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⫺
The photodissociation of I⫺
2 embedded in mass-selected I2 (Ar) n clusters (n⫽6 – 20) was studied
using femtosecond photoelectron spectroscopy. The Ã ⬘ ←X̃ transition in the I⫺
2 chromophore was
excited using a femtosecond pump pulse, and the subsequent dynamics were followed by
photodetachment with a femtosecond probe pulse and measurement of the resulting photoelectron
spectrum. In all clusters, dissociation of the I⫺
2 is complete by 300 fs. From 300 fs to 1 ps, the
spectra yield the number of Ar atoms interacting with the I⫺ fragment. At later times, recombination
⫺
of I⫺
2 occurs in I2 (Ar) n⭓12 on both the X̃ and Ã states. Analysis of the spectra yields the time scale
⫺
for X̃ state vibrational relaxation and solvent evaporation. In I⫺
2 (Ar) 20 , energy transfer from I2 to
Ar atoms through vibrational relaxation is slightly faster than energy loss from the cluster through
Ar evaporation, indicating the temporary storage of energy within Ar cluster modes. © 1999
American Institute of Physics. 关S0021-9606共99兲01245-3兴

I. INTRODUCTION

The photodissociation I⫺
2 in small, mass-selected clusters
provides an unprecedented opportunity to study the effects of
solvation on an elementary chemical reaction. The pioneering work by the Lineberger group on Br⫺
2 (CO2 ) n and
1,2
laid the foundation for further
I⫺
2 (CO2 ) n photodissociation
experiments in these and related systems,3–5 including
clusters,6,7
femtosecond
pump–probe
I⫺
2 (Ar) n
2,4,8–13
and the photodissociation of I⫺
in
experiments,
2
solution.14–18 Considerable theoretical work has also been
performed on these systems.19–32 The general picture which
has emerged is that ‘‘caging’’ of photodissociated I⫺
2 and
other dihalides can occur in clusters with less than one full
solvent shell, producing recombined 共I⫺
2 -based兲 products.
The caging fraction and recombination rate depend strongly
on the number and identity of the solvating species. However, an understanding of the complex dynamics that occur
in these clusters is far from complete.
In this paper we use anion femtosecond photoelectron
spectroscopy 共FPES兲,33 a time-resolved, pump–probe experiment, to investigate I⫺
2 (Ar) n clusters. In this experiment, the
Ã ⬘ ←X̃ transition in the I⫺
2 chromophore 共Fig. 1兲 is excited
by a femtosecond pump pulse centered at 780 nm. The resulting wavepacket evolves on this excited potential surface,
leading to direct dissociation as well as nonadiabatic transitions to other electronic states with possible recombination
of fragments. A second, delayed femtosecond probe pulse
detaches an electron from the anion, and the photoelectron
spectrum is measured. Since the electron kinetic energy depends on the difference between anion and neutral potential
energies, quantitative identification of electronic and vibrational states of the anion is possible when the neutral potena兲
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tial energy surfaces are well-characterized. The strength of
the technique lies in its ability to follow the wave packet
dynamics along the entire reaction coordinate on multiple
electronic states, without changing the probe wavelength.
I⫺
2 (Ar) n clusters represent a weakly interacting system,
as the I⫺
2 – Ar well depth 共53 meV兲 is much smaller than that
34
of the I⫺
2 X̃ state 共1.014 eV兲. Despite the small interaction
with each solvent atom, the collective effect of many solvent
atoms has a strong influence on the photodissociation dynamics. We previously reported FPE spectra of I⫺
2 (Ar) 6 and
12
(Ar)
clusters,
for
which
the
caging
fractions
are 0%
I⫺
20
2
and 100%, respectively.7 This earlier work provided information on the interaction time of the solvent with dissociating I⫺, and time scales for electronic transitions and subsequent vibrational relaxation of I⫺
2 . Here we consider these
clusters in more detail and three additional intermediatesized clusters, yielding a fuller picture of how the dissociation, recombination, and relaxation dynamics evolve with
cluster size. A forthcoming paper details results for
35
I⫺
2 (CO2 ) n clusters over a similar range of sizes.
⫺
A summary of prior work on I2 (Ar) n clusters is essential to understanding the FPES results. Vorsa et al.6,7 excited
the Ã ⬘ ←X̃ transition in mass-selected clusters with a single
laser pulse at 790 nm and measured the photofragment
masses. They observed only I⫺共Ar兲m fragments from clusters
with n⬍10, slowly being replaced by I⫺
2 (Ar) m as n increases
with the I⫺共Ar兲m channel vanishing by n⫽17. The numbers
of Ar atoms present in both I⫺共Ar兲m and I⫺
2 (Ar) m fragments
were smaller than that of the parent cluster, with more atoms
lost in the I⫺
2 fragments. This observation was consistent
with the expectation that the available energy in the cluster is
dissipated through Ar evaporation. Interestingly, two distinct
I⫺
2 (Ar) m fragment size groupings were observed. It was suggested that these corresponded to I⫺
2 X̃ and Ã state products,
a hypothesis confirmed by our subsequent FPES study12 and
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⫺
FIG. 1. Potential energy curves for bare I⫺
2 . Solid lines, I2 . Dotted lines, I2.

molecular dynamics simulations.25,28,36 Two I⫺ (Ar) m fragment groupings were also observed from larger (n⭓11)
clusters, for which no explanation was given, but Faeder
et al.25 later attributed the high-mass channel to dissociation
on the X̃ or Ã state, rather than the initially excited Ã ⬘ state.
Vorsa et al.11 also performed a time-resolved absorption
recovery experiment on I⫺
2 (Ar) 20 in which these clusters
were excited with a fs-duration pulse at 790 nm, then reexcited with a second, identical pulse after a variable time
delay. The total flux of two-photon photofragments was recorded, a signature of I⫺
2 absorption near the bottom of the X̃
state well. This absorption was found to recover with an
exponential time constant t 1/e of 127 ps.
⫺
Our initial FPES studies on I⫺
2 (Ar) 6 and I2 (Ar) 20
⫺
12
clusters also involved excitation of I2 to the dissociative
⫺
Ã ⬘ state. In I⫺
2 (Ar) 6 , I (Ar) n⬇1 was observed to leave the
cluster in ⬃1.2 ps. In I⫺
2 (Ar) 20 , caging by the solvent resulted in recombination and vibrational relaxation of I⫺
2 on
both the X̃ and Ã states; these processes were complete in
⬃200 ps and ⬃35 ps, respectively. More recently, FPES was
used to detect resonant stimulated impulsive Raman scattering in the ground electronic state of several I⫺
2 (Ar) n clusters,
vibrational
frequency
as
a
function
of cluster
yielding the I⫺
2
size.37 Finally, conventional photoelectron spectra have been
measured for I⫺
2 (Ar) n clusters with up to 20 Ar atoms in
order to further characterize the solvation energetics of these
species.38
Minimum energy structures of I⫺
2 (Ar) n clusters have
been calculated by Faeder et al.25 and Batista et al.24,39 The
first 6 Ar atoms surround the I⫺
2 axis in a ring configuration,
with the next 7 Ar atoms solvating one I atom, and any
additional atoms cluster to the other I atom, completing a full
shell at n⫽20. Asymmetrically-solvated clusters have an excess negative charge on the more solvated I atom. Figure 2
shows calculated structures for three cluster sizes; n⫽6, 12,
and 20.
Maslen et al.21 investigated the effect of solvent on
charge localization in different I⫺
2 electronic states. In the X̃
and Ã states 共see Fig. 1兲, excess negative charge is associated
with the more solvated atom, localizing completely at suffi-

FIG. 2. Calculated minimum-energy structures 共Refs. 25, 39兲 of selected
⫺
⫺
⫺
I⫺
2 共Ar兲n clusters: 共a兲 I2 共Ar兲6 ; 共b兲 I2 共Ar兲12; 共c兲 I2 共Ar兲20.

