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Vibrational relaxation dynamics in, (CO,), clusters are monitored by femtosecond stimulated
emission pumping in conjunction with femtosecond photoelectron spectroscopy. Femtosecond
pump and tunable dump pulses coherently excite fheithin the cluster with vibrational energies
ranging from 0.57 to 0.86 eV; the subsequent dynamics are monitored via the time-dependent
photoelectron spectrum, and are compared to those resulting from excitation of,hai@avb
observables are used to follow the vibrational relaxation from the vibrationally excited the
surrounding solvent molecules. From 0 to 4 ps, relaxation is apparent through a time-dependent
increase in the oscillation which is monitored at its inner turning point. At longer times, out @0

ps, shifts in the photoelectron spectra are used to determine the vibrational energy content of the |
Indirect evidence is presented for early rapid energy loss during the first half-oscillation of the wave
packet across the potential. @002 American Institute of Physic§DOI: 10.1063/1.1497160

I. INTRODUCTION evident in some these studies, but dynamics due to the upper-
. . , _— . state processes of dissociation and recombination can be dif-
The relaxation dynamics of highly vibrationally excited fic, ¢ 1 separate from those of interest on the ground state.

r';]OIe(?U|EiS ;15 a SUblf[’ﬁt_ that eXt%TdS across n:alny ‘erﬁls Bbr example, in time-resolved photoelectron spectroscopy
chemical physics, with innumerable experimental and theogy,yias in our laborator}! significant recombination and

retical investigations having been carried out in gas and CONiprational energy loss were observed after dissociating

densed phases. One of the main thrusts of gas phase research,
as reviewed by Flynet al,! has been the understanding of 12 COZ)”(ngsm.) c!usters,_ but because0.56 eV excess
nergy had to be dissipated in order for ground state recom-

state-to-state energy transfer between vibrationall excite§. - .
9y y ination to occur(the difference between the photon energy

small molecules such ag,10,, and NO, and collision part- . o
. " 2,1%2 Ision p end the J bond dissociation energyenergy transfer to the

ners which are often either rare gases or other small mo vent network Il und bef ibrational rel
ecules. Sophisticated preparation methods such as stimulatgf] V&N Network was well underway betore vibrational retax-
ation of the newly-recombined chromophore could begin.

emission pumpingSEP (Ref. 2 have been used to prepare o . .
pumpINgSER ( 2 brep ence recombination, vibrational energy loss, and evapora-

completely characterized reactants, and vibrational energ o
transfer in individual collisions has been widely studied. Vi- 10N could not be completely deconvoluted, complicating the
interpretation of the spectra.

brational relaxation of highly excited chromophores in solu- ) ) ] o
tion, reviewed by Stratt and Maroncellihas been exten- In the experiment described here, this problem is cir-

sively studied by time-dependent methods, with collectivecUmvented experimentally by coherently exciting the |
solvent modes implicated in much of the fast relaxation ob-chromophore in J(CG,), with a well-defined vibrational
served in polar solvents. energy using femtosecond stimulated emission pumping
Clusters provide an intermediate size environment in(SEP. In most SEP experiments, pump and dump pulses
which to study vibrational energy relaxation and redistribu-ffom a cw or nanosecond laser are used to populate high
tion, allowing one to understand how the binary collision Vibrational eigenstates, enabling the study of their spectros-
dynamics in gas phase experiments evolve into the mor€opy and their relaxation dynamics and reactivity in colli-
collective dynamics in condensed phases. Anion clusters dfions with other moleculés Femtosecond SEP, in which
the form I, (S),, where S is a solvent species, have provedooth the pump and the dump pulses are short in time with
to be a particularly useful model system for studying vibra-high bandwidth, produces nonstationary wave packets com-
tional relaxatiorf, ™ in part because the charged clusters carprised of several vibrational eigenstatés?’ In our labora-
be readily size-selected, and also because comparison cantesy, we probe the evolving wave packet with femtosecond
made with numerous condensed phase studies afyham-  photoelectron spectroscopfPES.?>?®2°0ther groups have
ics in polar solventd?~??In these studies, vibrationally ex- used three-photon ionizati&hor time-resolved four-wave
cited I, in its ground electronic state is produced either aftermixing spectroscorﬂ‘?'27 as a probe. Most femtosecond SEP
dissociation and solvent-induced cagifig both the cluster work to date has involved diatomic molecules; in its first
and solution-phase experimeXit§!?or as a product of the application in our group, we examinegl ht several ground-
dissociation of J (in polar solvents®2 state excitation energies, up to 90% of the dissociation limit,
Ground state coherences and vibrational relaxation arand used the energy-dependent wave packet oscillation fre-

0021-9606/2002/117(9)/4282/11/$19.00 4282 © 2002 American Institute of Physics

Downloaded 26 Aug 2002 to 128.32.220.150. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 9, 1 September 2002 Vibrational relaxation in clusters 4283

determining the binding energy of each solvent molecule to

femtoseconds to hundreds of picoseconds.

The FPE spectra are particularly sensitive to the wave-
packet dynamics at its inner turning po(it P). Two observ-
ables are used to follow the vibrational relaxation from the
vibrationally excited J to the surrounding solvent mol-
ecules. Oscillations associated with ITP dynamics are ob-
served at dump-probe delays of 0—4 ps, and vibrational re-
laxation is apparent through a time-dependent increase in the
frequency of these oscillations. At times out 16100 ps,
shifts in the PE spectra are used to determine the vibrational
energy content of the,l. These two sets of measurements
yield a detailed picture of vibrational relaxation dynamics in

1 (COys.

