JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 23 15 DECEMBER 1999

Femtosecond photoelectron spectroscopy of | 5 (Ar), clusters
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The photodissociation of,| embedded in mass-selected Ar), clusters =6-20) was studied

using femtosecond photoelectron spectroscopy. Ahe-X transition in the J chromophore was
excited using a femtosecond pump pulse, and the subsequent dynamics were followed by
photodetachment with a femtosecond probe pulse and measurement of the resulting photoelectron
spectrum. In all clusters, dissociation of the is complete by 300 fs. From 300 fs to 1 ps, the
spectra yield the number of Ar atoms interacting with thérhgment. At later times, recombination

of I, occurs in § (Ar) ,—1, on both theX andA states. Analysis of the spectra yields the time scale

for X state vibrational relaxation and solvent evaporation, I(AF) ,o, energy transfer from,l to

Ar atoms through vibrational relaxation is slightly faster than energy loss from the cluster through
Ar evaporation, indicating the temporary storage of energy within Ar cluster modesl93®
American Institute of Physic§S0021-960609)01245-3

I. INTRODUCTION tial energy surfaces are well-characterized. The strength of
the technique lies in its ability to follow the wave packet
The photodissociatiory lin small, mass-selected clusters dynamics along the entire reaction coordinate on multiple
provides an unprecedented opportunity to study the effects aflectronic states, without changing the probe wavelength.
solvation on an elementary chemical reaction. The pioneer— |£(Ar)n clusters represent a Weak]y interac'[ing system,
ing work by the Lineberger group on B{CO,), and  as the J —Ar well depth(53 me\) is much smaller than that
I (CO,),, photodissociatioht laid the foundation for further ¢ ye | X state(1.014 eV1.3* Despite the small interaction
e}per|ments n thes7e and related systénfisjncluding with each solvent atom, the collective effect of many solvent
2 (A clusters’ femtosecond pump—probe atoms has a strong influence on the photodissociation dy-

: 4,8-13 ; ot 1
expe_nmﬁrltli, _and the photqdlssomanon of 1 in namics. We previously reported FPE spectra,qfAr) ¢ and
solution. Considerable theoretical work has also been, - 2 . . -

15 (Ar) 5o clusters'? for which the caging fractions are 0%

W_32 . .
performed on t_hese sy‘/‘ste L The genergl p|c_tur§ which and 100%, respectivelyThis earlier work provided infor-
has emerged is that “caging” of photodissociated and . . O N .

oS ' : ation on the interaction time of the solvent with dissociat-
other dihalides can occur in clusters with less than one ful _ . ) .
Ing |-, and time scales for electronic transitions and subse-

solvent shell, producing recombined, -based products. Lo : .
P g et dp uent vibrational relaxation of,l. Here we consider these

The caging fraction and recombination rate depend strong| lust . detail and th dditional int diat
on the number and identity of the solvating species. How- usters in more detail an ree adaitional intermediate-

ever, an understanding of the complex dynamics that occuﬁ_ized cluster:_s, yi_elding a fuller pi_cture of hqw the dissoci_a-
in these clusters is far from complete. tion, reco_mb|nat|on, and rglaxatlon dynaml.cs evolve with
In this paper we use anion femtosecond photoelectroff/USter size. A forthcoming paper details results for
spectroscopyFPES,® a time-resolved, pump—probe experi- 12 (CO2)n Clusters over a similar range of siz8s. _
ment, to investigate;l(Ar) , clusters. In this experiment, the A summary of prior work onJ(Ar),, cluster(;s7|s essen-
A’—X transition in the J chromophoregFig. 1) is excited tial to ungerstan.d.mg 'the FPES results. Voesal ” .excne(.j
by a femtosecond pump pulse centered at 780 nm. The rdbe A’ X transition in mass-selected clusters with a single
sulting wavepacket evolves on this excited potential surfacd@ser pulse at 790 nm and measured the photofragment
leading to direct dissociation as well as nonadiabatic transit"asses. They observed only(Ar),, fragments from clusters
tions to other electronic states with possible recombinatiofvith n<10, slowly being replaced by (Ar) ,, asn increases
of fragments. A second, delayed femtosecond probe puls@ith the I"(Ar),, channel vanishing bp=17. The numbers
detaches an electron from the anion, and the photoelectrd®f Ar atoms present in both [Ar),,, and | (Ar) , fragments
spectrum is measured. Since the electron kinetic energy d&ere smaller than that of the parent cluster, with more atoms
pends on the difference between anion and neutral potenti#st in the [ fragments. This observation was consistent
energies, quantitative identification of electronic and vibra-with the expectation that the available energy in the cluster is
tional states of the anion is possible when the neutral poterdissipated through Ar evaporation. Interestingly, two distinct
I5 (Ar), fragment size groupings were observed. It was sug-
dCurrent address: NASA Ames Research Center, Atmospheric ChemistrgeSted that these corresponded;toxl andA state products,
and Dynamics Branch, Mail Stop 245-5, Moffett Field, California 94035. a hypothesis confirmed by our subsequent FPES Sty
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FIG. 1. Potential energy curves for bage Solid lines, §. Dotted lines, §.

