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The photodissociation dynamics of (CO,),(n=4-16) clusters excited at 780 nm have been
studied with femtosecond photoelectron spectrosdBBES. The range of cluster sizes spans the
uncaged and fully-caged product limits for this reaction. We observe time scales for a variety of
processes in these clusters, including dissociation of fhehromophore, solvation of the" |
fragment, the onset of recombination on the ground statg pilbrational relaxation, and solvent
evaporation. In addition, substantial trapping in a “solvent-separated” state is seen for clusters with
n=9; this state persists for at least 200 ps, the longest time delay probed here. Simulations of the
spectra were performed in order to determine the time dependence of the electronic state
populations, the;l vibrational distribution, and the number of G@olecules in the cluster. Results

are compared to previous experimental and theoretical studigg©6}), photodissociation, and

to a recent FPES study of (Ar),, clusters. ©2000 American Institute of Physics.
[S0021-960600)00102-1

I. INTRODUCTION 780 nm femtosecond pump pulse from tiié?ij) ground
o state to theA’ (%Il ,,) dissociative state of;l (Fig. 1). A

Photoexcitation of J(CO,), clusters offers a powerful gacong, delayed femtosecond probe p@&9 nm then de-
means for understanding the effects of solvation on a chemiyches electrons from the clusters, producing a photoelectron
cal reaction. The dynamics of a very simple reaction, | spectrum. The FPE spectra provide a series of “snapshots”
photodissociation on a repulsive potential energy curve, argf the dynamics. In particular, one can track the evolution of
profoundly affected when this anion is embedded in a clustefhe cluster through various electronic states and vibrational
of solvent atoms or molecules. Since charged clusters argates, and also determine the number of solvent molecules
readily mass-selected, one can in principle follow the eV0|Uadjacent to the negatively charged specigsdi I”) at any
tion of this reaction with cluster size as the solute environtjme.
ment progresses from the gas phase to the condensed phase oyr most recent study on FPES of(Ar), clusterd®
limits. Lineberger and coworkers first examined the anionicgemonstrated the effect of a weakly-interacting solvent on
products of Bf (CO;), photodissociation in 1988and sub-  the I, photodissociation reaction, such as closing of the dis-
sequently expanded their scope to includeih CO,, Ar,  sociation channel through solvent-induced electronic transi-
and OCS clusters, examining asymptotic products and timesons, dissipation of energy through solvent evaporation, and
resolved dynamic&.** The experiments show that dissocia- stabilization of an excited state. Th&(CO,),, System repre-
tion to “uncaged” I based products dominates for small sents a stronger solute-solvent interaction than that of
clusters, while recombination to form “caged” Ibased | (Ar,),. While CO, lacks a dipole moment, its large quad-
products becomes competitive in clusters with a relativelyrypole moment gives rise to a sizablg-CO, well depth
small number of solvent moleculékess than one-half of a (~200 me\},® about four times larger than that of IAr (53
solvent shell. Experiments involving] photodissociation in - me\).3* Solvent-induced effects seen in(Ar) , clusters are
numerous solvents have been pursued by Barbara anferefore expected to be more pronounced; t€0,),, clus-
co-workers'?~*°In solution, time scales for caging are simi- ters. This paper reports on the use of FPES to investigate
lar to those of large;l(CO,), clusters, although interesting I,(CO,), clusters, ranging in size from=4, which pro-
new effects appear, such as the permanent escapeinfd  duces almost exclusively uncaged(CO,), fragments, to
solution. Theoretical investigations of the structure and dyn=16, which yields only caged, (CO,), fragments*® The
namics of } clusters have been performed by severaltime scales for caging, vibrational relaxation and solvent re-
groups:’~% arrangement and evaporation are investigated as a function

We have investigated, [Ar) , and | (CO,), clusters us-  of cluster size.
ing femtosecond photoelectron spectroscpyES.3*~3In The information obtained with FPES is complementary
this experiment, mass-selected clusters are excited with @ previous experimental and theoretical work. Photofrag-
ment mass spectra of photodissociatgdClO,),, clusters

dCurrent address: NASA Ames Research Center, Atmospheric Chemistr\}vere measured by the Lineberger group at 720, 790, and 395

and Dynamics Branch, Mail Stop 245-5, Moffett Field, California 94035. nm>®!! yielding complete product mass distributions and
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FIG. 1. Potential energy curves for barg.l Solid lines(—), 1; . Dotted
lines(---), I,.

branching ratios for the caged and uncaged channels as a
function of the number of solvent molecules. Time-resolved
absorption recovery experiments onCO,),, clusters were

also performed by the Lineberger group. Here, mass-selected
clusters were excited with a ps-duration laser pulse at 720
nm2°or a fs-duration pulse at 790 nhihen re-excited with  FIG. 2. Calculated minimum-energy structutgefs. 20, 24, 3pof selected
a second, identical pulse after a variable time delay. Thé: (COz)n clustersi(a) 1,(COy)4; (b) 1;(CO,)sg; (€) 15(CO) 6.
observation of two-photon photofragments was taken as a

signature of absorption of recombined mear the bottom of . jictribution of the excess charge on the | atoms plays an

the X state well. The r.iset!me of this abS(_)rption yields theimportant role in the dynamics, particularly when the initial
time scale for recombination and relaxation. The recovery . ent geometry is highly asymmetrite., n~6—12). In

time (tye=1.3-24ps) decreases with increasing cluster Sizethese cases, excitation to tAé state results in an energeti-

i i 3 8
and_ll_r; all C?sels 'S TUCh faéter thaln fIQI(Ar)hzo (11‘27 ps. d cally unfavorable solvent configuration, because the charge
eoretical work on a( .O?)” CIUSIErs has Tocused on  , ofers to pe localized on the less-solvated | atom; this effect
structure and dynamics. Minimum energy structurgs hav% called “anomalous charge-switching” by Parson and
been CaL%%"’;‘}%S by several groups and agree in largg, o023 The simulations thus predict rearrangement
measurd®?°2429Fjgure 2 shows calculated structures for . ! . =
to a more symmetric solvent configuration on e state,

selected cluster sizes, taken from the Parson gfoth* T -
The first three solvent molecules locate in a ring about fhe | followed by non-adiabatic transitions to teandX states.

