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Femtosecond photoelectron spectroscopy of I 2
2
„CO2…n clusters

„n 54, 6, 9, 12, 14, 16…
B. Jefferys Greenblatt,a) Martin T. Zanni, and Daniel M. Neumark
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and Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 10 September 1999; accepted 11 October 1999!

The photodissociation dynamics of I2
2~CO2)n(n54 – 16) clusters excited at 780 nm have been

studied with femtosecond photoelectron spectroscopy~FPES!. 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 the I2

2 chromophore, solvation of the I2

fragment, the onset of recombination on the ground state of I2
2 , vibrational 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 I2

2 vibrational distribution, and the number of CO2 molecules in the cluster. Results
are compared to previous experimental and theoretical studies of I2

2~CO2)n photodissociation, and
to a recent FPES study of I2

2~Ar) n clusters. ©2000 American Institute of Physics.
@S0021-9606~00!00102-1#
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I. INTRODUCTION

Photoexcitation of I2
2~CO2)n clusters offers a powerfu

means for understanding the effects of solvation on a che
cal reaction. The dynamics of a very simple reaction,2

2

photodissociation on a repulsive potential energy curve,
profoundly affected when this anion is embedded in a clu
of solvent atoms or molecules. Since charged clusters
readily mass-selected, one can in principle follow the evo
tion of this reaction with cluster size as the solute enviro
ment progresses from the gas phase to the condensed
limits. Lineberger and coworkers first examined the anio
products of Br2

2~CO2)n photodissociation in 1988,1 and sub-
sequently expanded their scope to include I2

2 in CO2, Ar,
and OCS clusters, examining asymptotic products and ti
resolved dynamics.2–11 The experiments show that dissoci
tion to ‘‘uncaged’’ I2 based products dominates for sm
clusters, while recombination to form ‘‘caged’’ I2

2 based
products becomes competitive in clusters with a relativ
small number of solvent molecules~less than one-half of a
solvent shell!. Experiments involving I2

2 photodissociation in
numerous solvents have been pursued by Barbara
co-workers.12–16 In solution, time scales for caging are sim
lar to those of large I2

2~CO2)n clusters, although interestin
new effects appear, such as the permanent escape of I2 into
solution. Theoretical investigations of the structure and
namics of I2

2 clusters have been performed by seve
groups.17–30

We have investigated I2
2~Ar) n and I2

2~CO2)n clusters us-
ing femtosecond photoelectron spectroscopy~FPES!.31–33 In
this experiment, mass-selected clusters are excited wi

a!Current address: NASA Ames Research Center, Atmospheric Chem
and Dynamics Branch, Mail Stop 245-5, Moffett Field, California 9403
6010021-9606/2000/112(2)/601/12/$17.00
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780 nm femtosecond pump pulse from theX̃(2Su
1) ground

state to theÃ8(2Pg,1/2) dissociative state of I2
2 ~Fig. 1!. A

second, delayed femtosecond probe pulse~260 nm! then de-
taches electrons from the clusters, producing a photoelec
spectrum. The FPE spectra provide a series of ‘‘snapsho
of the dynamics. In particular, one can track the evolution
the cluster through various electronic states and vibratio
states, and also determine the number of solvent molec
adjacent to the negatively charged species (I2

2 or I2) at any
time.

Our most recent study on FPES of I2
2~Ar) n clusters33

demonstrated the effect of a weakly-interacting solvent
the I2

2 photodissociation reaction, such as closing of the d
sociation channel through solvent-induced electronic tra
tions, dissipation of energy through solvent evaporation,
stabilization of an excited state. The I2

2~CO2)n system repre-
sents a stronger solute-solvent interaction than that
I2
2~Ar2)n . While CO2 lacks a dipole moment, its large quad

rupole moment gives rise to a sizable I2
2
•CO2 well depth

~;200 meV!,3 about four times larger than that of I2
2
•Ar ~53

meV!.34 Solvent-induced effects seen in I2
2~Ar) n clusters are

therefore expected to be more pronounced in I2
2~CO2)n clus-

ters. This paper reports on the use of FPES to investig
I2
2~CO2)n clusters, ranging in size fromn54, which pro-

duces almost exclusively uncaged I2~CO2)n fragments, to
n516, which yields only caged I2

2~CO2)n fragments.3,6 The
time scales for caging, vibrational relaxation and solvent
arrangement and evaporation are investigated as a func
of cluster size.

The information obtained with FPES is complementa
to previous experimental and theoretical work. Photofra
ment mass spectra of photodissociated I2

2~CO2)n clusters
were measured by the Lineberger group at 720, 790, and
nm,3,6,11 yielding complete product mass distributions a

try
© 2000 American Institute of Physics
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branching ratios for the caged and uncaged channels
function of the number of solvent molecules. Time-resolv
absorption recovery experiments on I2

2~CO2)n clusters were
also performed by the Lineberger group. Here, mass-sele
clusters were excited with a ps-duration laser pulse at
nm,2–5 or a fs-duration pulse at 790 nm,8 then re-excited with
a second, identical pulse after a variable time delay. T
observation of two-photon photofragments was taken a
signature of absorption of recombined I2

2 near the bottom of
the X̃ state well. The risetime of this absorption yields t
time scale for recombination and relaxation. The recov
time (t1/e51.3– 24 ps) decreases with increasing cluster s
and in all cases is much faster than for I2

2~Ar) 20 ~127 ps!.8

Theoretical work on I2
2~CO2)n clusters has focused o

structure and dynamics. Minimum energy structures h
been calculated by several groups and agree in la
measure.18,20,24,29 Figure 2 shows calculated structures f
selected cluster sizes, taken from the Parson group.20,24,35

The first three solvent molecules locate in a ring about the2
2

internuclear axis. Additional molecules surround one I at
until no more space remains, after which the other I atom
solvated. A full shell is obtained for 16 solvent molecule
The charge is equally shared by both I atoms in the small
large clusters, but in then'6 – 12 size regime, where asym
metric structures are observed, the charge is more local
on the heavily solvated atom. This situation, termed ‘‘norm
charge-switching,’’20,23 applies to the I2

2 X̃ and Ã states.
The mechanism of I2

2~CO2)n photodissociation has bee
investigated by Parson and co-workers19,20,24,25,28,30and Mar-
gulis and Coker29 using nonadiabatic molecular dynami
~MD! simulations. Clusters ranging from 8 to 16 CO2 mol-
ecules were considered. The simulations show that disso
tion to well-separated I and I2 photofragments within the
clusters occurs promptly, followed either by breakup of t
cluster to form I and I2-based products, or recombinatio
due to interactions with the solvent molecules that prev
photofragment escape. Both the extent and rate of recom
nation increase with cluster size in qualitative agreem
with experiment.

