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Vibrational relaxation in I 5 (Ar), (n=1,2,6,9) and I, (CO,), (n=1,4,5)
clusters excited by femtosecond stimulated emission pumping
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Vibrational relaxation dynamics in, [(Ar),(n=1,2,6,9) and J(CO,),,(n=1,4,5) clusters are
studied using femtosecond stimulated emission pum@ s&EP in conjunction with femtosecond
photoelectron spectroscopy. fs-SEP generates coherently exgitedhin the cluster; results are
reported here for excitation energies of 0.57 and 0.75 eV. The time-dependent PE spectra track
relaxation of the clustered Ithrough coherent intensity oscillations observed at short tifrd®

ps and shifts of the photoelectron spectra that can be seen out to several hundred picoseconds. The
relaxation rates depend on the cluster type and excitation energy: the overall time sgée@a)l,

clusters is relatively independent of both, but ji{Ar), clusters the time scale generally increases
with cluster size and decreases with excitation energy. The observed dynamigg@,) and

several of the J(Ar), clusters directly probe the time scale for solvent evaporation.2003
American Institute of Physics[DOI: 10.1063/1.1585029

I. INTRODUCTION recombination on the ground state and vibrational relaxation
] o ] occur very rapidly. ForJ(CO,)4g, in which the § is sur-

Small anion clusters comprising an anion chromophorg,ynded by a full solvent shell, recovery of 790 nm absorp-
and one or more solvent species have become model systefs, occurs with a time scale of only 1.3 psimulations of

for studying the influence of molecular solvation on funda-jts FpE spectra showed that on this time scale, both recom-
mental molecular process&s. Anions are mass-selectable, pination and vibrational energy loss occurred, but that com-

allowing the evolution of solvent-dependent dynamics 10 b&,e(e solvent evaporation took hundreds of picosecdhs.
examined as a function of the number of solvent species. IWE(Ar)n clusters, time scales for curve-crossing and energy

add'“of" the .charg(_ed chromophore  results in reIatlverloss are much longer, but evaporation of solvent atoms from
strong interactions with the solvent, so that processes such A5e ground state more closely tracks the transfer of vibra-

solvent-induced recombination and vibrational relaxatlontional energy out of the iodine stretch. Absorption recovery

gg’:"xghprré?;%?/'eslsofe'a}'2&:;?;5;2&;2&%?Tsreair:in I5 (Ar) 5 (also a full solvent shelloccurs on a time scale
ey . : : ‘of 130 ps’ Molecular dynamics simulatioh$and simulation
sult, cluster studies have provided many points of compari-_ . o .
. ) . -“"of its FPE spectrd showed this time scale to be determined

son with condensed-phase studies of dynamics in solfition

) S . by the rate of vibrational relaxation on the ground state in
One of the major research directions in our group and others’ . . . .
conjunction with evaporation.

has been to follow the dynamics that occur upon photodis- In all of these studies, the dynamics due to the upper-

sociation of ) embedded in a small solvent cluster; such : - - .
d . . . . tate processes of dissociation and recombination can be dif-
ynamics can become quite complex, especially in Iargef

clusters, where pure dissociation is supplanted by solven icult to separate from those occurring on the ground state. In

induced curve-crossing, recombination, and vibrational enprder to reduce the complexity of the system and examine

ergy loss on the ground state, with solvent evaporation ochIy ground-state vibrational relaxation, we have paired

curring at any of these stages FPES with femtosecond stimulated emission pumpiisg
The photodissociation of, | within argon and CQ@clus- SEP and directly created vibrationally excited lin its

ters was first studied by Lineberger and co-worksfsyho ground electronic state embedded in a cluster of solvent mol-

24

measured product distributions and performed time-resolve§CUles: In two recent Pape%%, we presented results for

absorption recovery experiments. In our group, we have usey-SEP on the cluster, (CO,)4. Here, we continue this

femtosecond photoelectron spectroscdFPES® 2 to in- work by using fs-SEP to investigate vibrational relaxation in

vestigate the same processes. This experimental work fg (CO2)n(n=1,5) and } (Ar), (n=1,2,6,9).

and co-workers>~*and otherd? 22 The two solvent spe- Shown are those for barg | the addition of solvent mol-

cies create very different dynamics. 18(ICO,), clusters, ~€cules stabilizes the anion relative to the neutral by as much
as 500 meV for 5CQ molecules® Ultrafast pump and
dump laser pulses sequentially excite the dhromophore
within the cluster to theA’ 2Hg,1,2 electronic state, then