internuclear axis. Additional molecules surround one | atomIn clusters for which caging occurs, many of the trajectories
until no more space remains, after which the other | atom 2SS through thé state, where they are trapped for tens of
solvated. A full shell is obtained for 16 solvent molecules.Picoseconds, en route to th¢ state. Once theX state is
The charge is equally shared by both | atoms in the small anffached, vibrational relaxation occurs rapidly, in 3 ps or
large clusters, but in the~6—12 size regime, where asym- Ies§, and energy transfer to the solvent mole_cules results in
metric structures are observed, the charge is more localizg§€ir evaporation on a somewhat slower time scale. The
on the heavily solvated atom. This situation, termed “normalSimulations also indicate that th& state is a “solvent-
charge-switching,>2 applies to the X andA states. separated” state, with the Isurrounded py most of the sol-
The mechanism ofl(CO;),, photodissociation has been vent molecules, and the | located outside the solven_t _sheII,
investigated by Parson and co-work8r9:2425:28.34nd Mar- surrounded by fewer COmolecules. One problem arising
gu"s and Cok&g using nonadiabatic molecular dynamics from the simulations is that the recovery time of thestate
(MD) simulations. Clusters ranging from 8 to 16 ¢@ol-  absorption is slower than measured experimentally. This ef-
ecules were considered. The simulations show that dissocidect arises from the extensive trapping on fhetate in the
tion to well-separated | and” | photofragments within the simulations, which slows down the overalstate recovery
clusters occurs promptly, followed either by breakup of thetime.
cluster to form | and T-based products, or recombination FPES of [ (CO,),, clusters can in principle probe many
due to interactions with the solvent molecules that prevenof the effects predicted in the MD simulations. The results
photofragment escape. Both the extent and rate of recombpresented here therefore provide a detailed picture of dy-
nation increase with cluster size in qualitative agreemenhamical trends across cluster size as well as clear points of
with experiment. comparison with theory. We find evidence for many of the
There are many additional subtleties revealed by theViD predictions, including solvent reorganization related to
simulations that are of interest. The simulations predict thahnomalous charge-switching and the presence of a long-lived
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FIG. 5. FPE spectra of;(CO,), clusters at selected delay time&)
15(CO,)4, (b) 15(COy)e, and(c) I, (CO,)g. Pump photon energy: 1.589
eV, probe photon energy4.768 eV.
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To increase electron energy resolution, anions could be
pulse-deceleratétljust prior to laser interaction. Since this
technique resulted in a loss 6f75% of the electron signal, it
was only applied to clusters with relatively high anion flux

solvent-separated state. The observed time scales for vibrhlz (CO2)n=12]. However, slowing down the heavier ions is
tional relaxation on the ground state are compatible with thé€SS important due to their lower laboratory velocity. In gen-
MD simulations. On the other hand, we find different dy- eral, the resolution for 1 eV electrons was 100—-200 meV,
namics on theA state than predicted by the simulations depending on mass anq conditions. Typical acquisition times
which may serve to explain the discrepancies between thWeré 80—1000 s per time delay. One-photgmobe only

simulated and experimental absorption recovery times. ~ Photoelectron spectra of, (CO;), clusters (=1-10, 12,
14, 16 were also collected, in order to determine the energy

shift of |, features due to the presence of Colecules.
Acquisition times for these spectra were 1000-6000 s per

The apparatus and data collection procedure is similar t(():luster.

that described previousf§. |, (CO,), clusters are produced
by passing a mixture of 3% GQn Ar at 20 psig over solid !ll. RESULTS

I and expanding into vacuum through a pulsed piezoelectric  5ne_photon (probe only photoelectron spectra  of
valve. The pulsed jet is crossed by electrons from a 1.5 ke\(z—(coz)n clusters f=0-10, 12, 14, 1pare shown in Fig.

electron gun resulting in the production of negatively3 The spectra consist of transitions to various electronic
charged molecules and clusters. These anions are pulsg

h ) > g ates of § as indicated in th@=0 spectrum. In all spectra,
extracted into a Wiley—McLaréh time-of-flight mass spec- the peak at highest electron kinetic ener@KE) results
trometer where they travel to the laser interaction region =

from photodetachment to th¥ state of neutral {CO,),.
Femtlo;(;e?ongopljmﬁfao nm, 80 f?’ ;5](0’“‘]) angpft,)\i(fsor The shift in the vertical detachment energy to this state rela-
nm, 1OU1S, <O ) pulses generated from a Clark- " tive to bare J (i.e., the shift in the peak ceneis plotted vs
-sapphire regeneratively amplified laser intersect the aniongz in Fig. 4. A monotonic shift toward lower electron kinetic
at the focus of a magnetic bottle electron spectrom&tand

; is ob d with i i luster sizd5 \Y,
photoelectrons produced are energy-analyzed by tlme-of(?nergy 's observed with increasing cluster sizd50 me

. " er CQ molecule for }(CG,), and decreasing to-50
flight. The pulsed valve and laser operate at a repetition rat eVICO;, for I;(CO,) 1. These “solvent shifts” result

FIG. 3. One-photon photoelectron spectra {A0,), (n=1-10, 12, 14,
16) clusters. Photon energyt.768 eV.

Il. EXPERIMENT

of 500 Hz. from stronger solvent binding in the anion than in the
neutral®®
12 Time-resolved photoelectron spectra fgfC0O,),, clus-
' ters withn=4, 6, 9, 12, 14, and 16 are shown in Fig&)5
1.0 5(c) and Ga)—6(c) for selected pump—probe delay times.
> 0.8 Spectra were taken at many more delays than are shown in
§0.6 the figures; the selected spectra represent the minimum
=W needed to follow the dynamics in these clusters. The spectra
02 consist of peaks of various widths that evolve as a function
00 of time. The maximum time delay recorded for each cluster
02 4 6 8 10 12 14 16 is 200 ps.

Number of CO, molecules

Based on our recent detailed study ofAr), (Ref. 33
and the mass spectroscopy studies 4iCO,),, photofrag-

FIG. 4. Shift of theX band in Fig. 3 vsn for I,(CQ,), clusters : _ _
mentation by Lineberger and co-workérsmany features in