molecular dynamics simulatio$?83¢ Two I~ (Ar),, frag-
ment groupings were also observed from largee(L1)
clusters, for which no explanation was given, but Faeder
et al?® later attributed the high-mass channel to dissociation
on theX or A state, rather than the initially excited state.  FiG. 2. Calculated minimum-energy structur@efs. 25, 39 of selected
Vorsaet al! also performed a time-resolved absorption ! (Ar), clusters:(a) I (Ar)s; (b) 15 (AN (0) 15 (Ar)x
recovery experiment on, [(Ar),, in which these clusters
were excited with a fs-duration pulse at 790 nm, then re- N
excited with a second, identical pulse after a variable timesiently large internuclear distances. In t#hé state, however,
delay. The total flux of two-photon photofragments was re-the polarizability of the molecule is negative along the |
corded, a signature of labsorption near the bottom of te  axis? so that the charge tends to localize on the less sol-
state well. This absorption was found to recover with anyated atom. TheX,Z) andA’ states are termed normal and
exponential time constant, of 127 ps. anomalous charge-switching states, respectively. Whes |
Our initial FPES studies on,(Ar)g and | (Ar),,  excited by the pump pulse, the lowest energy solvent con-
clusters? also involved excitation of,l to the dissociative  figuration on theX state becomes energetically unfavorable
A’ state. In } (An)e, | (Ar),~, was observed to leave the op theA’ state. This results in motion of the solvent atoms
cluster in~1.2 ps. In } (Ar) 50, caging by the solvent re- pack toward the charge. However, the solvent atoms are un-
sulted in recombination and vibrational relaxation ofdn  gpje to completely surround the charge, because it is always
both theX and A states; these processes were complete ifocalized on the less solvated | atom, resulting in a symmet-
~200 ps and~35 ps, respectively. More recently, FPES wasric solvent distribution as the minimum energy structure in
used to detect resonant stimulated impulsive Raman scattethis state. As the,l bond Iengthens the likelihood of an
ing in the ground electronic state of severa{Ar), clusters,  gjectronic transition to th& or A state increases; when this
Y'9|d'ng the |, vibrational frequency as a function of cluster gccyrs, the solvent atoms will rearrange into a more heavily
size® Finally, conventional photoelectron spectra have beerjyated configuration around the, Isimilar to the starting
measured for J(Ar), clusters with up to 20 Ar atoms in grrangement. These charge localization effects are expected
order to further characterize the solvation energetics of thesg play a major role in the dynamics subsequent to photoex-
species”? citation.
Minimum energy structures of, (Ar), clusters have Time-resolved dynamics of [Ar), clusters were inves-
been calculated by Faedet al* and Batisteet al****The  tigated by Faedeet al.252 and Batista and Cok& with
first 6 Ar atoms surround the laxis in a ring configuration, molecular dynamics(MD) simulations, using a surface-
with the next 7 Ar atoms solvating one | atom, and anynopping algorithm to model electronic transitions. In both
additional atoms cluster to the other | atom, Completing a fullsets of Studies' the MD results were Compared to the Caging
shell atn=20. Asymmetrically-solvated clusters have an ex-fractions and product mass distributions measured by Vorsa
cess negative charge on the more solvated | atom. Figure & 31711 Many of the experimental features were at least
shows calculated structures for three cluster sines§, 12, qualitatively reproduced by the simulations, including the bi-
and 20. modal L (Ar),, photofragment distribution resulting from
Maslen et al?* investigated the effect of solvent on excited state recombination. In addition, the latter study by
charge localization in different | electronic states. In thE  Faederet al?8 simulated the transient photoelectron spectra
andA stateqsee Fig. 1, excess negative charge is associatedf I, (Ar)g and [ (Ar), to allow comparison with FPE
with the more solvated atom, localizing completely at suffi-spectra of Greenblatit al?
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The simulations predict that land | fragments separate
by as much as 8—15 A during the first 1—2%¢n the larger
clusterd[l, (Ar),=g], attractive interactions with the solvent
atoms prevent the fragments from leaving the cluster for

some trajectories, leading to transitions to ¥er A states
which usually result inJ recombination and vibrational re-

laxation. For } (Ar) o, recombination on th& state occurs
in 5-10 ps, with vibrational relaxation requiring more than
200 ps to complet&?® The number of solvent atoms lost to | A=/ ~~20_]
evaporation slightly lags the solute internal energy. Recom- L “*"’T*"""’QLZOW i : =L i ; 29°f53
bination on theA state takes up to 40 ps, but relaxation is Electron Kinetic Energy/eV

much more rapid~10 p9, owing to the smaller amount

(~10%) of internal energy required to be dissipated. How-F!G- 3. FPE spectra at selected time deldgisi,; (b) 15 (Ar)g; (€) 15 (Ar)g.
ever, the solvent evaporation rate is slow, presumably be-"" photon energy1.589 eV, probe photon energy..768 ev.

cause even complete vibrational relaxation of fhestate

relegses onlywo..l ev into a Iarge number of solvent.atoms, only” spectrum was subtracted from the pump—probe spec-
leading to a significant lag time between relaxation andy, in order to facilitate observation of the two-photon sig-
evaporation. nals.

The goal of this study, as well as the forthcoming study  The energy resolution of thg Iphotoelectron spectrum
of I; (CO,), clusters;® was to use FPES to observe how theas heen improved-4x using pulsed deceleratiéof the
dynamics evolve from the uncaged to caged cluster size limynions just prior to laser interaction. This technique, recently
its. Key findings for } (Ar), clusters include(1) Determi-  54ded to the spectrometer, was only employed for bare |
nation of the initial solvent configuration from measuring the yowever. since the resolution scales &4)(m) Y2 whereE
number of solvent atoms around lat early time delays s the electron kinetic energyl is the anion kinetic energy,
(~300 f9, confirming the prediction of anomalous charge- gndgmis the anion mas® the behavierJ (Ar),, clusters have
switching in the A’ state.(2) Measurement of the time- inherently narrower resolution, and light clusters were mea-
resolved number of solvent atoms in both theand |, X  sured at slower beam energies650 eV) to improve their
state channels, providing information on relaxation dynamicsesolution. Typical resolution for 1 eV electrons was 90 meV
from the point of view of solvent evaporatiof8) A detailed  for I, , and 90—190 meV for,I(Ar),, clusters.
picture of the vibrational relaxation in caged photofragments,
especially § (Ar) 20, which relaxes almost completely over a ;| pesuLTs
~200 ps time scale(4) Unambiguous identification of re-

combination, relaxation, and solvent evaporation on JhA | Time-resolved photoelectron spectra have been mea-
state in several clusters. sured for [ and for I, (Ar), clusters withn=6, 9, 12, 16,

and 20. Each molecule was studied at multiple pump—probe
time delays, with a maximum time delay ranging from 50 to
200 ps. In addition, the,I(Ar) 5o cluster was measured at 3
Il. EXPERIMENT ns pump—probe delay. Spectra at selected time delays, rep-
) . . resenting only a fraction of the total data &gre shown in
The experimental apparatus has been described in detatjys. 3 and 4. Features are labeled with capital letter desig-
elsewher&’ and will only be summarized briefly here. To nations, following a scheme summarized in Table I; these

generate cluster anions, Ar carrier g@0 psig is passed ssignments are based on our past FPES stddiest By
over solid | and expanded into vacuum through a piezoelec-

tric pulsed valve running at a repetition rate of 500 Hz. A 1.5
keV electron gun crosses the resulting supersonic expansior =12lo)y =16l =20
creating vibrationally cold negative ions, which are then (i)-f\Jﬁ\«,’;‘Q’f("')L“’—/’)\h/jﬁ( )M/\%igj:'

pulse-extracted into a Wiley—McLar&htime-of-flight mass ey r/JDg
!
"

1y, n=6l(c) A =9

L5 12

Intensity

12

spectrometer and accelerated to 0.7-1.8 keV. Femtosecon
pump(780 nm, 80 fs, 15@J) and probg260 nm, 100 fs, 20

uJ) pulses, produced from a Clark-MXR regeneratively am-
plified Ti:sapphire laser, intersect the ions at the focus of a

Intensity

magnetic bottle electron spectrometresulting in excita- B )

tion and photodetachment of the ions. Electron kinetic ener- '

gies (eKE) for the resulting photoelectrons are measured by 31015 250 fis

time-of-flight. High collection efficiency of the magnetic o 1 2 3 1 2 3/0 1 2 3
bottle enables rapid acquisitiqd00—1200 ¥ of photoelec- Electron Kinetic Energy/eV

tron spectra. Since the probe photon has_sufﬁuent energy 19; 4 rpe spectra at selected time deldgis1; (Ar)y: (b) 15 (An).g (0
detach electrons from the ground state p{Ar), clusters, | (ar),, Pump photon energy1.589eV, probe photon energy
spectra are not background-free, so a fraction of this “probe-4.768 ev.
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TABLE I. Labeling system of features observed in FPES, with correspondfeaturesE and F become more prominent out to 45 ps.