dCurrent address: MPI fkernphysik, Postfach 103980, 69029 Heidelberg,

Germany.
PElectronic mail: dan@radon.cchem.berkeley.edu stimulate a portion of the evolving wave packet back down
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ITP region of the spectrum and found it indicative of energy
loss to the solvent in two ways. Oscillations from recur-
rences of the SEP wave packet at the ITP were observed and
exhibited a time-dependent increase in frequency as.he |
chromophore relaxed in the anharmonic well. In addition,
neutral relaxation caused the highest energy region of the PE spec-
v trum to shift to lower energy as the anion wave packet
moved further from the neutral surface.
Key results for § (CO,), are as follows: Experiments
were done at several excitation energigg, up to 85% of
the well depth(1.01 eV} for I; , and the oscillations and
spectral shifts were analyzed to determine the time-
dependent vibrational energl,,(t). We found that the
chromophore loses-0.2 to 0.4 eV within the first 3 ps, and
that the overall relaxation time scale was about 5 ps regard-
less of Eq,.. This rate compares remarkably well with
solution-phase experiments where the vibrational relaxation
rate of ground state,| in the lowest third of the potential
O — well was found to occur with time constants of 3—6*p8:%°
. We also found evidence for initial rapid energy loss during
_{_/‘;r—]:ofn the first excursion of the wave packet across the potential,
before its first arrival at the ITP 300—400 fs after the dump
pulse. This observation is consistent with solution-phase
—— result431%2 and simulations of vibrational relaxation in
3 4 S 6 7 clusterd® and solutiort® which indicate that energy loss at
|- distance / A the top of the J potential well can be extremely efficient.
The I, (CO,), results form the basis for the current
FIG. 1. Schematic of SZEIi-FPES, c—;-xperiment. Potential enlergy clvoes study of L, (Ar),(n=1,2,6,9) and J(CO,),(n=1,5). We
fomTtﬁ top are for theX %, andA’ "Il y states off andX "%, state of 0 jhtarested in how the vibrational relaxation dynamics
». The inset shows calculated structures fp¢Ar)s and |, (CO,)s (Refs. .
14,17, 42, change when the number and type of solvent molecules is
varied. We also hope to gain more insight into two unre-
solved issues in the previous work: the apparent rapid energy
to the ground;< 25 state. The resulting wave packéhe loss during the first~-300 f_s, discussed earlier, and the time
SEP wave packetinitially has vibrational excitatiorE,,, ~ Scale of solvent evaporation, a process strongly coupled to
= hwpumg— NVaump: The pump—dump delat; is chosen to V|brqt|onql relaxation 'of the?T Product distribution¥ de-
optimize SEP efficiency and is generally around 108 f&s ter_mm_ed in our lab using gl_lnear reflectron show that evapo-
the wave packet evolves, energy transfer can occur betwedAtion is largely complete inl(CO,), and | (CO,)s several
the vibrationally excited;l and the surrounding solvent mol- Microseconds after excitation via fs-SEP, but the actual time
ecules. We probe the cluster at any time delay with a thirsc@le for solvent evaporation from (CQ,), could not be
ultrafast pulse, an UV probe pulse, which photodetaches th@€termined easily from the SEP-FPES spectra. Experiments
anion, promoting the cluster to the neutral state and produc@@Nd simulations of the photodissociation dynamics of
ing a photoelectron whose energy depends on probe photdn (CO2)n suggest that the COsolvent network has a rela-
energy and the distance between the anion and neutrHVely large capacity to absorb energy, whereas an argon sol-
curves. The electrons are collected in a time-of-flight specYent shell has a Ilgvl\ger capacity due to much weaker intrac-
trometer, yielding PE spectra that depend on the dumpduster bondind:***#%Both types of clusters are examined in
probe delay. Other groups using the fs-SEP method probe tH8€ current study so that by comparing their dynamics we
vibrationally ~ excited molecules  with  three-photon ¢@n determine the coupling of evaporation to vibrational re-
ionizatior?” or time-resolved coherent anti-Stokes Raman/@xation with more certainty. The smallest clusters are of
spectroscop$P? particular inter(_ast because complete evaporati_on is possible
The PE spectra contain information about many at-2nd no dynamics can occur once the §0Ivent is gone; these
tributes of the system: the SEP wave packet, the residual clusters therefore provide definitive limits on the time scale
—0 ground state wave packet, and the residual wave packé®" €vaporation.
on the excited anion potential. However, when the SEP wave
packet is at its inner turning poikTP), photodetachment to Il. EXPERIMENT
the I, ground state yields high kinetic energy electrgsse The apparatus has been described in detail previdtisly.
Fig. 1) that cannot be produced by any other photodetachAn appropriate gas mixtur@ure Ar at 30 psi or 2.5% CQO
ment process, so that the highest energy region of the PH Ar at 20 ps) is passed over crystalline iodine, expanded
spectra enables one to track the dynamics at the ITP seleirto vacuum through a pulsed piezoelectric valve, and
tively. In previous work on J(CQ,),,>* we examined the crossed by a 1.2 keV beam from an electron gun. Cluster

>

Energy / eV
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anions are pulse-extracted into a Wiley—McLaren mass spec-
trometer and travel to the laser interaction region. There, the
cluster of interest is intersected by femtosecond pump,

Davis et al.

dump-probe delay:

— 160 fs
— —2360fs

100

o]
o

x5

dump, and probe pulses generated from a Clark-MXR regen-
eratively amplified Ti:sapphire laser, which, like the pulsed
valve, runs at a repetition rate of 500 Hz. The pump and
probe pulse wavelengths are 790 80 wJ, 90 f9, the fun-
damental of the Ti:sapphire laser, and 263 (@0 wJ, 110

c+=-560fs

[o2]
o

N b
© o o

fs), produced by frequency-tripling some of the fundamental ¢

laser pulse. The tunable dump puld80 f9 is produced as € 80 x5 =---330fs
the signal or idler beam from an optical parametric ep — 10 ps
generator/amplifieTOPAS; Light Conversionpumped by @ — = 50 ps
a portion of the 790 nm pulse; the dump wavelength used in }40

these studies is either 1250 n(@0 wJ), corresponding to Q 20

Ecxc=0.57€eV, or 1520 nm45 wJ), corresponding t@E gy, .GC_J, 0

=0.75eV. The pump—dump and dump—probe delays are in--
dependently set by propagating the pump and probe pulses 100
through computer-controlled translation stages. Ejected elec-
trons are collected with>50% efficiency in a magnetic
bottle time-of-flight analyzer.

'-‘,‘ A c) 1,(CO,),

0

-==-330fs

In experiments on,l(CO,), clusters, the dump pulse -100 ‘.' — 2.85ps
was chopped at half the laser repetition rate, with the two- 200 ——1ps
color (pump+probe spectra saved for normalization and si- T T T T T

0.5 1.0 1.5 2.0 25 3.0

multaneously dynamically subtracted from the three-color
spectra(pump+dump+probe on a shot-to-shot basis. Typi-
cal collection times were 50 s per spectrum. The lower in-
tensity of the } (Ar), clusters made dynamical subtraction FiG. 2. Pump-dump—probe spectra fg(8), with 0.57 eV initial excita-
(and the corresponding loss of every other dump pulse tion energy. (8 1, (Ar),, illustrating initial intensity oscillations.(b)
practical. No subtraction or explicit normalization schemelz (Ae, demonstrating longer-time shifts of the high-eKE edge)
was employed for these clusters; the spectra were normalizéd(%OZ()jS' |IIlIf'_sfirat|ng the results of dynamical subtraction and the more
by scaling their total area. Average collection times for R

[, (Ar), clusters were between 100 and 300 s per spectrum.