ciently large internuclear distances. In the Ã ⬘ state, however,
the polarizability of the molecule is negative along the I⫺
2
axis,25 so that the charge tends to localize on the less solvated atom. The (X̃,Ã) and Ã ⬘ states are termed normal and
anomalous charge-switching states, respectively. When I⫺
2 is
excited by the pump pulse, the lowest energy solvent configuration on the X̃ state becomes energetically unfavorable
on the Ã ⬘ state. This results in motion of the solvent atoms
back toward the charge. However, the solvent atoms are unable to completely surround the charge, because it is always
localized on the less solvated I atom, resulting in a symmetric solvent distribution as the minimum energy structure in
this state. As the I⫺
2 bond lengthens, the likelihood of an
electronic transition to the X̃ or Ã state increases; when this
occurs, the solvent atoms will rearrange into a more heavily
solvated configuration around the I⫺, similar to the starting
arrangement. These charge localization effects are expected
to play a major role in the dynamics subsequent to photoexcitation.
Time-resolved dynamics of I⫺
2 (Ar) n clusters were investigated by Faeder et al.,25,28 and Batista and Coker24 with
molecular dynamics 共MD兲 simulations, using a surfacehopping algorithm to model electronic transitions. In both
sets of studies, the MD results were compared to the caging
fractions and product mass distributions measured by Vorsa
et al.7,11 Many of the experimental features were at least
qualitatively reproduced by the simulations, including the bimodal I⫺
2 (Ar) m photofragment distribution resulting from
excited state recombination. In addition, the latter study by
Faeder et al.28 simulated the transient photoelectron spectra
⫺
of I⫺
2 (Ar) 6 and I2 (Ar) 20 to allow comparison with FPE
spectra of Greenblatt et al.12
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The simulations predict that I⫺ and I fragments separate
by as much as 8–15 Å during the first 1–2 ps.24 In the larger
clusters 关 I⫺
2 (Ar) n⭓9 兴 , attractive interactions with the solvent
atoms prevent the fragments from leaving the cluster for
some trajectories, leading to transitions to the X̃ or Ã states
which usually result in I⫺
2 recombination and vibrational re(Ar)
,
recombination
on the X̃ state occurs
laxation. For I⫺
20
2
in 5–10 ps, with vibrational relaxation requiring more than
200 ps to complete.25,28 The number of solvent atoms lost to
evaporation slightly lags the solute internal energy. Recombination on the Ã state takes up to 40 ps, but relaxation is
much more rapid 共⬃10 ps兲, owing to the smaller amount
共⬃10%兲 of internal energy required to be dissipated. However, the solvent evaporation rate is slow, presumably because even complete vibrational relaxation of the Ã state
releases only ⬃0.1 eV into a large number of solvent atoms,
leading to a significant lag time between relaxation and
evaporation.
The goal of this study, as well as the forthcoming study
35
of I⫺
2 (CO2 ) n clusters, was to use FPES to observe how the
dynamics evolve from the uncaged to caged cluster size limits. Key findings for I⫺
2 (Ar) n clusters include: 共1兲 Determination of the initial solvent configuration from measuring the
number of solvent atoms around I⫺ at early time delays
共⬃300 fs兲, confirming the prediction of anomalous chargeswitching in the Ã ⬘ state. 共2兲 Measurement of the timeresolved number of solvent atoms in both the I⫺ and I⫺
2 X̃
state channels, providing information on relaxation dynamics
from the point of view of solvent evaporation. 共3兲 A detailed
picture of the vibrational relaxation in caged photofragments,
especially I⫺
2 (Ar) 20 , which relaxes almost completely over a
⬃200 ps time scale. 共4兲 Unambiguous identification of recombination, relaxation, and solvent evaporation on the I⫺
2 Ã
state in several clusters.

II. EXPERIMENT

The experimental apparatus has been described in detail
elsewhere13 and will only be summarized briefly here. To
generate cluster anions, Ar carrier gas 共20 psig兲 is passed
over solid I2 and expanded into vacuum through a piezoelectric pulsed valve running at a repetition rate of 500 Hz. A 1.5
keV electron gun crosses the resulting supersonic expansion,
creating vibrationally cold negative ions, which are then
pulse-extracted into a Wiley–McLaren40 time-of-flight mass
spectrometer and accelerated to 0.7–1.8 keV. Femtosecond
pump 共780 nm, 80 fs, 150 J兲 and probe 共260 nm, 100 fs, 20
J兲 pulses, produced from a Clark-MXR regeneratively amplified Ti:sapphire laser, intersect the ions at the focus of a
magnetic bottle electron spectrometer,41 resulting in excitation and photodetachment of the ions. Electron kinetic energies 共eKE兲 for the resulting photoelectrons are measured by
time-of-flight. High collection efficiency of the magnetic
bottle enables rapid acquisition 共400–1200 s兲 of photoelectron spectra. Since the probe photon has sufficient energy to
detach electrons from the ground state of I⫺
2 (Ar) n clusters,
spectra are not background-free, so a fraction of this ‘‘probe

Greenblatt, Zanni, and Neumark

⫺
⫺
FIG. 3. FPE spectra at selected time delays: 共a兲 I⫺
2 ; 共b兲 I2 共Ar兲6; 共c兲 I2 共Ar兲9.
Pump photon energy⫽1.589 eV, probe photon energy⫽4.768 eV.

only’’ spectrum was subtracted from the pump–probe spectra in order to facilitate observation of the two-photon signals.
The energy resolution of the I⫺
2 photoelectron spectrum
has been improved ⬃4⫻ using pulsed deceleration42 of the
anions just prior to laser interaction. This technique, recently
added to the spectrometer, was only employed for bare I⫺
2 .
However, since the resolution scales as (EU/m) 1/2, where E
is the electron kinetic energy, U is the anion kinetic energy,
and m is the anion mass,33 the behavier I⫺
2 (Ar) n clusters have
inherently narrower resolution, and light clusters were measured at slower beam energies 共⬃650 eV兲 to improve their
resolution. Typical resolution for 1 eV electrons was 90 meV
⫺
for I⫺
2 , and 90–190 meV for I2 (Ar) n clusters.
III. RESULTS

Time-resolved photoelectron spectra have been mea⫺
sured for I⫺
2 and for I2 (Ar) n clusters with n⫽6, 9, 12, 16,
and 20. Each molecule was studied at multiple pump–probe
time delays, with a maximum time delay ranging from 50 to
200 ps. In addition, the I⫺
2 (Ar) 20 cluster was measured at 3
ns pump–probe delay. Spectra at selected time delays, representing only a fraction of the total data set,43 are shown in
Figs. 3 and 4. Features are labeled with capital letter designations, following a scheme summarized in Table I; these
assignments are based on our past FPES studies12,33 of I⫺
2

⫺
FIG. 4. FPE spectra at selected time delays: 共a兲 I⫺
2 共Ar兲12; 共b兲 I2 共Ar兲16; 共c兲
⫺
I2 共Ar兲20. Pump photon energy⫽1.589 eV, probe photon energy
⫽4.768 eV.

Photoelectron spectroscopy of I2⫺ (Ar) n

J. Chem. Phys., Vol. 111, No. 23, 15 December 1999
TABLE I. Labeling system of features observed in FPES, with corresponding assignments. A 1 and A 2 refer to transitions to the I atom in its 2 P 3/2 and
2
P 1/2 states, respectively 共same for B, D兲.
Label
A 1 ,A 2
B 1 ,B 2
D 1 ,D 2
E
F

Assignment
I2 ←I⫺
2 Ã ⬘ 共short-time transient兲
I←I⫺
I2 ←I⫺
2 Ã
I2 X̃←I⫺
2 X̃ inner turning point 共ITP兲
I2 X̃←I⫺
2 X̃ outer turning point 共OTP兲
⫺
I*
←I
X̃
2
2