There are many additional subtleties revealed by
simulations that are of interest. The simulations predict t

FIG. 1. Potential energy curves for bare I2
2 . Solid lines~—!, I2

2 . Dotted
lines ~¯!, I2 .
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the distribution of the excess charge on the I atoms plays
important role in the dynamics, particularly when the initi
solvent geometry is highly asymmetric~i.e., n'6 – 12). In
these cases, excitation to theÃ8 state results in an energet
cally unfavorable solvent configuration, because the cha
prefers to be localized on the less-solvated I atom; this ef
is called ‘‘anomalous charge-switching’’ by Parson a
co-workers.20,23 The simulations thus predict rearrangeme
to a more symmetric solvent configuration on theÃ8 state,
followed by non-adiabatic transitions to theÃ and X̃ states.
In clusters for which caging occurs, many of the trajector
pass through theÃ state, where they are trapped for tens
picoseconds, en route to theX̃ state. Once theX̃ state is
reached, vibrational relaxation occurs rapidly, in 3 ps
less,24 and energy transfer to the solvent molecules result
their evaporation on a somewhat slower time scale. T
simulations also indicate that theÃ state is a ‘‘solvent-
separated’’ state, with the I2 surrounded by most of the so
vent molecules, and the I located outside the solvent sh
surrounded by fewer CO2 molecules. One problem arisin
from the simulations is that the recovery time of theX̃ state
absorption is slower than measured experimentally. This
fect arises from the extensive trapping on theÃ state in the
simulations, which slows down the overallX̃ state recovery
time.

FPES of I2
2~CO2)n clusters can in principle probe man

of the effects predicted in the MD simulations. The resu
presented here therefore provide a detailed picture of
namical trends across cluster size as well as clear point
comparison with theory. We find evidence for many of t
MD predictions, including solvent reorganization related
anomalous charge-switching and the presence of a long-l

FIG. 2. Calculated minimum-energy structures~Refs. 20, 24, 35! of selected
I2
2(CO2)n clusters:~a! I2

2~CO2)4 ; ~b! I2
2~CO2)9 ; ~c! I2

2~CO2)16 .
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solvent-separated state. The observed time scales for v
tional relaxation on the ground state are compatible with
MD simulations. On the other hand, we find different d
namics on theÃ state than predicted by the simulatio
which may serve to explain the discrepancies between
simulated and experimental absorption recovery times.

II. EXPERIMENT

The apparatus and data collection procedure is simila
that described previously.33 I2

2~CO2)n clusters are produce
by passing a mixture of 3% CO2 in Ar at 20 psig over solid
I2 and expanding into vacuum through a pulsed piezoelec
valve. The pulsed jet is crossed by electrons from a 1.5 k
electron gun resulting in the production of negative
charged molecules and clusters. These anions are p
extracted into a Wiley–McLaren36 time-of-flight mass spec
trometer where they travel to the laser interaction regi
Femtosecond pump~780 nm, 80 fs, 150mJ! and probe~260
nm, 100 fs, 20mJ! pulses generated from a Clark-MXR T
:sapphire regeneratively amplified laser intersect the an
at the focus of a magnetic bottle electron spectrometer,37 and
photoelectrons produced are energy-analyzed by time
flight. The pulsed valve and laser operate at a repetition
of 500 Hz.

FIG. 3. One-photon photoelectron spectra of I2
2~CO2)n (n51 – 10, 12, 14,

16! clusters. Photon energy54.768 eV.

FIG. 4. Shift of the X̃ band in Fig. 3 vsn for I2
2~CO2)n clusters (n

50 – 10, 12, 14, 16!.
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To increase electron energy resolution, anions could
pulse-decelerated38 just prior to laser interaction. Since thi
technique resulted in a loss of;75% of the electron signal, i
was only applied to clusters with relatively high anion flu
@ I2

2~CO2)n<12]. However, slowing down the heavier ions
less important due to their lower laboratory velocity. In ge
eral, the resolution for 1 eV electrons was 100–200 me
depending on mass and conditions. Typical acquisition tim
were 80–1000 s per time delay. One-photon~probe only!
photoelectron spectra of I2

2~CO2)n clusters (n51 – 10, 12,
14, 16! were also collected, in order to determine the ene
shift of I2

2 features due to the presence of CO2 molecules.
Acquisition times for these spectra were 1000–6000 s
cluster.

III. RESULTS

One-photon ~probe only! photoelectron spectra o
I2
2~CO2)n clusters (n50 – 10, 12, 14, 16! are shown in Fig.

3. The spectra consist of transitions to various electro
states of I2 as indicated in then50 spectrum. In all spectra
the peak at highest electron kinetic energy~eKE! results
from photodetachment to theX̃ state of neutral I2~CO2)n .
The shift in the vertical detachment energy to this state re
tive to bare I2

2 ~i.e., the shift in the peak center! is plotted vs
n in Fig. 4. A monotonic shift toward lower electron kinet
energy is observed with increasing cluster size,;150 meV
per CO2 molecule for I2

2~CO2), and decreasing to;50
meV/CO2 for I2

2~CO2)n>10. These ‘‘solvent shifts’’ result
from stronger solvent binding in the anion than in t
neutral.39

Time-resolved photoelectron spectra for I2
2~CO2)n clus-

ters withn54, 6, 9, 12, 14, and 16 are shown in Figs. 5~a!–
5~c! and 6~a!–6~c! for selected pump–probe delay time
Spectra were taken at many more delays than are show
the figures; the selected spectra represent the minim
needed to follow the dynamics in these clusters. The spe
consist of peaks of various widths that evolve as a funct
of time. The maximum time delay recorded for each clus
is 200 ps.

Based on our recent detailed study of I2
2~Ar) n ~Ref. 33!

and the mass spectroscopy studies of I2
2~CO2)n photofrag-

mentation by Lineberger and co-workers,6,7 many features in

FIG. 5. FPE spectra of I2
2~CO2)n clusters at selected delay times:~a!

I2
2~CO2)4 , ~b! I2

2~CO2)6 , and~c! I2
2~CO2)9 . Pump photon energy5 1.589

eV, probe photon energy54.768 eV.
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these spectra can be assigned at least on a preliminary b
This assignment scheme is summarized in Table I. Featu
@A1 and A2 in Fig. 5~a!# seen at the earliest times, reflects t
transient I2

2 created on the repulsiveÃ8 state by the pump
pulse; analysis of this feature has been reported elsewhe40

Features B, C, and D are relatively sharp peaks that
pear between 200 fs and 1.1 ps. We attribute these to ph
detachment from solvated I2. The subscripts 1 and 2, whe
shown (n54, 6, 9! refer to photodetachment to the2P3/2 and
2P1/2 states of atomic iodine, respectively. Since peaks B
and D occur at progressively lower eKE, they correspond
solvation by increasing numbers of CO2 molecules. The pro-
gression in time and energy for these three features is m
apparent for I2

2(CO2)6 , I2
2(CO2)9 , and I2

2(CO2)12, where
peak B is most intense at;200 fs, peak C is most intense
;400–500 fs, and peak D is most intense by;800 fs–1.1
ps. A distinct feature C is not evident for the other cluste
but in all cases there is a net shift to lower electron ene
from feature B at;200 fs to feature D at;800 fs–1.1 ps.

Feature E appears at high electron kinetic energy for
clusters except I2

2(CO2)4 . The earliest time at which it can
be observed drops with increasing cluster size, from;10 ps
for I2

2(CO2)6 to ;500 fs for I2
2(CO2)14– 16. Once this feature

appears, it shifts toward lower electron kinetic energy w
increasing time, and the degree of shifting is most appa
for the I2

2(CO2)14– 16 clusters. Based on our I2
2(Ar) 20

FIG. 6. FPE spectra of I2
2~CO2)n clusters at selected delay times;~a!