The zeros-of-time inside the machine were determined byy,qy most notably the signal at high electron kinetic ener-
above-threshold-detachment of by the dump and probe or gies (eKE). At 160 fs after the dump pulse, intensity at eKE
pump and probe pulses. >1.9 eV is relatively low, while at 360 fs a distinct feature is
apparent in the region. The intensity at high eKE drops again
in the 560 fs spectrum. The spectral region around 1.15 eV,
marked with an asterisk, exhibits the opposite time-
dependent behavior, i.e., has high intensity at 160 and 560 fs,
[, (CO,)5 with E¢y=0.57 eV are shown in Fig. 2. Theaxis  but markedly lower intensity at 360 fs. These out-of-phase
shows the electron kinetic enerdgKE). Spectra for the oscillations at high and lower eKE are from recurrences at
I, (Ar),, clusters are taken with pump, dump, and probethe ITP and outer turning point of the SEP wave packet,
pulses all present, and have been normalized to the totaéspectively** they are seen in barg land for all the clus-
intensity. In the bottom panel, fog (CO,)s, dynamical sub- ters sizes at both values Bf,..
traction, i.e., (pump+dump+probe—(pumpt+probe has At dump-probe delays longer than a few picoseconds
been employed, and the three-color spectra were normalize€@—9, depending on cluster sjzescillations are no longer
to the two-color background spectra. Each panel shows speevident, but in the larger clusters the high-eKE region of the
tra taken at three dump—probe delays. The results in Fig. 8ectrum continues to evolve, shifting to lower kinetic ener-
represent only a small sample of the overall data set; data fagies. This is illustrated in the middle and lower panels of Fig.
I, (Ar) were taken aEg,.=0.57 eV, and data foLI(Ar),59 2, which show spectra of, (Ar)g and |, (CO,)5 at longer
and | (CO,), s were taken 0.57 and 0.75 eV, with spectradump—probe delays. The pump—dump delays are 110 and
obtained at hundreds of time delays for each cluster. 125 fs, respectively. The high-eKE feature shifts by about 0.4
In the top panel of Fig. 2, spectra of (Ar), at short eV in 50 ps for the argon cluster, and by 0.5 eV in 11 ps for
dump—probe delays are displayed. The pump—dump delayne CG cluster. The J (Ar)¢ Sspectra are qualitatively similar
(Aty in Fig. 1) is 80 fs. The prominent peaks at ekE.6  to the [, (Ar), spectra in the top panel, with the most promi-
and 0.7 eV are from detachment of the upper-state dissociaent peaks being dissociation products induced by the pump
tion products, T and I (Ar) in this case, and of a small pulse. The J(CO,)s spectra, as mentioned previously, are
amount of residual ground statg (lAr),. Features induced dynamically subtracted, so regions of positive intensity cor-
by the dump pulse are of greatest interest for the currentespond to features induced by the dump pulse, while the

electron kinetic energy / eV

IIl. RESULTS
Representative PE spectra of (Ar),, I, (Ar)g, and
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EIG. 3. Integrated high-eKE signal for bare and clustegedd a functionof  \qjecules. Comparison of the same cluster simeluding
time. Top panelEe:=0.57 eV; bottom paneEe=0.75 ev. n=0) at different values oE.,. shows that a cluster excited
with 0.75 eV has a lower oscillation frequency thanEgt.
=0.57eV. Different clusters lose coherence over different
negative-going regions are due to depletion of the upper-statéime scales: the,l(Ar), oscillations dephase more quickly
wave packeti.e., dissociation productby the dump pulse. for E..=0.75 eV than folE..=0.57 eV(4 ps versus at least
In both cases the high-eKE portion of the spectrum is in-6 p9; this trend does not exist to the same degree in the CO
duced by the dump pulse. cluster oscillations, which generally dephase around 3 ps for
The oscillations at high eKE can be followed by plotting both values ofE.,.. A single CGQ molecule reduces the
the integrated intensity of the high-eKE signal as a functiordephasing time more than nine argon atoms, but for both
of time. Results for bare,l, I, (Ar);69and L (CO,);5at  solvent types the dephasing time at the two excitation ener-
Eexc—0.57 and 0.75 eV are shown in Fig. 3; similar plots for gies is shorter than for that of, |, about 7-9 ps, which
I, (CO,), appear in our previous papérThe top panel of results from anharmonic dephasing of the SEP wave
Fig. 3 also shows high eKE oscillations from(Ar), which  packet® Finally, the most important but least obvious char-
was studied only atE.~=0.57eV. The frequency and acteristic of all the cluster oscillations in Fig. [%ith the
dephasing time of,](Ar) are essentially identical to those of exception of J (Ar)] is that their frequency increases with
bare |, . However, in | , the oscillations rephase around 45 time, as seen previougfi/for I, (CO,),4 and discussed in the
ps*® with intensity comparable to the initial magnitude, while following.
no rephasing is seen ip (Ar). The other dump-induced effect is the shift of the high-
The oscillations for the other clusters show significanteKE edge of the spectrum toward lower eKE with increasing
differences from bare,l. The trends are most easily dis- dump—probe delay. In Fig. 4, the position of this edglere
cerned by examining them in groups by solvent type and byedge” is the energy at the half-height of the high-eKE in-
Ecc: and are highlighted in Fig. 3 by asterisk symbolstensity) is graphed as a function of dump—probe delay out to
placed over the first and fourth maximum for each oscilla-150 ps for each cluster and value Bf,.. Each panel dis-
tion. For both J (Ar) .=, and [, (CO,),.~, clusters at a given plays the shift for one cluster, with the upper trace corre-
value of E,,., the spacing between the intensity maximasponding toE.=0.75eV, and the lower curve t&g,,
decreases with increasing in other words, the oscillation =0.57eV. For } (Ar), at both values oEg,. and b (Ar)g 9
frequency increases with the addition of solvent atoms oand |, (CO,) atE=0.57 eV, very noisy data at early times

Downloaded 22 Jul 2003 to 128.32.220.150. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



2024 J. Chem. Phys., Vol. 119, No. 4, 22 July 2003 Davis et al.

(<7 ps have been smoothed with a period of about 500 fsTABLE I. Selected parameters from fits to oscillations in Fig. 3, after
Similar plots for bareJ and |, (CO,), can be found in our ~Smoothing. See Ed1) in text and Fig. 5.
previous publicatio? 1, (Ar) with E,.=0.57 eV does not g

undergo a measurable spectral shift and is not showr(ef\x/a Cluster  fo(cm™) a(cm Yps) b ((cm™Y)%/ps)
I, (Ar), at E¢=0.57 eV undergoes a very small shift of . Bare [° 69
around 50 meV within the first 15 ps, (CO,) at both values 15 (AV) 69.7+02  013-0.05
of Ecxc and b, (Ar), at the higher excitation energy undergo 15 (A, 70.2+0.2  0.74-0.09
small but distinct shifts of about 0.1 eV within the first 15 ps. I, (Ar)g 73.0£0.3  1.4+0.1
In contrast, the shift of the high-eKE edge of the spectrum in :z:(éf)e ;i-%g-i ;-;530413
larger cllisters is quite substantial, ranging from about 0.25 2(CO2) 1r 813 Eeo %10 %5 7% 104
eV for I, (Ar)g with Eg=0.57eV to about 0.6 eV for 1;(COy)° 786703  6.7:0.3
I, (Ar)g and | (CO,)s with Eq=0.75eV. The shifts for 1,(CO)s 84.0:+03  5.6-0.2
I, (CO,)s happen much more quickly than for the larger ar-
e o - . Bare | # 52
gon cluster spectra; fop (CO,)5 at both excitation energies, - (A 56.8:05 085031
the spectra no longer shift by about 30 ps, while fofAr) ¢ Iz’(Ar)e 50.7+04  4.203
at both energies ang (Ar) ¢ at E¢,=0.57 eV, shifting does 62.8+0.9 —0.34+0.13 1. 10 3+3.7x10°*
not appear to be over even by 100 ps. 15 (A g 60.8£0.4  4.9:0.2