28
and I⫺
2 (Ar) 6,20 and the simulations by Faeder et al. Further
comment on these assignments is presented in the Analysis
and Discussion. In considering the spectra below, recall that
the caging fraction is 0 for n⭐9, 0.46 for n⫽12, 0.98 for
n⫽16, and 1.00 for n⫽20.7
Bare I⫺
2 displays two broad features A 1 共1.7–2.2 eV兲 and
A 2 共0.8–1.3 eV兲 peaking near 0 fs, and transforming into
sharper features B 1 共1.71 eV兲 and B 2 共770 meV兲 which reach
their full height by ⬃280 fs. As discussed previously, the A
features are transients from dissociating I⫺
2 on the Ã ⬘ state
共see Fig. 1兲.33,44 Features B 1 and B 2 , differing in energy by
the spin–orbit splitting of neutral I 共943 meV兲,45 correspond
to fully dissociated I⫺.
⫺
In I⫺
2 (Ar) 6 , the spectrum initially resembles bare I2 ,
displaying A features at 10 fs which evolve to B features by
300 fs. B 1 and B 2 are shifted 120 meV to lower eKE relative
to bare I⫺. This shift is due to the presence of Ar atoms,
since the I⫺ – Ar bond is stronger than that of I–Ar, resulting
in an increase in electron affinity.46 Between 300 fs and 1.5
ps, the energies of the B features increase 80 meV. This is
attributed to a net decreased interaction between the Ar atoms and I⫺ as dissociation progresses and I⫺ (Ar) m fragments form 共with 具 m 典 ⬵1, see Discussion兲.12,28 Through 200
ps there is an additional eKE increase of 10 meV, due to Ar
atom evaporation from the I⫺ (Ar) m fragment.
A similar evolution of features A to B occurs in all the
larger clusters during the first 300 fs and is therefore not
shown. In the I⫺
2 (Ar) 9 FPE spectra, the B features appear
150 meV lower than bare I⫺, and from 300 fs to 1.1 ps the
eKE of these peaks increase by 80 meV, as for I⫺
2 (Ar) 6 .
However, from 2.8 to 12 ps, the features decrease 30 meV in
energy. This is interpreted to indicate increased solvation of
the I⫺ atom, the cause for which will be explored in the
Discussion. Through 100 ps, the energy increases again by
10 meV, due to Ar atom evaporation.
In the I⫺
2 (Ar) 12 cluster, the smallest studied here for
which caging occurs, the B features closely track those in
I⫺
2 (Ar) 9 from 310 fs through 2.5 ps, after which they
broaden significantly toward lower eKE, and decrease ⬃25%
in integrated intensity. At this point 共9.0 ps兲, the features are
relabeled D 1 and D 2 . The broadening and decrease in intensity are attributed to recombination on the I⫺
2 Ã and X̃ states,
respectively 共see Discussion兲. Between 2.5 and 9.0 ps, feature E appears between 1.9 and 3.0 eV, along with a broad
feature F between 900 meV and 1.3 eV. These features are
assigned to vibrationally excited I⫺
2 on the X̃ state. Both
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features E and F become more prominent out to 45 ps.
Similar to n⫽12, the I⫺
2 (Ar) 16 spectra display B features
initially 220 meV lower than I⫺, increasing by 90 meV
through 1.1 ps. Between 2.0 and 20 ps, the features broaden
and shift to lower eKE by 240 meV, where they are relabeled
D 1 and D 2 , due to recombination on the Ã state. Between
2.0 and 10 ps, features E(1.7– 2.9 eV) and F(0.8– 1.3 eV)
grow in, more intense relative to the D features than in
⫺
I⫺
2 (Ar) 12 , due to recombination on the I2 X̃ state. Between
10 and 50 ps, the high-energy edge of feature E shifts ⬃100
meV to lower energy, indicating partial vibrational relaxation.
In the I⫺
2 (Ar) 20 FPE spectra, the B features appear 300
meV lower eKE than I⫺ and increase by 50 meV through 1.0
ps. After this time delay, they reverse direction and are relabeled D 1 and D 2 , shifting 140 meV to lower eKE through
30 ps due to Ã state recombination; this is accompanied by
broadening and a ⬃40% decrease in integrated intensity.
Features E(1.6– 2.7 eV) and F(0.5– 1.2 eV) appear by 6.0
ps. The high-energy edge of feature E shifts ⬃700 meV to
lower eKE through 3 ns, while feature F undergoes a complex evolution in structure. The changes in features E and F
are due to extensive X̃ state vibrational relaxation.
IV. ANALYSIS

The goal in simulating the FPE spectra is to determine,
at each time delay, the state of the cluster. We do this by
evaluating and simulating the possible contributions to a FPE
spectrum, and then determining which combination of these
various components gives the best fit to a particular FPE
spectrum. For each spectrum, we seek to answer the following: 共1兲 Have I and I⫺ recombined? 共2兲 If I⫺ is present, how
many solvent atoms surround it? 共3兲 If I ⫺
2 is present, what is
the electronic and vibrational state, and how many solvent
atoms surround it? 共4兲 What are the relative populations of
⫺
⫺
the different states 共I⫺
2 X̃, I2 Ã, I 兲 in the cluster? To answer
these questions one must be able to simulate the contributions of solvated I⫺ and solvated I⫺
2 in its various vibrational
and electronic states. In this section we discuss the methodology for doing this.
A. Solvated Iⴚ

It was assumed that, after the initial 共⬃ 300 fs兲 I⫺
2 dissociation, I and I⫺ are well-separated, so that I has little
influence on the photoelectron spectrum of I⫺. This is substantiated by the observation that pairs of features 共B 1 and
B 2 兲 are present in all spectra at short times 共⬍1–2 ps兲, differing in energy by approximately the spin–orbit splitting of
I 共943 meV兲 which is characteristic of the photoelectron
spectrum of I⫺ though shifted to lower eKE. The shift is a
well-understood effect, arising from the difference in binding
energy between the I⫺ – Ar 共45.8 meV兲 and I–Ar 共18.8 meV兲
bonds.46 These differences have been measured precisely using zero electron kinetic energy 共ZEKE兲 and partiallydiscriminated threshold photodetachment spectroscopy of
I⫺ (Ar) n clusters.46
At all times, one can then determine 具 n I⫺ 典 , the average
number of Ar atoms surrounding the I⫺, by comparing the
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FIG. 5. Center eKE of feature B 1 vs time, for all I⫺
2 共Ar兲n clusters. Number
of Ar atoms ( 具 n ⫺
1 典 ) is shown on righthand axis, as determined from Yourshaw et al. 共Ref. 46兲.

eKE of feature B 1 to the measured values in the above study,
using linear interpolation to obtain a fractional 具 n I⫺ 典 when
the energy lies between measured shifts. Figure 5 shows the
eKE of feature B 1 vs time for all clusters, with 具 n I⫺ 典 , indicated on the right-hand side of the figure. For I⫺
2 (Ar) n⭓12 ,
the graph stops when the feature begins to decrease in energy
and is relabeled D 1 ; this change in direction is associated
12,28
with recombination on the I⫺
so that the peak no
2 Ã state,
⫺
longer reflects a pure I signal.
To determine the contribution of solvated I⫺ to the FPE
spectra, I⫺ (Ar) n features were simulated from a measured
probe-only spectrum of bare I⫺ and shifted in energy according to the known solvent shift. The integrated intensity of the
I 2 P 3/2←I⫺ 1 S 0 transition was taken to be 2.0 共see Table III兲,
relative to 1.0 for the I2 X̃←I⫺
2 X̃ ( v ⫽0) transition as determined by comparing the integrated intensities of I⫺
2 bleach
.
The
intenand I⫺ 共signal兲 features in the FPES of bare I⫺
2
sity of the I 2 P 1/2←I 1 S 0 transition was empirically determined to be 0.6. The final spectrum was convoluted with an
instrument resolution function,33 calibrated approximately
for experimental conditions.
B. Bare and solvated I2ⴚ „ X̃ …

We next consider the contribution to the spectra from
bare and solvated I⫺
2 in various vibrational levels resulting
from recombination on the X̃ state. The I⫺
2 X̃ state potential
parameters and I2 neutral state parameters were taken from
Zanni et al.,34,44 with the exception of the I2 B̃ ⬘ state, for
which the repulsive wall was adjusted empirically to fit a
TABLE II. Parameters used in the f (E) function for scaling the I2 X̃
←I⫺
2 X̃ transition. See Eq. 共1兲 in text.

a

Parameter

Value

a1
a2
k1
k2
E1
E2

0.4–1.0a
1.6
⫺0.02 eV
0.08 eV
1.3 eV
2.0 eV

Varied with 具 v 典 .

FIG. 6. Simulated photoelectron spectra from 共a兲 v ⫽0 and 共b兲 v ⫽20 levels
of I⫺
2 (X̃).