ing assignmentsA; andA, refer to transitions to the | atom in if$,, and s _ ;

2p. ~ states, respectivelsame forB, D) . .S|m|lar ton=12, the | (Ar) 16 spectra o!lsplaya features
initially 220 meV lower than T, increasing by 90 meV

Label Assignment through 1.1 ps. Between 2.0 and 20 ps, the features broaden
ALA, 1o A (shorttime wransiet and shift to lower eKE by 240 meV, where they are relabeled
B, B, ,irz D, andD,, due to recombination on th& state. Between
D,,D, LIy A 2.0 and 10 ps, features(1.7—2.9eV) and-(0.8—1.3eV)
E I, X1, X inner turning pointITP) grow in, more intense relative to the jeatures than in
F I, X—1, X outer turning poin{OTP) I5 (Ar) 1o, due to recombination on thg IX state. Between
151, X 10 and 50 ps, the high-energy edge of featdrghifts ~100
meV to lower energy, indicating partial vibrational relax-
ation.

_ _ 28 In the I, (Ar),q FPE spectra, th® features appear 300
and b (Ar) g z0and the simulations by Faederal™ Further ey jower eKE thanT and increase by 50 meV through 1.0
comment on these assignments is presented in the Analysiy agter this time delay, they reverse direction and are rela-
and Discussion. In considering the spectra below, recall thg{g|eq D, andD,, shifting 140 meV to lower eKE through
thf cglgln% fra(;:(;u?n 'S_ go‘?”g& 0.46 forn=12, 0.98 for 30 ps due toA state recombination; this is accompanied by
n=16, an 1 on=2u. broadening and a-40% decrease in integrated intensity.
Bare |, displays two broad featurds, (1.7-2.2 eV and FeaturesE(1.6—2.7eV) and=(0.5—-1.2eV) appear by 6.0

A, (0.8-1.3 eV peaking near O fs, and transf(_)rming into ps. The high-energy edge of featUEeshifts ~700 meV to
sharper featureB, (1.71 eV andB, (770 me\ which reach lower eKE through 3 ns, while featufe undergoes a com-

]Eheitr full heig:\t by_~2i30ffs. Az.discgs;s_,e_ddpret\r/]iois;ly,ttl:e plex evolution in structure. The changes in featutesnd F
eatures are transients from dissociatiggdn the A’ state L~ L .

(see Fig. 1334 Features, andB,, differing in energy by are due to extensivi state vibrational relaxation.

the spin—orbit splitting of neutral (943 meV},*® correspond
to fully dissociated T. IV. ANALYSIS

In 15 (An)g, the spectrum initially resembles barg | The goal in simulating the FPE spectra is to determine,
displayingA features at 10 fs which evolve ®features by  at each time delay, the state of the cluster. We do this by
300 fs.B, andB, are shifted 120 meV to lower eKE relative eyaluating and simulating the possible contributions to a FPE
to bare I'. This shift is due to the presence of Ar atoms, gpectrum, and then determining which combination of these
since the T—Ar bond is stronger than that of I-Ar, resulting yarious components gives the best fit to a particular FPE
in an increase in electron affinif§y.Between 300 fs and 1.5 spectrum. For each spectrum, we seek to answer the follow-
ps, the energies of thB features increase 80 meV. This is ing: (1) Have | and T recombined?2) If | ~ is present, how
attributed to a net decreased interaction between the Ar thany solvent atoms surround it3) If |, is present, what is
oms and T as dissociation progresses andAr)nm frad-  the electronic and vibrational state, and how many solvent

ments form(with (m)=1, see I_DiscussiOrJrz'nghrough 200 atoms surround it?4) What are the relative populations of
ps there is an additional eKE increase of 10 meV, due to A'Ehe different state, X, I, Z, I-) in the cluster? To answer

atom evaporation from the (Ar),, fragment. these questions one must be able to simulate the contribu-

A similar evolution of feature\ to B occurs in all the tions of solvated T and solvated.l in its various vibrational

larger clusters during the first 300 fs and is therefore ncnéind electronic states. In this section we discuss the method-
shown. In the J(Ar)g FPE spectra, th® features appear ology for doing this

150 meV lower than bare | and from 300 fs to 1.1 ps the
eKE of these peaks increase by 80 meV, as fofAr)s.  A. Solvated | ~

However, from 2.8 to 12 ps, the features decrease 30 meV in It was assumed that, after the initia+ 300 f9 1, dis-
energy. This is interpreted to indicate increased solvation Ogociation, | and T are well-separated, so that | has little
the I atom, the cause for which will be explored in the jnf,ence on the photoelectron spectrum of This is sub-
Discussion. Through 100 ps, the energy increases again Ryaniated by the observation that pairs of featufs and

10 meV, due to Ar atom evaporation. _ B,) are present in all spectra at short tinfesl—2 p3, dif-

In the 1, (Ar)y, cluster, the smallest studied here for ¢ering in energy by approximately the spin—orbit splitting of
which caging occurs, th@ features closely track those in | (943 meyf which is characteristic of the photoelectron
l2(Ang from 310 fs through 2.5 ps, after which they gpectrum of T though shifted to lower eKE. The shift is a
broaden significantly toward lower eKE, and decrea@®%  e|l.understood effect, arising from the difference in binding
in integrated intensity. At this poir(®.0 p9, the features are energy between the -Ar (45.8 meVf and I-Ar(18.8 meV)
relabeledd, andD,. The broadening and decrease in inten-),n4s These differences have been measured precisely us-
sity are attributed to recombination on theA andX states, ing zero electron kinetic energyZEKE) and partially-

respectively(see Discussion Between 2.5 and 9.0 ps, fea- discriminated threshold photodetachment spectroscopy of
ture E appears between 1.9 and 3.0 eV, along with a broag~(Ar),, clusters®

featureF between 900 meV and 1.3 eV. These features are At all times, one can then determie,-), the average
assigned to vibrationally excited, on the X state. Both number of Ar atoms surrounding the,Iby comparing the
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]
eKE of featureB, to the measured values in the above study, E
using linear interpolation to obtain a fraction@l,-) when
the energy lies between measured shifts. Figure 5 shows the
eKE of featureB; vs time for all clusters, wit{n,-), indi-

cated on the right-hand side of the figure. FO(Ar) 1= 1,,

the graph stops when the feature begins to decrease in energy
and is relabeled; this change in direction is associated
with recombination on the,| A state'*?®so that the peak no  FIG. 6. Simulated photoelectron spectra fréanv =0 and(b) v=20 levels
longer reflects a pure Isignal. of 1,(X).