1,(COy) 63.7+0.5  3.7:0.3
61.9r1.2 6.5:1.8 —8.4x10 %*x54x10*

IV. ANALYSIS I,(CO,),» 79.4x1.0 1.4:0.7
1 (CG)s 80.5£1.5 5.0:1.1

Procedures for analysis of the time-dependent oscilla
tions and shifts that were employed faor(CO,), are also
utilized here?® The high-eKE signal, which is the focus of
our analysis, is from detachment of the SEP wave packet
near the ITP of the ground state anion potential, as illustrated
in Fig. 1; any electrons with eKE above about 2 Bower  intensity, and a FFT filter was applied that passed bandwidth
for I, (CO,)s, since the anion is shifted so much relative to between 0.5 and 1.5 times the peak in the overall FT. After
the neutra) must come from vibrationally excited L Else- ~ smoothing, each oscillation was fit by a nonlinear least-
where on the anion ground state, detachment of the SEfduares method with a function proportional to
wave packet results in slower electrons which are generally
in the same eKE range as electrons detached from the upprr p( —(t—t0)2>

—> | ™Yo

“Reference 38.
PReference 24.

state or residual =0 wave packets. Only at high eKE do the | ex .
spectra exhibit “clean” SEP dynamics that can be readily
analyzed. We fit the intensity oscillations and spectrum edge
shifts in this region to determine the time-dependentvi- The instantaneous, time-dependent frequency is deter-
brational energyE,,(t), and compare the rates and amountsmined by the derivative of the argumerfig+at+bt?. The
of energy loss in the various clusters. For each cluster, wenvelope is an offset Gaussian function, needed because the
can also use the values Bf;, derived in both ways to come intensity does not decay to zero and, for several data sets,
up with quantitative measures for the amount of energy lospeaks at the second oscillatory maximum. Selected param-
before the first occurrence of the wave packet at the ITP, andters resulting from the fits are shown in Table I, and the
in some cases, for the total amount of energy lost in thdime-dependent frequencies are plotted in Fig. 5. Also in-
system. cluded are the constant frequencies for bgreahd the lin-
early increasing frequencies for, (CO,), determined
previously?* Each oscillation was fit first witb=0 (linearly

The oscillations shown in Fig. 3 occur as the SEP wavechanging frequendy and then a fit witho# 0 (quadratically
packet moves into and out of the ITP region. In bgre the  changing frequengywas attempted. In most cases, the qua-
oscillation frequency at a giveB,, is constant, decreasing dratically changing frequency did not result in a better fit.
with increasing E,. owing to the anharmonicity of the However for | (CO,) at both values oE,. and for [, (Ar) 4
potential®® In contrast, we found that i (CO,),4, the 0s-  atEg=0.75eV, the quadratically changing frequency pro-
cillation frequency increases with tinf&2* since in losing  duced a fit that was both better than and different from the fit
energy to the solvent modes the Wave packet drops down with the linearly changing frequency. In these cases, param-
in the anharmonic potential well, where the spacing betweeeters for both fits are listed in Table I, but for simplicity the
adjacent vibrational levels is larger. The oscillation fre-quadratic fits are not displayed in Fig. 5. Generally, the os-
qguency also increases with time for all clusters discussedillations in the clusters witle.,=0.75eV increase in fre-
here, except for,I(Ar) at E.=0.57eV. In order to quan- quency more quickly than those at the lower excitation en-
tify the changing frequency, each oscillation in Fig. 3 was fitergy, except for J(CO,),, where the slope atEe,,
to a modified sinusoidal function with a frequency that in- =0.75eV (from the previous pap&) now looks anoma-
creases either linearly or quadratically with time. Before fit-lously low in light of the additional data for,(CO,)s. A
ting, the oscillations were shifted to be centered about zercommon characteristic of the fits to all of the clusters is that

a b
fot ot+ —tz) +¢

sm(ZTrt 5 3

2w?

A. Oscillations at the inner turning point
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FIG. 5. Time dependent oscillation frequenciigstat [see Eq.(1) and 021 (n= \,\’\,‘:m
Table 1] for 15 (Ar), (top panel and [ (CO,), (bottom panel at E,. 0 2 4 6 8 0 2 4 6 8

=0.57 eV(solid lineg and 0.75 eV(dashed lines dump-probe delay / ps

FIG. 6. Vibrational energyH,;,) remaining for the cluster at early dump—
) ) . B probe delay times. Each cluster size is on a separate row. Jagged lines are
extrapolation ta=0 yields a higher frequency than bage | derived from the shift of the spectrum edge in Fig. 4, the uppermost assum-

at the same value &.,; this is particularly pronounced for ing no evaporationr(=n;), and the lower either assuming total evaporation
— 15 (Ar), and | (CGO,)] or the smallest product found in the microsecond
the I, (CO,) 45 Clusters. [12 (AN,

. A Ggoduct distributions—Ref. 341, (CO,)s]. The smooth dashed curve
The instantaneous frequency of the oscillations depen rough then; curves in each panel represents an exponential fit using Eq.

on the spacing between adjacent vibrational energy levels i); parameters are given in Table Il. The straight solid lines are derived
the I, moiety. Thus, using the known potential for baje 1 from the time-dependent frequency of the oscillations using the potential for
the time-dependent frequencies can be converted to tim@a€ & - Eexc=Npump~Mvaumpis shown as a horizontal dotted line.
dependent vibrational energi¢&,;,(t)]. Values of E,,(t)
determined from the linearly increasing frequency fits for
I, (Ar), and |, (CO,), clusters are shown in Fig. 6 as heavy
straight lines. When the oscillation frequency increases with  The amount of vibrational energy in the Imoiety can
time, E,j,(t) decreasest,;, can be determined in this man- also be determined by the position of the high-eKE edge of
ner only while the oscillations have measurable amplitudethe spectrum, because greater vibrational excitation yields
and so is shown up to 3—4 ps for the £C@usters and 4—7 more energetic photoelectrons at the inner turning point.
ps for the Ar clusters. The decreasebp, is somewhat more  Thus the shift of the spectrum edge to lower energies, as seen
pronounced forEg,,=0.75eV than 0.57 eV, and generally in Fig. 4, signifies vibrational relaxation in the hell, and
faster for larger clusters. For the argon clusters, the lossese can use the known potentials for bage and neutral
range from 34 meV over 4 gdor n=2 atE.=0.75eV) to  1,,%* coupled with the known “solvent shifts” in the PE
240 meV over 4.3 pgfor n=9 atE.~=0.75eV). The loss spectrum induced by clusterifg?? to extract time-

for 1, (Ar), for which the oscillation frequency shows no dependent values d&,;, for each cluster.