I2
2~CO2)12 , ~b! I2

2~CO2)14 , and~c! I2
2~CO2)16 . Pump photon energy51.589

eV, probe photon energy54.768 eV.

TABLE I. Labeling system of features observed in FPES of I2
2~Ar) n and

I2
2~CO2)n clusters, with corresponding assignments. In cases where

spin–orbit manifolds are visible~peaks A–D!, each is labeled with a sub
script, e.g., A1 and A2 , according to decreasing eKE.

Label Assignment

A I2←I2
2 X̃ ~transient!

B I←I2 ~anomalous state!
C I←I2 ~symmetrically solvated!
D I←I2 ~dissociated!,

I←I2 ~solvent-separated I2
2)

E I2 X̃←I2
2 X̃ v'0,

I2 X̃←I2
2 X̃ excited inner turning point~ITP!

F I2 X̃←I2
2 X̃ excited outer turning point~OTP!,

I2* ~higher-lying states! ←I2
2 X̃

G I2 X̃←I2
2 X̃ and I←I2 ~indistinguishable!
sis.
A

.
p-
to-

,
o

st

,
y

ll

nt

results,33 feature E at early times is attributed to photodeta
ment from the classical inner turning point region of a vibr
tionally excited I2

2 wavefunction resulting from recombina
tion on the X̃ state. Subsequent shifting toward low
electron kinetic energy results from vibrational relaxation
the I2

2 . At time delays.5 ps for n514 and.4 ps for n
516, feature E is relabeled feature G to signify that is h
merged with lower energy features~see below!. In clusters
with n<12, feature E remains distinguishable from oth
features in the spectrum at all time delays.

The trends at time delays beyond;1 ps forn59, 12, 14,
and 16 clusters at low eKE~&1 eV! hint at more complex
dynamics that were seen for I2

2(Ar) n clusters. For I2
2(CO2)9 ,

the single feature D at 1.0 ps broadens slightly toward hig
eKE at later times, and by 200 ps appears as a shoulde
the high energy side of a peak labeled F. For I2

2~CO2)12,
feature D splits into two features by 6.0 ps, D~at low eKE!
and D8 ~at high eKE!, with feature E appearing as a should
on D8 at 200 ps. In the I2

2~CO2)14 spectra, feature D begin
shifting toward higher eKE after 1.3 ps, and merges with
by 20 ps, at which point the merged feature is labeled G
low-energy feature, F, emerges after 880 fs. For I2

2~CO2)16,
D changes from a peak at 500 fs to a shoulder at 1.0 ps
lower energy feature labeled F. By 4.0 ps, D is gone, leav
E and F, which merge into feature G by 6.0 ps.

Assignment of these features is possible only by co
parison with simulations described below. These will de
onstrate that peak F has a similar origin as in the I2

2~Ar) n

spectra, namely, photodetachment from the classical o
turning point of vibrationally excited I2

2 to the ground state
of I2 , and from vibrationally relaxed I2

2 to the low-lying
excited states of I2 . The simulations also suggest that the
features in clusters of I2

2~CO2)n>9 @and D8 in I2
2~CO2)12] are

at least partially due to long-lived, solvent-separated state
I2
2 within the cluster.

IV. ANALYSIS

Simulations of the photoelectron spectra were perform
in a manner similar to that for the I2

2~Ar) n clusters,33 using a
combination of previously-measured photoelectron spectr
simulate the I2 features, and calculated photoelectron spec
to model vibrationally excited I2

2 features. Details of the
methods used can be found in the previous paper,33 and a
discussion of the I2 and I2

2 potential energy curves is give
elsewhere.40 The discussion below focuses on features of
analysis unique to the I2

2~CO2)n simulations.
Peaks B, C, and D are assigned to solvated I2. The

effective number of CO2 molecules around the I2, ^nI2&,
was determined from previously-measured solvent shifts
I2~CO2)n clusters.41–43 The shifts are much larger per CO2

molecule than per Ar atom,;170 meV for I2~CO2), de-
creasing to;40 meV for I2~CO2)n>10. The resulting value
should correspond approximately to the instantaneous
vent coordination number of the I2 within the cluster.

For analysis of short-time~&1 ps! spectra, the eKE of
features B, C, and D have been converted into^nI2& ~using
linear interpolation to calculate a fractional value when t
eKE lay between measured shifts! and are presented in Tabl

o
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II. Also shown are estimates of^nI2& for the normal and
anomalous charge-switching states, as defined in the In
duction. These latter values were obtained from calcula
structures of the clusters,24,28,35assuming no change in so
vent coordination number or loss of solvent during the fi
ps. Hence the ‘‘normal’’ and ‘‘anomalous’’ values of^nI2&
represent the coordination numbers around the more and
highly solvated I atoms, respectively~compare to Fig. 2, for
example!. An estimate for a symmetrically-solvated structu
is also given, obtained by averaging the anomalous and
mal values. Table II is considered in more detail in the D
cussion.

For simulating FPES spectra, actual I2~CO2)n photo-
electron spectra were used,42 rather than the shifted I2 spec-
tra used for I2~Ar) n , because the I2~CO2)n spectra contain
prominent progressions arising from CO2 vibrational modes.
Normalization of the spectra was achieved by scaling
integral of the I2P3/2←I2 1S0 transition to that of the bare I2

spectrum@2.0, relative to 1.0 for the I2(X̃)←I2
2(X̃,v50)

transition#.33

Solvated I2
2 in the X̃(2Su

1) state was modeled using a
empirically determined distribution of vibrational level
characterized by an average level^v& and average number o
solvent moleculeŝnX&. Given an I2

2 vibrational distribution,
the method of generating a spectrum was the same as
used for I2

2~Ar) n clusters;33 appropriate solvent shifts of th
simulated spectra were taken from the one-photon photoe
tron spectra of I2

2~CO2)n clusters measured in this work~Fig.
4!.

At long time delays, when̂v& is fairly small ~&5!, ^nX&
and^v& can be simultaneously determined from the spectr
by simulating feature E~or G!. In this situation, the feature
arises from an I2(X̃)←I2

2(X̃) band whose shape depen
sensitively on^v&, while the overall eKE of the band i
governed bŷ nX&.

At larger ^v&, the X̃←X̃ band splits into two distinct
energy regions arising from different segments of the I2

2 vi-
brational wave function. Near the classical inner turni
point ~ITP! of the I2

2 potential, photodetachment results in
broad range of eKE, and the maximum eKE increases
idly with ^v&. TheX̃←X̃ ITP contribution, lying at the high-
est eKE in the spectrum, corresponds to feature E at s

TABLE II. Average number of solvent molecules coordinated to I2(^nI2&)
for features B, C, and D in I2

2~CO2)n clusters determined from the FP
spectra. Also given are estimates of^nI2& for anomalous (Ã8) and normal
(X̃, Ã) charge-switching states derived from calculated cluster structu
and^nI2& for a symmetric solvent configuration on theÃ8 state~see text!.a

Parent
cluster

FPES Model estimates

B C D Anomalous Symmetric Normal

4 1.4 ¯ 2.5 3.0 3.5 4.0
6 2.1 3.4 4.4 3.0 4.5 6.0
9 3.0 5.0 6.7 3.0 6.0 9.0

12 4.8 7.2 8.0 5.0 7.0 9.0
14 7.8 ¯ 8.2 9.0 9.5 10.0
16 8.4 ¯ 8.9 10.0 10.0 10.0

aReference 24.
o-
d

t

ss

r-
-

e

hat

c-

p-

rt

time delays; however, as its eKE is dependent on^nX& and
^v&, both quantities cannot be simultaneously determin
from this feature.