To determine the contribution of solvated to the FPE
spectra, T(Ar), features were simulated from a measured
probe-only spectrum of bare land shifted in energy accord- high-resolution(~10 me\) photoelectron spectrum of 138
ing to the known solvent shift. The integrated intensity of theAnion wave functions were calculated using standard proce-
| 2P 1~ 1S, transition was taken to be 2(6ee Table Il,  dures for a Morse oscillatdf,and a photoelectron spectrum
relative to 1.0 for thed X—I, X (v=0) transition as deter- for each vibrational level was generated using a time-
mined by comparing the integrated intensities pftleach ~ dependent propagation metfédo calculate the Franck—
and I (signa) features in the FPES of barg | The inten- Condon overlap with various neutral states. It was assumed
sity of the 1?Py,,—I11S, transition was empirically deter- that spectra arose from an incoherent superposition of vibra-
mined to be 0.6. The final spectrum was convoluted with arfional levels, so composite spectra were constructed by sum-
instrument resolution functio?i calibrated approxima[e|y ming spectra from individual vibrational wavefunctions over
for experimental conditions. a distribution of levels.

The effect of anion vibrational excitation can be seen in
Fig. 6, which shows two simulated photoelectron spectra of
i o the |, X state and their relation to the potential energy

We next con3|dgr the.contn.butpn to the spectra _fromcurves for(a) v=0 and(b) v=20. The vibrationally cold
bare and solvated, | in various V|brat|onail levels resulting spectrum ¢=0) consists of an extended progression, unre-
from recombination on th& state. TheJ X state potential ~ solved at the resolution of the FPE spectrometer, centered at
parameters and, Ineutral state parameters were taken fromq g4 eV(the I, X state, a pair of narrow features at 1.00 eV
Zanni et al,** with the exception of the,IB’ state, for  [A’(3[1,,)] and 0.90 e\[A(*I1,,)], another pair of narrow
which the repulsive wall was adjusted empirically to fit A toatures at 0.65 eVB’ (3ly-,)] and 0.54 eV[B"(*11,)],

and two broad, overlapping features-a0.30 eV[“é(3H19)
TABLE Il. Parameters used in th&(E) function for scaling the jX andB(®Ily+,)]. Theé’(?’E(}g) state is not seen, since it is
Iy X transition. See Eq(1) in text. not accessible at the probe photon energy frgmX (v
=0).
For the vibrationally exciteX state {=20), the shapes

4
Potential energy/eV

B. Bare and solvated | 5 (X)

Parameter Value

21 2.2-1.@ and energies of the photoelectron features change consider-
k. 0.02 &V ably. Since the amplitude of th¥ state wave function is

k, 0.08 eV concentrated near the classical inner and outer turning points
El ;g ex of the potential (ITP and OTP, respectively Franck—

2 Oe

Condon overlap with,lstates will be largest in these regions.
avaried with (v). For the b X—I, X transition, the large change in X po-
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tential energy with internuclear distance produces distinctiv€ ABLE lil. Relative integrated intensities of transitions used in simulated
and well-separated features arising from each region; an exPectra

tended tail at high eKE, arising from the ITP region, and a Transition Relative integrated intensity
narrower, intense peak at low eKE due to the OTP region- —

The ITP region of the spectrum is very sensitive \tp I Xe—13 X (v=0) 1.0

whereas the OTP region is fairly independentvobver the 2 X 15 X (v>0) 04-1.6
rangev ~ 10— 30 because the anion and neutral potential en- o A'/AI; X 0-24

ergy curves are approximately parallel. At higher vibrational :ZNB’BI'LiX'Z X 8'?5_0 8

levels, the OTP energy increases withFor theA’ —X and é’gi?g?( 1:5X(|2%(_|2,3()

A«—X transitions, the difference in eKE between the ITP and LB, X 05-1.0
OTP regions is much less, though there is a considerable

broadening forv>~30. TheB’, B”, @, and@’ states dis- :ZNA'”?fBNA"B”H'Z_A 8.421421
play a wider range of potential energies, so that the OTP I{Zf zrﬂ 0'66
2a <1y :

regions of these transitions overlap with tA&/A—X tran- LB, A 0.6
sition, and the ITP regions occur at much lower eKE. The

B« X transition, correlating at large internuclear distance

with the 12P,—1~1S, transition, appears near 200 meV for

v=60. #Spectra scaled with energy-dependent funcfifi); see below and text.
Solvation by Ar atoms shifts the; | features toward  varied with spectrum.

lower eKE by stabilizing the anion more than the neutral,

much as for T(Ar),. These solvent shifts have been mea-

sured for vibrationally cold J(Ar), clusters using photo- g5 of | and the presence of photodetachment transitions to
electron spectroscopy,and are used to shift the simulated multiple neutral electronic states. Our analysis shows that the

?picttr:a't :[rr:]e Shi;ts ;red.smaller tha23f6|(Ar),?, ?esplteththe portions of the FPE spectra correspondingXte-X(v=0)
act that the J —Ar binding energy(S3 me\) is larger than transitions cannot be fit unless the photodetachment transi-

- A6t
that of I —Ar (45.8 meV; ™ this is due to a somewhat larger tion dipole varies with eKE as well as. For example, at

Iﬁ—AL_?tinc(ijing ener:gy OV? that of I—A;]r. Itris assun;ed (;chat largev (>30), one needs to scale the intensity in the ITP and
the shi 'S _on_o_t change far>0. Note that theJ —Ar bon OTP regions by 1.6 and 0.4, respectively, to fit the experi-
energy is significantly lower than the average energy lost by, oy spectra. This breakdown of the Franck—Condon ap-

the clustelr7wh(;n an Ar at]?m e\;]aporatis; thf|s v:/as found b}Sroximation is not unexpected, since the wavefunctions are
Vorsaet al." to be 73 meV from the number of solvent atoms quite extended for vibrationally excited levels, and the over-

remainir_lg ir_1 b fragments from Iarger(>_20)_ parent clus- lap of the electronic orbitals will be significantly different
ters. This discrepancy is attributed to kinetic energy of thean 4t the equilibrium bond distance, changing the relative

departing Ar atonf. cross section. Therefore, to obtain the best estimate of the

The simulated spectra in Fig. 6 support the assignment,,e integrated intensities, an energy-dependent scaling func-
of the experimental featurds and F in Table I. From th_e tion f(E) was applied to the simulated spectra for the
shape and energy of these features it should be possible ;8_;( transition

determine(v), the average;l vibrational quantum number,
and(n,), the average number of solvent atoms. In practice, a;—1 a,—1

: . > < f(E)= —E—Eyk T —(E-E,/K
we find that when(v) is very small(< ~5), the XX l+e vk 1+e 22
transition is compact and the shape depends sensitively
(v), so both(n,) and(v) may be simultaneously determined
by simulating the shape and energy of featlrd~or larger
(v), the X—X ITP energy is mostly governed k), but