=0-10, 12, 14, 1p
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(C) n=16 results®® feature E at early times is attributed to photodetach-
200 ps ment from the classical inner turning point region of a vibra-
tionally excited } wavefunction resulting from recombina-
tion on the X state. Subsequent shifting toward lower
electron kinetic energy results from vibrational relaxation of
the I, . At time delays>5 ps forn=14 and>4 ps forn
=16, feature E is relabeled feature G to signify that is has
merged with lower energy featurésee below. In clusters
with n<12, feature E remains distinguishable from other
e e 1533000 St features in the spe_ctrum at all time delays.
© 77 Electron Kinetic Energy/eV. The trends at time delays beyord. ps forn=9, 12, 14,
and 16 clusters at low eKE<1 eV) hint at more complex
FJG. 6. FPE spectra ofz’(COZ)niclusters at selected delay time&) dynamics that were seen for(Ar) , clusters. ForJ(CO,)s,
12(CO) 12, () I (CO,)14, ANA(C) 1, (COZ) 16 PUMPp photon energyl.589 1 gingle feature D at 1.0 ps broadens slightly toward higher
eV, probe photon energy4.768 eV. .
eKE at later times, and by 200 ps appears as a shoulder on
the high energy side of a peak labeled F. Fo(dO,)4,,
these spectra can be assigned at least on a preliminary badigature D splits into two features by 6.0 ps,(& low eKB
This assignment scheme is summarized in Table |. Feature And D (at high eKB, with feature E appearing as a shoulder
[A; and A, in Fig. 5(a)] seen at the earliest times, reflects theon D’ at 200 ps. In the;l(CO,)4, spectra, feature D begins
transient  created on the repulsivd’ state by the pump shifting toward higher eKE after 1.3 ps, and merges with E
pulse; analysis of this feature has been reported elsevihierePy 20 ps, at which point the merged feature is labeled G. A
Features B, C, and D are relatively sharp peaks that agow-energy feature, F, emerges after 880 fs. BACIO,) 16,
pear between 200 fs and 1.1 ps. We attribute these to phot& changes from a peak at 500 fs to a shoulder at 1.0 ps on a
detachment from solvated | The subscripts 1 and 2, when lower energy feature labeled F. By 4.0 ps, D is gone, leaving
shown (=4, 6, 9 refer to photodetachment to tRB;,and  E and F, which merge into feature G by 6.0 ps.
2p, , states of atomic iodine, respectively. Since peaks B, C, Assignment of these features is possible only by com-
and D occur at progressive|y lower eKE, they Correspond tcparison with simulations described below. These will dem-
solvation by increasing numbers of G@olecules. The pro- onstrate that peak F has a similar origin as in theAr),
gression in time and energy for these three features is mo§pectra, namely, photodetachment from the classical outer
apparent for J(CO,)s, 1,(CO,)ge, and §(CO,);,, Where turning point of vibrationally excited,l to the ground state
peak B is most intense at200 fs, peak C is most intense at Of I, and from vibrationally relaxed,! to the low-lying
~400-500 fs, and peak D is most intense 800 fs—1.1  €xcited states of,l. The simulations also suggest that the D
ps. A distinct feature C is not evident for the other clustersfeatures in clusters 0§ (CO,) - [and D in 1, (CO,) ;7 are
but in all cases there is a net shift to lower electron energyt least partially due to long-lived, solvent-separated states of
from feature B at~200 fs to feature D at+-800 fs—1.1 ps. |, within the cluster.
Feature E appears at high electron kinetic energy for all
clusters except;(COzl)z;..The egrliest time qt which it can V. ANALYSIS
be observed drops with increasing cluster size, fro® ps
for 1, (CO,)e to ~500 fs for [ (CO,)14_16. Once this feature Simulations of the photoelectron spectra were performed
appears, it shifts toward lower electron kinetic energy within a manner similar to that for thg (Ar) , clusters® using a
increasing time, and the degree of shifting is most apparerdombination of previously-measured photoelectron spectra to
for the I (CO,)14-_16 Clusters. Based on our,(Ar),g  simulate theT features, and calculated photoelectron spectra
to model vibrationally excited,l features. Details of the
_ _ _ methods used can be found in the previous papend a
TABLE I. Labeling system of features observed in FPES gfAr), and discussion of the,land |, potential energy curves is given
15(COy,), clusters, with corresponding assignments. In cases where two 0 2 p ay 9
spin—orbit manifolds are visibl@eaks A—D), each is labeled with a sub- elsewherd? The discussion below focuses on features of the
script, e.g., A and A, according to decreasing eKE. analysis unique to the, [CO,), simulations.
Peaks B, C, and D are assigned to solvated The

Intensity

Label Assignment effective number of C® molecules around the | (n,-),
A l,—l; X (transient was determined from previously-measured solvent shifts of
B l—1~ (anomalous staje I7(COy), clusters*~*3The shifts are much larger per GO
c 1~ (symmetrically solvated molecule than per Ar atom;-170 meV for '(CO,), de-
D I~ (dissociatey]

creasing to~40 meV for I'(CO,),=19. The resulting value

l—I1" | t- t . .
(solvent-separated ) should correspond approximately to the instantaneous sol-

: 12 X1y Xv=0, dinati ber of the Iwithin the cl
N xaz X excited inner turning pointiTP) vent coordination number o t<e within the cluster.
= I, X1, X excited outer turning poirtOTP), For analysis of short-timé<1 p9 spectra, the eKE of

I (higher-lying statés—1; X features B, C, and D have been converted ifitp) (using
G I, X—1; X and k-1~ (indistinguishable linear interpolation to calculate_ a fractional value yvhen the
eKE lay between measured shjftmd are presented in Table
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TABLE Il. Average number cif solvent molecules coo'rdinatedT(Xh,f)) time delays; however, as its eKE is dependentiog) and

for features B, C, and D in,(CO,), clusters determmgd from the FPE <V>, both quantities cannot be simultaneously determined
spectra. Also given are estimates(of-) for anomalous 4’) and normal from this feature

(X, A) charge-switching states derived from calculated cluster structures, Photodet h. t th | ical ter turni int
and(n,-) for a symmetric solvent configuration on thé state(see text? TP tc())(ihg chrrgjr:ld Zteae;; reesuﬁtziil(;amiléfle;al::gwgr 2%'(?
FPES Model estimates intense peak, occurring at lower eKE, and an even lower

Parent .
cuser B C D Anomalous Symmetic Normal €Nergy broad band from photodetachment to excieddates
(the B <X band. The eKE of the narrow peak is relatively
4 1.4 - 25 3.0 35 4.0 . L . o
6 51 34 a4 30 45 6.0 insensitive to{v) over a wide rangé~10-30, in principle
9 30 50 67 3.0 6.0 9.0 allowing an independent determination (@fy). While this
12 48 72 80 5.0 7.0 9.0 method could be used i (Ar) clusters®® it generally can-
14 78 - 82 9.0 9.5 10.0 not be applied toI(CO,), clusters, because the OTP tran-
16 84 -+ 89 10.0 10.0 10.0 e : :
sitions either are not accessible at the probe wavelength due
Reference 24. to large solvent shifts, or they are masked by overlapping |

features, making accurate determination(iof) difficult.
In such casegtime delays<30 ps for [ (CO,)4,, and
somewhat shorter delays fop (ICO,)4 and L (CO,) 44,

Il. Also shown are estimates d@h,-) for the normal and . : .
simulations using several values @fiy) were performed.

