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Photofragment coincidence imaging of small I−„H2O…n clusters excited
to the charge-transfer-to-solvent state

David E. Szpunar, Kathryn E. Kautzman, Ann Elise Faulhaber, and Daniel M. Neumarka�

Department of Chemistry, University of California, Berkeley, California 94720 and Chemical Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

�Received 9 November 2005; accepted 15 December 2005; published online 6 February 2006�

The photodissociation dynamics of small I−�H2O�n�n=2–5� clusters excited to their
charge-transfer-to-solvent �CTTS� states have been studied using photofragment coincidence
imaging. Upon excitation to the CTTS state, two photodissociation channels were observed. The
major channel ��90% � is a two-body process forming neutral I+ �H2O�n photofragments, and the
minor channel is a three-body process forming I+ �H2O�n−1+H2O fragments. Both processes display
translational energy �P�ET�� distributions peaking at ET=0 with little available energy partitioned
into translation. Clusters excited to the detachment continuum rather than to the CTTS state display
the same two channels with similar P�ET� distributions. The observation of similar P�ET�
distributions from the two sets of experiments suggests that in the CTTS experiments, I atom loss
occurs after autodetachment of the excited �I�H2O�n

−�* cluster or, less probably, that the presence of
the excess electron has little effect on the departing I atom. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2165202�
I. INTRODUCTION

Anions in polar solvents display a broad absorption band
in the UV, assigned to the transfer of the excess charge from
the anion to the solvent.1 As these charge-transfer-to-solvent
�CTTS� states are an excellent means of production of the
solvated electron,2 they have been the subject of many stud-
ies in the literature. In particular, solvated iodide has been
the focus of many time-resolved studies probing the dynam-
ics of the CTTS process.3–7 The solvent8 and temperature
effects9 on the dynamics have also been investigated. These
condensed phase studies have motivated work on X−�H2O�n

clusters �X=F, Cl, Br, I� as a means to examine how an
intrinsically bulk phenomenon, namely CTTS excitation and
electron solvation, manifests itself in finite clusters. As a
result, X−�H2O�n clusters have been subject to many
studies.10 In particular, the dynamics of I−�H2O�n clusters
excited to their CTTS states have been the focus of numer-
ous theoretical and experimental studies. Prior experimental
studies11–15 of the CTTS dynamics of I−�H2O�n clusters have
used femtosecond pump-probe spectroscopy to investigate
the short-time dynamics of these species. The work detailed
here focuses on the asymptotic dynamics of these clusters, in
which photofragment coincidence imaging determines the
product channels, translational energy distributions, and an-
gular distributions of I−�H2O�n=1–5 clusters excited to their
CTTS states.

Although there was initially some controversy as to the
location of the iodide anion,16–18 the current consensus is that
the iodide resides on the surface of the water cluster even in
larger clusters.19–24 The ground-state geometries of smaller
clusters have recently been calculated by Lee and Kim.21 For
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I−�H2O�n=3,4 clusters, the water molecules are predicted to
form a cyclic structure supported by hydrogen bonds, with
all of the “free” H atoms pointing upwards to the iodide
anion forming ionic hydrogen bonds in a crownlike configu-
ration. I−�H2O�5 is predicted to have several low-lying struc-
tures, the lowest-energy geometry of which is a four-
membered ring once again forming ionic bonds with the
iodide anion and the fifth water branching off forming an
ionic hydrogen bond with the iodide.

Binding energies of I−�H2O�n clusters have been deter-
mined through photoelectron spectroscopy �PES�
studies,16,25,26 and calculations27,28 are in good agreement
with the experimental determinations. Tentative assignments
were made to neutral I�H2O� modes using zero electron
kinetic-energy �ZEKE� spectroscopy.29 Bowen et al. exam-
ined the dissociative photodetachment of iodide cluster an-
ions, including I−�H2O� at 257 nm.30 Johnson and
co-workers31–36 have obtained the infrared spectra of several
X−�H2O�n clusters using Ar predissociation spectroscopy.
The vibrational and electronic spectroscopies of I−�H2O�n

clusters have also been investigated theoretically.20–22,37

The above studies have yielded a fairly detailed picture
of the ground states of these clusters. The first gas-phase
measurement of their electronic spectroscopy was performed
by Serxner et al.,38 who recorded action spectra of
I−�H2O�n=0–4 clusters and identified the cluster analog to the
CTTS state in clusters with as little as two waters. The spec-
tra showed a broad absorption over the detachment con-
tinuum characteristic of a dipole-bound state, in which the
dipole moment of the water cluster is significant enough to
bind the excited electron.39 Several studies have calculated
the CTTS states of I−�H2O�n clusters,37,40–42 in good agree-
ment with the spectra of Serxner et al.38
Neumark and co-workers examined the excitation of
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small I−�H2O�n / �D2O�n clusters �n=4–6� excited to the clus-
ter analog of the CTTS state using femtosecond photoelec-
tron spectroscopy �FPES�.11,12 Photoelectron spectra were re-
corded after a �100 fs pump pulse �4.71 eV� excited the
clusters to the CTTS state, and a probe pulse of 1.57 eV
detached the electron after a variable delay time. I−�H2O�4