Photodetachment near the classical outer turning p
~OTP! to the I2 ground state results in a much narrower a
intense peak, occurring at lower eKE, and an even low
energy broad band from photodetachment to excited I2 states
~the I2* ←X̃ band!. The eKE of the narrow peak is relativel
insensitive tô v& over a wide range~;10–30!, in principle
allowing an independent determination of^nX&. While this
method could be used in I2

2~Ar) n clusters,33 it generally can-
not be applied to I2

2~CO2)n clusters, because the OTP tra
sitions either are not accessible at the probe wavelength
to large solvent shifts, or they are masked by overlapping2

features, making accurate determination of^nX& difficult.
In such cases@time delays<30 ps for I2

2~CO2)12, and
somewhat shorter delays for I2

2~CO2)14 and I2
2~CO2)16],

simulations using several values of^nX& were performed.
Several criteria were then considered in determining
‘‘best’’ ^nX& time progression for the cluster. The value
^nX& at long time delays, where it could be determined w
more confidence, served as a primary constraint. It was
sumed that̂ nX& decreased monotonically with time dela
and that changes from one spectrum to another were
abrupt~<1 CO2 molecule!. The correspondence between t
experimental spectra and simulations using different val
of ^nX& was not equally good, further limiting the choices
^nX&. A final decision rested on careful comparison of^nX&
in neighboring clusters, and the average size distributi
from the photofragmentation experiments at 790 nm.3,6

Populations of the I2 and I2
2 X̃ state contributions,PI2

and PX , respectively, were determined from the intensit
of simulated spectral features, weighted by their relat
cross sections.PI2 and PX sum to unity for all spectra. Fo
clusters I2

2~CO2)n>9 , it appears that some of the ‘‘I2’’ sig-
nal is from the solvent-separated I2

2 structure~‘‘SS I2
2’ ’)

proposed by Parson28 and Coker,29 in which I2
2 is dissoci-

ated, with the I2 surrounded by solvent and the I atom st
inside the cluster but separated by the I2 by at least one CO2
molecule. This contribution is included inPI2.

Simulation parameters are summarized in a series
graphs in Figs. 7~a!–7~b! (PX and ^v& vs time! and (̂ nX&
and ^nI2& vs time!. Included in these figures are data fro
I2
2~Ar) 20. Values ofPX , ^nX& and ^nI2& at long times~;5

ms! obtained from Lineberger’s photofragmentatio
experiments3,6 are indicated as detached points. Althou
FPE spectra at several time delays have been simulate
follow the dynamics in each cluster, only a selected num
are shown to illustrate the changes taking place. These
presented in Figs. 9~a!–9~f! (n56, 9, and 12!, 10~a!–10~c!
(n514), and 11~a!–11~d! (n516). Each graph includes
curves representing the solvated I2 and I2

2 X̃ contributions,
the total simulated spectrum, and the experimental spectr

Estimated error bars are615% for PX and ^v&, and
60.5 for ^nX& and^nI2&; these represent typical variations
the parameters within which good fits to the experimen
spectra are obtained. Error bars for theX̃ state parameters ar
about 50% larger for I2

2~CO2)6 at all times and I2
2~CO2)9 at

s,
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early delay times~<10 ps!, because feature E is of low in
tensity and spread out over a wide energy range in th
spectra.

V. DISCUSSION

Cluster spectra are treated in three sections, groupe
similar dynamics;~1! I2

2~CO2)4 , which shows relatively
simple solvated I2 formation, and no I2

2 formation, ~2!
I2
2~CO2)6 , I2

2~CO2)9 , and I2
2~CO2)12, which exhibit more

complex I2 dynamics, and increasing amounts of I2
2 recom-

bination and vibrational relaxation, and~3! I2
2~CO2)14 and

I2
2~CO2)16, for which the FPE spectra are dominated

rapid formation and relaxation of I2
2 . For reference, the frac

tion of I2
2 products measured in the photofragmentat

experiments6 are 0.03 in I2
2~CO2)4 , 0.29 in I2

2~CO2)6 , 0.70
in I2

2~CO2)9 , 0.85 in I2
2~CO2)12, 0.95 in I2

2~CO2)14, and
1.00 in I2

2~CO2)16. Thus, there are essentially no I2
2-based

photoproducts from I2
2~CO2)4 , and no I2-based products

from I2
2~CO2)14– 16. After discussion of each group of clus

ters, trends across cluster size are summarized, and com
sons are made to previous experimental and theoretical w
Parallels with I2

2~Ar) n clusters are also considered.

A. I2
2
„CO2…4

In I2
2~CO2)4 , I2-based products dominate in the photo

ragmentation experiments, and no I2
2 features are observe

in the FPE spectra. This cluster is predicted to have a fa
symmetric initial solvent configuration, with three of the fo
solvent molecules around the I2

2 waist,35 so the normal and
anomalous coordination numbers in Table II differ by on
one solvent molecule. With this cluster geometry, both p
tofragments can leave the cluster without significant inter
tion with a solvent molecule, hence the near total absenc
caged product formation. Features B1 and B2 , peaking at
;200 fs, represent the earliest observable I2 signal, when
the I2 and I are not very far apart and the system is presu
ably still on theÃ8 state. From 200 to 800 fs, these featur
shift and broaden toward lower eKE, and are relabeled1

and D2 at 800 fs. No evolution of the spectra occurs after 8
fs. We find^nI2&51.4 for B1 at 200 fs, and̂ nI2&52.5 for
D1 at 800 fs. Thus, the I2 photofragment is more heavil
solvated at 800 fs than 200 fs, suggesting that the I2 initially
pulls away from the cluster but does not escape becaus
its strong attraction to the CO2 solvent molecules. Instead, a
discussed previously in more detail,32 the solvent molecules
respond to this initial motion by ‘‘following’’ the I2 and it
becomes more solvated by 800 fs. While this is occurri
the neutral I atom can leave the cluster more or less un
dered.

The I2
2~CO2)4 dynamics at early times differ from thos

seen in I2
2~Ar) 6 , another cluster in which no caging occur

There, the spectral feature associated with the I2 photofrag-
ment continuously shifts tohigher eKE from 0.3 to 1.5 ps
and then stops evolving, indicating that the I2 photofragment
simply leaves the cluster, taking at most 1 Ar atom w
it.26,31,33 The difference between the two clusters is cau
by the significantly stronger I2

•CO2 interaction which in-
duces the solvent molecules to follow the I2 fragment.
se

by

n

ari-
rk.

ly

-
-
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-
s

0
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,
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Finally, we note that even at 200 ps, our value
^nI2&52.6 is somewhat higher than observed by prod
mass analysis in the photofragmentation experimen6

(^nI2&51.9). This indicates that solvent evaporation fro
the I2~CO2)m fragments is incomplete at 200 ps.