38
high-resolution 共⬃10 meV兲 photoelectron spectrum of I⫺
2 .
Anion wave functions were calculated using standard procedures for a Morse oscillator,47 and a photoelectron spectrum
for each vibrational level was generated using a timedependent propagation method48 to calculate the Franck–
Condon overlap with various neutral states. It was assumed
that spectra arose from an incoherent superposition of vibrational levels, so composite spectra were constructed by summing spectra from individual vibrational wavefunctions over
a distribution of levels.
The effect of anion vibrational excitation can be seen in
Fig. 6, which shows two simulated photoelectron spectra of
the I⫺
2 X̃ state and their relation to the I2 potential energy
curves for 共a兲 v ⫽0 and 共b兲 v ⫽20. The vibrationally cold
spectrum ( v ⫽0) consists of an extended progression, unresolved at the resolution of the FPE spectrometer, centered at
1.54 eV 共the I2 X̃ state兲, a pair of narrow features at 1.00 eV
关 Ã ⬘ ( 3 ⌸ 2u ) 兴 and 0.90 eV 关 Ã( 3 ⌸ 1u ) 兴 , another pair of narrow
features at 0.65 eV 关 B̃ ⬘ ( 3 ⌸ 0 ⫺ u ) 兴 and 0.54 eV 关 B̃ ⬙ ( 1 ⌸ u ) 兴 ,
and two broad, overlapping features at ⬃0.30 eV 关ã( 3 ⌸ 1g )
⫺
and B̃( 3 ⌸ 0 ⫹ u )兴. The ã ⬘ ( 3 ⌺ 0 ⫹ g ) state is not seen, since it is
not accessible at the probe photon energy from I⫺
2 X̃ ( v
⫽0).
For the vibrationally excited X̃ state ( v ⫽20), the shapes
and energies of the photoelectron features change considerably. Since the amplitude of the X̃ state wave function is
concentrated near the classical inner and outer turning points
of the potential 共ITP and OTP, respectively兲, Franck–
Condon overlap with I2 states will be largest in these regions.
For the I2 X̃←I⫺
2 X̃ transition, the large change in I2 X̃ po-
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tential energy with internuclear distance produces distinctive
and well-separated features arising from each region; an extended tail at high eKE, arising from the ITP region, and a
narrower, intense peak at low eKE due to the OTP region.
The ITP region of the spectrum is very sensitive to v ,
whereas the OTP region is fairly independent of v over the
range v ⬃10– 30 because the anion and neutral potential energy curves are approximately parallel. At higher vibrational
levels, the OTP energy increases with v . For the Ã ⬘ ←X̃ and
Ã←X̃ transitions, the difference in eKE between the ITP and
OTP regions is much less, though there is a considerable
broadening for v ⬎⬃30. The B̃ ⬘ , B̃ ⬙ , ã, and ã ⬘ states display a wider range of potential energies, so that the OTP
regions of these transitions overlap with the Ã ⬘ /Ã←X̃ transition, and the ITP regions occur at much lower eKE. The
B̃←X̃ transition, correlating at large internuclear distance
with the I 2 P 1/2←I⫺1 S 0 transition, appears near 200 meV for
v ⭐60.
Solvation by Ar atoms shifts the I⫺
2 features toward
lower eKE by stabilizing the anion more than the neutral,
much as for I⫺ (Ar) n . These solvent shifts have been measured for vibrationally cold I⫺
2 (Ar) n clusters using photoelectron spectroscopy,38 and are used to shift the simulated
spectra. The shifts are smaller than for I⫺ (Ar) n , despite the
fact that the I⫺
2 – Ar binding energy 共53 meV兲 is larger than
that of I⫺ – Ar 共45.8 meV兲;46 this is due to a somewhat larger
I2 – Ar binding energy over that of I–Ar. It is assumed that
the shifts do not change for v ⬎0. Note that the I⫺
2 – Ar bond
energy is significantly lower than the average energy lost by
the cluster when an Ar atom evaporates; this was found by
Vorsa et al.7 to be 73 meV from the number of solvent atoms
remaining in I⫺
2 fragments from large (n⬎20) parent clusters. This discrepancy is attributed to kinetic energy of the
departing Ar atom.7
The simulated spectra in Fig. 6 support the assignment
of the experimental features E and F in Table I. From the
shape and energy of these features it should be possible to
determine 具 v 典 , the average I⫺
2 vibrational quantum number,
and 具 n x 典 , the average number of solvent atoms. In practice,
we find that when 具 v 典 is very small 共⬍ ⬃5兲, the X̃←X̃
transition is compact and the shape depends sensitively on
具 v 典 , so both 具 n x 典 and 具 v 典 may be simultaneously determined
by simulating the shape and energy of feature E. For larger
具 v 典 , the X̃←X̃ ITP energy is mostly governed by 具 v 典 , but
具 n x 典 strongly modifies it, so feature E cannot be used to
determine 具 v 典 exclusively. However, feature F, arising from
the X̃←X̃ OTP and Ã ⬘ /Ã/B̃ ⬘ /B̃ ⬙ /ã/ã ⬘ /B̃ 共collectively referred to as I2* 兲 ←X̃ transitions, is more sensitive to 具 n x 典
than to 具 v 典 . For 具 v 典 between 5 and 30, two distinct peaks are
visible which can be used in conjunction with the X̃←X̃ ITP
transition to obtain both 具 v 典 and 具 n x 典 . For 具 v 典 larger than
30, the X̃←X̃ OTP and I2* ←X̃ transitions coalesce into a
single, broad peak, and determination of 具 n x 典 is less precise.
Finally, we discuss how the intensities in the contributions to the simulated spectra from I⫺
2 (X̃) are obtained. There
are two issues here: the failure of the Franck–Condon approximation for photodetachment from high vibrational lev-
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TABLE III. Relative integrated intensities of transitions used in simulated
spectra.
Transition

Relative integrated intensity

I2 X̃←I⫺
2 X̃ ( v ⫽0)
I2 X̃←I⫺
2 X̃ ( v ⬎0)
I2 Ã ⬘ /Ã←I⫺
2 X̃
I2 B̃ ⬘ B̃ ⬙ ←I⫺
2 X̃
I2 ˜a ←I⫺
X̃
2
I2 ˜a ⬘ ←I⫺
2 X̃

1.0
0.4–1.6a
0.24
0.2
0.15–0.5b

I2 B̃←I⫺
2

a

X̃

1.5⫻(I2 ˜a ←I⫺
2 X̃)
0.5–1.0b

I2 Ã ⬘ /Ã/B̃ ⬘ /B̃ ⬙ ←I⫺
2 Ã
I2 ˜a ←I⫺
2 Ã
I2 ˜a ⬘ ←I⫺
2 Ã
I2 B̃←I⫺
2 Ã

0.22
0.44
0.66
0.6

I 2 P 3/2←I⫺ 1 S 0
I 2 P 1/2←I 1 S 0

2.0
0.6

Spectra scaled with energy-dependent function f (E); see below and text.
Varied with spectrum.

b

els of I⫺
2 , and the presence of photodetachment transitions to
multiple neutral electronic states. Our analysis shows that the
portions of the FPE spectra corresponding to X̃←X̃( v Ⰷ0)
transitions cannot be fit unless the photodetachment transition dipole varies with eKE as well as v . For example, at
large v 共⬎30兲, one needs to scale the intensity in the ITP and
OTP regions by 1.6 and 0.4, respectively, to fit the experimental spectra. This breakdown of the Franck–Condon approximation is not unexpected, since the wavefunctions are
quite extended for vibrationally excited levels, and the overlap of the electronic orbitals will be significantly different
than at the equilibrium bond distance, changing the relative
cross section. Therefore, to obtain the best estimate of the
true integrated intensities, an energy-dependent scaling function f (E) was applied to the simulated spectra for the
X̃←X̃ transition,
f 共 E 兲⫽

a 1 ⫺1
a 2 ⫺1
⫹1,
⫺ 共 E⫺E 1 兲 /k 1 ⫹
1⫹e
1⫹e ⫺ 共 E⫺E 2 兲 /k 2

共1兲

where E is electron kinetic energy 共eV兲 before applying any
solvent shifts. Parameters for this function are summarized in
Table II. Note that a 1 , which governs the X̃←X̃ OTP intensity, was varied in different spectra from 0.4 to 1.0, following an inverse trend with 具 v 典 , which indicated a decreasing
transition dipole moment as the internuclear radius increased.
The integrated intensities of transitions from the I⫺
2 X̃
state to the other I2 electronic states were empirically determined using the one-photon spectrum of bare I⫺
2 ( v ⫽0) and
normalizing the X̃←X̃ transition to 1.0 as a reference. The
work of Asmis et al.38 showed that these intensities do not
change in I⫺
2 (Ar) n clusters. However, further scaling of the
ã/ã ⬘ ←X̃ and B̃←X̃ transitions improved our fits for some of
the spectra; this might result again from problems associated
with the Franck–Condon approximation. In any case, the
overall effect of these additional scaling factors is more cos-
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TABLE IV. Number of solvent atoms 具 n I⫺典 for feature B 1 at ⬃300 fs, along
with estimated 具 n I⫺典 for anomalous and normal charge-switching states,
calculated from model structures.a
Parent cluster
6
9
12
16
20
a