'A :“ the cluster® In the work discussed here, we present a com-
o : e plete study of then=4 cluster where excitation energies be-
I J nedual tween 0.57 eV and 0.86 eV—significant compared to the |
] e': dissociation enerdy of 1.01 eV—are examined, and FPES
4] ! is used to probe the dynamics on timescales ranging from
] I
] I
1
I
I

Energy / eV

II. EXPERIMENT

I-1 distance / A

The anion source and femtosecond laser system have
FIG. 1. Schematic of SEP-FPES experiment {0fC0,),. Potential energy been described elseWh&& only a brief overview is given
curves(bottom to top are forX >S; andA’ 2[1y ,, states of § andx's;  here. Amixture of 2.5% C®in Ar carrier gas is passed at 20
state of }, with appropriate solvent shift of anion vs neutral curvesrfor  psi over solid } and through a piezoelectric pulsed valve
=4 cluster. The inset shows the calculated structure;f¢€0,), (Ref. 49. operating at a repetition rate of 500 Hz. The resulting super-
sonic expansion is crossed by a 1.2 keV beam from an elec-
] _ ) ) tron gun, creating ions and clusters. The beam passes
quencies and revival times to characterize the ground Statt?lrough a skimmer and enters a differential chamber, where
potential?® _ o ~_the anions are extracted in a Wiley—McLaren mass spec-
Our implementation of SEP-FPES is illustrated in Fig. 1.yrometer. After passing through two additional differential
An ultrafast pump pulse promotes the Imoiety within  regions, mass-selected clusters are intersected by the pump,
I, (COy), to the dissociatived’ °I1, 4, state, after which a  dump, and probe laser pulses. The ejected electrons are col-
tunable ultrafast dump pulse stimulates a portion of the extected with >50% efficiency in a magnetic bottle time-of-
cited state wave packet back to fKé3. state. The resultis flight analyzer.
a vibrationally excited wavepacket with energy,. given by A Clark-MXR amplified Ti:sapphire laser system pro-
E —hv —hp 1) duces 90 fs pulses at 790 n(h.57 eV}, at energigs of 1
exc pump dump- mJ/pulse and a repetition rate of 500 Hz. &0 of this fun-
A femtosecond UV pulséhe probe pulsedetaches the elec- damental is used as the pump pulse, and a00s used to
tron at a second delay, and by stepping the probe timingpump an optical parametric generator/amplifi@fOPAS;
time-dependent PE spectra are obtained. In barethe  Light Conversion to produce the tunable dump pul&ELO
wave packet oscillates without losing energy, dephasing anf$), which ranges in energy from 30 to G@)/pulse and in
rephasing indefinitely as the wavepacket delocalizes and sulravelength from 1250 to 1520 nifcorresponding tcE ¢
sequently revives. In a cluster, the energy initially located infrom 0.57 to 0.86 eY. The remainder is used in a frequency-
the 1-1 stretch eventually dissipates into the various solventripling unit to produce the 263 nm probe pulge71 eV, 20
modes, and the initially formed “SEP wave packet” should xJ/pulse, 130 fs The pump and probe lasers pass through
move down in the well, as shown qualitatively in Fig. 1. In computer-controlled delay stages to allow independent opti-
either case, using FPES as the probe allows one to follow thmization of the pump-dump timing and stepping of the
wave packet dynamics in detail. It is most useful to study adump-probe timing. The spectra of the pump and dump
small cluster such as, [CO,), that exhibits little solvent- pulses were measured using either a monochromator or a
induced caging from the excited state, so that the only vibrafiberoptic spectrometglOcean Optics S2000
tionally excited ground state intensity is due to the SEP wave For all but the highest excitation discussed here, the
packet. dump pulse was choppédblew Focus 350)at half the laser
We have previously reported preliminary SEP-FPES retepetition rate. The two-color spectra were dynamically sub-
sults for [, in a cluster of four C@ molecules at a single tracted from the three-color spectra on a shot-to-shot basis
excitation energ§® More recently, we used photofragment with a multichannel scalefSRS SR43J) and the two-color
mass spectrometry to measure the extent of €@poration spectra were additionally collected and saved for normaliza-
from 15 (CO,), and |, (CO,)s as a function ok,,., thereby tion in a digital oscilloscopéTektronix 744A. Typical col-
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and probe pulses remain. The spectrum at 420 fs pump—
probe delay shows the growth of a higher-energy peak ex-
pump-probe delay: tending to 1.5 eV. By 1920 fs the spectrum has shifted to
~\ ::‘_"fgggsfs lower eKE, and changes relatively little thereafter. However,
\----19.9ps a very small feature above 2 eV appears around 3nps
shown and is shown nearly at its full extent in the 19.9 ps
spectrum. As discussed previouShthe pump—probe spec-
tra represent dynamics in the electronically excited cluster

probe only

PV,
!

3 which, for this small cluster, are dominated by dissociation
5 ',"'..' o of the [, chromophore on the repulsie state. The feature
] / above 2 eV is due to a small amount of vibrationally excited
s 14 I, produced by solvent-induced recombination.
®© e~ The lower two panels in Fig. 2 show photoelectron spec-
} 0 "dump-prob\e\ tra of .I2_(C02)4 obtained with the pump-dlump-probe con-
g, iy delay: figuration at several dump-probe delays, with the dump pulse
ko) -1 4 -ee-1451fs chosen so thaE.,.~=0.57 eV. These are difference spectra,
£ 0 \r'd ——3451s i.e. (pumpt dump+t probe)- (pump+ probe), wnh a pump-
] ..l ——5451s dump delay of 80 fs. In these spectra, features induced by the

dump pulse have positive intensity, while those with negative
intensity are associated with’ state dynamics and result

from the depletion of the excitell’ state wave packet by the
dump pulse. The middle panel of Fig. 2 shows spectra at
short dump-probe delay times. At 145 fs after the dump
pulse, most of the positive intensity is concentrated around
0.8 eV. At 345 fs, the intensity around 0.8 eV has decreased
significantly, and strong intensity has grown in at eKE
>1.5eV. By 545 fs, the intensity at high eKE is near zero,
and the intensity around 0.8 eV is again at a maximum. It is
clear that these spectra show oscillations as a function of
dump-probe delay, and that the oscillations at eKIE5 eV

FIG. 2. (Top panel Probe-only and pump-probéno dump spectra of ~and eKE=0.8 eV are out of phase.