B. I2
2
„CO2…6 , I2

2
„CO2…9 , and I2

2
„CO2…12

These intermediate-sized clusters exhibit both solva
I2 and I2

2 features in their spectra at long time delays, co
sistent with the photofragmentation experiments. They
also predicted24,28,29,35to have highly asymmetric initial sol
vent configurations, with the excess charge unequally dist
uted between the I atoms, and more solvent molecules
rounding the more negatively charged I atom.

Molecular dynamics~MD! simulations by Faederet al.26

on I2
2~CO2)9,12 following excitation at 790 nm show that thi

asymmetry has a profound effect on the dissociation dyn
ics. Specifically, in the initial configuration of the excitedÃ8
state, the more negatively charged I atom isless solvated
because of anomalous charge-switching. It is therefore
to leave the cluster, but cannot because of its attraction to
solvent molecules. Instead, the simulations predict inter
tions between the I and I2 fragments are important at sho
times, leading to nonadiabatic transitions between theÃ8
state and lower-lyingX̃ and Ã states. These transitions a
necessary not only for caging to occur, but also for dissoc
tion since the neutral I atom is less solvated in theX̃ and Ã
states and can leave the cluster relatively easily. The confi
ration of the solvent molecules is strongly tied to the an
electronic state, with a symmetric configuration lowest
energy for theÃ8 state, and solvation of the more negative
charged I atom lower in energy for the normal charg
switching X̃ and Ã states. Margulis and Coker29 have per-
formed MD simulations on I2

2~CO2)8 at 720 nm excitation
and find similar effects controlling the short-time dynamic

1. Short-time dynamics

The evolution of peaks B, C, and D in the FPE spectra
these clusters during the first;1.0 ps can be interpreted i
the context of the MD simulations. Table II shows that for
three clusters,̂nI2& for feature B, the earliest ‘‘solvated I2’’
feature, is closest to the anomalous value, meaning that
negative charge is initially on the less-solvated I atom in
Ã8 state and confirming the prediction of anomalous char
switching in this state.

Between 200 fs–1.0 ps, feature B evolves into a tr
sient feature C, which then evolves into a much longer-liv
feature D; the three peaks occur at progressively lower e
indicating that ^nI2& increases over this time interval a
shown in Table II. Table II also shows a reasonable cor
spondence between the^nI2& values for features C and D
and the expected̂nI2& values for ‘‘symmetric’’ and ‘‘nor-
mal’’ configurations, respectively, of the solvent molecule
The experimental values are generally slightly lower, but t
discrepancy could be attributed to evaporation of one C2

during the first;1 ps, or to large amplitude motion of the
atoms at early times.28,29 In any case, this correspondenc
suggests that feature C corresponds to passing throu
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symmetric solvent configuration, the lowest energy struct
on the Ã8 state surface.24 This symmetric geometry maxi
mizes coupling with the lower-lyingÃ state, particularly at
large interiodine separations where the two states are ne
degenerate. The evolution of peak C to peak D then sugg
a nonadiabatic transition to a normal charge-switching s
in which the I2 is preferentially solvated, i.e., either theÃ or
X̃ state, by 1 ps. Our interpretation of peaks B, C, and D
qualitatively consistent with the MD simulations by Faed
et al.,28 which predict that the solvent rearranges to a sy
metric configuration within 500 fs, followed by transitions
the Ã or X̃ states at later time delays.

Note that feature D can in general result from a tr
I2~CO2)n cluster~from which the I atom has departed!, or a
cluster in which I and I2 are both present but far apart; th
two are difficult to distinguish spectroscopically because
the relatively weak I-CO2 interaction41 ~45 meV well depth!.
This point is important because recombination can oc
with nonzero probability as long as both atoms are presen
the cluster.

2. Longer-time dynamics
a. I2

2(CO2)6 : The I2
2~CO2)6 spectra were simulate

between 3–200 ps. The full set of simulation parameter
shown in Figs. 7 and 8. Figure 7~a! shows that 10 ps is the
earliest time at whichPX.0. PX grows from 0.24 at 10 ps to
0.31 at 200 ps@Fig. 7~a!#, while ^v& decreases in step wit

FIG. 7. Simulation parameters for I2
2~CO2)n clusters~a! Population of the

I2
2 X̃ state (PX) vs time. ~b! Average vibrational level of the I2

2 X̃ state
(^v&) vs time. Legend,m5I2

2~CO2)6 , .5I2
2~CO2)9 , d5I2

2~CO2)12 , j

5I2
2~CO2)14 , l5I2

2~CO2)16 , 35I2
2~Ar) 20 . Detached points indicate val

ues from Vorsaet al. ~Ref. 8!.
e
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the rise ofPX @Fig. 7~b!# from 9.4 to 4.5;̂ nX& and^nI2& are
essentially constant at 0.5 and 4, respectively, from 10 to
ps @Figs. 7~a!–7~b!#.

It therefore appears that between 3 and 10 ps, the ear
time at which a discernible feature E can be seen, substa
recombination, relaxation, and solvent evaporation has
curred; the I2

2 chromophore has dissipated about 870 meV
vibrational energy~out of a total well depth of;1 eV!, and
most of the solvent molecules have evaporated. Presum
the X̃ state vibrational distribution is too spread out and t
population of this state too low for feature E to be observa
before 10 ps. After 10 ps, additional recombination occ
along with a small amount of vibrational relaxation. In co
trast to the larger clusters, I2

2~CO2)6 loses all its solvent mol-
ecules before complete relaxation can occur, so that^v& at
200 ps is higher than for any other cluster studied here@see
Fig. 7~b!#.

Since relatively minor changes occur after 10 ps, o
the 200 ps simulation is shown@Fig. 9~a!#. The simulation
parameters (PX50.31, ^v&54.5, ^nX&50.5, ^nI2&54.1) in-
dicate a spectrum dominated by solvated I2, which accounts
for almost all of feature D. Solvated I2

2(X̃) contributes a
fairly uniform, low-intensity signal over the entire range
observed electron kinetic energies, 0–2 eV, with a disti
tive, sloping shape in the region of the E feature, aris
from the X̃←X̃ transition, and a slight increase at 750 me
due to the Ã8/Ã←X̃ transitions. The photofragmentatio

FIG. 8. Simulation parameters for I2
2~CO2)n clusters.~a! Average number of

CO2 molecules in the I2
2 X̃ state (̂ nX&) vs time.~b! Average number of CO2

molecules solvating the I2 fragment (̂ nI2&) vs time. Legend is identical to
Fig. 7. Detached points indicate values from Vorsaet al. ~Ref. 8!.
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experiments6 yielded^nX&50.4, in good agreement with ou
value. However, as was the case for I2

2~CO2)4 , our value of
^nI2& at 200 ps is larger than the photofragmentation va
~3.4!, which points to vibrational excitation and incomple
evaporation in the solvated I2 fragment at 200 ps.

b. I2
2(CO2)9 : The FPE spectra of I2

2~CO2)9 were
simulated from 1.0 to 200 ps. More significant changes in
shape of feature E are observed than in I2

2~CO2)6 , so two
time delays~9.0 and 200 ps are shown in Figs. 9~b!–9~c! to
illustrate the changes. The 9.0 ps spectrum (PX50.34, ^v&
58.4, ^nX&54.0, ^nI2&56.4) shows anX̃ state contribution
similar to that for I2