B1

Anomalous

Normal

4.7
5.4
5.8
9.1
13.3

6.0
6.0
6.0
9.0
13.0

6.0
9.0
12.0
13.0
13.0

References 28 and 39.

metic than essential; they improve the fit but have little influence on the important conclusions drawn from the FPE
spectra. The scaling factors used are given in Table III.
C. Bare and solvated I2ⴚ „ Ã …

As mentioned in the Results, peaks D 1 and D 2 in the
n⭓12 spectra are primarily due to photodetachment from the
I⫺
2 Ã state. Simulation of these features is less precise than
for those arising from the X̃ state, in part because no spectroscopic data are available for the Ã state. A Morse function
was assumed, using parameters R e ⫽4.7 Å and D e
⫽140 meV. These are slightly modified from Greenblatt
et al.12 to better fit the I⫺
2 (Ar) 20 spectrum at 3 ns, assuming
that evaporation is complete by this time so that the number
of solvent atoms ( 具 n A 典 ) was equal to the average value of
11.1 found in the photofragmentation experiments.6 This assumption is supported by the simulations of Faeder et al.28
but may be problematic 共see Discussion兲.
Transitions from the v ⫽0 level of the Ã state to each
neutral state were weighted equally 共except to the X̃ state,
which is not accessible by a one-electron transition33兲, as was
44
done by Zanni et al. for the I⫺
In many of the
2 Ã ⬘ state.
spectra, peak D 1 is broader than peak D 2 . The larger width
of D 1 is likely due to the repulsive regions of the I2 states
(B̃ ⬘ , B̃ ⬙ , ã, ã ⬘ ), but as these are poorly defined, adequate
reproduction of this broadening was not possible. The simulation of this feature was therefore convoluted with a resolution function of width ⬃250 meV.
The number of solvating Ar atoms, 具 n A 典 , was determined from the experimental spectra using the energy shifts
of the I⫺ (Ar) n clusters, rather than the I⫺
2 (Ar) n clusters. This
choice is based on the expectation that at the large internuclear distances characteristic of the Ã state, solvation effects
will localize the excess electron on a single I atom to a much
larger extent than for the X̃ state, so that I⫺ rather than I⫺
2
solvent shifts are more appropriate. This assumption was
borne out in other clusters by fairly good agreement between
the calculated values for 具 n A 典 at long time delays and the
photofragmentation averages 共see Discussion兲. The integrated intensity was assumed to be the same as for I⫺, which
was also supported experimentally.
D. State populations and simulations of the spectra

For the n⭐9 clusters, no recombination occurs, and

具 n I⫺ 典 can be obtained by inspection of the peak positions.

FIG. 7. Experimental 共thick solid兲 and simulated 共thick dashed兲 FPE spectra
⫺
of I⫺
2 共Ar兲n clusters at selected time delays. 共a兲 I2 共Ar兲12,45 ps; 共b兲
⫺
⫺
⫺
I2 共Ar兲16,50 ps; 共c兲 I2 共Ar兲20,6.0 ps; 共d兲 I2 共Ar兲20,15 ps; 共e兲 I⫺
2 共Ar兲20,50 ps; 共f兲
I⫺
2 共Ar兲20,200 ps. Contributions to simulations are shown from X̃ state 共thin
solid line兲, Ã state 共dotted line兲, and solvated I⫺ 共thin dashed line兲. Features
in spectra are labeled as in Table I.

Numerous time delays have been simulated to follow the
dynamics in clusters of I⫺
2 共Ar兲n⭓12 , and selected examples
⫺
are shown in Fig. 8. For I2 共Ar兲12,16, where changes are minimal once features E and F have appeared, only a single, long
time delay 共45–50 ps兲 is shown in Figs. 7共a兲–7共b兲. In
I⫺
2 共Ar兲20, where significant evolution is observed in the spectra after the appearance of these features, several time delays
共6.0, 15, 35, and 200 ps兲 are shown in Figs. 7共c兲–7共b兲. Each
figure includes curves representing the I⫺ 关for I⫺
2 共Ar兲12
⫺
⫺
only兴, I2 X̃ and I2 Ã contributions, the total simulated spectrum, and the experimental spectrum. Simulation parameters
are summarized in Table V. Populations of the I⫺, I⫺
2 (X̃),
and I⫺
(Ã)
contributions,
indicated
by
P
⫺
,
P
,
and
PA ,
I
X
2
respectively, were determined from the intensities of simulated spectral features, weighted by their relative cross sections. Populations sum to unity for all spectra and are listed
in Table V.
In Fig. 8, P X is plotted vs time for all three clusters, for
many more time delays than shown in Fig. 7. Photofragmentation values are indicated as detached points on the righthand side of the graph. As I⫺
2 共Ar兲20 displays considerable
vibrational relaxation not seen in the smaller clusters, Figs.
9共a兲–9共b兲 plots 具 v 典 and 具 n X 典 vs time for this cluster, along
with model data from Faeder et al.28 Figure 9共c兲 plots a derived quantity E cluster which is defined in the section on
I⫺
2 共Ar兲20 in the Discussion.
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TABLE V. Parameters used in simulating spectra of I⫺
2 共Ar兲n clusters at selected time delays. P X , P A , and P I⫺
⫺
⫺
indicate populations of I⫺
2 X̃, I2 Ã, and I fragments, respectively. 具 v 典 indicates the average vibrational level of
⫺
⫺
the I⫺
2 X̃ state. 具 n X 典 , 具 n A 典 , and 具 n I⫺ 典 indicate the average numbers of Ar atoms surrounding the I2 X̃, I2 Ã, and
I⫺ fragments, respectively. ‘‘MS’’ indicates results of photofragment experiments from Vorsa et al. 共Refs. 6
and 7兲.
Population

Parent
cluster

Time
共ps兲

PX

PA

P I⫺

I⫺
2 X̃
具v典

12

45
MS

0.30
0.23

0.21
0.23

0.49
0.54

68.0
¯

16

50
MS

0.50
0.43

0.50
0.55

0
0.02

20

6.0
15
35
200
MS

0.36
0.50
0.50
0.54
0.44

0.64
0.50
0.50
0.46
0.56

0
0
0
0
0

V. DISCUSSION

This section of the paper is divided into four parts. In the
first section, the FPE spectra around 300 fs are examined for
all clusters, in order to determine the initial configuration of
solvent atoms around the newly formed I⫺ fragment. In the
⫺
second section, I⫺
2 共Ar兲6 and I2 共Ar兲9 clusters are discussed;
no recombination occurs in either case. This is followed by a
⫺
discussion of I⫺
2 共Ar兲12 and I2 共Ar兲16 FPE spectra, which dis⫺
⫺
play I2 Ã state and I2 X̃ state features, but limited vibrational
relaxation in the X̃ state. Finally, I⫺
2 共Ar兲20 is examined separately, since its spectra display extensive X̃ state vibrational
relaxation in addition to the dynamics observed in smaller
clusters.