significant change with time, would be negligible. For the ~ The edge position is given byv,pe— VDErp, Where

CO, clustersE,;, derived from the oscillations shows losses hv e is the energy of the probe photon and VREs the

that range from 70 meV over 3.5 pa<£1, E.,.~0.57eV, vertical detachment energy at the inner turning point.
quadratic fif to 290 meV over 4.2 ps nN=5, Eg. VDEp is determined both b¥,;, and by the solvent shift
=0.75eV). Note that these losses are all measured from thfer the cluster of interest; the larger the cluster, the more the
extrapolated values tio=0 of the linear fits, all of which are anion is stabilized relative to the neutral surface. Addition of
lower than the known initiaE.,.. We have attributed this 2, 6, and 9 argon atoms shifts the anion potential lower with
discrepancy to initial fast energy loss before the first arrivalrespect to the ground neutral state by 50, 130, and 160 meV,
of the wave packet at the inner turning point, unseen in ourespectively’? while the addition of 1 and 5 COmolecules
analysis because we only detect at the 1 Phis point is  shifts the anion by 140 and 500 m&Y/Since evaporation,
discussed further in Sec. IV C. which would change the solvent shift, is a possibiliy,,

B. Shift of the spectrum
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E,.=0.57 eV E,=0.75eV TABLE II. Parameters for exponential fit of the forly,=Eq+Ael "7 to
uppermost,;, curves in Figs. 6 and 7.
Eeyc(eV) Cluster Ey (eV) A (eV) 7 (p9
0.57 15 (Ar), 0.545+0.012 0.0680.013 15-9

15 (AN 0.314+0.015 0.286:0.014 28.23.8
15 (A)o 0.171:+0.015 0.381%0.014 27.6:4.0
I,(CO,)  0.535-0.004 0.0720.007 3.9-0.8
1,(CO)  0.147+0.005 0.4220.007  5.0-0.2
I;(CO)s  0.105-0.005 0.4150.018  4.380.35

0.75 15 (A), 0.710:0.011  0.15%0.050  1.3-0.6
I, (AN 0.523+0.013 0.20%0.024  6.4-2.1
15 (A)o 0.309:0.017 0.3730.019 16.4-2.1
I,(CO,)  0.637:0.006 0.0720.017 5.6-2.4
1,(CO)® 0.193:0.006 0.47+0.02  5.16-0.39
I;(CO)s  0.183+0.005 0.536-0.039  2.62-0.25

*Reference 24.

I, (Ar),, appears to depend strongly on batland E,.; for
any sizen, increasingE,,. decreases (i.e., the dynamics
speed up at higher excitation energylternatively, at a

06 crccmiciceieeeaeeaenaa

0.4 3 1, (CO,)s given value ofEg,, increasing the cluster size tends to in-

0.2 =) ] . (n=5) creaser, except fom=6 and 9 aE.,~ 0.57 eV, which have

00 At 75T (n=1) approximately the same value of For either solvent type,

"o 50 100 0 50 100 as the number of solvent molecules increases, the residual
dump-probe delay / ps energy E, decreases. The constaAt represents a lower

bound for the total amount of energy loss from the iodine
vibration, regardless of whether evaporation has occurred. It
increases with cluster size except fog (CO,), and
I, (CO,)s, for which it is approximately the same.
must be calculated assuming all possible values for the num-
ber of solvent atoms/molecules.

The resulting values of,;,(t) are shown as the jagged
lines in Fig. 6, for short dump—probe delay times, and in Fig. ~ As discussed previousf, values ofE,, derived from
7, for times out to 150 ps. Note that different vertical scaleghe oscillations and edge-shifts are lower and upper bounds,
are used in these figures, depending on the cluster identityespectively, to the “true” amount of energy remaining in the
For the | (Ar), clustersE,;, was calculated for each value |, Vibration. Previous resonance impulsive stimulated Ra-
of N=0 up to the initial cluster sizey;, since based on the man scatteringRISRS experiment&’ showed that the fun-
binding energy of Arto] , even the loweE,,.of 0.57 eVis damental oscillation frequencies of; (CO;),~, and
theoretically enough to evaporate all of the solvent atoms; (Ar) .= 1, are slightly blueshifted1.7 cm * for 15 (CO),,,
from the largest clusten=29. However, for clarity only the 1 cm * for 15 (Ar) ;5] compared to bare;l, while no blue-
curves forE,;, assumingh=0 andn=n; are displayed; the shift was seen for,I(Ar)s. Since we use the barg lpoten-
curves for the intermediate cluster sizes are more-or-lesial to determineE,;, from the oscillations, the vibrational
evenly spaced between the two shown. For théCIO,)s  energy remaining is underestimated in those clusters that
clusters, the minimum size cluster shown in Figs. 6 and 7 ishow a blueshift. However, (CO,), 5 are the only clusters
determined by the smallest significant product found in theconsidered here which we know are blueshifted; RISRS
daughter ion distribution at the excitation energy inspectra were not measured fgr(CO,) or |, (Ar)g, but the
questiort’ For I, (CO,), curves are shown for the binary blueshifts for these clusters are certainly less than those of

FIG. 7. Ey(t) over long times for clustered |, determined from the shift
of the spectrum edge. Lines are as described in the caption for Fig. 6.

