOH solution, one findév) =15 for
after excitation, when the dissociating wave packet is in tranHgl at 500 fs, corresponding to 0.21 eV of vibrational
sit between the Franck—Condon region and theptoduct — energy! Symmetry breaking is unlikely to occur in Hgl
valleys. Finally, solvent induced dephasing occurs throughbecause of its weaker interaction with the solvent molecules,
out the reaction while vibrational relaxation is relevant onceso in this case solvent friction and vibrational relaxation are
the |, products are formed. the likely causes of the lower vibrational energy at the ear-

The observation by Johnson and My&r® of antisym-  liest observation times.
metric stretch excitation in the resonance Raman spectrum of A possible means of gaining further insight into differ-
|5 /EtOH provides strong evidence of symmetry breaking. Inences between thg lexperiments is to perform experiments

V. DISCUSSION AND COMPARISON OF GAS AND
SOLUTION PHASE DYNAMICS
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on clustered]. For example, in the binary clustej(EtOH), namics. Future work will focus on experiments monitoring
the interaction between the land EtOH could easily be the product yield and degree of coherence on the stepwise
strong enough to induce distortion in thg but the presence solvation of | in size-selected clusters. This should yield
of only a single “solvent” molecule is unlikely to perturb information on the role of solvent in symmetry breaking and
the outgoing J photoproduct significantly. Hence, a signifi- €nérgy partitioning.
cantly colder } vibrational distribution in this case would
point to symmetw breaking as the primary culprit. E)_(peri'ACKNOWLEDGMENTS
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