Number of Ar

具 n A典

具 n I⫺典

0
0

5.0
2.3

3.2
3.2

34.4
¯

0
0

8.0
6.2

¯
8.5

40.0
29.1
14.2
5.6
¯

8.0
6.0
3.0
0.5
0.2

9.0
11.0
11.5
11.0
11.1

¯
¯
¯
¯
¯

具 n X典

though the interiodine separation has increased to ⬃ 6Å during this interval, the Ar atoms move very little.28 Hence, the
number of Ar atoms 具 n I⫺ 典 interacting with the I⫺ at 300 fs
reflects the initial configuration of the Ar atoms in the clus-

A. Initial solvent configuration in the Ã ⬘ state

In all clusters studied here, a peak associated with solvated I⫺ is first observed ⬃ 300 fs after the pump pulse.
Simulations of the cluster dynamics indicate that the even

I⫺
2

I⫺
2 共Ar兲n⭓12

FIG. 8. Population of the
X̃ state ( P X ) vs time, for
clusters:
⫺
⫺
I⫺
2 共Ar兲12 共crosses兲, I2 共Ar兲16 共diamonds兲, I2 共Ar兲20 共squares兲. Detached points
indicate photofragmentation averages from Vorsa et al. 共Ref. 6兲.

FIG. 9. 共a兲 Average I⫺
2 X̃ state vibrational level ( 具 v 典 ), 共b兲 average number
of the I⫺
X̃
state
solvent
atoms ( 具 n X 典 ), and 共c兲 excess cluster energy
2
(E cluster) vs time for I⫺
2 共Ar兲20 from the FPE spectra 共circles and thin line兲 and
from Faeder et al. 共Ref. 28兲 共thick line兲.
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ter. Table IV shows a comparison of 具 n I⫺ 典 at 300 fs, when
dissociation has just occurred, with estimates of 具 n I⫺ 典 for the
solvent configurations in anomalous and normal chargeswitching states, as defined in the Introduction. These estimates represent the number of Ar atoms coordinated to the I
atom with less 共anomalous兲 and more 共normal兲 negative
charge according to the calculated ground state
structures.24,25,39 If, just after excitation, the electron is localized on the original, more solvated I atom 共the case on the X̃
and Ã states兲 at 300 fs, then the experimentally-determined
具 n I⫺ 典 will be close to the estimated number for a normal
charge-switching state. On the other hand, if the electron has
jumped to the less-solvated I atom 共as predicted for the Ã ⬘
state兲,21 then the 具 n I⫺ 典 will lie close to the anomalous
charge-switching state estimate.
We note that 共a兲 the two estimates are equal for I⫺
2 共Ar兲6
and I⫺
共Ar兲
,
since
the
solvent
configuration
of
these
clus20
2
ters is calculated to be symmetric, and the experimental values for 具 n I⫺ 典 are in good agreement in both cases, 共b兲 for
I⫺
2 共Ar兲9,12,16, in which the calculated solvent configuration is
very asymmetric, the estimate for the anomalous chargeswitching state is considerably lower 共by 3–6 atoms兲 than for
the normal state, and 共c兲 for those three clusters, the experimental value of 具 n I⫺ 典 is clearly closer to the estimate for the
anomalous charge-switching state. This comparison provides
direct experimental support for the prediction that the excess
electron is localized on the less solvated I atom immediately
after photoexcitation to the Ã ⬘ state, thus identifying the Ã ⬘
state as an anomalous charge-switching state.
B. I2ⴚ„Ar…6 and I2ⴚ„Ar…9

For these two clusters, the increase in the eKE of the B
features after ⬃ 300 fs results from a decreasing number of
solvent atoms surrounding I⫺; Fig. 5 shows that 具 n I⫺ 典 decreases until ⬃ 1.5 ps. One possible explanation for the decrease is that the loss of solvent is due to fast ejection of
neutral I, leaving behind a vibrationally excited I⫺共Ar兲n cluster which evaporates Ar atoms until the available energy is
dissipated. This mechanism was suggested in studies of
19
However, theoretical simulations by
Br⫺
2 共CO2 ) n clusters.
25,28
Faeder et al.
predict that, in small clusters such as
⫺
I⫺
2 共Ar兲6, the I fragment simply leaves the cluster, capturing
one or more Ar atoms during its escape. Hence, as discussed
previously,12 the decrease in 具 n I⫺ 典 reflects the steady weakening of the attractive interaction between the I⫺ and Ar
solvent atoms.
For I⫺
2 共Ar兲6, little change occurs after 1.5 ps, at which
point the value of 具 n I⫺ 典 共1.2兲, just slightly higher than the
photofragmentation average7 of 0.9 共indicated in Fig. 5兲. Figure 5 shows that 具 n I⫺ 典 does decrease to this value by 50 ps,
presumably due to Ar atom evaporation from I⫺共Ar兲m⬎1
fragments.
In I⫺
2 共Ar兲9, however, there is an increase in 具 n I⫺ 典 of 1.5
between 2.8 and 12 ps, followed by a decrease of 0.5 through
100 ps. The increase in 具 n I⫺ 典 does not, occur for I⫺
2 共Ar兲6, but
13
We
a similar effect was seen in the FPES of I⫺
2 共CO2兲4.
attribute this effect to ‘‘arrested dissociation’’ on the Ã ⬘
state; the less-solvated I⫺ atom initially moves away from

Greenblatt, Zanni, and Neumark

the cluster due to the repulsive Ã ⬘ state potential, but cannot
leave the cluster because of the attractive interaction with the
Ar atoms surrounding the more solvated neutral I atom. Instead the solvent atoms rearrange to a more symmetric configuration, and a transition to the X̃ or Ã state occurs. This
results in more solvation of the I⫺ at the expense of the
neutral I atom which can then easily leave the cluster.
This interpretation is consistent with dynamics calculations by Faeder et al.25 They observed transitions to the Ã
state without recombination and found these transitions to be
responsible for the high-mass I⫺共Ar兲n channel observed by
6,7
since the solvent
Vorsa et al. in clusters of I⫺
2 共Ar兲n⭓11 ,
⫺
can more effectively surround the I in a normal chargeswitching state. Although not reported in the paper, their
model also observes transitions prior to final dissociation in
49
In I⫺
clusters of I⫺
2 共Ar兲9.
2 共CO2兲n clusters, this electronic
transition mechanism is present in all cluster sizes and occurs
as rapidly as ⬃ 500 fs in large clusters.35
For I⫺
2 共Ar兲9, the long-time 共⬎12 ps兲 decrease in 具 n I⫺ 典 is
probably due to solvent evaporation. 具 n I⫺ 典 exceeds the
photofragmentation average 共2.7兲 by 1.0 after the electronic
transition to the X̃/Ã state, and the value at 100 ps is still
larger than the photofragmentation average by 0.5 Ar atoms.
The small discrepancy between the photofragmentation average and the FPES value of 具 n I⫺ 典 at 100 ps suggests that
further evaporation occurs after 100 ps.
C. I2ⴚ„Ar…12 and I2ⴚ„Ar…16