I,(CO,),. A scaled amount of probe-only intensity has been subtracted At times longer tham~4 ps, no oscillations are apparent
from each pump—probe spectrum to highlight the excited-state dynamicgn any region of the spectra. Instead, the high eKE edge of

(Lower panels Spectra of J (CO,) 4 at Eey=0.57 eV SEP. The pump-dump ; ; ; ;
delay is 80 fs. Short dump-probe delays, middle panel, demonstrate initi Hhe spectrum shifts to lower kinetic energy, as shown in the

intensity oscillations, while at long delays, bottom, the shift of the hit_:;h-eKEabO'[torn paneI_Of Fig. 2. 'I.'h.iS shift is basically comple.te by. 20
edge to lower energies is apparent. ps. As the shift occurs, it is apparent that the negative signal

around 1.1 eV is being “filled in” by the dump pulse; al-

. . . ._though signal in this energy region does not change much
lection times were 50 s per spectrum. The zero-of-times in- 9 9 gy reg 9

side the machine were determined by above-thresholdgif\tg zlgsssl:eth:tisznl]a%;vs;ae 432?]?;’0 it Eeiio,mzss?r?gtii
detachment of T by the pump and probe or dump and probe y 9 P P

pulses. The optimum pump-dump delay for maximum SEPPECIe: _
efficiency varied from 80 fs aE.,.=0.57 eV to 190 fs at The oscillatory structure in the pump-dump-probe spec-

0.75 eV. tra can be followed by integrating the signal at high eKE
' ' (=2.3 eV) and plotting the integral intensity as a function of
time. The results for,](CO,), at four excitation energies are
shown in Fig. 3, along with analogous results for bgreat
Figure 2 shows several PE spectra obtained with varioughe same excitation energies; all plots are scaled to have the
combinations of pump, dump, and probe pulses. {a&is  same maximum height. Several trends are evident in Fig. 3.
shows the electron kinetic energKE). The solid line inthe  The oscillations dephase by 3—4 ps inCO,), compared
top panel shows the “probe-only” spectrum, i.e., the PEtg 7-9 ps in bare,l .?> While the frequency of the oscilla-
spectrum of J (CO,), at 263 nm, recently reported by us at tions decreases Wit in bare | , this trend is not at all
considerably higher resolutici The peak at eKE 1.1 eV is evident in [ (CO,)4. At E¢=0.75 eV and 0.86 eV, there is
due to getachment from the cluster anion ground state to thgy, increasingly nonoscillatory component to the integrated
neutralX state, while the peak at 0.5 eV is from unresolvedhigh energy signal for,I(CO,),. While the |, oscillations
detachment to th& andA’ states of J. The broken lines in reappear after about 45 ps due to the revival of the anion
the top panel show several pump—probe spectra for which wave packet® no revival is seen for,l(CQ,) 4. Finally, in
scaled amount of the probe-only spectrum has been subvhat is the least obvious trend by inspection but perhaps the
tracted, so that features due only to the combination of pummost important, the oscillation frequency in thg(CO,),

05 10 15 20
electron kinetic energy / eV

IIl. RESULTS
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0756V

o+ 5 +
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dump-probe delay / ps

0
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freq. / cm™ |

0.86 ‘\'/ FIG. 4. Position of the high-eKE edge of the spectrum as function of dump-
: € probe delay time. The top row shows data for barevith 0.57 and 0.86 eV
1 1 1 I Il Il I 1 Il L Il 1 1 1 %
0 1 23 456 1701 2 3 45 6 7 excitation energy; only a short time scale is shown for the latter. The bottom
two rows display data for the cluster at four excitation energies; inset in each
d be delay /
ump-probe aelay / ps panel is an enlargement of the 0—8 ps time scale.

FIG. 3. Integrated high eKE signal foy (CO,), (left column and [, (right
column at four SEP excitation energies. Fourier transforms of each oscilla-
tion are shown in insets. wave packet generated by SEP can be photodetached at any

phase of its motion by the probe pulse, the energy difference
ianals | ith i h hat f between the anion and neutral ground states is smallest at its
signals increases with time at eai,;, whereas that for inner turning poin{ITP), so photodetachment at the ITP will

bare b remains constant. result in the highest energy photoelectrons. Closer examina-

The_other clear time-dependent trend in Fig. 2 is the ShifEion of the curves in Fig. 1 shows that any electrons with
OT the high eKI_E_edge Of_ the specira towgrd lower energy. I%KE? 1.5 eV must come from near the ITP of vibrationally
Fig. 4, the position of this edgéedge” being the energy at excited |, . Hence, the high energy photoelectron signal con-

the half-height of the intensity of the highest energy signal inSidered in Figs. 3 and 4 reflects dynamics at the ITP. The

the pump-dump-probe spedia plotted for dump-probe de- dynamics induced by the dump pulse are evident at other

lay times up to 150 ps for barg lat excitation en_ergi_es (_)f electron energies as well. For example, the signal at eKE
0.57 and 0.86 eV, apd at each of the four energies in Fig. 3. g o/ in the middle panel of Fig. 2 is out-of-phase with
for 1, (COy)4. The inset for each cluster energy shows ay,q high energy signal and therefore reflects dynamics at the
close-up of the first 8 ps. For barg kt 0.57 eV excitation, e yming point of the wavepacket. However, in general,

the edge of the spectrum is more or less constant in enerie signal in this energy range has contributions from dump-

around ?KEEZ'S eVv. When bare?_ is excite_d with 0.86 €V i, ceqd depletion and enhancement as well as transitions to
(upper right pane) the edge position remains constant near,

X 2 o el T multiple neutral electronic states, and its interpretation is
3'_2 ev ex_cept f(_)r two _bn_ef OSC'"at_'OnS that _c0|nC|de In time considerably more complicated. In this section, we therefore
with the intensity variations at high eKE-ig. 3). In the

i o . focus on analysis of the high energy signal, considering both
cluster, in contrast, excitation below 0.86 eV results in SPECthe oscillation in Fig. 3 and the energy shifts in Fig. 4, both

tra where the edge energy quickly decreases, levels off byt \ynich are cleanly associated with ITP dynamics.
about 20 ps, and remains constant at the lower energy for

hundreds of picoseconds. At 0.86 eV, where the high eKFA- Oscillations at the inner turning point
signal is very low, there is a brief rise in energy around 1 ps,  The first step in analyzing the oscillations in Fig. 3 is to
after which the edge decreases in energy with a time scalgetermine their Fourier transforniBT’s). These are shown
similar to the other excitations. in the insets in Fig. 3; the oscillations were shifted downward
to be approximately centered on zero before Fourier trans-
formation to reduce the zero-frequency component. The os-
The significance of the time-dependent trends at higltillation frequency reflects the energy separation between ad-
eKE can be seen with reference to Fig. 1. Although the aniofecent energy levels. For barg | the frequency drops with

IV. ANALYSIS
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TABLE I. Selected parameters from fits to smoothed oscillations in Fig. 5.