anomalous charge-switching states, as defined in the Intr “overal criteria were then considered in determining a
duction. These latter values were obtained from calculate%' Y . . 9
best” (nyx) time progression for the cluster. The value of

structures of the clustef$;?®3>assuming no change in sol- : ) ) )
vent coordination number or loss of solvent during the first<n><> at Ion_g time delays, where 't. could be detgrmmed with
more confidence, served as a primary constraint. It was as-

ps. Hence the “normal” and “anomalous” values Of,-) d th q q ically with time del
represent the coordination numbers around the more and leS§med afny) decreased monotonically with time delay,

highly solvated | atoms, respectivelgompare to Fig. 2, for agd tha<t changeslfronlw Onﬁ spectrum Ejo anott:\er were not
example. An estimate for a symmetrically-solvated structure 22ruPt(=1 CO, moleculg. The correspondence between the

is also given, obtained by averaging the anomalous and nop_xperimental spectra and simulations' u's;?ng differen't values
mal values. Table Il is considered in more detail in the Dis-Cf (Nx) Was not equally good, further limiting the choices of
cussion. (ny). A final decision rested on careful comparison({nf)
For simulating FPES spectra, actual(CO,), photo- in neighboring clusters, gnd the average size distributions
electron spectra were us&iather than the shifted Ispec-  Tom the photofragmentation experiments at 790%fm.
tra used for T(Ar),,, because the (CO,), spectra contain Populations of the'l and |, X state contributionsP,-
prominent progressions arising from ¢@brational modes. and Px, respectively, were determined from the intensities
Normalization of the spectra was achieved by scaling thé@f simulated spectral features, weighted by their relative
integral of the PPg,—1~ 'S, transition to that of the bare'| ~ cross sections?;- and Py sum to unity for all spectra. For
spectrum[2.0, relative to 1.0 for the,(X)«I, (X,v=0)  clusters J(CO,).~q, it appears that some of the ™I sig-
transition].>3 nal is from the solvent-separateg ktructure(“SS 1,"")
Solvated J in the X(23) state was modeled using an Proposed by Parsdfiand Coker?? in which I, is dissoci-
empirically determined distribution of vibrational levels, ated, with the T surrounded by solvent and the | atom still
characterized by an average leye) and average number of inside the cluster but separated by thebly at least one CO
solvent moleculegny). Given an } vibrational distribution, ~molecule. This contribution is included ;-
the method of generating a spectrum was the same as that Simulation parameters are summarized in a series of
used for §(Ar), clusters® appropriate solvent shifts of the graphs in Figs. @-7(b) (Px and(v) vs time and (ny)
simulated spectra were taken from the one-photon photoele@nd(n;-) vs time). Included in these figures are data from
tron spectra of J(CO,),, clusters measured in this wotkig. |, (Ar) . Values ofPy, (nx) and(n,-) at long times(~5
4). us) obtained from Lineberger's photofragmentation
At long time delays, whefv) is fairly small (<5), {ny) experiment$® are indicated as detached points. Although
and({v) can be simultaneously determined from the spectruni-PE spectra at several time delays have been simulated to
by simulating feature Eor G). In this situation, the feature follow the dynamics in each cluster, only a selected number
arises from an 2|(§()<_|2*(§() band whose shape dependsare shown to illustrate the changes taking place. These are
sensitively on{v), while the overall eKE of the band is presented in Figs.(®-9(f) (n=6, 9, and 12 10(a)-10(c)
governed by(ny). (n=14), and 118)-11(d) (n=16). Each graph includes
At larger (v), the XX band splits into two distinct curves representing the solvated and |, X contributions,
energy regions arising from different segments of thevi- the total simulated spectrum, and the experimental spectrum.
brational wave function. Near the classical inner turning  Estimated error bars are:15% for Py and (v), and
point (ITP) of the I, potential, photodetachment results in a =0.5 for(ny) and(n,-); these represent typical variations of
broad range of eKE, and the maximum eKE increases raghe parameters within which good fits to the experimental
idly with {v). The X« X ITP contribution, lying at the high- spectra are obtained. Error bars for Xistate parameters are
est eKE in the spectrum, corresponds to feature E at shoabout 50% larger for;l(CO,)¢ at all times andJ(CO,)q at
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early delay timeg=<10 p9, because feature E is of low in- Finally, we note that even at 200 ps, our value of
tensity and spread out over a wide energy range in thesg,-)=2.6 is somewhat higher than observed by product
spectra. mass analysis in the photofragmentation experinfents

((n;-)=1.9). This indicates that solvent evaporation from

he I” f is i I 2 .
V. DISCUSSION the I (CO,),, fragments is incomplete at 200 ps

Cluster spectra are treated in three sections, grouped . |7(C0,), 1;(CO,)q, and I15(CO,)1,
similar dynamics;(1) 1,(CO,),, which shows relatively _ . . -
simple solvated 1 formation, and no J formation, (2) These intermediate-sized clusters exhibit both solvated

— - : ., I~ and |, features in their spectra at long time delays, con-
[5(COy)g, 1,(CO,)g, and [ (CO,)1,, Which exhibit more ) . . .
czo(mple)fr é)(/narrzi?:s, and%rgcrea)slizng amounts pfrecom- sistent with the photofragmentation experiments. They are

bination and vibrational relaxation, ar@®) 1, (C0O,).4 and also pred_icte%f‘_z 8’29'35“_) have highly asymmetric initial S.OI'.
I;(CO,)16, for which the FPE spectra are dominated byvent configurations, with the excess charge unequally distrib-
2 1

rapid formation and relaxation of I. For reference, the frac- uteddk_)etV\;tra]en the | atorr:_s, zlandhmoredslolvtent molecles sur-
tion of I, products measured in the photofragmentationroun Ing the more hegafively charged * atom.

. . : Molecular dynamic$MD) simulations by Faedest al?®
experiment are 0.03 in §(CO,),, 0.29 in | (C , 0.70 - : , > .
in FI)Z’(COZ)Q, 0.85 in E(JCO;))EZ? 0.95 in E(ngz))i, and " I, (COy)q 1, following excitation at 790 nm show that this

1.00 in b (CO,)16. Thus, there are essentially np-based asymmetry has a profound effect on the dissociation dynam-

photoproducts from ;l(CO,),, and no T-based products ics. Specifically, in the initial configuration of the excitéd

from 1, (COy)14_16. After discussion of each group of clus- state, the more negatively charge_d I_atonie_ss solvated
- apgcause of anomalous charge-switching. It is therefore free

fo leave the cluster, but cannot because of its attraction to the
solvent molecules. Instead, the simulations predict interac-
tions between the | and Ifragments are important at short
A. 153(COy), times, leading to nonadiabatic transitions between Aie