In these two clusters, the increase in the eKE of the B
features is similar to that of the smaller clusters, and also
occurs over a ⬃1–2 ps time scale, as seen in Fig. 5. In the
case of I⫺
2 共Ar兲12, the associated decrease in 具 n I⫺ 典 is due to a
combination of I⫺ pulling away from the cluster and large
amplitude motion of the I atoms within the cluster at short
delay times, possibly coupled with solvent evaporation.
However, the cage fraction from I⫺
2 共Ar兲16 is essentially unity,
so only the second process can occur.
According to the photofragmentation study,7 there is
⫺
substantial recombination of I⫺
2 , with virtually no I remain⫺
ing in I2 共Ar兲16. In the FPE spectra, features E and F appear
by ⬃10 ps in each cluster, indicating recombination of I⫺
2 on
the X̃ state. The broadening of the D features after 2.0–2.5
ps, and the shifting toward lower eKE, which is particularly
pronounced 共240 meV兲 for I⫺
2 共Ar兲16, indicate recombination
on the Ã state. Because these spectra no longer indicated the
presence of exclusively I⫺, simulations were required in order to characterize the dynamics after these time delays.
In I⫺
2 共Ar兲12, although the D features broaden through the
longest time delay measured, and the intensities of features E
and F also grow slowly throughout this time range, there is
little change in shape to any of these features after their
formation by ⬃ 10 ps. Only the spectrum at 45 ps is shown
in Fig. 7共a兲, since this is the FPE spectrum in which feature
E is most intense. Unfortunately, event at 45 ps, the poor
signal to noise ratio in the region of this feature made accurate determination of 具v 典 difficult. We therefore set 具 v 典
⫽68 and 具 n X 典 ⫽0, the value consistent with the calculated
available energy after evaporation of all 12 Ar atoms 共710
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meV兲 assuming 73 meV per Ar atom. Complete loss of solvent is consistent with Vorsa et al.,6,7 who observed 具 n X 典
⫽0 in their photofragmentation study.
Using 具 v 典 ⫽68 as a starting point, an X̃ state vibrational
distribution was constructed with P X ⫽0.30 and 具 n X 典 ⫽0. Although the X̃←X̃ITP transition does not accurately reproduce feature E, error bars in the intensity are estimated at
20%–30%, and the overall intensity in this region is comparable to the simulation. The X̃←X̃OTP and I *
2 ←X̃ transitions together account for much of the broad feature F. P X is
close to the photofragmentation value 共0.23兲. D 1 was repre⫺
sented by a combination of solvated I⫺
2 (Ã) and I , using the
following parameters: P A ⫽0.21, P I⫺⫽0.49, 具 n A 典 ⫽5.0, and
具 n I⫺ 典 ⫽3.2. The eKE of D2 is also accounted for by the excited spin–orbit transitions from these states, though the intensity is lower than in the observed spectrum. The popula⫺
channels are close to the
tions of the I⫺
2 (Ã) and I
photofragmentation values 共0.23 and 0.54, respectively; see
Table V兲, and 具 n I⫺ 典 is equal to the measured average. 具 n A 典 ,
however, is larger than the photofragmentation average of
2.3; the larger value was necessary in order to adequately
simulate the spectrum.
P X is plotted vs time in Fig. 8 for several time
delays between 3.5 and 45 ps. Population appears by 9.0 ps,
and grows in slowly through 45 ps. The slow, monotonic
increase in the width of the D features over this time interval
共see Fig. 4兲 indicates a similarly slow growth of the
I⫺
2 Ã state, and the large value of 具 n A 典 at 45 ps compared
to the photofragmentation average also indicates incomplete
dynamics on this state. Both 具 n X 典 and 具 n I⫺ 典 , however,
are equal to the photofragmentation averages. Thus, only the
Ã state has not finished evaporation by 45 ps. This is
consistent with the MD simulations of Batista24 and Faeder
et al.25,28 which showed that only Ã state evaporation
required longer than the 50 ps length of the simulation for
completion.
In the FPES of I⫺
2 共Ar兲16, the shifts in the D features
are complete by 20 ps. After features E and F have appeared
at 10 ps, they evolve slightly through 50 ps, but 具 v 典 for the
X̃ state decreases only by ⬃5 during this interval. Therefore,
only the 50 ps spectrum is shown in Fig. 7共b兲, with
P A ⫽0.50,
the
following
parameters:
P X ⫽0.50,
具 v 典 ⫽34.4, 具 n X 典 ⫽0 and 具 n A 典 ⫽8.0. P X and P A are close
to the photofragmentation results 共0.43 and 0.57,
respectively兲. 具 v 典 corresponds almost exactly to the
calculated energy remaining in the cluster after evaporation
of all 16 Ar atoms 共420 meV兲. This result supports the
assumption that 具 n X 典 ⫽0, which is also the long-time limit
set by the photofragmentation study. Feature E is reproduced
by the X̃←X̃ITP transition, while F is accounted for by
the overlapping X̃←X̃ OTP and I*
2 ←X̃ transitions. Features
D 1 and D 2 were simulated by the Ã state. The value of
具 n A 典 (8.0) is actually larger than 具 n I⫺ 典 at 2.0 ps 共5.0兲,
reflecting the expected solvent rearrangement on the normal
charge-switching state, much as was seen in I⫺
2 共Ar兲9.
However, as 具 n A 典 is larger than the photofragment average
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共6.2兲, further evaporation must occur on a longer time scale,
as also inferred for I⫺
2 共Ar兲12.
P X is plotted vs time in Fig. 8 for several simulated time
delays. It rises faster, and is larger at all time delays than that
of I⫺
2 共Ar兲12, though it never achieves a plateau value. However, since P X at 50 ps is roughly the same as the photofragmentation value, population transfer to the X̃ state 共i.e., recombination兲 appears to be complete. The same holds for
vibrational relaxation, since 具v 典 agrees with the long-term
value at 50 ps.
D. I2ⴚ„Ar…20

In the I⫺
2 共Ar兲20 FPE spectra, the decrease in 具 n I⫺ 典 of
feature B through 1.0 ps is slightly less than in the smaller
clusters 共2.6 vs ⬃3–4兲. As with I⫺
2 共Ar兲16, this decrease must
be due to a combination of large amplitude motion and solvent evaporation. At later times, recombination on the I⫺
2 Ã
state is responsible for the shifting toward lower eKE 共140
meV by 200 ps兲 and the broadening apparent after 6 ps. The
evolution of features E and F indicate extensive vibrational
relaxation on the I⫺
2 X̃ state. Several time delays were simulated 共6.0 ps, 15 ps, 50 ps, 200 ps兲 to follow this process,
shown in Figs. 7共c兲–7共f兲. P X for these and other delays are
shown in Fig. 8.
In the 6.0 ps spectrum 共P X ⫽0.36, P A ⫽0.64, 具 v 典
⫽44.5, 具 n X 典 ⫽8.0, 具 n A 典 ⫽9.0兲, the I⫺
2 X̃ state is still in the
process of growing in. It is also so vibrationally excited that
the relative intensity of the X̃←X̃ OTP transition appears to
be changing rapidly in this range; thus, feature F above 1.0
eV is difficult to simulate accurately. At lower eKE, however, the I2*←X̃ transitions accounts for much of the intensity of feature F, while the X̃←X̃ ITP transition reproduces
feature E satisfactorily. 具 n X 典 is also difficult to determine
from feature F, but an approximate upper limit is obtained by
matching the falling edge near 1.0 eV. The Ã state, accounting for D 1 and D 2 , has a smaller apparent number of Ar
atoms than at later time delays, and D 1 is also not as broad.
This probably reflects a wavepacket that is still in the process
of moving into the ã state well, giving an artificially low
value of 具 n A 典 .
The spectra at 15 ps 共P X ⫽0.50, P A ⫽0.50, 具 v 典 ⫽29.0,
具 n X 典 ⫽6.0, 具 n A 典 ⫽11.0兲 and 35 ps 共P X ⫽0.50, P A ⫽0.50,
具 v 典 ⫽14.2, 具 n X 典 ⫽3.0, 具 n A 典 ⫽11.5兲 show the effects of progressive vibrational relaxation and solvent evaporation for
the Ã state. The X̃←X̃ ITP transition comprising feature E
shifts toward lower energy. At 15 ps, feature F displays two
peaks which are reproduced in the simulation, corresponding
to the X̃←X̃ OTP transition at higher eKE, and the I2*←X̃
transitions at lower eKE. At 35 ps, the Ã ⬘ /Ã←X̃ and
B̃ ⬘ /B̃ ⬙ ←X̃ transitions appear as separate peaks at 900 and
610 meV, respectively, while the X̃←X̃ OTP transition appears as a small shoulder on the low eKE side of feature D 1 .
This splitting of feature F enabled accurate determination of
具 n X 典 at both delays. The Ã state contribution to the spectra
undergoes no significant evolution after 15 ps.
The 200 ps spectrum 共P X ⫽0.54, P A ⫽0.46, 具 v 典 ⫽5.6,
具 n X 典 ⫽0.5, 具 n A 典 ⫽11.0兲 shows that the I⫺
2 X̃ state is almost
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completely relaxed. While the X̃←X̃ ITP transition accounts
for feature E, the OTP transition falls completely under D 1 .
Feature F consists of the Ã ⬘ /Ã←X̃ and B̃ ⬘ /B̃ ⬙ ←X̃ transitions, which are clearly separated with considerably less intensity between the peaks than at 35 ps, allowing accurate
determination of 具 n X 典 . The Ã state again accounts for D 1
and D 2 .
P X in Fig. 8 rises more rapidly than in the smaller clusters, achieving a plateau near ⬃0.55 by 10 ps, before either
vibrational relaxation or solvent evaporation has neared
completion. This distinction between recombination and re⫺
laxation was not visible in I⫺
2 共Ar兲12 or I2 共Ar兲16, where relaxation has proceeded almost as far as possible by the time
significant X̃ population was present.
Ã state relaxation and evaporation appears complete by
⬃15 ps, soon after P X reaches its final value at 10 ps, as
indicated by the plateauing of 具 n A 典 in the simulations. This
differs from the results for I⫺
2 共Ar兲12,16, for which solvent
evaporation from the Ã state did not appear to be complete
by 45–50 ps. Recall, however, that the Ã state parameters
were determined by setting 具 n A 典 in the 3 ns spectrum of
I⫺
2 共Ar兲20 equal to the photofragmentation value 共see Analysis兲, so agreement at the longest times between 具 n A 典 at long
time delays (11.0⫾0.5) and the photofragmentation average
共11.1兲 is guaranteed. Nonetheless, 具 n A 典 has reached this
asymptotic value by 15 ps.
It seems unusual that solvent evaporation from Ã state
recombination and relaxation should be complete by 15 ps
from I⫺
2 共Ar兲20 but incomplete by 50 ps in the smaller clusters
I⫺
共Ar兲
12,16. A possible explanation is that our assumption of
2
complete evaporation by 3 ns from I⫺
2 共Ar兲20 is incorrect, so
that from 15 ps to 3 ns the number of solvent atoms is constant and higher than the photofragment value, with complete
evaporation only at longer times. This implies solvent evaporation from the Ã state is even slower than in the simulations
of Faeder et al.28 for I⫺
2 共Ar兲20, which predict a slow but
steady evaporation of Ar atoms after 10–20 ps. As a result,
their simulated photoelectron spectra for the Ã state feature
shifts toward higher eKE from 20 to 200 ps, in contrast to the
experimental FPE spectra which show no such shift. It appears that that more work is required on I⫺
2 (Ã) and its interactions with the solvent, since the well depth of this state
is only a factor of 3 larger than the Ar•I⫺ binding energy.
We now consider dynamics in the X̃ state in more detail.
The average vibrational level 具 v 典 of the X̃ state and the average number of solvent atoms 具 n X 典 obtained from our FPES
simulations are plotted vs time in Figs. 9共a兲 and 9共b兲, along
with the same quantities from the MD simulations of Faeder
et al.28 Between 6.0 ps and 3 ns, the FPES 具 v 典 drops from
40.0 to 5.1, with most of the decrease occurring before 50 ps.
There is little difference in 具 v 典 between 200 ps and 3 ns, as
expected since solvent evaporation is virtually complete by
200 ps. The Faeder et al. results have been adjusted to reflect
the available energy from a 780 nm photon, rather than 790
nm as used in their study. The time scale for vibrational
relaxation in the Faeder et al. results is similar, and while
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there is a sizable discrepancy between 6.0 and 35 ps, the
curves match fairly well at later time delays.
In the FPES data, 具 n X 典 drops from 8.0 to 0.0 between
6.0 ps and 3 ns, with the majority of the Ar loss 共6.0兲 occurring before 50 ps. The final ⬃2.0 Ar atoms take longer than
150 ps to evaporate, consistent with the slowdown in evaporation rates seen in other clusters. The Faeder et al. data
display excellent agreement with the experiment at time delays ⭓6 ps. The agreement is encouraging, for it not only
suggests that the model is correctly describing the mechanism of vibrational relaxation and solvent evaporation, but
also that our method of determining 具 n X 典 is valid.
From Figs. 9共a兲 and 9共b兲, one can determine how vibrational relaxation and solvent evaporation track one another.
We define E solv , the total solvent energy that can be removed by evaporation of Ar atoms, as
E solv⫽ 具 n X 典 ⌬E evap ,