0.58 eV 067 ev See Eq(2) in text.
Eecc(®Y)  folem™)  a(cm p9 to (P9 w (p9)
0.57 78.56-0.34 6.74-0.25 0.68-0.05  1.08-0.07
0.67 76.5-0.9 6.26-0.68 0.80-0.05 0.66-0.06
0.75 79.4-1.0 1.4-0.7 0.72-0.06 0.49-0.07

intensity / a.u.

was fitted between 264 and 2964 (8 oscillations. The
weak oscillations at 0.86 eV were not fit with a sine wave
since there are only four maxima; instead, the oscillations
were smoothed as above and then the center of each maxi-
mum (shown on Fig. 5 as vertical lines through the oscilla-
o 1 2 3 240 1 2 3 4 tions) was determined by fitting it to a Gaussian. The results
dump-probe delay / ps of the frequency fits are given in Table I, and are shown as
solid lines in Fig. 6. The linear frequency fit to the 0.75 eV
FJG. 5. Fits (§mooth ling to srpoothed inner turning point oscillgtiqns in oscillation has a much smaller slope than the fit to either of
12 (CO,), (points using Bq.(2) in text. ForEe,:=0.86 eV, the oscillations o \ver energy excitations, and for all of these fits the slope
were not fit; instead, the center of each maximum was determined individu- . o .
ally. The fit parameters are given in Table I. of the frequency is positive. The three frequencies deter-
mined for E.,=0.86 eV are shown as squares. The dashed
lines in Fig. 6 show thdconstank frequencies for bare, |

increasing excitation energy, from 69 G at Eg derived from our _previousl;_/ determinegl potentiaf® at the
—0.57 eV to 36 crii' at 0.86 eV, due to the anharmonicity of S2Me four excitation energies. At edeh,., the extrapolated

the |, potential as discussed previoudlyThe FT’s for the th: 0 frfequbenu;as for the g!uster azje.S|gn|f|ce:jntly.|h'|gher th\a/m
cluster are quite different. The center frequencies are consid" OS_?h orbare;, a pﬁ'nt |s_|(|:us_sef In more detal r:n_SeC. i
erably higher than for barg lat the samé,,, €.g., 89 vs e increase in the oscillation frequencies with time pro-

69 cm L at 0.57 eV, and the cluster center frequencies do noYideS a sensitive and direct probe of the vibrational relax-
drop appreciably V\’/ith increasirig ation dynamics in the clustered | as the wave packet loses
exc

A closer inspection of the cluster oscillations shows thatt"€"9Y: thg ener%y bethween gd_jaceflthvhbranon_all |e\r/]e|31
their frequency increases with time: this effect contributes tdNcréases due to the anharmonicity of the potential. The time-

the increased width of the cluster FT's compared to those o‘#ependem frequenci.es fqund for thg cluster can be converted
bare [ . In order to probe this effect more quantitatively, to t|me-dependentz\sllbrat|onal ene_rg|E§b(t) using t_he ho-
each oscillation was fitted by a modified sinusoidal with at€ntial for bare J . These energies are shown in Fig. 7,
frequency linearly dependent on time. The results are showfuPerimposed on energies derived from the edge s.h|ft_s dis-
in Fig. 5. Before fitting, the oscillations were shifted to be cussed below. In the case of the two lower excitations,
centered about zero and a FFT filter passing bandwidth bégvib(t) decreases sharply over the period where oscn!atlons
tween 0.5 and 1.5 times the peak in the overall FT was apd'® observed, e.g., 0.35 eV over 4 p&gl.=0.57 eV, while
plied. Thus smoothed, the oscillation at each of the three
lowest energies was fitted by a nonlinear least squares

method with a function proportional to 100
p(—(t—to)2 , ( a 90 3
exg —=———|+yp|sin 2mt| fo+ st|+ . (2 ]
2w 2 “_ 80 3
The time-dependent, instantaneous frequency is determined g ]
by the derivative of the argumerfty+at. The addition of a ;-_70 ]
guadratically varying frequency component did not yield sig- 0 601
nificantly better fits. The envelope is an offset Gaussian func- ]
tion, needed to account for the fact that the amplitude peaks 50 J
at the second oscillation and does not decay to zero. The ]
oscillations of bare were fitted analogously, and it was 40': _____________________________ 086eV_
confirmed that in the bare ion the frequency does not change a0l _
significantly with time. o ] 5 3 4
In Fig. 5, the data are shown as points, and the sinusoidal dump-probe delay / ps

fits as smooth curves. Each arrow shows the extent of the ' o _
data that was fitted, generally the last obvious oscillation™'C: 6. Time dependent oscillation frequencigst at (see Table )i for

A . > (CO,), (solid lines at E,=0.57, 0.67, and 0.75 eV. For the cluster at
;I'he OSCI""’_IltIIOn at O.f?7 eV was fitted bet;’_veen 195 and 369%“0: 0.86 eV, points connected by lines correspond to the three spacings
s (10 oscillations, that at 0.67 eV was fitted between 263 between the first four maxima. Frequencies for baratlthe four excitation

and 2963 fs(7 oscillations, and the oscillation at 0.75 eV energies are shown as dashed littep, 0.57 eV; bottom, 0.86 &V
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the cluster excited with 0.75 eV exhibits only small losses in ] 057 &V
energy over 3 ps. From these energy losses, one can deter- 0.7 1 ' ]
mine the number of vibrational quanta lost per oscillation 06 A
Avgge- At Egy=0.57 eV, Av 5. drops from 3.7 for the first 05 bl from edge energy-]
full oscillation (ITP to ITP), to 3.0 for the last(9th). For 04 ] jq
Eexc=0.67 eV, Av 4 is 3.5 for the first oscillation and drops B
to 3 for the last(6th). For E.,.=0.75 eV, where rate of fre- 0.3 1
guency change is much smaller, only about 4.6 quanta total 0.2
are dissipated during the six round trips between 425 and % 0.1
2875 fs. ~ 004
w07
B. Shift of the spectrum 06
The shift of the high kinetic energy edge of the PE spec- 0.5
tra, as shown in Fig. 4, can also be used to follow the | 0.4 1
vibrational relaxation dynamics in, (CO,),, and has the 0.3
advantage that it can be used at dump-probe delays times 0.2 -]
long after the oscillations have irreversibly decayed. The 1
PR . 0.1 1
edge position is given by, gpe— VDErp, Wherehw e is )
the photon energy of the probe pulse and \{REs the ver- 0.0
tical detachment energy at the inner turning point of thénl c 2 4 6 0 2 4 6 8
whatever vibrational state it is in at the time. With reference dump-probe delay / ps