In1,(CO,),, I~ -based products dominate in the photof- state and lower-lyingX and_A states. These transitions are
ragmentation experiments, and np features are observed necessary not only for caging to occur, but also for dissocia-
in the FPE spectra. This cluster is predicted to have a fairljion since the neutral | atom is less solvated in ¥hand A
symmetric initial solvent configuration, with three of the four States and can leave the cluster relatively easily. The configu-
solvent molecules around thg Wwaist?® so the normal and ration of the solvent molecules is strongly tied to the anion
anomalous coordination numbers in Table Il differ by only €lectronic state, with a symmetric configuration lowest in
one solvent molecule. With this cluster geometry, both phoenergy for theA’ state, and solvation of the more negatively
tofragments can leave the cluster without significant interaceharged | atom lower in energy for the normal charge-
tion with a solvent molecule, hence the near total absence awitching X and A states. Margulis and Cok&rhave per-
caged product formation. Featureg Bnd B,, peaking at formed MD simulations on,l(CO,)g at 720 nm excitation
~200 fs, represent the earliest observablesignal, when and find similar effects controlling the short-time dynamics.
the I and | are not very far apart and the system is presum- ) _
ably still on theA’ state. From 200 to 800 fs, these featuresl‘ Short-time dynamics
shift and broaden toward lower eKE, and are relabeled D The evolution of peaks B, C, and D in the FPE spectra of
and D, at 800 fs. No evolution of the spectra occurs after 800these clusters during the first1.0 ps can be interpreted in
fs. We find(n,-)=1.4 for B, at 200 fs, andn,-)=2.5 for  the context of the MD simulations. Table Il shows that for all
D, at 800 fs. Thus, the | photofragment is more heavily three clustersin,-) for feature B, the earliest “solvated T
solvated at 800 fs than 200 fs, suggesting that thinitially ~ feature, is closest to the anomalous value, meaning that the
pulls away from the cluster but does not escape because ofgative charge is initially on the less-solvated | atom in the
its strong attraction to the G&olvent molecules. Instead, as A’ state and confirming the prediction of anomalous charge-
discussed previously in more detfilthe solvent molecules switching in this state.
respond to this initial motion by “following” the T and it Between 200 fs—1.0 ps, feature B evolves into a tran-
becomes more solvated by 800 fs. While this is occurringsient feature C, which then evolves into a much longer-lived
the neutral | atom can leave the cluster more or less unhirfeature D; the three peaks occur at progressively lower eKE,
dered. indicating that(n,-) increases over this time interval as

The I, (CO,), dynamics at early times differ from those shown in Table II. Table Il also shows a reasonable corre-
seen in J(Ar)g, another cluster in which no caging occurs. spondence between tR@,-) values for features C and D
There, the spectral feature associated with theliotofrag- and the expectedn,-) values for “symmetric” and “nor-
ment continuously shifts thigher eKE from 0.3 to 1.5 ps mal” configurations, respectively, of the solvent molecules.
and then stops evolving, indicating that theghotofragment  The experimental values are generally slightly lower, but this
simply leaves the cluster, taking at most 1 Ar atom withdiscrepancy could be attributed to evaporation of one, CO
it.2631:33The difference between the two clusters is causediuring the first~1 ps, or to large amplitude motion of the |
by the significantly stronger |} CO, interaction which in- atoms at early time€2° In any case, this correspondence
duces the solvent molecules to follow the fragment. suggests that feature C corresponds to passing through a

sons are made to previous experimental and theoretical wor
Parallels with J(Ar),, clusters are also considered.
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FIG. 7. Simulation parameters fo§ (CO,), clusters(a) Population of the FIG. 8. Simulation parameters for (CO;), clusters(a) Average number of

Py X state Px) vs time. (b) Average vibrational level of the,| X state CO, molecules in the;l X state (ny)) vs time. (b) Average number of CO

<V2) vs time. Legc:zndA—I (COZ)E ¥ =13(COy)e, __I ((?02_)12 u molecules solvating the Ifragment (n,-)) vs time. Legend is identical to
=15(C0O,) 14, ¢ =15(CO))16, X=1;(Ar)20. Detached points indicate val-  rig 7. petached points indicate values from Voetal. (Ref. 8.
ues from Vorseaet al. (Ref. 8.

symmetric solvent configuration, the lowest energy structurghe rise ofPy [Fig. 7(b)] from 9.4 to 4.5(ny) and(n,-) are

on the A’ state surfacé’ This symmetric geometry maxi- essentially constant at 0.5 and 4, respectively, from 10 to 200

mizes coupling with the lower-lying\ state, particularly at ps[Figs. 7a)-7(b)].

large interiodine separations where the two states are nearly |t therefore appears that between 3 and 10 ps, the earliest

degenerate. The evolution of peak C to peak D then suggesfigne at which a discernible feature E can be seen, substantial

a nonadiabatic transition to a normal charge-switching stateecombination, relaxation, and solvent evaporation has oc-

in which the I" is preferentially solvated, i.e., either theor  curred; the J chromophore has dissipated about 870 meV of

X state, by 1 ps. Our interpretation of peaks B, C, and D isvibrational energyout of a total well depth of-1 eV), and

qualitatively consistent with the MD simulations by Faedermost of the solvent molecules have evaporated. Presumably

et al,?® which predict that the solvent rearranges to a sym{hex state vibrational distribution is too spread out and the

metric configuration within 500 fs, followed by transitions to population of this state too low for feature E to be observable

the A or X states at later time delays. before 10 ps. After 10 ps, additional recombination occurs
Note that feature D can in general result from a truealong with a small amount of vibrational relaxation. In con-

I~ (CQ,), cluster(from which the | atom has departeadr a  trast to the larger clusters, (CO,)4 loses all its solvent mol-

cluster in which | and T are both present but far apart; the ecules before complete relaxation can occur, so thatat

two are difficult to distinguish spectroscopically because 0f200 ps is higher than for any other cluster studied lisee

the relatively weak I-CQinteractiof® (45 meV well depth ~ Fig. 7(b)].

This point is important because recombination can occur Since relatively minor changes occur after 10 ps, only

with nonzero probability as long as both atoms are present ithe 200 ps simulation is showfrig. (a)]. The simulation

the cluster. parametersRy=0.31,(v)=4.5,(ny)=0.5,(n,-)=4.1) in-
dicate a spectrum dominated by solvated Which accounts
2. Longer-time dynamics for almost all of feature D. Solvated, (X) contributes a

a. 1,(C0O,)s: The L, (CO,)q spectra were simulated fairly uniform, low-intensity signal over the entire range of
between 3—-200 ps. The full set of simulation parameters i§bserved electron kinetic energies, 0-2 eV, with a distinc-
shown in Figs. 7 and 8. Figurgd& shows that 10 ps is the tive, sloping shape in the region of the E feature, arising
earliest time at whictPyx>0. Py grows from 0.24 at 10 psto from the X< X transition, and a slight increase at 750 meV
0.31 at 200 pgFig. 7(@], while {v) decreases in step with due to theA’/A—X transitions. The photofragmentation
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D (a) n=6 F\D (d) n=12 laxation is faster and more complete CO,)q, reflecting

1.1 ps the larger number of solvent molecules. However, while con-
siderable vibrational relaxation occurs between 3 and 25 ps,

the number of solvent molecules is unchanged, and at 200

ps, both{ny) and(n,-) are slightly larger the photofragmen-

= E tation averagésof 2.8 and 5.9, respectively. Thus, there is

(e) n=12| clearly a delay b(_atween the transfer of energy to the so_lvent

6.0 ps and the evaporation of solvent molecules, a trend seen in the
) larger clusters as well.