12Pg—17 1S, 2.0
12P—1 1S, 0.6

+1, 1)

QWhereE is electron kinetic energieV) before applying any
solvent shifts. Parameters for this function are summarized in
Table Il. Note tha@;, which governs th&«—X OTP inten-
sity, was varied in different spectra from 0.4 to 1.0, follow-

fan> strongly moldlfl_esllt, SO featur? cannot be usfed 0 ing an inverse trend witkv), which indicated a decreasing
eterming(v) exclusively. However, featur, arising from  ansition dipole moment as the internuclear radius  in-

the X—X OTP andA’/A/B'/B"/a/a'/B (collectively re-  ¢reased.
ferred to as ) <X transitions, is more sensitive ) The integrated intensities of transitions from the X
than tov). For(v) between 5 and 30, two distinct peaks arestate to the other,lelectronic states were empirically deter-
visible which can be used in conjunction with tke-X ITP  mined using the one-photon spectrum of bgrévl=0) and
transition to obtain botlv) and(n,). For(v) larger than  npormalizing theX« X transition to 1.0 as a reference. The
30, the XX OTP and }+ X transitions coalesce into a work of Asmiset al3 showed that these intensities do not
single, broad peak, and determination(nf) is less precise. change in J (Ar), clusters. However, further scaling of the
Finally, we discuss how the intensities in the contribu-z/3’—X andB« X transitions improved our fits for some of
tions to the simulated spectra fro@(l)N() are obtained. There the spectra; this might result again from problems associated
are two issues here: the failure of the Franck—Condon apwith the Franck—Condon approximation. In any case, the
proximation for photodetachment from high vibrational lev- overall effect of these additional scaling factors is more cos-
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TABLE IV. Number of solvent atomén,-) for featureB; at~300 fs, along — D —
with estimated(n,-) for anomalous and normal charge-switching states, (a) D, n—12 (b) ! I’Z—16
calculated from model structurds. 45 PS 50 ps

Parent cluster B, Anomalous Normal F E
6 47 6.0 6.0 1
9 54 6.0 9.0
12 5.8 6.0 12.0
16 9.1 9.0 13.0
20 13.3 13.0 13.0

®References 28 and 39.

Intensity

metic than essential; they improve the fit but have little in-
fluence on the important conclusions drawn from the FPE
spectra. The scaling factors used are given in Table IIl.

C. Bare and solvated | 2‘(,5)

As mentioned in the Results, peaksg and D, in the
n=12 spectra are primarily due to photodetachment from the
I, A state. Simulation of these features is less precise than
for those arising from th& state, in part because no spec-
troscopic data are available for thhestate. A Morse function
was assumed, using parameteﬁe.z.Lle and D, FIG. 7. Experimentafthick solid) and simulatedthick dashefiFPE spectra
= 14(1)2mev. The§e are slightly modified from Greenl;)lattof I;(An), clusters at selected time delay$a) I, (Ar)x45 ps; (b)
et al.”“ to better fit the J (Ar) 5o spectrum at 3 ns, assuming |5 (Ar),550 ps;(©) 15 (Ar)»0,6.0 ps;(d) 15 (Ar)x0,15 ps; (€) 15 (Ar)0,50 ps; (f)
that evaporation is complete by this time so that the numbet; (ar),,200 ps. Contributions to simulations are shown frénstate (thin
of solvent atoms (n,)) was equal to the average value of solid line), A state(dotted ling, and solvated1 (thin dashed ling Features
11.1 found in the photofragmentation experiméhidis as-  in spectra are labeled as in Table I.
sumption is supported by the simulations of Faeeleal >
but may be problematitsee Discussion

Transitions from thev=0 level of theA state to each

neutral state were weighted equallgxcept to theX state, Numerous time delays have been simulated to follow the
which is not accessible by a one-electron transffloras was  dynamics in clusters of,I(Ar),=1,, and selected examples
done by Zanniet al. for the I, A’ state’ In many of the  are shown in Fig. 8. FOI(Ar);, 15 Where changes are mini-
spectra, peab; is broader than peaR,. The larger width  mal once featureE andF have appeared, only a single, long

of Dy is likely due to the repulsive regions of the dtates  time delay (45-50 p$ is shown in Figs. @®-7(b). In

(B, B", 3, @'), but as these are poorly defined, adequate (Ar),, where significant evolution is observed in the spec-
reproduction of this broadening was not possible. The simutra after the appearance of these features, several time delays
lation of this feature was therefore convoluted with a resolu{6.0, 15, 35, and 200 psire shown in Figs. (€)—7(b). Each

tion function of width~250 meV. figure includes curves representing the [ifor 15 (Ar);,

The number of solvating Ar atomsn,), was deter- onv1 |>X and LA contributions, the total simulated spec-

mined from the experimental spectra using the energy shiftg,y and the experimental spectrum. Simulation parameters

of the I (Ar) , clusters, rather than the (Ar) , clusters. This . . . R
choice is based on the expectation that at the large intern® © summarized in Table V. Populations of the 1, (X),

clear distances characteristic of tAestate, solvation effects and | (A) contributions, indicated byP,-, Py, and Py,

will localize the excess electron on a single | atom to a mudfespectlvely, were determlned from the '|ntens!tles of simu-
~ ated spectral features, weighted by their relative cross sec-
larger extent than for th& state, so that1 rather than J

: ; . . tions. Populations sum to unity for all spectra and are listed
solvent shifts are more appropriate. This assumption was. tople V
borne out in other clusters by fairly good agreement between In Fig. 8, Py is plotted vs time for all three clusters, for

the calculated values fam,) at long time delays and the : S
. . . : many more time delays than shown in Fig. 7. Photofragmen-
photofragmentation averagesee Discussion The inte- . o . .
. . _ . tation values are indicated as detached points on the right-
grated intensity was assumed to be the same as fawhich : _ . :
. hand side of the graph. As (Ar),q displays considerable
was also supported experimentally. oo . . )
vibrational relaxation not seen in the smaller clusters, Figs.
9(a)—9(b) plots(v) and(ny) vs time for this cluster, along
with model data from Faedet al?® Figure 9c) plots a de-
For the n<9 clusters, no recombination occurs, andrived quantity E.str Which is defined in the section on
(n;-) can be obtained by inspection of the peak positionsl, (Ar), in the Discussion.