C. Upper and lower bounds of E;, (1)

complex and the bare ion. I, (CO,)4 and I, (Ar) 1,, respectively. Thus, for analysis pur-
For each cluster and value Bf,., E,i, for n; was fitto ~ poses, we will neglect this effect for clusters other than
a single exponential decay curve of the form I, (CO,),5, keeping in mind that our experiments probe

Ep(t) =g+ Ael" @ high vibrational levels where sqllvent effects on thevibra-

vib 0 ' tional frequency may be amplified. On the other hand, our
The best fit is shown as a dashed line through the correextraction ofE,;, from the maximum eKE in the FPE spectra
spondingn; curve. The fit parameters, including those deter-overestimates it for all clusters reported here; the spectra are
mined previously forJ (CQ,),,* can be found in Table Il. Doppler-broadened because of the speed of the ion B&am,
For each J (CO,),, cluster exceph=5 atE.~=0.75eV, the and the edge of the spectrum that we measure is actually
time constant for vibrational relaxation,is between 4 and 6 higher in energy than the true energy from detachment at the
ps, relatively independent dg.,. or n. In contrast,r for ITP.
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Values ofE,;, from the edge shifts are also upper limits TABLE lil. Short- and long-time values for energy losses from the iodine
for reasons that were not considered previously. In construcech
ing Figs. 6 and 7, we assume that the edge position is a

] g > < Initial Long-time energy
function only of the vibrational energy of thg land the g, First ITP energy  los€ (meV) (zero,
number of solvent species present at tinte only effect of  (eV) Cluster  occurrencefs) loss' (meV) max evaporation
the ;olvent is to shift thg anion pot.ential !ower in-energypsz 1, (An, 360 10 75. 110
relative to the neutral, using energetics derived from the PE 15 (AN 330 50 310, 380
spectra of relatively cold cluster anions. However, in our 15 (Ang 320 70 425, 490
experiment, the cluster heats up as theldses energybut 12 (CO;) 400 70 130, 230

- I, (COy),° 350 30-140 >420,>530
before evaporation occyrsso the observed spectra reflect 2
S - z 1, (COys 330 80-200 >470,>540
vibrational excitation not only of the,| but of the low-
frequency anion—solvent and solvent—solvent vibrationaP-75 12 (A" 450 50 155, 190
modes. Since the frequency of anion—solvent modes will be 12 (A6 380 100 280, 370
: ; ; I, (A g 330 100 460, 550
higher, in general, than the frequencies of the analogous I-(COy) 460 135 200. 305
m_odes_ in the neu_tral, vibrational exci_tation of these mod_es Iz’(coz); 420 190300 vl
will shift the maximum eKE out to higher values, even if 1,(COY)s 440 120-340 >570,>700

Av =0 transitions in these modes dominate. Thus, the value— - - . -
of E... derived assuming onl\zl vibrational excitation will alnltlf’:ll energy _Ioss at first ITP occurrence determlned_ using equality of
vib = 9 Y2 . oscillation-derivedE,;, (normal type, or through bracketing the trué,;,

be too high. As the clusters lose energy by evaporative coOlnetween oscillation-derived and edge-deriggg (italics).
ing, this effect becomes less important. As a consequencé,ong-time energy loss. Assumed to be exact f5(G0,) and | (Ar),
the distinction is blurred between a hot cluster witholvent ~ based on the corrected edge-derigg, values. For J (CO,),5, the val-
species and a cluster witht 1 solvents resulting from evapo- UeS are minimum energy loss based only on raw edge-defiygd n both

. . . . . cases, the first number presumes no evaporation, and the second presumes
rative cooling, so that abrupt edge shifts associated with S0lompjete evaporation to the smalleseurve in Fig. 7.
vent evaporation should not Hand indeed never ar@mb-  °Reference 24.
served.

Figure 5 shows that by the time the wave packet first

arrives at the inner turning point of the iodine potential
(~300-400 fs as seen in Fig),3ts oscillation frequency is ) ] B
already significantly higher than that of bage &t the same Should be unimportant. For example, we find fo(CO,)
Eo.. If the frequency corresponds directly ®,,, this with E,=0.57 eV that the edge position must be shifted
means that the£| has rap|d|y |ost energy during the ﬁrst IOWer in eKE by 0.136 eV to make the edge'derived Value Of
half-oscillation across the potential, which we do not probeEvib at 400 fs(the first occurrence at the ITRnatch the
in our analysis of the high-eKE region of the spectrum. Forfrequency-derived value at this time. The appropriately
I (Ar) 269 and | (CO,), converting the frequency at this shifted values of eKE vyield for each cluster and excitation
first ITP occurrence directly intd,;, and subtracting the energy new values d&,;,, which can be fit by an exponen-
result from the known value d£,,. (0.57 or 0.75 ey gives tial decay functionEq. (2)]. For all clusters, the time con-
the apparent energy loss during the first partial oscillationstant - was not significantly changed from the values in
These values are given in Table Ill. They range from only 10Table II; the asymptotic enerdy, is moderately reduce(by
meV for I, (Ar), to 135 meV for | (CO,). Also given in  6%-18%, and the amount of energy log4, is slightly re-
Table Il are values for J(CO,)45, Where we provide a duced(by 2%—8%.
range for the initial energy loss, bracketing it with the values  These corrections improve the accuracy of values for the
of Eyip(t=0) derived from the oscillationgthe higher val- - amount of energy loss at long times, or at least times long
ues and edge shifts. compared tor. Such values can be obtained from the

At Ilonger tlr:nes, onceh'tfhe oscillations have (:]ephalsed, Wﬁsymptotic E, values of exponential fits to the corrected
can only use the edge shifts to determifi,(t), the values g ib(t) curves, assuming either no evaporation or complete
of which represent upper bounds for the reasons discussed’ .

. .- évaporation. For example, the corrected values J¢€O,)
earlier. However, for clusters where the frequency blueshift-" . - : .
T - . with E.,..=0.57 eV indicate that, assuming no evaporation,
ing is minimal, we can use the oscillation-derived values of 30 meV is transferred out of the iodine stretch. or 230 meV
E,i, to estimate a correction to the edge-based values L L L

vib g if evaporation is assumed. At 0.75 eV initial excitation, the

E,ip(t) at short timeqwhile the oscillations are still occur- . ) , .
ring), and extend the correction to longer times, after theSN€rgy 10ss is 200 or 305 meV without or with evaporation

oscillations have dephased. The most appropriate way to coff the smgle solvent molecule. Values of this I_ong—t|me en-
rect the edge-derived values is to shift the raw electron ki€ray loss in §(CGO;) and |, (Ar), are presented in Table IIl.
netic energy values of the edge positiffig. 4) lower in  This procedure cannot be applied {(C0;), s because of
energy to compensate for the broadening of the spectra; tHBe solvent-induced blueshift. The values for long-time en-
necessary shift can be determined by the frequency-derive@lgy loss for these species in Table IIl are taken solely from
E.n. Then the shifted eKE values can be reconverted tdhe(uncorrectegledge-derived,;,, which overestimates the
E.i,- We have done this for,(CO,) and the J (Ar), clus- amount of energy remaining in theg lvibration, and thus
ters, for which the blueshift of the oscillation frequency represent lower bounds.
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V. DISCUSSION were to lose the 53 meV necessary for evaporation, i.e., the
binding energ§” of Ar to I, , the oscillation frequency