2~CO2)6 in Fig. 9~a!. Feature D is almos
entirely accounted for by solvated I2. In contrast, the 200 ps
spectrum (PX50.44, ^v&51.1, ^nX&53.5, ^nI2&56.4) ex-
hibits a much more structuredX̃ state contribution due to th
low average vibrational quantum number, with distinct pea
at 1.15 eV (X̃←X̃, feature E!, ;550 meV (Ã8/Ã←X̃, fea-
ture F!, and;250 meV (B̃8/B̃9←X̃). Solvated I2 still ac-
counts for the majority of the intensity of D; it is broaden
and diminished relative to 9.0 ps, but otherwise unchang

PX @Fig. 7~a!# is first observed to be nonzero at 3 p
earlier than in I2

2~CO2)6 , and remains essentially consta
~;0.44! after 25 ps.̂ v& @Fig. 7~b!# falls asPX rises, drop-
ping from 9.4 at 3 ps to 1.4 by 25 ps, after which there
little change. We find̂nX&54 at all time delays>3 ps until
200 ps, when it drops to 3.5, whilênI2& is constant~at 6.4!
from 1 to 200 ps. The values of^v& and^nX& at 3 ps indicate
that significant recombination with associated dynamics
already occurred by the time feature E can be discerned
was also the case for I2

2~CO2)6 . Subsequent vibrational re

FIG. 9. Experimental~thick solid! and simulated~dashed! spectra of~a!
I2
2~CO2)6 at 200 ps,~b! I2

2~CO2)9 at 9.0 ps,~c! I2
2~CO2)9 at 200 ps,~d!

I2
2~CO2)12 at 1.1 ps,~e! I2

2~CO2)12 at 6.0 ps, and~f! I2
2~CO2)12 at 200 ps.

Contributions to simulated spectra from the I2
2 X̃ state~thin solid! and sol-

vated I2 ~dotted! are also shown. The I2 contribution includes the solvent
separated state~see text!.
e

e

s

d.
,

s

s
as

laxation is faster and more complete in I2
2~CO2)9 , reflecting

the larger number of solvent molecules. However, while c
siderable vibrational relaxation occurs between 3 and 25
the number of solvent molecules is unchanged, and at
ps, botĥ nX& and^nI2& are slightly larger the photofragmen
tation averages6 of 2.8 and 5.9, respectively. Thus, there
clearly a delay between the transfer of energy to the solv
and the evaporation of solvent molecules, a trend seen in
larger clusters as well.

At 200 ps,PX50.44 is far smaller than the photofrag
mentation value of 0.70. This apparent discrepancy is
plained by postulating that approximately half of the2

2

population is trapped in a solvent-separated~SS! I2
2 struc-

ture, in which both I and I2 lie within the cluster but are
separated by one CO2 molecule; in our experiment thes
states should appear as solvated I2. Long-lived SS I2

2 states
are seen in the simulations of Faeder28 and Margulis,29 and
are attributed to recombination on the I2

2 Ã state, for which
the well depth~;100 meV! is about half the I2•CO2 well
depth. However, the SS states in the simulations are
dicted to decay on a time scale of tens of picosecon
whereas our analysis of the I2

2~CO2)9 FPE spectra indicate
this state lasts at least 200 ps. We consider the SS stat
more detail below in the context of results for I2

2~CO2)12

clusters.
c. I2

2(CO2)12: I2
2~CO2)12 clusters were simulated from

1.1 to 200 ps, with the simulation parameters plotted in Fi
7 and 8. The spectra exhibit significant changes during
time interval; three simulation examples~1.1, 6.0, and 200
ps! are shown in Figs. 9~d!–9~f!. At 1.1 ps, the spectrum
(PX50.14, ^v&511.9, ^nX&58.0, ^nI2&57.5) is almost en-
tirely due to solvated I2; the contribution from solvated
I2
2(X̃) accounts for the weak feature E at high eKE, and

small amount of intensity underlying feature D. The spe
trum at 6.0 ps (PX50.33, ^v&56.9, ^nX&58.0, ^nI2&57.9)
has a considerably larger contribution from I2

2(X̃), resem-
bling that for I2

2~CO2)9 at 9.0 ps, withE(X̃←X̃) appearing
as a sloped feature, and increased intensity at;200 meV
(Ã8/Ã←X̃). In addition, the single peak D seen at 1.1 ps h
split into two peaks, D and D8. Most of D and all of D8 are
fit using a bimodal I2~CO2)m distribution with maxima at
m59 ~D! and m57 ~D8!; the remainder of D is from the
Ã8/Ã←X̃ transition. The 200 ps spectrum (PX50.49, ^v&
51.1, ^nX&57.0, ^nI2&57.5) exhibits strong I2

2(X̃) state
contributions centered at 850 meV (X̃←X̃, feature E! and
;200 meV (Ã8/Ã←X̃, accounting for half the intensity o
feature D!. The I2 contribution is bimodal but much les
double-peaked than at 6 ps; them59 component that con
tributes to D is considerably smaller than them57 compo-
nent comprising all of feature D8.

The drop in the I2~CO2)m contribution to peak D occurs
primarily between 6 and 20 ps and is accompanied by
increase inPX from 0.33 to 0.43. During this interval recom
bination of I and I2 within the cluster must be occurring. Th
time scale over which this process occurs is similar to
overall recovery time~;10 ps! of the I2

2 absorption seen by
Lineberger8 for clusters in this size range. By 200 ps, th
remaining I2 contribution to peak D is attributed to tru
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I2~CO2)m fragments; this is consistent with the results
Vorsaet al.,6,8 who found an I2~CO2)m fragment distribution
from I2

2~CO2)12 with averagem58.6 and no photofragment
with m,8.

The largest feature in the FPE spectrum at 200 ps is p
D8, another I2 feature, in apparent disagreement with t
photofragmentation results which yield a caging fraction
0.85. Our value ofPX , 0.47, is considerably lower than thi
We attribute peak D8 to solvent-separated I2

2 ; assuming that
all of the SS I2

2 eventually recombines~i.e., long after 200
ps! on theX̃ state,PX may be added to the SS I2

2 population
to obtain a caging fraction of 0.87, very close to the phot
ragmentation value. The situation is similar to that propo
for I2

2~CO2)9 , but the presence of a distinct peak D8 for the
n512 cluster at 200 ps provides a more compelling reaso
make such an assignment.

Our value of ^nI2&57.3– 7.9 for peak D8 between
6–200 ps is almost certainly less than the number of C2

molecules in clusters with long-lived SS I2
2 structures, be-

cause the formation of such a structure should not libe
enough energy to evaporate 5 CO2 molecules~at 200 ps,
^nX&57.0 for fully vibrationally-relaxed I2

2). This suggests
that in the long-lived SS I2

2 structure, some CO2 molecules
either surround the neutral I atom, or interact with the2

atom more weakly than in a pure I2~CO2)n cluster.

C. I2
2
„CO2…14 and I2

2
„CO2…16

At short delay times, the I2
2~CO2)14 and I2

2~CO2)16 FPE
spectra show feature A, associated with dissociating2

2 ,
evolving into a solvated I2 feature B by 200 fs. This then
shifts to slightly lower eKE~feature D! by 800–900 fs indi-
cating increased solvation; the shift is more evident
I2
2~CO2)14. Table II shows that the shift from B to D i

noticeably smaller than for then56, 9, and 12 clusters. It is
likely that the early time dynamics involving nonadiaba
transitions are similar for all five clusters, but that the en
getic shifts associated with these transitions are smaller
then514 and 16 clusters because they start from more s
metric solvent configurations.