to Fig' 1, itis clear that VDRe increases as th% Irelaxes, FIG. 7. Vibrational energy&,;,) remaining for the cluster at early dump-
resulting in a shift of the edge toward lower electron kineticprobe delay times. Jagged lines are derived from the shift of the spectrum
energy. edge in Fig. 4, with the uppermost assuming 4,Gfiblecules remaining,

Inorcer t conver the e dependent edge psidons e 7% bk ST e, e s S s ot ve
tlme-dependentz‘l Vlbratllonal energiest,,(t), we assume eters are given in Tf:l)ble II. Fgr the cluster e)‘zcited with 0.86 eV, tcr[:e fit begins
the potentials for the anion and neutral clusters are the samger the initial rise. The straight solid lines at 0.57, 0.67, and 0.75 eV are
as the potentials for the ground statesofihd 5,25'33‘35but derived from the time-dependent frequency of the oscillations using the
e shitd n nergy oatve o one anoter because he soeTie T 08 suien S e oo
vent melecmes bm,d Tore strongly to the than to the §. e;fecrgiesEexc:hvpumpfhvdump is shov?n as a horizontal dashed line.
These “solvent shifts” are known from our photoelectron
spectra of J (CQ,), clusters® the total shifts are 139, 250,

345, and 425 meV fom=1-4. The resulting values of

E,in(t) are shown as the jagged lines in Fig. 7 for relativelytimes,E,;, does not decay to zero but to a residual endgy
short times(0—8 p3g, and in Fig. 8 for longer timef0—100 that increases from 0.15 to 0.23 eV as the excitation energy
p9). is raised from 0.57 to 0.86 eV.

Since evaporation of the solvent molecules may occur  The accuracy of our procedure for determiniag, can
over the time scale of the experiment, vibrational energies ilpe gauged by its results for barg ,| for which the vibra-
each panel were calculated for several cluster sizes mwith tional energy is known and constant. ValuesEgfy,(t) de-
<4. Removal of a solvent molecule brings the anion andived from the edge of the spectrum, shown in the top panels
neutral potentials closer together; as a result, for a given edg@f Fig. 8, are too high, on average, by about 60 meV at
position, the calculated,;, is lower for a smaller cluster. Ee=0.57 €V, and by about 100 meV at 0.86 eV. These
Thus, in Figs. 7 and 8, the top curve is calculated forrthe discrepancies occur in part because of the limited electron
=4 cluster, the curve below fon=3, etc. The minimum energy resolution of the magnetic bottle analyzer when used
number of CQ molecules for whichE,;, was calculated is with a fast ion beam. The resolution for Is approximately
determined by the smallest significant product found in thed.35 eV in the region of the high energy edge, and for-t#2e
daughter ion distribution at the excitation energy ineV electrons fromJ(CQO,), it is approximately 0.25 eV. We

questior° therefore expect the determination Bf;, from edge posi-
At each excitation energy, the=4 curve was fit to a tions to overestimate its value, although the extent of this
single exponential decay curve of the form, effect in the cluster spectra is hard to quantify. We also note

that in Fig. 7,E,,(t) determined from the oscillation fre-
quencies is lower by about 0.1 eV, on average, than that
The best fit is shown as a dashed line at each excitatiodetermined by the edge positions. Some of this discrepancy
energy in Figs. 7 and 8, and the fitted paramekgysA, and  may result from our electron energy resolution; other pos-
Tare given in Table Il. The fit foE.,.=0.86 eV was begun sible contributing factors, such as solvent evaporation on the
at 1 ps delay, coinciding with the maximum in energy. Wetime scale of the oscillations and errors in our method of
find that 7, the time constant for vibrational relaxation, is in extractingE,;,(t) from the oscillation frequencies, are dis-
the range of 5 ps independent of excitation energy. At longussed in Sec. V.

Eyin(t) =Eo+Ae V7, 3

Downloaded 26 Aug 2002 to 128.32.220.150. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



4288 J. Chem. Phys., Vol. 117, No. 9, 1 September 2002 Davis et al.

times, the apparent discrepanciesHp,(t) determined by
the two sets of SEP results, and the possible role of solvent
evaporation in the experiments.

A. Comparison with previous experiments

Earlier studies of the vibrational relaxation of have
produced vibrationally excited, lin two ways: as a product
in the photodissociation of;1in polar solvents, and through
photodissociation and subsequent solvent-induced caging of
I, in solution and in gas-phase clusters. In solution, vibra-
tional energy flow from the,l produced in both ways was
followed by transient absorptidfr5181921.223nd, for |
photodissociation, by transient response resonance impulsive
stimulated Raman scatteringfRISRS.2%%¢ In the time-
resolved cluster studies by Lineberger and co-worketshe
overall |, recombination and relaxation time was followed
by monitoring recovery of the original absorption at either
720 or 790 nm. This work was complemented by our FPES
studie§1%of 1, (CO,), and L, (Ar), in which changes in
the photoelectron spectrum enabled us to follow dissociation,

E./eV

O O
=)
L

30 60 900 30 60 90 vibrational relaxation, and solvent evaporation, and by mo-
dump-probe delay / ps lecular dynamics simulations by Pars8n?°Coker*'~*?and
co-workers.