In many ways, our results conform to expectations forchange would be-5 cm %, which is measurable in our ex-
energy relaxation dynamics in clusters. Vibrational energyperimentan increase of similar magnitude is indeed seen for
loss is significantly faster in,I(CO,), clusters than in 15 (Ar),, discussed in the followingWe thus conclude that
I, (Ar), clusters, a result that can be understood in terms ofio energy loss, and certainly no evaporation, occurs in
stronger chromophore—solvent coupling and higher densitiels, (Ar) within the first 10 ps. But the lack of rephasing at 45
of solvent intermolecular vibrational states j(CO,),, clus-  ps indicates that the iodine moiety eventually interacts with
ters. As the number of a particular type of solvent species ithe solvent, presumably causing evaporation. Thus, for this
increased, the density of solvent vibrational states goes up, asnall cluster, energy loss and evaporation occurs between
does the rate of vibrational energy transfer. These trends af0—45 ps.
covered in more detail in the discussion that follows. The dynamics inJ (Ar) , differ from those in J (Ar). At

One important aspect of the overall dynamics not probed,,.=0.57 eV, the oscillation frequency drops linearly over
directly in our experiments is the ultimate disposal of solventthe 7 ps dephasing time, indicating that energy loss occurs
vibrational energy via evaporative cooling. In contrast to theand that there is at least one Ar atom that has not evaporated
vibrational energy loss, the stronger solvent binding andluring this interval. In fact, comparison with (Ar) sug-
larger density of vibrational states in, (CO,),, clusters gests thamno evaporation from J(Ar), occurs during the
should lead to slower evaporation than frog(Ar), clus-  first 7 ps, since upon evaporation of an argon atom the spe-
ters. As a consequence, in largg(C0O,), clusters, one ex- cies would become,l(Ar), which does not show evidence
pects a significant separation of time scales between rapiof energy loss prior to 10 ps at 0.57 eV, and agyAr)
vibrational energy relaxation of thg land much slower sol- produced by evaporation of an Ar would have even less en-
vent evaporation, in which case a statistical treatment woul@rgy.
suffice to yield approximate solvent evaporation rates. Such At longer times withE,~=0.57 eV, the energy loss in
a treatment was applied in our recent study0fC0,) 45 to I, (Ar),, presuming complete solvent evaporation, is 110
model the extentbut not the ratgof solvent evaporation as meV (Table Ill). This would be barely enough to evaporate
a function of initial I, excitation energy/ On the other both argon atomg&he binding energy of an argon atom o |
hand, § (CO,) is too small to warrant a statistical treatment, is 53 meV#). The alternatives are either loss 6f75 meV
as are the two smallest Ar clusters(Ar); ,. Analysis of the ~ With no evaporation, or loss 6¥90 meV with evaporation of
FPE spectra of larger, (Ar), clusters! showed that vibra- ©one solvent atom. In any case, the time constanl5 ps
tional energy relaxation and solvent evaporation occurred oifidicates that at least one Ar atom remains on the cluster for
similar time scales, complicating a statistical treatment of the=30 ps, and possibly longer.
solvent evaporation. At E,=0.75eV, at least one Ar atom remains for 4 ps,

We are therefore particularly interested in determining aghe time scale over which the oscillations increase in fre-
much as possible from our experimental data concerning th@uency before dephasing. No further evolution of the PE
time scale of evaporation. As long as the spectra continue t8P€ectra occurs beyond 10 ps, suggesting that both Ar atoms
evolve, either by showing an increasing oscillation frequencyM@y have evaporated by then. Indeed, the calculated total
or a shifting of the spectrum edge, there must be at least orRergy loss of 190 meMTable Iil, assuming complete
solvent species left to be driving the energy loss, so oufvaporation would be more than enough to evaporate both
results provide a lower bound for the time required for com-argons with significant kinetic energy. An intriguing result at
plete evaporation. We first consider the smallest clusterdhis energy is that the edge shift yields a more rapid drop in
|, (Ar);,and , (CO,), which have little or no solvent net- Evip (7=1.3ps) than does the increase in oscillation fre-
work in which energy can be stored. We next discuss1Uency, possmly signaling rapid loss of the first argon atom,
I, (CO,)s in the context of the previous work 0§ (CO,) 4, with continued energy loss and eventual evaporation of the
which showed evidence for a large role of the solvent netSecond.
work in energy absorption. Finally, we considgi(Ar) s and
I5 (Ar)g, whose dynamics indicate intermediate solvent net-  _

B. 15(CO,)

work effects.

_ _ In this small clusterE,;,(t) derived from the oscillation
A 1z (A) and I3 (Ar); frequency indicates thatvtla(e)iodine stretch loses 0.16 eV in

A single argon atom seems to have very little effect on3.4 ps forEq=0.57eV, and 0.28 eV in 3.8 ps fdEe,
vibrationally excited J during the initial oscillation: the os- =0.75eV. No evaporation is possible while the spectrum
cillation frequency only increases by about 1 ¢nduring  edge is still shifting or the oscillations are still increasing in
the 9 ps over which oscillations can be seen, the dephasirfgequency, so we can say that8—10 ps(about twice the
time is the same as for barg | and the edge of the spectrum edge-shift time constant in Table 1) is a lower bound for
undergoes no observable shift to lower energy. At longethe time scale for evaporation, even though, particularly at
times, the cluster oscillations do not rephase, though in théhe higher excitation energy, enough energy is transferred at
bare ion they rephase by 45 #sThe absence of a frequency earlier times for evaporation to occtthe I, - CO, binding
increase indicates that little or no energy is transferred duringnergy is 230 me¥/). This ~10 ps minimum time scale for
the first 10 ps, the duration of the oscillation; if the iodine evaporation is similar to that fog, [Ar), but the overall dy-
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namics are quite different; in the argon cluster, no coupling=pEg spectra from the photodissociation o(CO,), indicate
between the solvent and iodine vibration appears to occuhat the final evaporation of solvent molecules from the vi-
before 10 ps, while in the CQcluster substantial coupling prationally relaxing recombined, | may take hundreds of
and energy loss at early times do occur, but evaporation dogficoseconds, but such studies were done with much higher
not occur until later. The corrected values for total energyexcess energy and more solvent molecules than in the current
loss assuming evaporation, 230 meV fay,=0.57eV and  SEP studies. In any event, the solvent network,itd0,)s