共2兲

where ⌬E evap is the average energy lost from the cluster by
evaporation of one Ar atom 共73 meV兲.7 E int , the average I⫺
2
internal energy in excess of the final 共3 ns FPES兲 energy, is
obtained by
E int⫽E 共 具  典 兲 ⫺E 共 具  典 兲 f ,

共3兲

where E( 具 v 典 ) is the Morse energy for vibrational level 具 v 典 ,
and 具 v 典 f (⫽5.1) is the average vibrational level at 3 ns.
Subtracting E int from E solv , one obtains a positive excess
‘‘cluster’’ energy E cluster , representing the energy stored in
the Ar solvent atoms remaining in the cluster. E cluster is plotted vs time in Fig. 9共c兲, along with the same quantity calculated using the data from Faeder et al.28 共adjusted for 780
nm, and assuming 具 v 典 f is equal to the FPES value兲. Both
plots show a general decrease with time. The experimental
E cluster drops from 180 meV at 6.0 ps to 0 by 3 ns. The MD
simulations show higher values at all time delays, particularly at earlier times 共320 meV at 6.0 ps兲, the disparity being
due to the smaller 具 v 典 relative to the experimental data at
these time delays.
The excess cluster energy 共at 6.0 ps, equivalent to 2.5
extra Ar atoms in the experimental data, and 4.4 atoms in the
simulation兲 implies that energy is temporarily tied up in solvent modes after removal from the I⫺
2 vibrational coordinate,
but before solvent evaporation. The amount of excess energy
is expected to be larger at early times, because there are more
solvent atoms available to provide for storage of this energy.
For solvent molecules with a stronger binding energy to I⫺
2
共such as CO2兲, this storage capacity is larger, allowing
greater amounts of energy to be stored for longer times.35
Although there is disagreement between the MD simulations
and the FPES data in 具 v 典 , which in turn affects E cluster , the
signature of a delayed evaporation mechanism is undeniable
in both model and experiment.
VI. CONCLUSIONS

FPES has been used to study the photodissociation, recombination and energy transfer dynamics of I⫺
2 共Ar兲n clusters over a range of sizes. The results show how dynamics
evolve with size in these clusters and allow for detailed comparison with theory. Analysis of the FPE spectra yields the
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extent of solvation of I⫺ and I⫺
2 at each delay time, along
with the electronic state and vibrational distribution of the
I⫺
2 . From determination of the number of Ar atoms surrounding the nascent I⫺ product, the anomalous charge-switching
nature of the Ã ⬘ state is confirmed, with the electron localized on the less-solvated I atom immediately after photoexcitation. Subsequent separation of I⫺ and I fragments results
in a decreasing number of Ar atoms through ⬃1.5 ps in all
clusters, after which the dissociated products have been
formed in the case of small (n⫽6) clusters, or recombination on the I⫺
2 X̃ or Ã states begins to occur in larger (n
⭓12) clusters.
⫺
In I⫺
2 共Ar兲12 and I2 共Ar兲16, vibrational relaxation in the X̃
state was slight or unobservable, and the final vibrational
level remained quite high 共具 v 典 ⫽68 and 34, respectively兲. In
I⫺
2 共Ar兲20, however, extensive vibrational relaxation was observed, accompanied by evaporation of solvent. Maximum
relaxation 共to 具 v 典 ⫽5.1兲 is achieved by 3 ns, with the loss of
all Ar atoms. The average vibrational level 具v 典 and number
of solvent atoms 具 n X 典 were compared to the theoretical study
of Faeder et al.,28 which agreed in large measure, despite a
discrepancy in 具 v 典 between 6.0 and 35 ps. Further analysis
revealed excess energy stored in the cluster, demonstrating a
delay between removal of I⫺
2 vibrational energy to the cluster, and its dissipation through solvent evaporation, in both
the experimental and theoretical studies.
Simulations of the FPE spectra show that significant re⫺
combination of I⫺
2 on the Ã state occurs for I2 共Ar兲12,
⫺
⫺
I⫺
2 共Ar兲16, and I2 共Ar兲20. Although I2 X̃ state solvent evaporation is complete on the time scale of the experiment,
evaporation resulting from recombination on the I⫺
2 Ã state
appears to be considerably slower, in qualitative agreement
with MD simulations. A comparison of the three clusters
suggests that evaporation resulting from Ã state recombination in I⫺
2 共Ar兲20 may not be complete by 3 ns, in disagreement with MD simulations. Dynamics on the Ã state are
likely to be very sensitive to its well depth and equilibrium
internuclear separation, neither of which has been spectroscopically determined. A more accurate characterization of
this state, perhaps using a method recently applied to the Ã ⬘
state,44 would be highly desirable.
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