FIG. 8. Eyj(t) for bare(top row) and clustered,l, determined from the The observation of coherent Wavepacket motion pro-
shift of the spectrum edge. Lines are as described in the caption for Fig. 7

vides the first point of comparison between our experiments
and the earlier work on,1. No vibrational coherence effects
V. DISCUSSION were observed in either the solution or cluster experiments in

The SEP/FPES experiments Gi(€0y), yield two sets which I, was formed by solvent-induced caging, presumably

. ; ecause of the substantial interactions between the photo-
of results that enable one to track the relaxation dynamics : S
L . - : : ragments and solvent required before recombination can oc-
vibrationally excited J within the cluster. During the first

3—4 ps after the pump and dump pulses are apolied. we Cacur. However, the transient absorption experiments ;0f |
ps after the pump PP PPLeEd, thotodissociation in ethanol by Ruhnf@rand Vohingef*
use oscillations in the time-dependent photoelectron signal

high eKE to monitor the motion of the coherently excitgd | S O\.NEd oscillations associated ,W'th cohergntvlbratlonal

o . : _ ; motion for up to 2 ps after the; | photolysis pulse. More
wave p_acket at its inner turnmg_ point. The Moeity pe- recent § transient absorption data by Hessal 3® showed
_haves_hke_ an underdampe_d o§C|IIa_tor, th_e observed NCrea3fe oscillation frequency increasing over this interval. The
in oscillation frequency with time is a signature of vibra-

. ) TRISRS experiment&36 performed by both groups induce
tional energy flow from the,l to the surrounding solvent vtibrational coherences which probe theibrational distri-

molecules. Based on the S‘Ta'gh‘ lines in Fig. 7, the_degree_ Pution out to 10-15 ps and also show an increase inthe |
energy flow that occurs while the wave packet maintains its

. . . o .~ “vibrational frequency with time.
coherence is substantial, representing a significant fraction o ; . _ _—

. : The observed increase in the bscillation frequency
Eqyc. The relaxation dynamics can be followed on a longer

time scale, out to 150—-200 ps, through observation of th(fsfe epr)]hgozﬁgsiigtfgnp%;/m:gitlZI.S:L?gircjtct)otklﬁeeﬁ(?ﬁitrssgn n

. . . « ; nl3
maximum eKE at which signal occurs. These “edge shifts ave packet dynamics” seen for the HgBr photoproducts

can be fit by a single exponential decay with a time constan . T :
on the order of 5 ps. #om HgBr, photodissociation in solutiotf The frequency

In this section, these results far(CO;), are considered shift was not interpreted in terms of vibrational relaxation of

in the context of previous related experiments in clusters anHqe chromophore in either of these studies. In the HgBr

in solution. We then discuss various aspects of the results iﬁxperlments, itwas attributed to rearrangement of the solvent

S . . . molecules around the photoproducts subsequent to photodis-

more detall, including the relaxation dynamics at very early " . - : . )
sociation, and in the;l experiments to interactions between

the separating photofragments. We are in no position to com-

TABLE II. Parameters for exponential fit of fori,,=Eo+Ae Y7 tothe  ment on whether either interpretation is correct in the

n=4 curves in Figs. 7 and 8. solution-phase experiments, but neither is likely to apply to
E..(eV) E, (eV) A (eV) (fs) our experiment because the Is wbratmnall_y exgltgd by
SEP rather than by parent molecule photodissociation.
8-2; g-iggg-ggi Ob‘fig-g(l” igg& ;gg We can also compare the characteristic relaxation time
0.75 0.19% 0.006 0.4%0.02 5166 390 of 5 ps obtained in-our experiment to tw_ne const_ants ex-
0.86 0.23-0.025 0.4% 0.04 6700 1600 tracted from previous cluster and solution studies. The

I, (CO,), cluster studies by Lineberger and co-workefs
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and the FPES experiments performed in this labordtdry at 0.57 and 0.67 eV differ by only2 cm™ ! from 0 to 3 ps,
showed that the overall relaxation times for thedropped  whereas théconstank frequencies for bare, | at these two
with increasing solvation. Lineberdefound time constants excitation energies differ by 9 cm.
for absorption recovery following photodissociation of There are two possible contributions to these apparent
[, (CO,), clusters at 790 nm ranging from 24 ps for- 6 to  discrepancies. First, in extractirig;,(t) from the oscillation
1.3 ps forn= 16, the latter corresponding to a full solvation frequencies, we have assumed the potentials for bare and
shell. Similar time constants fop Iformation and relaxation clustered] to be the same. This is clearly an approximation;
were found in our FPES studies of these clustéwhile the  resonant impulsive stimulated Raman scattering reéSults
amount of caged,l product from } (CO,), in these experi- from this laboratory showed a blueshift in the fundamental
ments was too small to enable its time-dependence to beibrational frequency inJl(CO,), of 2 cm * relative to bare
followed, one would certainly expect even slower relaxationl; . As a result, for the same amount of vibrational energy,
dynamics than injJ(CO,), in seeming contradiction to our adjacent energy levels will be further apart jn C0O,), than
relaxation time constants of 5-6 ps. However, the earliein |, , so for the same value &, the oscillation frequency
experiments differ from the current work in that the total would be higher in the cluster. This effect is in the right
excitation energy was considerably high@r57 eV at 790  direction for explaining the difference between bageand
nm), the vibrationally excited ;] was formed by solvent- the extrapolated=0 results for § (CO,),. However, in or-
induced caging of recoiling photofragments, and thus  der for this difference to beolelydue to the potential being
formed initially had more energy~1 eV). The relatively  modified by the solvent, the cluster potential would have to
small variation of the relaxation time constant with excita-pe nearly harmonic from 0.57 to 0.75 eV, based on the ex-
tion energy in our experiment suggests that the last effect igapolated frequencies being nearly identicata®. But if
relatively unimportant, so comparison between the SEP rethe potential were harmonic, then as theloses energy the
sults and earlier experiments implies that in the photodissoyave packet oscillation frequency should not increase with
ciation experiments on small clustera<4-6), it takes time, in contrast to our observations. Therefore, the potential
10-20 ps for the photofragments to recombine. This interis not harmonic in this energy range, and the frequency blue-
pretation is consistent with our analysis of th¢€O,)g FPE  shift between bare and clusteregl ¢annot account for the
spectrum in which no,l was observed until about 10 ps after entire discrepancy between extrapolated and known energies
the pump(photodissociationpulse, and highlights the value ztt=q.
of performing experiments in which vibrational relaxation A second and probably more important contribution is
can be cleanly separated from caging/recombination dynamne occurrence of rapid energy loss from clustegedhat is
ICS. o . not measured well by the methods used here. The maxima in
Our relaxation times are comparable with those seen fofhe oscillations in Fig. 3 and the high eKE edge shifts in Fig.
I, solution, a remarkable result in light of the small size of 4 are sensitive to the inner turning point of thevibrational
the cluster. A time scale of around 4 ps was seen for vibragaye function. The first maximum in the oscillations occurs
tional relaxation of J formed with about 0.2 eV vibrational 300-_400 fs after the dump pulse, reflecting the faek Fig.
energy through photodissociation gf in ethanol."***‘The 1) that the excited state wave packet, once stimulated down-
experiments by Barbara and co-workérshow that starting  ward by the dump pulse, continues toward the outer turning
around 0.3 eV, relaxation takes place with time constant$,gint on the ground state potential before reaching the inner
between 3 and 6 ps, with less polar solvents typically exhibyyrning point for the first time. The magnitude of the energy
iting slower relaxation. However, in Barbara’s experiments,gss to be accounted for ISE=Eq— Eyp(ty), wheret, is
the I, is formed by recombination and therefore initially has the time at which the first maximum occurs. B (ty) is
~1 eV of vibrational energy. Barbara’s interpretation of thetgken from the straight lines in Fig. 7, i.e., assuming the
transient absorption data is that thefbrmed in this manner  conyersion from oscillation frequency to vibrational energy
loses at least half of its ground state vibrational energyor pare b, we find AE is 140 meV atE=0.57 eV, 220
within 300 fs**~**This rapid energy loss near the top of the ey at 0.67 eV, and 300 meV at 0.75 eV. Since we expect
I, well is discussed further in the following sections in the tpe l, frequencies to be blueshifted in the cluster, these
context of the SEP resullts. losses represent the maximum amount of energy that has
been distributed into the solvent network during the initial
wave packet motion. This early time energy loss must be
much faster than the subsequebtervedosses, since linear
extrapolation back ta=0 does not accurately predict the
Figure 6 shows that if the linear fits to the frequencyknown initial energy.
shifts in |, (CO,), are extrapolated to=0, the frequencies There are two opportunities for the Ito lose energy
are considerably higher than those seen when Baie €x-  such that we would not easily detect it. The first is on the
cited at the same excitation energy. As a consequence, apper state, in the interval between pump and dump pulses.
shown in Fig. 7, the extrapolated valuemlf, att=0 for the =~ We have found the optimal pump-dump delay to be between
cluster is considerably lower than the excitation energy an®0 and 190 fs, with longer delay times generally working
is approximately independent &f,,., about 0.46 eV for ex- better for higher excitation energies. The longer the wave-
citations known to be 0.57 eV, 0.67 eV, and 0.75 eV. More-packet remains on the upper state before being transferred to
over, the linear fits to the cluster time-dependent frequenciethe ground state via SEP, the more opportunity there is for