305 meV forEey=0.75eV (Table Ill), meet or exceed the should have a much greater capacity to store the energy re-

I, - CO, binding energy. It is likely that evaporation happens|eased from the iodine than any of the other clusters studied
relatively soon after the spectrum stops shifting, since thergere.

are not many solvent modes in which the energy transferred
from the iodine stretch may be easily stored.
This cluster apparently undergoes substantial energy lods. I (Ar)g and 15 (Ar)g

before the first occurrence at tr_le ITP: 70 and 135 meV for These clusters exhibit intermediate dynamics, generally
Eex:=0.57 and 0.75 eV, respectivelyable I1l), a somewhat  gpoing less total energy loss than the 4,5 CO, clusters,

surprising result for such a small cluster. Although these valy, ;¢ more than the smaller clusters. At short times, before
ues depend on our assumption of no blueshift }(00,),  gephasing of the oscillations occurs, the dynamics of

additional confirmation of rapid initial energy loss is pro- I;(An)s and | (Ar)o at each excitation energy are quite
ided by the observation thd,;,(t=0) obtained from the g . i Fi
Vi vib similar, both in terms of initial energy los§able Ill) and

edge shiftswhich overestimate,) lies below the excita-  g|axation rate as determined by the frequency fible ).
tion energy at 0.75 eVsee Fig. 6 For I, (CO,), the totally At each energy, the relaxation rate for the=9 cluster is
symmetric cluster mode frequency was calculated to be 58nly slightly larger than that for the=6 cluster, but the

71 25 - . . . - —
cm - which lies between the vibrational frequencies of | g|axation rates for both clusters are significantly higher at
with 0.57 and 0.75 eV vibrational energgee Table)l This 4 75 ev than at 0.57 eV. The overall relaxation time con-

near-resonance may facilitate relatively rapid coupling iNstants as determined from the edge shifts are again quite
1, (CO,) and probably other COclusters as well, which  gjmijar at 0.57 eMfrom Table 11, 7=28 ps for both clustejs
also show evidence for rapid initial energy loss. At 0.75 eV, both time constants decrease, but the change for
then=6 cluster, tor=6.4 ps, is considerably more precipi-
tous than for the=9 cluster(7=16.4 p3. These distinctions
can be seen more clearly in Figs. 4 and 7. At 0.75 eV, the
The results forJ (CO,)s should be directly comparable 1, (Ar) ¢ edge shifts and the associated valu&gj(t) flatten
to those determined previously foy (CO,),. The increased out abruptly beyond 10 ps, whereas the plots $0fAr) ¢ at
density of solvent vibrational states associated with the add.57 eV and J (Ar)q at both energies continue to evolve out
ditional solvent molecule should result in faster energy transto 150 ps, the maximum time plotted in the figures.
fer but slower evaporation, and our results allow these effects The interplay of relaxation and evaporation is of particu-
to be quantified. Figure 6 shows that by 3 ps, tive5 clus-  lar interest in these clusters, as far as determining which
ter has lost between 0.26 and 0.4 eV vibrational energy foprocess is responsible for the observed dynamics over a par-
Eexc=0.57eV, and between 0.4 and 0.5 eV fér,,, ticular time interval. One might expect that at a given exci-
=0.75¢eV (the upper and lower values are from the edgetation energy, relaxation is faster for the larger cluster be-
shifts assuming no evaporation and the oscillation frequeneause of the higher density of vibrational states, and that
cies, respectively These are similar to the values for evaporation should be slower for the same reason. The val-
I, (COy), at Eg=0.57eV, and slightly larger than the ues ofE,,(t) at short times derived from the oscillation fre-
losses in then=4 cluster over the same time period for quency indeed drop more rapidly for the=9 at each exci-
Eex=0.75€eV?* In each case, a large fraction of the loss bytation energy(Table |, Fig. 6, as expected from these
3 ps occurs before the first ITP occurrence, at least 120 mev¥onsiderations. The edge shifts, however, depend on both
in 400-500 fs for the higheE,,. (Table Ill). Table Il shows relaxation and evaporation dynamics, and the time constants
that the time constant for the relaxation as determined by 7 reflect this, being essentially the same for the two clusters
the edge shift is only slightly smaller m=5 versusn=4 at  at 0.57 eV and noticeably larger for tine=9 cluster at 0.75
Eec=0.57€eV, but it is significantly shorter folE.. eV. More specifically, the results for these two clusters plot-
=0.75eV, 2.6 ps versus 6 ps for 4. Overall, although the ted in Figs. 4 and 7 imply that evaporation is largely com-
energy loss dynamics for the two clusters are similar, thelete by 10 ps forJ(Ar)g at 0.75 eV, beyond which little
I, (CO,)5 cluster exhibits somewhat faster and greater enevolution of the PE spectra is seen, but the other three data
ergy loss from thej chromophore than the=4 cluster, sets imply that relaxation and solvent evaporation are still
especially at the higher excitation energy. occurring at least out to 100 ps. If our interpretation of the
Both clusters show enough energy loss within the firstedge shifts forJ (Ar)s at 0.75 eV is correct, then it is almost
several picoseconds such that evaporation of the maximurmertain that some solvent evaporation is occurring over the
number of solvent molecules as found in the reflectrontime scale that oscillations are observed for this clu@e”
studies’ could occur, as per the larger long-time loss valuesps), implying that coherent motion of the, Icore can be
in Table Ill. But we cannot determine the time scale forobserved concurrently with solvent evaporation, and provid-
evaporation for either cluster from our data. Simulatidm§  ing the strongest evidence yet that vibrational relaxation and

C. 13(COy)s
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evaporation occur on similar time scales ;dAr)n clusters. current time-of-flight detector. This may be useful in future
This view is consistent with the FPE and simulation results's-SEP studies by making possible the separation of vibra-
of photodissociation of large, (Ar) , clusterst!*® discussed tionally excited wave packet dynamics from the residual
in Sec. I. It is substantiated as well by the long-time energyPPer-state intensity, especially near the outer turning point
losses displayed in Table IIl, the larger values of which cor-egion of the spectrum, which is too congested to examine

respond almost exact|y to the energy needed to evaporate &Urrently. Addltlona”y, the interpreta’[ion of the current Work,
of then (6 or 9 solvent atoms. particularly the role of evaporation, would be greatly aided

by molecular dynamics simulations of vibrationally excited

I, within a solvent cluster.
VI. CONCLUSIONS
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