At 200 ps,Pyx=0.44 is far smaller than the photofrag-
mentation value of 0.70. This apparent discrepancy is ex-
plained by postulating that approximately half of thg |

- . - % population is trapped in a solvent-separat&® |, struc-
FA (C) n=9 D' (f) n=12 ture, in which both | and lie within the cIuste? but are
p 200 ps separated by one GOmolecule; in our experiment these
states should appear as solvated lLong-lived SS J states
are seen in the simulations of Faedeand Margulis’® and
are attributed to recombination on thg A state, for which
h - the well depth(~100 me\} is about half the T-CO, well
00 05 1-01 1.5 2000 05 1.0 15 20 depth. However, the SS states in the simulations are pre-
Electron Kinetic Energy/eV dicted to decay on a time scale of tens of picoseconds,
FIG. 9. Experimentalthick solid and simulateddashedl spectra of(a) ~ Whereas our analysis of the(ICO,)o FPE spectra indicates
12(COy)¢ at 200 ps,(b) 17(CO,)g at 9.0 ps,(c) I;(COy)e at 200 ps,(d)  this state lasts at least 200 ps. We consider the SS states in

12(C0z)12 at 1.1 ps,(e) 1, (CO,)y, @t 6.0 ps, andf) 1,(CO,)12 @t 200 ps.  more detail below in the context of results fof(CO,) 1,
Contributions to simulated spectra from the X state(thin solid and sol- clusters

vated I (dotted are also shown. The Icontribution includes the solvent- _ _ .
separated stat@ee text C. 1, (COy) 120 1,(COy) 4, clusters were simulated from

1.1 to 200 ps, with the simulation parameters plotted in Figs.
7 and 8. The spectra exhibit significant changes during this
time interval; three simulation examplés.1, 6.0, and 200
ps are shown in Figs. @)—9(f). At 1.1 ps, the spectrum
e(PX=0.14,<V)=11.9,(nx)=8.0, (n)-)=7.5) is almost en-

3x

Intensity

experimentSyielded(ny)=0.4, in good agreement with our
value. However, as was the case f9(C0,),, our value of
(n,-) at 200 ps is larger than the photofragmentation valu

(3.4), which points to vibrational excitation and incomplete t|[e!y due to solvated T; the contribution fr.om solvated
evaporation in the solvated Ifragment at 200 ps. I, (X) accounts for the weak feature E at high eKE, and a

b. 15(CO,)e: The FPE spectra of,(CO,)g were small amount of intensity underlying feature D. The spec-

simulated from 1.0 to 200 ps. More significant changes in thd"Um at 6.0 ps Px=0.33,(v)=6.9,(nx)=8.0,(n,-)=7.9)
shape of feature E are observed than;inC00,)s, so two has a considerably larger contribution from(X), resem-
time delays(9.0 and 200 ps are shown in Figghp-9(c) to  bling that for |, (CO,)9 at 9.0 ps, withE(X«X) appearing
ilustrate the changes. The 9.0 ps spectruy+0.34,(v) as a sloped feature, and increased intensity-200 meV
=8.4,(ny)=4.0,(n,-)=6.4) shows arX state contribution (A'"/A—X). In addition, the single peak D seen at 1.1 ps has
similar to that for § (CO,)¢ in Fig. Aa). Feature D is almost Split into two peaks, D and D Most of D and all of D are
entirely accounted for by solvated.l In contrast, the 200 ps fit using a bimodal T(CO,), distribution with maxima at
spectrum Py=0.44, <v>=1.1, (ny)=3.5,(n,-)=6.4) ex- mM=9 (D) andm=7 (D); the remainder of D is from the
hibits a much more structureXi state contribution due to the A’/A«X transition. The 200 ps spectrunP£=0.49, (v)
low average vibrational quantum number, with distinct peaks=1.1, (nyx)=7.0, (n,-)=7.5) exhibits strong J(X) state
at 1.15 eV KX, feature B, ~550 meV A'/A—X, fea-  contributions centered at 850 meX{-X, feature B and
ture B, and ~250 meV B'/B"+X). Solvated T still ac- ~200 meV @A'/A—X, accounting for half the intensity of
counts for the majority of the intensity of D; it is broadened feature D. The I" contribution is bimodal but much less
and diminished relative to 9.0 ps, but otherwise unchangeddouble-peaked than at 6 ps; the=9 component that con-
Py [Fig. 7(@)] is first observed to be nonzero at 3 ps, tributes to D is considerably smaller than time=7 compo-
earlier than in J(CO,)s, and remains essentially constant nent comprising all of feature 'D
(~0.44 after 25 ps{v) [Fig. 7(b)] falls asPy rises, drop- The drop in the T(CO,),, contribution to peak D occurs
ping from 9.4 at 3 ps to 1.4 by 25 ps, after which there isprimarily between 6 and 20 ps and is accompanied by an
little change. We findny)=4 at all time delays=3 ps until  increase irPy from 0.33 to 0.43. During this interval recom-
200 ps, when it drops to 3.5, whil@,-) is constan{at 6.9 bination of | and T within the cluster must be occurring. The
from 1 to 200 ps. The values ¢¥) and({ny) at 3 ps indicate time scale over which this process occurs is similar to the
that significant recombination with associated dynamics hasverall recovery timé~10 pg of the I, absorption seen by
already occurred by the time feature E can be discerned, dsnebergef for clusters in this size range. By 200 ps, the
was also the case fog (CO,)s. Subsequent vibrational re- remaining I' contribution to peak D is attributed to true
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I7(CO,),, fragments; this is consistent with the results of F
Vorsaet al.®®who found an T(CO,),, fragment distribution
from 15 (CO,) 1, with averagem=8.6 and no photofragments
with m<8.

The largest feature in the FPE spectrum at 200 ps is peak
D’, another T feature, in apparent disagreement with the
photofragmentation results which yield a caging fraction of
0.85. Our value oPy, 0.47, is considerably lower than this.
We attribute peak Dto solvent-separated | assuming that
all of the SS J eventually recombineé.e., long after 200
ps) on theX state,Py may be added to the S$ population
to obtain a caging fraction of 0.87, very close to the photof-
ragmentation value. The situation is similar to that proposed
for 1, (COy,)g, but the presence of a distinct peak @r the
n= 12 cluster at 200 ps provides a more compelling reason to
make such an assignment.