0 1 2 30 1 2 3
Electron Kinetic Energy/eV

D. State populations and simulations of the spectra
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TABLE V. Parameters used in simulating spectrafir),, clusters at selected time delays,, P, andP,-

indicate populations ofgﬁ(, (P K, and I fragments, respectivelyv) indicates the average vibrational level of

the I, X state{ny), (n,), and(n,-) indicate the average numbers of Ar atoms surrounding;tB¢ Il,; A, and
I~ fragments, respectively. “MS” indicates results of photofragment experiments from \étrah (Refs. 6

and 7.
) Population - Number of Ar
Parent Time I5 X
cluster (P Px Pa P- (v) (ny) (na) (ni-)
12 45 0.30 0.21 0.49 68.0 0 5.0 3.2
MS 0.23 0.23 0.54 0 2.3 3.2
16 50 0.50 0.50 0 34.4 0 8.0
MS 0.43 0.55 0.02 0 6.2 8.5
20 6.0 0.36 0.64 0 40.0 8.0 9.0
15 0.50 0.50 0 29.1 6.0 11.0
35 0.50 0.50 0 14.2 3.0 11.5
200 0.54 0.46 0 5.6 0.5 11.0
MS 0.44 0.56 0 0.2 11.1

though the interiodine separation has increased ®A dur-

V. DISCUSSION
ing this interval, the Ar atoms move very littf Hence, the

This section of the paper is divided into four parts. In the ) . i
first section, the FPE spectra around 300 fs are examined félrumber of Ar atomgn,-) interacting with the T at 300 fs

all clusters, in order to determine the initial configuration of reflects the initial configuration of the Ar atoms in the clus-
solvent atoms around the newly formed fragment. In the
second section,, [(Ar)s and |, (Ar)g clusters are discussed,;
no recombination occurs in either case. This is followed by a
discussion of J (Ar),, and I, (Ar),¢ FPE spectra, which dis-
play I, A state andJ X state features, but limited vibrational
relaxation in theX state. Finally, J (Ar),q is examined sepa-

rately, since its spectra display extensKestate vibrational
relaxation in addition to the dynamics observed in smaller
clusters.

40—

20

<y>

A. Initial solvent configuration in the A’ state
In all clusters studied here, a peak associated with sol-
vated I" is first observed~ 300 fs after the pump pulse.
Simulations of the cluster dynamics indicate that the even
0.8 e e
0.6} n=20
0.4
0.2
Vorsa
etal.
O 4 i asanl PSR | . O
1 10 100 1000 1 10 100 1000
Time/ps

Time/ps
FIG. 9. (a) Average } X state vibrational level({)), (b) average number
of the I, X state solvent atoms(fix)), and (c) excess cluster energy
(Ecusted Vs time for | (Ar),o from the FPE spectr@ircles and thin lingand
from Faederet al. (Ref. 28 (thick line).

FIG. 8. Population of the,l X state Py) vs time, for b (Ar)n=1, Clusters:
15 (Ar), (crosses |5 (Ar),¢ (diamonds, 15 (Ar),o (squares Detached points
indicate photofragmentation averages from Vaesal. (Ref. 6).
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ter. Table IV shows a comparison ¢fi-) at 300 fs, when the cluster due to the repulsiv€ state potential, but cannot
dissociation has just occurred, with estimateérgf ) for the  leave the cluster because of the attractive interaction with the
solvent configurations in anomalous and normal chargeAr atoms surrounding the more solvated neutral | atom. In-
switching states, as defined in the Introduction. These estistead the solvent atoms rearrange to a more symmetric con-
mates represent the number of Ar atoms coordinated to theﬂgurauon and a transition to thé or A state occurs. This
atom with less(anomalous and more (norma) negative  resylts in more solvation of the lat the expense of the
charge according to the calculated ground stateytral | atom which can then easily leave the cluster.
structure$*2°39|f, just after excitation, the electron is local- This interpretation is consistent with dynamics calcula-
ized on the original, more solvated | atdthe case on thX  tions by Faedeet al?® They observed transitions to tfe
and A state$ at 300 fs, then the experimentally-determinedstate without recombination and found these transitions to be
(n;-) will be close to the estimated number for a normalresponsible for the high-mass(Ar),, channel observed by
charge-switching state. On the other hand, if the electron hagorsa et al. in clusters of } (Ar),-1;,%" since the solvent
jumped to the less-solvated | atofas predicted for thé\’ can more effectively surround the lin a normal charge-
statg,?* then the(n,-) will lie close to the anomalous switching state. Although not reported in the paper, their
charge-switching state estimate. model also observes transitions prior to final dissociation in
We note thaia) the two estimates are equal fgr(Ar)s  clusters of J(Ar)o.*® In I5(CO,), clusters, this electronic
and I, (Ar),o, since the solvent configuration of these clus-transition mechanism is present in all cluster sizes and occurs
ters is calculated to be symmetric, and the experimental valas rapidly as~ 500 fs in large cluster®
ues for(n,-) are in good agreement in both casés, for For I; (Ar)g, the long-time(>12 p9 decrease ifn,-) is
I, (Ar)g 1216 in Which the calculated solvent configuration is probably due to solvent evaporatiofn,-) exceeds the
very asymmetric, the estimate for the anomalous chargephotofragmentanon averad@.7) by 1.0 after the electronic
switching state is considerably lowgay 3—6 atomsthan for  transition to theX/A state, and the value at 100 ps is still
the normal state, angt) for those three clusters, the experi- |arger than the photofragmentation average by 0.5 Ar atoms.
mental value ofn,-) is clearly closer to the estimate for the The small discrepancy between the photofragmentation av-

anomalous charge-switching state. This comparison providesrage and the FPES value @f,-) at 100 ps suggests that
direct experimental support for the prediction that the excesfurther evaporation occurs after 100 ps.

electron is localized on the less solvated | atom immediately
after photoexcitation to tha’ state, thus identifying tha' C. I;(Ar);, and 15 (Ar)ye

state as an anomalous charge-switching state. ) )
In these two clusters, the increase in the eKE of Bhe

features is similar to that of the smaller clusters, and also

B. 15 (Ar)s and 15 (Ar)g occurs over a-1—2 ps time scale, as seen in Fig. 5. In the

For these two clusters, the increase in the eKE ofghe case of J(Ar)y,, the associated decreasg(im-) is due to a
features after~ 300 fs results from a decreasing number ofcombination of ' pulling away from the cluster and large
solvent atoms surrounding j Fig. 5 shows thatn,-) de- amplitude motion of the | atoms within the cluster at short
creases untit- 1.5 ps. One possible explanation for the de-delay times, possibly coupled with solvent evaporation.
crease is that the loss of solvent is due to fast ejection offowever, the cage fraction frorg (Ar),g is essentially unity,
neutral |, leaving behind a vibrationally excited(Ar), clus- SO only the second process can occur.
ter which evaporates Ar atoms until the available energy is According to the photofragmentation stufiythere is
dissipated. This mechanism was suggested in studies &tibstantial recombination of | with virtually no I” remain-
Br, (CO,), clusters'® However, theoretical simulations by ing in I, (Ar); In the FPE spectra, featur&sandF appear
Faeder et al?>?® predict that, in small clusters such as by ~10 ps in each cluster, indicating recombination pbh
I5 (Ar)g, the I” fragment simply leaves the cluster, capturingthe X state. The broadening of tH2 features after 2.0-2.5
one or more Ar atoms during its escape. Hence, as discuss@d, and the shifting toward lower eKE, which is particularly
previously'? the decrease ifin,-) reflects the steady weak- pronounced240 meVj for I, (Ar)¢ indicate recombination
ening of the attractive interaction between thednd Ar  on theA state. Because these spectra no longer indicated the
solvent atoms. presence of exclusively | simulations were required in or-