The distinguishing feature of these FPE spectra, ho
ever, is the early appearance of feature E~;500 fs! and the
clear evolution of this feature toward lower eKE at lat
times. These trends result from the formation of solvat
highly vibrationally excited I2

2 and its subsequent relaxatio
and allow us to follow the dynamics within these clusters
more detail than for the smaller clusters.

Simulations of the I2
2~CO2)14 spectra at three time delay

are shown in Figs. 10~a!–10~c! for 1.3, 5.0, and 200 ps. Th
1.3 ps spectrum (PX50.62, ^v&523.9, ^nX&510.0, ^nI2&
57.8) exhibits a solvated I2

2 X̃ state spectrum which is ver
extended, due to the large value of^v&; feature E is ac-
counted for by theX̃←X̃ ITP transition at high eKE, while F
is represented at very low eKE by a combination ofX̃←X̃
OTP and I2* ←X̃ transitions~defined in the Analysis!. Sol-
vated I2 contributes the bulk of the intensity to D. In the 5
ps spectrum (PX50.51, ^v&54.4, ^nX&59.0, ^nI2&58.3),
^v& is much lower, generating a more compactX̃←X̃ feature
which accounts for feature E at much lower eKE, and par
f

ak
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-
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te

r

-
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-

-

,

f

D; the Ã8/Ã←X̃ transition accounts for F. The solvated I2

contribution peaks at;300 meV, between D and F, but rep
resents about 2/3 of the intensity of D. The 200 ps spectr
(PX50.62, ^v&50.8, ^nX&59.0, ^nI2&57.7) consists of a
single broad feature G, which is accounted for rough
equally by solvated I2

2(X̃), centered at high eKE and an I2

feature centered at lower eKE.
Experimental and simulated FPE spectra of I2

2~CO2)16

are shown in Figs. 11~a!–11~d! at 1.0 ps, 2.2 ps, 4.0 ps, an
200 ps. At 1.0 ps (PX50.68, ^v&538.8, ^nX&514.5, ^nI2&

FIG. 10. Experimental~thick solid! and simulated~dashed! spectra of
I2
2~CO2)14 at ~a! 1.3 ps,~b! 5.0 ps,~c! 200 ps. Contributions to simulated

spectra from I2
2 X̃ state~thin solid! and solvated I2 ~dotted! are also shown.

The I2 contribution includes the solvent-separated state~see text!.

FIG. 11. Experimental~thick solid! and simulated~dashed! spectra of
I2
2~CO2)16 at ~a! 1.0 ps,~b! 2.2 ps,~c! 4.0 ps,~d! 200 ps. Contributions to

simulated spectra from the I2
2 X̃ state~thin solid! and solvated I2 ~dotted!

are also shown. The I2 contribution includes the solvent-separated state~see
text!.
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58.5), solvated I2
2 X̃ is responsible for features E (X̃←X̃

ITP! and F (X̃←X̃ OTP!, while solvated I2 accounts for D.
The very intense feature F is due to the much larger valu
^v& in comparison to I2

2~CO2)14 near this time delay. Also in
contrast to I2

2~CO2)14, the Ã8/Ã←X̃ transitions are inacces
sible at the probe wavelength because of the larger sol
shift. By 2.2 ps (PX50.85, ^v&520.9, ^nX&513.0, ^nI2&
58.7), the general shape of the spectrum is unchanged
E has moved to much lower eKE, and the intensity of F
diminished, due to the considerableX̃ state relaxation and
loss of CO2 molecules compared with 1.0 ps. TheX̃ state
population has increased significantly as well. The solva
I2 contribution, still accounting for D, is of lower intensit
but ^nI2& is almost identical. The 4.0 ps spectrum (PX

50.89, ^v&56.4, ^nX&512.0, ^nI2&58.5) could be simu-
lated exclusively by the I2

2 X̃ state, but there is better repro
duction of the low eKE region if a small amount of I2 is
included in the vicinity of F. The 200 ps spectrum (PX

50.86,^v&51.4,^nX&511.5,^nI2&58.9) reveals further vi-
brational relaxation to theX̃ state, and whether any I2 is
present depends primarily on the choice of^nX&; over the
range^nX&510.5– 12.0,PX varies from 0.70 to 1.00. Here
we choose a median value, which is most consistent w
simulations at earlier time delays. TheX̃←X̃ transition ac-
counts for the majority of G, with the solvated I2 signal
making a small contribution to the low eKE side.

The trends inPX and ^v& in Fig. 7 are similar for
I2
2~CO2)14 and I2

2~CO2)16. In both cases,PX rises much
more quickly than for the smaller clusters, reaching a plat
by 1.3 ps and 2.2 ps for then514 and 16 clusters, respec
tively. The initial value of̂ v& is much higher for these clus
ters, 24 (n514) and 39 (n516), then drops rapidly after 1
ps with nearly all vibrational relaxation occurring by 10 p
These trends indicate a substantially higher rate of recom
nation vs. vibrational relaxation as compared to the sma
clusters. Figure 8~a! shows considerable solvent evaporati
from the X state between 1 and 10 ps, particularly f
I2
2~CO2)16. This is the same time interval over which mo

of the vibrational relaxation occurs, indicating a strong c
relation between vibrational relaxation and solvent evapo
tion. However, in both cases the 200 ps value of^nX& is
larger~by 1.5–1.8! than the photofragmentation average,
flecting the energy residing in the cluster which will even
ally dissipate through CO2 evaporation.

There is significant leeway in the choice of paramet
for simulating the 200 ps spectrum for I2

2~CO2)14, but the
breadth of feature G in comparison to the I2

2~CO2)16 spec-
trum suggests the presence of a significant I2 component,
comparable to earlier time delays.PX at 200 ps~0.62! is
much smaller than observed in the photofragmentation
periments~0.95!, and^nI2& is also significantly smaller~7.7
vs. 9.6!. We therefore attribute this I2 component to long-
lived, solvent-separated I2

2 , just as for I2
2~CO2)9,12. There

also appears to be a similar but smaller long-lived I2 contri-
bution persisting through 200 ps in the I2

2~CO2)16 spectra.
This too is attributed to long-lived SS I2

2 , because I2 prod-
ucts were not observed in the photofragmentat
experiments.
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D. Trends across cluster size, and comparisons with
other studies

The most significant trend across cluster size is the
creasingly rapid appearance and subsequent vibrationa
laxation of the I2

2 X̃ state. Using the time of initial appear
ance of feature E (X̃←X̃ transition! as a basis of compariso
@see Fig. 7~a!#, a monotonic decrease with cluster size
observed, from ;10 ps in I2

2~CO2)6 to ;500 fs in
I2
2~CO2)14– 16, indicating that the recombination rate in

creases markedly with cluster size. This trend is presuma
due to the increasing perturbation on the I2

2 electronic states
by larger numbers of CO2 molecules, facilitating nonadia
batic electronic transitions to theX̃ state. We also find tha
the initial value of^v& increases substantially with cluste
size@Fig. 7~b!#, from 9.4 for I2

2~CO2)6 to 39 for I2
2~CO2)16.