Our value of (n,-)=7.3-7.9 for peak D between
6—200 ps is almost certainly less than the number of, CO
molecules in clusters with long-lived S$ Istructures, be-
cause the formation of such a structure should not liberate s 3 T 70
enough energy to evaporate 5 £@olecules(at 200 ps, : D : :
(ny)=7.0 for fully vibrationally-relaxed J). This suggests Electron Kinetic Energy/eV
that in the long-lived SS,l structure, some COmolecules FiG. 10. Experimentalthick solid and simulated(dasheyl spectra of
either surround the neutral | atom, or interact with the | 1,(C0O,).4 at(a) 1.3 ps,(b) 5.0 ps,(c) 200 ps. Contributions to simulated

atom more Weakly than in a puré([_‘,oz)n cluster. spectra fromJ X state(thin solid) and solvated (dotted are also shown.
The I” contribution includes the solvent-separated stage text

D a) n=14
( )1.3 ps

Intensity

C. 15(C0O,) 14 and 1;5(CO,) 16

At short delay times, the,(CO,).4, and |, (CO,),6 FPE  D; the A’/A—X transition accounts for F. The solvated |
spectra show feature A, associated with dissociating | contribution peaks at-300 meV, between D and F, but rep-
evolving into a solvated™1 feature B by 200 fs. This then resents about 2/3 of the intensity of D. The 200 ps spectrum
shifts to slightly lower eKEfeature D by 800-900 fs indi-  (P,=0.62, (v)=0.8, (ny)=9.0, (n,-)=7.7) consists of a
cating increased solvation; the shift is more evident fOI‘singIe broad feature G, which is accounted for roughly
1,(C0;)14. Table Il shows that the shift from B to D is equally by solvated;l(X), centered at high eKE and an |
noticeably smaller than for the=6, 9, and 12 clusters. ItiS feature centered at lower eKE.
likely that the early time dynamics involving nonadiabatic Experimental and simulated FPE spectra 5(d0,) ¢
transitions are similar for all five clusters, but that the energre shown in Figs. 4&-11(d) at 1.0 ps, 2.2 ps, 4.0 ps, and
getic shifts associated with these transitions are smaller fopog ps. At 1.0 ps Pyx=0.68,(v)=38.8,(ny)=14.5,(n,-)
then=14 and 16 clusters because they start from more sym-
metric solvent configurations.

The distinguishing feature of these FPE spectra, how-
ever, is the early appearance of featuré~£00 fg and the
clear evolution of this feature toward lower eKE at later
times. These trends result from the formation of solvated,
highly vibrationally excitedJ and its subsequent relaxation,
and allow us to follow the dynamics within these clusters in
more detail than for the smaller clusters.

Simulations of theJ(CO,) 4 spectra at three time delays
are shown in Figs. 1@-10(c) for 1.3, 5.0, and 200 ps. The
1.3 ps spectrum Rx=0.62, (v)=23.9, (nx)=10.0, (n,-)
=7.8) exhibits a solvated, | X state spectrum which is very
extended, due to the large value @f); feature E is ac- | '
pounted for by theX<— X ITP transition at h|gh eK_E,thllg F s T o e T e
is represented at very low eKE by a combinationXef-X Electron Kinetic Energy/eV
OTP and } <X transitions(defined in the Analysjs Sol-
vated I contributes the bulk of the intensity to D. In the 5.0 FIG. 11. Experimental(thick solid and simulated(dashedl spectra of

= - - \— 13(CO,) 6 at (a) 1.0 ps,(b) 2.2 ps,(c) 4.0 ps,(d) 200 ps. Contributions to
ps spectrum Ry=0.51, (v)=4.4, (ny) 9'0’~<n'~> 8.3), simulated spectra from thg IX state(thin solid) and solvated 1 (dotted

<V>_ is much lower, generating a more compet-X feature  4re also shown. The Icontribution includes the solvent-separated stsge
which accounts for feature E at much lower eKE, and part ofext).

Intensity
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=8.5), solvated J X is responsible for features EX(-X  D. Trends across cluster size, and comparisons with
ITP) and F X—X OTP), while solvated T accounts for D, Other studies
The very intense feature F is due to the much larger value of  The most significant trend across cluster size is the in-
(v) in comparison toJ(CO,)14 near this time delay. Also in  creasingly rapid appearance and subsequent vibrational re-
contrast to J (CQO,) 14, the A’/A«~X transitions are inacces- laxation of the X state. Using the time of initial appear-
sible at the probe wavelength because of the larger solverince of feature EX«— X transition) as a basis of comparison
shift. By 2.2 ps Px=0.85,(v)=20.9, (nx)=13.0,(n-)  [see Fig. 7a)], a monotonic decrease with cluster size is
=8.7), the general shape of the spectrum is unchanged, bgbserved, from~10 ps in L(CO,)s to ~500 fs in
E has moved to much lower eKE, and the intensity of F is|;(CO,),,_46 indicating that the recombination rate in-
diminished, due to the considerable state relaxation and creases markedly with cluster size. This trend is presumably
loss of CQ molecules compared with 1.0 ps. Thestate due to the increasing perturbation on thedlectronic states
population has increased significantly as well. The solvatedby larger numbers of COmolecules, facilitating nonadia-
I~ contribution, still accounting for D, is of lower intensity batic electronic transitions to thé state. We also find that
but (n,-) is almost identical. The 4.0 ps spectrurPy( the initial value of(v) increases substantially with cluster
=0.89,(v)=6.4, (nx)=12.0,(n;-)=8.5) could be simu- size[Fig. 7(b)], from 9.4 for |, (CO,)¢ to 39 for |, (CO,) .
lated exclusively by the,l X state, but there is better repro- This suggests that for the smaller clusters, vibrational relax-
duction of the low eKE region if a small amount of is  ation in high vibrational levels of the, | manifold is fast
included in the vicinity of F. The 200 ps spectrunPy relative to the recombination rate, so significant relaxation
=0.86,(v)=1.4,(nx)=11.5,(n;-)=8.9) reveals further vi- has already occurred that by the tirf% is large enough
brational relaxation to thé& state, and whether any lis ~ (0.15-0.2% to produce an observable feature E. The higher
present depends primarily on the choice(af); over the initial (v) for the larger clusters reflects the increased recom-
range(ny)=10.5-12.0,Py varies from 0.70 to 1.00. Here bination rate relative to vibrational relaxation.
we choose a median value, which is most consistent with In all clusters, we observe a buildup of population in the
simulations at earlier time delays. The—X transition ac- X state to nearly its maximum valiee., at 200 psfollowed
counts for the majority of G, with the solvated Isignal by vibrational relaxation. The time scale for this buildup is
making a small contribution to the low eKE side. about 10 ps for J(COy)s, 1, (COy)g, and §(CO;)y,, and