B. Short-time relaxation dynamics
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energy transfer on the upper state from the recoiling fragmated when determined by the frequency shifts because the
ments to the solvent molecules. However, the recombinatiomibrational frequency of clustered lis blueshifted compared
yield for 1, (CO,), at 790 nm is only 39%° indicating a that of bare J .“° Hence, the conservative interpretation of
weak interaction between the recoiling fragments and solverfig. 7 is that the true value d&,,(t) is bracketed by the two
molecules. Our FPES experiments grfC0O,) 4 indicate that methods. At 0.57 and 0.67 eV, the valuesEf,(t) deter-
some solvent dynamics do occur, but only after 300 fs, i.e.mined from the frequencies decrease more rapidly than those
after the 5 bond has brokeh:3* We thus regard it as un- determined by the edge shifts. This difference could result
likely that upper state energy loss prior to application of thefrom the assumed linear fit to the frequency shifts. In addi-
dump pulse is primarily responsible for the effects undettion, the evaporation of a solvent molecule would shift the
consideration. edge energies onto the lowen=3) curve, and could help
Energy loss more likely occurs on the ground state, beexplain the difference in rates of observed energy loss. Such
tween the dump pulse and the first arrival of the wave packed process would be energetically possible within the first 2 ps
at the inner turning point. The, Icharge distribution should for the lower two excitations given the amount of energy lost
become highly localized as the outer turning point is ap-o the solvent molecules, based on the binding energy of the
proached at the high excitation energies used in our experfourth CO, (175 me\} determined in our photofragment
ment, with most of the excess charge localized on one mass spectrometry studigsOur FPE spectra of,I(CO,),,
atom. In the next phase of the wave packet motion, betweeglusters indicated that some solvent evaporation takes place
the first outer and inner turning point encounters, the chargen this time scale, but in those experiments the recoiling
distribution rapidly switches back to a delocalized distribu-photofragments transfer a significant amount of energy to the
tion with comparable charge on both | atoms. Simulations insolvent within 1 ps of excitation, so the earlier results may
|5 (COy),, clusters by Papanikolast al®® and |, in solution ot be comparable to the gentler excitation scheme used in
by Benjaminet al*’ show that this change in the electronic the SEP experiment.
character of the,l results in strong coupling with the solvent While the energies derived from frequency and edge po-
molecules and leads to rapid energy transfer from théol  sition diverge with time for the two lowest SEP excitations,
the surrounding solvent. While these dynamics are operativgt E, .=0.75 eV the situation is reversed: the edge shift
throughout the entire relaxation process, the simulations inana|ysis shows energy being logbre qu|Ck|y than the fre-
dicate the most effective energy transfer accompanies thguency analysis, so that by the end of the oscillations, 2900
largest excursions in the bond length. This rapid energy fs, E.i, is bracketed between 0.40 effom the frequency
loss high in the potential well agrees with conclusions drawrand 0.46 eV(from the fit to the edge data, assuming no
from previous experimental work on Irelaxation in solu- evaporation The significance of the small frequency in-
tion, in particular the finding in polar solverts*®that I,  crease at 0.75 eV excitation is difficult to determine. We
photodissociated at 780 nm recombines and lese eV of  speculate that it is related to the overall shape of the oscilla-
its vibrational energy in the extremely short time of 300 fs. tions at the inner turning poir(see Fig. 3 the average in-
The occurrence of rapid energy loss at early times is alsgensity underlying the oscillations at the inner turning point
supported by thé,;p(t) values in Fig. 7 extracted from the goes not peak until the 3rd or 4th oscillation, which implies
high eKE edge positions. If the exponential fits to these rethat much of the SEP intensity doast oscillate, but rather
sults are extrapolated tb=0 (see Table ), we find that  grrives monotonically at the inner turning point around 1.5
Evin(0)=0.57 eV at E¢=0.57 eV, E,in(0)=0.63eV at ps Additionally, the oscillation depth is quite small com-
Eexc=0.67 8V, Epn(0)=0.66eV at E¢=0.758V, and pared to the average intensity at this excitation. The oscilla-
E.in(0)=0.67 eV atE¢=0.86 eV. As noted in Sec. IV the ions at 0.86 eV are even more tenuous. It seems that only a
energy calculated from the edge position overestimateginor portion of the wave packet excited with 0.75 or 0.86
Euin(t), so if these values oE,(0) were correct, they ey oscillates, and that at these energies, the oscillation fre-
should be larger than the known initial vibrational energyquency may not be a good measure of the average vibra-
Eexc- The observation that extrapolation at best mat#igs  tional excitation. One issue to consider at these two higher
(@t Eexc=0.57 V) or underestimates {@ll higherEe,d im-  energies is that at the outer turning point, where the excess
plies rapid energy loss at very early times that cannot be fit e should be largely localized on a single | atom, the
by the exponential function describing relaxation after 300—teraction between the charged atom with the,Q@ol-
400 fs. ecules is comparable or stronger than that between the two |
atoms, keeping in mind that the (CO,) bond dissociation
energy is 0.21 e¥? This effect may perturb the wave packet
dynamics sufficiently to introduce a significant nonoscilla-
Figure 7 shows that at dump-probe delays ranging fromory component.
300 fs to 3—4 ps, we can directly examine and compare the At longer times, after the oscillations have disappeared,
I, vibrational energiesk,(t) derived from the time- the only measure of energy loss comes from the shift of the
dependent frequencies and the shift of the spectra. At thkigh eKE edge of the spectra. We can examine and compare
three lowest excitation energieg,;,(t) derived from the the exponential fits to the energy derived assuming four sol-
edge shifts consistently lies abotg;,(t) derived from the vent moleculegFig. 8). We have already discussed the initial
time-dependent frequencies. As discussed above, the ed@e=0) energy, and the decay time constants are more or less
shifts overestimateE,;,(t), whereask,;,(t) is underesti- the same for all energies except 0.86 @vhich has a large