This suggests that for the smaller clusters, vibrational rel
ation in high vibrational levels of the I2

2 manifold is fast
relative to the recombination rate, so significant relaxat
has already occurred that by the timePX is large enough
~0.15–0.25! to produce an observable feature E. The high
initial ^v& for the larger clusters reflects the increased reco
bination rate relative to vibrational relaxation.

In all clusters, we observe a buildup of population in t
X̃ state to nearly its maximum value~i.e., at 200 ps! followed
by vibrational relaxation. The time scale for this buildup
about 10 ps for I2

2~CO2)6 , I2
2~CO2)9 , and I2

2~CO2)12, and
about 1 ps for I2

2~CO2)14 and I2
2~CO2)16. Once there is sub-

stantial population in theX̃ state, vibrational relaxation pro
ceeds more rapidly in the larger clusters. Although not
rectly comparable to our determinations ofPX and ^v&, the
absorption recovery experiments of Vorsaet al.8 confirm the
general decrease in time required to reach a low vibratio
state, with exponential time constants~at 790 nm excitation!
ranging from 24 ps for I2

2~CO2)6 to 1.3 ps for I2
2~CO2)16.

These time constants correspond approximately to the t
at which ^v& crosses;7 in Fig. 7~b!. The rapid vibrational
relaxation we observe in I2

2~CO2)14 and I2
2~CO2)16 is also in

good agreement with the simulations, which predict that
brational relaxation is very fast~1–3 ps! once a transition to
the X̃ state occurs. In general, vibrational relaxation is mu
more rapid in I2

2~CO2)n than in I2
2~Ar) n , in agreement with

Vorsa’s results;8 the FPES simulation parameters f
I2
2~Ar) 20 are shown in Figs. 7 and 8 for comparison.

Comparison of our values of̂nX& and ^nI2& at 200 ps
with the photofragmentation studies at 790 nm shows eva
ration of solvent molecules is incomplete by 200 ps. F
caged photoproducts, this effect is clear for all clusters w
n>9; the deviation is largest forn516. For these clusters
vibrational relaxation within theX̃ state is complete by 25 p
or less. There is therefore a substantial delay between en
transfer to the solvent molecules and their evaporation. T
effect was seen to a much lesser extent in I2

2~Ar) 20 @Figs.
7~b! and 8~a!#; the longer hysteresis for the I2~CO2)n clusters
is presumably due to stronger solvent binding and low f
quency bending vibrations that greatly increase the den
of vibrational levels.

The FPE spectra forn>9 clusters all show evidence fo
solvent-separated structures. Comparison of theX̃ state
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2(CO2)n
populations with the cage fractions in the photofragmen
tion experiments provides strong evidence for solve
separated states with lifetimes exceeding 200 ps for th
clusters, particularly then59, 12, and 14 clusters. MD
simulations28,29 attribute SS I2

2 states to metastable recomb
nation on theÃ state. However, our finding of a very long
lived state is at odds with the simulations which decay
recombination or dissociation on a time scale of tens of
coseconds. It is therefore useful to compare our conclus
regarding these states with previous experiments.

The photofragment mass spectra for I2
2~Ar) n clusters

show a bimodal I2
2~Ar) m daughter ion distribution.7 This is

now attributed to metastable recombination on theÃ state
with a lifetime of at least 5ms, the time scale of the exper
ment; in clusters where this occurs, the number of solv
molecules is considerably larger because of energy tied u
I2
2 electronic excitation. A bimodal mass distribution isnot

seen for I2
2~CO2)n photofragments,3,5 implying that any

long-lived states must decay by 5ms. Our observation of a
state lasting for at least 200 ps is certainly not in confl
with the mass spectrometry results; the more signific
solvent-induced perturbations in I2

2~CO2)n clusters are likely
to reduce the lifetime of any metastable or solvent-separ
excited states than in I2

2~Ar) n clusters.
The proposed long-lived solvent-separated state m

seem at first to contradict Lineberger’s observation of a sh
recovery time~1.3 ps! for I2

2~CO2)16 at 790 nm excitation.3,5

We also seeX̃ state formation and vibrational relaxation o
this time scale. In both experiments, this short-time sig
must be from clusters which do not pass through the solv
separated state en route to theX̃ state. Relaxation from theÃ
state with a lifetime greater than 200 ps would not contrib
to either experiment, since delay times above 200 ps w
not examined. As mentioned in the Introduction, one of
problems in comparing the MD simulations with Lineber
er’s experiments is that the predicted absorption recov
time for I2

2~CO2)16 is too long, because part of the sign
contributing to this recovery time comes from ions trapp
for tens of picoseconds on theÃ state.28,29 A longer-lived
solvent separated state resolves this discrepancy, sin
would not contribute to the absorption recovery on the ti
scale of the simulations.

Overall, issues regarding recombination on theÃ state
represent the most significant area of contention between
periment and the simulations, not a surprising result si
this state is poorly characterized, and nonadiabatic tra
tions involving this state are brought about by relative
weak interactions at large interiodine distances. Experime
to spectroscopically characterize theÃ state are currently
underway in our laboratories.

VI. CONCLUSIONS

The time-resolved photodissociation dynamics
I2
2~CO2)n clusters have been investigated using FPES fo

range of sizes covering the uncaged and fully-caged pro
limits. In all clusters, solvated I2 is produced on the anoma
lous charge-switchingÃ8 2P1/2,g state in;200 fs. This frag-
ment becomes more solvated by;800 fs–1.1 ps through a
-
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combination of solvent rearrangement and electronic tra
tions to the normal charge-switchingÃ and/orX̃ states.

In I2
2~CO2)n>6 clusters, the transition to theX̃/Ã state

induces I2
2 recombination, the fraction of which increase

with cluster size. For I2
2~CO2)n<12, ^v&59 – 12 at the earli-

est time that recombination is observed. By 200 ps, we fi
^v&55 for I 2

2(CO2)6 , and ^v&51 for I 2
2(CO2)9,12. In

I2
2~CO2)14– 16, recombination occurs much faster, and high

initial values of^v& are observed~up to ;40!. The overall
rate of vibrational relaxation increases dramatically fro
I2
2~CO2)6 to I2

2~CO2)16.
The numbers of solvent molecules around I2 and I2

2

products at 200 ps are larger than those observed in
photofragmentation experiments, implying that evaporat
of CO2 from the cluster occurs on a much longer time sca
This is consistent with the assumption that the CO2 cage
stores a considerable amount of energy in vibrational an
cluster modes after removing it from I2 kinetic energy or I2

2

vibration. The discrepancy increases with cluster size, ill
trating the increasing energy ‘‘storage capacity’’ of larg
clusters.

In clusters of I2
2~CO2)n>9 , a solvent-separated I2

2 struc-
ture is observed at long time delays, appearing spectrosc
cally as solvated I2. This structure is needed to explain th
high intensity of I2 features observed in these spectra, a
the small number of CO2 molecules surrounding I2. While
the lifetime of this metastable state appears to be.200 ps
~the longest time delays measured!, it is less than 5ms the
time scale of the photofragment mass spectrometry exp
ments.
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