The trends inPy and (v) in Fig. 7 are similar for about 1 ps forJ(CO,)4 and [ (CO,)46. Once there is sub-
[5(CO,)14 and L (CO,).6. In both casesPy rises much stantial population in the state, vibrational relaxation pro-
more quickly than for the smaller clusters, reaching a plateageeds more rapidly in the larger clusters. Although not di-
by 1.3 ps and 2.2 ps for the=14 and 16 clusters, respec- rectly comparable to our determinations®§ and(v), the
tively. The initial value of(v) is much higher for these clus- absorption recovery experiments of Voeszal 8 confirm the
ters, 24 =14) and 39 (=16), then drops rapidly after 1 general decrease in time required to reach a low vibrational
ps with nearly all vibrational relaxation occurring by 10 ps. state, with exponential time constarigg 790 nm excitation
These trends indicate a substantially higher rate of recombianging from 24 ps forJ(CO,)g to 1.3 ps for [ (CO,) 6.
nation vs. vibrational relaxation as compared to the smalleThese time constants correspond approximately to the time
clusters. Figure @) shows considerable solvent evaporationat which(v) crosses~7 in Fig. 7b). The rapid vibrational
from the X state between 1 and 10 ps, particularly forrelaxation we observe i [CO,) 4 and | (CO,) ¢ is also in
I, (CO,)16. This is the same time interval over which most good agreement with the simulations, which predict that vi-
of the vibrational relaxation occurs, indicating a strong cor-brational relaxation is very fagt—3 pg once a transition to
relation between vibrational relaxation and solvent evaporathe X state occurs. In general, vibrational relaxation is much
tion. However, in both cases the 200 ps value(o%) is  more rapid in }(CO,), than in L (Ar),, in agreement with
larger (by 1.5—1.8 than the photofragmentation average, re-Vorsa's result$: the FPES simulation parameters for
flecting the energy residing in the cluster which will eventu-1, (Ar) ,q are shown in Figs. 7 and 8 for comparison.
ally dissipate through CQevaporation. Comparison of our values diny) and(n,-) at 200 ps

There is significant leeway in the choice of parameterswith the photofragmentation studies at 790 nm shows evapo-
for simulating the 200 ps spectrum fof(CO,).4, but the ration of solvent molecules is incomplete by 200 ps. For
breadth of feature G in comparison to theCO,),¢ spec- caged photoproducts, this effect is clear for all clusters with
trum suggests the presence of a significantcbmponent, Nn=9; the deviation is largest fan=16. For these clusters,
comparable to earlier time delayBy at 200 ps(0.62 is  vibrational relaxation within th& state is complete by 25 ps
much smaller than observed in the photofragmentation exer less. There is therefore a substantial delay between energy
periments(0.95, and(n,-) is also significantly smallef7.7  transfer to the solvent molecules and their evaporation. This
vs. 9.6. We therefore attribute this' | component to long- effect was seen to a much lesser extent,ifAl) oo [Figs.
lived, solvent-separated | just as for }(CO,)q1,. There  7(b) and 8a)]; the longer hysteresis for thg(CO,),, clusters
also appears to be a similar but smaller long-livectbntri-  is presumably due to stronger solvent binding and low fre-
bution persisting through 200 ps in thg(CO,)¢ spectra.  quency bending vibrations that greatly increase the density
This too is attributed to long-lived SS | because prod-  of vibrational levels.
ucts were not observed in the photofragmentation The FPE spectra far=9 clusters all show evidence for
experiments. solvent-separated structures. Comparison of ¥iestate
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populations with the cage fractions in the photofragmentacombination of solvent rearrangement and electronic transi-
tion experiments provides strong evidence for solventtions to the normal charge-switchidgand/orX states.
separated states with lifetimes exceeding 200 ps for these In 1,(CO,),-¢ Clusters, the transition to the/A state
clusters, particularly then=9, 12, and 14 clusters. MD induces } recombination, the fraction of which increases
simulation$®*° attribute SSJ states to metastable recombi- with cluster size. Forj(CO,) 15, (v)=9-12 at the earli-
nation on theA state. However, our finding of a very long- est time that recombination is observed. By 200 ps, we find
lived state is at odds with the simulations which decay by(v)=5 for I, (CO,)s, and (v)=1 for 1,(CO)g 15 In
recombination or dissociation on a time scale of tens of pid,(CO,)14_16 recombination occurs much faster, and higher
coseconds. It is therefore useful to compare our conclusionigitial values of(v) are observedup to ~40). The overall

regarding these states with previous experiments. rate of vibrational relaxation increases dramatically from
The photofragment mass spectra fgr(Ar), clusters 1,(CO,)g to I, (CO,) 6.
show a bimodal J(Ar) ,, daughter ion distributioA.This is The numbers of solvent molecules around dnd I,

now attributed to metastable recombination on Metate products at 200 ps are larger than those observed in the
with a lifetime of at least fus, the time scale of the experi- photofragmentation experiments, implying that evaporation
ment; in clusters where this occurs, the number of solvenof CO, from the cluster occurs on a much longer time scale.
molecules is considerably larger because of energy tied up dshis is consistent with the assumption that the ,C&age

I, electronic excitation. A bimodal mass distributionnist ~ stores a considerable amount of energy in vibrational and/or
seen for }(CO,), photofragments?® implying that any cluster modes after removing it from kinetic energy orJ
long-lived states must decay bys. Our observation of a vibration. The discrepancy increases with cluster size, illus-
state lasting for at least 200 ps is certainly not in conflicttrating the increasing energy “storage capacity” of larger
with the mass spectrometry results; the more significanclusters.

solvent-induced perturbations in(CO,),, clusters are likely In clusters of J(CO,),~9, & solvent-separated Istruc-
to reduce the lifetime of any metastable or solvent-separatettire is observed at long time delays, appearing spectroscopi-
excited states than in, (Ar), clusters. cally as solvated1. This structure is needed to explain the

The proposed long-lived solvent-separated state mighigh intensity of I' features observed in these spectra, and
seem at first to contradict Lineberger’s observation of a shorthe small number of COmolecules surrounding | While
recovery timeg(1.3 pg for I, (CO;) 6 at 790 nm excitation®  the lifetime of this metastable state appears ta>#00 ps
We also se& state formation and vibrational relaxation on (the longest time delays measurei is less than Sus the
this time scale. In both experiments, this short-time signafime scale of the photofragment mass spectrometry experi-
must be from clusters which do not pass through the sglventments-

separated state en route to iestate. Relaxation from tha
state with a lifetime greater than 200 ps would not contributeACKNOWLEDGMENTS
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