For 1, (Ar)s, little change occurs after 1.5 ps, at which der to characterize the dynamics after these time delays.
point the value okn,-) (1.2), just slightly higher than the In 15 (Ar)y,, although theD features broaden through the
photofragmentation averagef 0.9 (indicated in Fig. 5. Fig-  longest time delay measured, and the intensities of feaures
ure 5 shows tha¢n,-) does decrease to this value by 50 ps,andF also grow slowly throughout this time range, there is
presumably due to Ar atom evaporation from(Ar),,~1 little change in shape to any of these features after their
fragments. formation by~ 10 ps. Only the spectrum at 45 ps is shown

In I, (Ar)o, however, there is an increase(im-) of 1.5  in Fig. 7(a), since this is the FPE spectrum in which feature
between 2.8 and 12 ps, followed by a decrease of 0.5 through is most intense. Unfortunately, event at 45 ps, the poor
100 ps. The increase {m,-) does not, occur forl(Ar)s, but  signal to noise ratio in the region of this feature made accu-
a similar effect was seen in the FPES ¢f(C0,),."* We  rate determination ofv) difficult. We therefore setv)
attribute this effect to “arrested dissociation” on th¢ =68 and(ny)=0, the value consistent with the calculated
state; the less-solvated latom initially moves away from available energy after evaporation of all 12 Ar ato(i40
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meV) assuming 73 meV per Ar atom. Complete loss of sol-(6.2), further evaporation must occur on a longer time scale,
vent is consistent with Vorsat al,>’ who observedny) as also inferred for,I(Ar) .

=0 in their photofragmentation study. Py is plotted vs time in Fig. 8 for several simulated time
Using(v)=68 as a starting point, ax state vibrational delays. It rises faster, and is larger at all time delays than that
distribution was constructed withy,=0.30 and(ny)=0. Al- of 15 (Ar)1,, though it never achieves a plateau value. How-

though theX«— XITP transition does not accurately repro- ever, SI.nCd:’x ats0 psis r.oughly the same as the.photofrag-
mentation value, population transfer to tiestate(i.e., re-

duce featureE, error bars in the intensity are estimated atcombinatior) apoears to be complete. The same holds for
20%—-30%, and the overall intensity in this region is compa- PP piete.

) ) ~ o~ ~ , vibrational relaxation, sincév) agrees with the long-term

rable to the simulation. Th&«—XOTP andl; —X transi-  \aiue at 50 ps.
tions together account for much of the broad feafir®y is
close to the photofragmentation val(@23. D, was repre- ~
sented by a combination of solvatezj(ﬁ) and I', using the D. 12 (Ar)z0
following parametersP,=0.21, P,-=0.49, (n,)=5.0, and In the I, (Ar),o FPE spectra, the decrease (in-) of
(n;-)=3.2. The eKE of B is also accounted for by the ex- featureB through 1.0 ps is slightly less than in the smaller
cited spin—orbit transitions from these states, though the inelusters(2.6 vs~3-4). As with I, (Ar)4, this decrease must
tensity is lower than in the observed spectrum. The populabe due to a combination of large amplitude motion and sol-
tions of the E(R) and I” channels are close to the vent evaporation. At later times, recombination on theAl
photofragmentation value®.23 and 0.54, respectively; see State is responsible for the shifting toward lower eKI20
Table V), and(n,-) is equal to the measured average,), ~ MeV by 200 psand the broadening apparent after 6 ps. The
however, is larger than the photofragmentation average dgvolution of feature€ andF indicate extensive vibrational
2.3; the larger value was necessary in order to adequatelglaxation on thej X state. Several time delays were simu-
simulate the spectrum. lated (6.0 ps, 15 ps, 50 ps, 200 )p® follow this process,

Py is plotted vs time in Fig. 8 for several time shown in Figs. ©)-7(f). Px for these and other delays are
delays between 3.5 and 45 ps. Population appears by 9.0 gdown in Fig. 8.
and grows in slowly through 45 ps. The slow, monotonic N the 6.0 ps spectrumPy=0.36, P,=0.64, (v)
increase in the width of th® features over this time interval =44.5,(nx)=8.0,(na)=9.0), the |, X state is still in the
(see Fig. 4 indicates a similarly slow growth of the Process of growing in. It is also so vibrationally excited that
5 A state, and the large value oh,) at 45 ps compared the relativ_e inten_sity _of th_é(ex OTP transition appears to
to the photofragmentation average also indicates incomplefg® changing rapidly in this range; thus, featér@bove 1.0
dynamics on this state. Bothny) and (n,-), however, eV is difficult to simulate accurately. At lower eKE, how-
are equal to the photofragmentation averages. Thus, only tHe/€r: the X tran'&‘,itions~aCC_9untS for mgch of the inten-
A state has not finished evaporation by 45 ps. This i$ity of featureF, while theX—X ITP transition reproduces
consistent with the MD simulations of Batiéfzand Faeder featureE satisfactorily.(ny) is also difficult to determine
et al2528 which showed that onlyhA state evaporation from featureF, but an approximate upper limit is obtained by

required longer than the 50 ps length of the simulation fOImatching the falling edge near 1.0 eV. Thsstate, account-

completion. ing for D; and D5, has a smaller apparent number of Ar
In the FPES of J(Ar)s the shifts in theD features

atoms than at later time delays, abd is also not as broad.
are complete by 20 ps. After featurBsandF have appeared This probably reflects a wavepacket that is still in the process
at 10 ps, they evolve slightly through 50 ps, Bud for the

of moving into thea state well, giving an artificially low
- . o value of(n,).

X state decreases only by5 during this interval. Therefore, The spectra at 15 pPyx=0.50, P,=0.50, (v)=29.0,

only the 50 ps spectrum is shown in Fig(by with  (n V=60, (ny)=11.0 and 35 ps(Px=0.50, P,=0.50,

the  following  parameters: Px=0.50, Px=0.50, (vy)=14.2 (ny)=3.0,(n,)=11.5 show the effects of pro-
(v)=34.4,(nx)=0 and(ny)=8.0. Px and P, are close gressive vibrational relaxation and solvent evaporation for
to the photofragmentation results0.43 and 0.57, theA state. TheX«— X ITP transition comprising featurg
respectively. (v) corresponds almost exactly to the ghifts toward lower energy. At 15 ps, featUfedisplays two
calculated energy remaining in the cluster after evaporatiopeaks which are reproduced in the simulation, corresponding
of all 16 Ar atoms(420 meVj. This result supports the g the X< X OTP transition at higher eKE, and tb§<_|_§(
assumption thagny)=0, WhiCh is also the I_ong—time limit {ransitions at lower eKE. At 35 ps, thd'/A—X and

set by the p~hot0fragmentat|on study. Featis reproduced B//B"X transitions appear as separate peaks at 900 and
by the X—XITP transition, whileF is accounted for by 610 mev, respectively, while th¥—X OTP transition ap-

the overlappingK«—X OTP and §« X transitions. Features pears as a small shoulder on the low eKE side of fedyre