C. Longer-time dynamics
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error bar associated with)itThis leaves the asymptotic en- adjacent vibrational levels increases as theltops lower in
ergy Eo, which increases only slightly witk.,. (see Table the well. In addition, the maximum electron kinetic energy at
II). The significance of this parameter depends on whetheghich signal is observed provides a measure of jheibra-
CO, evaporation occurs over the time scale of the measuraional energy at longer times, out to 100—200 ps. The key
ment. If no evaporation occurk, represents energy that results obtained from this work are) the I, loses 0.2—0.4
remains as jJ vibration, and in a small cluster like eV of vibrational energy in the first few ps while maintaining
I, (CO;)4, One can understarte, remaining positive at long jts coherence, antb) vibrational relaxation after 300 fs can
times in terms of equilibration of energy between theahd  pe fit by a single exponential decay with a time constant of
low frequency solvent vibrational modes. In fact, for all four ahout 5 ps, comparable to that seen forwith a similar
excitation energies, the ratiEOIEexc is between 0.25 and amount of vibrational energy in solution.
0.27, i.e., essentially a constant, which would be consistent Detailed ana|ysis of the results reveals two issues regard-
with this interpretation of£,. On the other hand, as dis- ing the overall dynamics that require further characterization.
cussed in Sec. IV, when a GOmolecule evaporates, the Extrapolation of both the frequency shifts and the high elec-
difference between anion and neutral potentials decreaseggn energy edge shifts to zero time indicates that there is
and so a given vibrational energy assummgO, molecules  very rapid vibrational energy loss within the first 300 fs after
corresponds to a smaller vibrational energy assumind.  the dump pulse. This situation is reminiscent of results in
molecules remain. Thuk, represents an upper bound to the spjution where J formed by recombination loses 0.6-0.7
true value ofE,;(t), with the difference between the appar- ev of vibrational energy within the first 300 fs before exhib-
ent and true values depending on how much evaporation hagng exponential decay with a much longer time constant. In
occurred by timet. addition, by 2 ps, enough energy has been transferred to the
In our previous analysis of the FPE spectraofCO.),  solvent molecules for evaporation to occur, but the extent to
clustersl,l it was possible to separate vibrational r8|axati0nwhich this happens cannot be ascertained from our experi_
from solvent evaporation by examining the energy range ofent.
the PE spectrum corresponding to theter turning point of Future experimental work in our laboratory will focus on
the vibrationally excitedgl . This analysis was not entirely how the effects seen here vary with the number and type of
unambiguous, but it did imply that there was a significantsolvent species. Results for larger(CO,), clusters and a
time delay between vibrational relaxation and solvent evapOoseries of ;(Ar)n clusters have been obtained and are cur-
ration, and this delay is likely to occur in the SEP experi-rently being analyzed. It would clearly be of interest to apply
ments as well. Ideally, a similar analysis could be applied tayur femtosecond SEP scheme Joih solution and use tran-
the SEP-induced photoelectron spectra measured here to dgent absorption to monitor the ensuing dynamics; such an
termine the actual number of solvent molecules remaining E@Xperiment(which we do not p|an to perform ourse'\)es
a given time, but in practice the outer turning point eKE would provide a detailed comparison between vibrational re-
range is too influenced by depletion due to the dump pulsgaxation in clusters and in solution. In addition, the interpre-
an additional complication not present in the pump—probeation of the results presented here would be enhanced sig-
FPES study, to extract solvent numbers with much confinificantly by means of the classical molecular dynamics
dence. The question of the time scale for evaporation thugimulations that were so useful in interpreting earlier work
remains somewhat of an open question, one that certainlyn clustered J, and by more sophisticated quantum me-
could be addressed in molecular dynamics simulations.  chanical simulations which could provide important insights
into the damped coherent motion that features so promi-
VI, CONCLUSIONS nently in our results.
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