D, and D, were simulated by the\ state. The value of This splitting of featureé= enabled accurate determination of
(na)(8.0) is actually larger tha(n,-) at 2.0 ps(5.0, (ny) at both delays. Thé state contribution to the spectra
reflecting the expected solvent rearrangement on the normahdergoes no significant evolution after 15 ps.
charge-switching state, much as was seen jifAf),. The 200 ps spectruniPx=0.54, P,=0.46, (v)=5.6,
However, agn,) is larger than the photofragment average(ny)=0.5, (n4)=11.0 shows that the,l X state is almost
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completely relaxed. While th¥« X ITP transition accounts there is a sizable discrepancy between 6.0 and 35 ps, the

iti tch fairly well at later time delays.
for featureE, the OTP transition falls completely undpr,. ~ CUrVes ma
FeatureF consists of theA’ /A« X and B'/B"X transi- In the FPES data(ny) drops from 8.0 to 0.0 between

) ) . . . 6.0 ps and 3 ns, with the majority of the Ar lo&&0) occur-
tions, which are clearly separated with considerably less 'nﬁng before 50 ps. The finat2.0 Ar atoms take longer than

tensity between the peaks than at 35 ps, allowing accuratgsg ps to evaporate, consistent with the slowdown in evapo-
determination of(ny). The A state again accounts f@;  ration rates seen in other clusters. The Faesteal. data
andD,. display excellent agreement with the experiment at time de-
Py in Fig. 8 rises more rapidly than in the smaller clus- Jays =6 ps. The agreement is encouraging, for it not only
ters, achieving a plateau ne&10.55 by 10 ps, before either suggests that the model is correctly describing the mecha-
vibrational relaxation or solvent evaporation has nearedhism of vibrational relaxation and solvent evaporation, but
completion. This distinction between recombination and re-also that our method of determiniqgy) is valid.
laxation was not visible injl(Ar),, or |5 (Ar),6 wWhere relax- From Figs. 9a) and 9b), one can determine how vibra-
ation has proceeded almost as far as possible by the tint®nal relaxation and solvent evaporation track one another.
Significan& population was present. We defineEg,, the total solvent energy that can be re-

A state relaxation and evaporation appears complete bjr0ved by evaporation of Ar atoms, as
.~1'5 ps, soon aftePy re.aches its' final vglue gt 10 ps, as Esov={Nx)AEevap 2)
indicated by the plateauing @h,) in the simulations. This

differs frgm the results forg(_Ar)lzylf, for which solvent evaporation of one Ar atorv3 meV).” Ey,,, the average;
evaporation from thé\ state did not appear to be complete internal energy in excess of the fin@ ns FPES energy, is

by 45-50 ps. Recall, however, that thestate parameters gptained by

were determined by settingn,) in the 3 ns spectrum of

I, (Ar),o equal to the photofragmentation val(gee Analy- Eini=E((»)) —E((»)s, (3

sis), so agreement at the longest times betw@ey) at long  whereE({v)) is the Morse energy for vibrational levél),

time delays (11.60.5) and the photofragmentation averageand(v);(=5.1) is the average vibrational level at 3 ns.

(11.1) is guaranteed. Nonetheles&,) has reached this Subtractingg;,; from E,, One obtains a positive excess

asymptotic value by 15 ps. B “cluster” energy E.ster» representing the energy stored in

It seems unusual that solvent evaporation frAnstate  the Ar solvent atoms remaining in the clustBg,gis plot-

recombination and relaxation should be complete by 15 p&ed vs time in Fig. £), along with the same quantity calcu-

from I, (Ar),, but incomplete by 50 ps in the smaller clusters/ated using the data from Faeder al?® (adjusted for 780

I; (Ar),.16 A possible explanation is that our assumption of "M, and assumingv); is equal to the FPES valueBoth

complete evaporation by 3 ns fromi(Ar), is incorrect, so plots show a general decrease with time. The experimental

that from 15 ps to 3 ns the number of solvent atoms is conEclusterdrops from 180 meV at 6.0 ps to 0 by 3 ns. The MD

stant and higher than the photofragment value, with completSimulations show higher values at all time delays, particu-

evaporation only at longer times. This implies solvent evapolarIy at earlier time<320 mgV at6.0 psthe Q|Spar|ty being
. ~ . . . . _due to the smallefv) relative to the experimental data at

ration from theA state is even slower than in the S|mulat|onsthese time delavs

of Faederet al®® for 1, (Ar),, which predict a slow but ys.

) The excess cluster energgt 6.0 ps, equivalent to 2.5
steady evaporation of Ar atoms after 10-20 ps. As a resultezxtra Ar atoms in the experimental data, and 4.4 atoms in the

thgir simulated_ photoelectron spectra for m_estate feature simulation implies that energy is temporarily tied up in sol-

shifts toward higher eKE from 20 to 200 ps, in contrast to theyent modes after removal from thg Vibrational coordinate,

experimental FPE spectra which show no_such shift. It appyt pefore solvent evaporation. The amount of excess energy

pears that that more work is required on(A) and its in- s expected to be larger at early times, because there are more

teractions with the solvent, since the well depth of this statgolvent atoms available to provide for storage of this energy.

is only a factor of 3 larger than the Ar binding energy. For solvent molecules with a stronger binding energy,to |
We now consider dynamics in théstate in more detail. (such as C@), this storage capacity is larger, allowing

The average vibrational levél) of the X state and the av- greater amounts of energy to be stored for longer tiffies.

erage number of solvent ator(is,) obtained from our FPES Although there is disagreement between the MD simulations

simulations are plotted vs time in Figs@@and 9b), along ~ and the FPES data iv), which in turn affectsEgyseer, the

with the same quantities from the MD simulations of FaedeSignature of a delayed evaporation mechanism is undeniable

et al28 Between 6.0 ps and 3 ns, the FPES drops from  In both model and experiment.

40.0 to 5.1, with most of the decrease occurring before 50 ps.

There is little difference ifv) between 200 ps and 3 ns, as V- CONCLUSIONS

expected since solvent evaporation is virtually complete by  FPES has been used to study the photodissociation, re-

200 ps. The Faedet al.results have been adjusted to reflectcombination and energy transfer dynamics pfAr),, clus-

the available energy from a 780 nm photon, rather than 79rs over a range of sizes. The results show how dynamics

nm as used in their study. The time scale for vibrationalevolve with size in these clusters and allow for detailed com-

relaxation in the Faedest al. results is similar, and while parison with theory. Analysis of the FPE spectra yields the

whereAE,,4,is the average energy lost from the cluster by
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