clusters showed simple population decay, while n=5 and 6
clusters showed a steady increase in electron binding energy
�decrease in electron kinetic energy� after several hundred
femtoseconds. These spectral shifts were interpreted as evi-
dence for electron solvation, as water rearrangement to sta-
bilize the excess electron would result in an increase in bind-
ing energy. This interpretation was subsequently challenged
in a theoretical study by Chen and Sheu,43,44 who proposed
that the time-dependent shifts in the PE spectra were due to
iodine atom detachment from the cluster rather than from
solvent rearrangement. Subsequent theoretical work by Tim-
erghazin and Peslherbe,45 Vila and Jordan,46 Lee et al.,47 Lee
and Kim,48 Elola and Laria,49 Park and Lee,50 and Kolaski et
al.51 suggested that both solvent and I atom motion played a
role in the early-time dynamics of CTTS states in clusters.
More recent time-resolved photoelectron imaging
experiments14,15 on larger I−�H2O�n clusters support the in-
terpretation of the early-time increase in electron binding en-
ergy in terms of solvation dynamics.

Nonetheless, the role of the I atom in the overall dynam-
ics of these clusters is of considerable interest. The time-
resolved experiments of Kammrath et al.14 on I−�H2O�n�n
�10� clusters excited at 4.67 eV showed early ��1 ps� spec-
tral shifts assigned to solvent reorganization and, for clusters
with five or more water molecules, a later shift toward higher
electron binding energy, occurring between 25 and 75 ps,
attributed to loss of the I atom. These experiments also
yielded the time scale for autodetachment from the excited
clusters, a process that can be identified by its extremely
slow photoelectrons, yielding autodetachment lifetimes rang-
ing from 0.6 to 324 ps for n=3–7. Comparison of all the
observed time scales implies that I atom loss occurs prior to

FIG. 1. Schematic of the fast beam coincidence imaging apparatus. Detail of
the interaction region showing the pulsed field used to deflect undissociated
parent ions from striking the detector is also shown.
autodetachment for clusters with n�5 and that both pro-
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cesses occur on the same time scale for n=5. The absence of
an observable I atom shift for clusters with n�5 suggests
that autodetachment occurs before the I atom leaves in these
small clusters, since once the excited state decays, the pho-
toelectron imaging experiment can no longer follow its dy-
namics. This interpretation of the dynamics in the smallest
clusters differs somewhat from the recent theoretical studies
of Kolaski et al.51 that propose the repulsive interaction be-
tween the excess electron and the I atom induces I atom loss
prior to autodetachment.

In this paper, we perform complementary experiments
on the excited-state dynamics of I−�H2O�n�n�5� clusters
that focus on their asymptotic dynamics in order to deter-
mine, for example, if the I atom actually does leave the ex-
cited cluster and if so, how much energy it carries away and
what happens to the remaining water cluster. Using our fast
beam coincidence imaging apparatus, we characterized the
dissociation channels of excited I−�H2O�n clusters, measur-
ing the photofragment masses for two- and three-body dis-
sociations, the amount of energy partitioned to photofrag-
ment translation, and the angular distributions of the
photofragments. These experiments were performed at the
CTTS excitation energies for clusters with n=2–5, and also
at higher excitation energies in the direct detachment con-
tinuum. We found only neutral photofragments to be pro-
duced. The major channel at both sets of excitation energies
was loss of an I atom, while a minor three-body channel
producing neutral I, �H2O�n−1, and H2O was also found. The
photofragment translational energy distributions in both sets

FIG. 2. Two-body photofragment mass distributions of I−�H2O�n=2–5 excited
at 3.9, 4.2, 4.4, and 4.7 eV, respectively, are shown as solid line. The two-
body photofragment mass distributions of I−�H2O� excited at 4.4 eV and
I−�H2O�n=3–5 excited at 5.6 eV are shown as dashed line. The distributions
correspond to the production of I �127 amu� and �H2O�n�n�18 amu�.
of experiments were quite similar and showed very little
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translational energy release. These results imply that upon
CTTS excitation, either autodetachment occurs before I atom
loss, or that the excess electron has little effect on the depart-
ing I atom.

II. EXPERIMENT

The fast beam coincidence imaging apparatus, shown in
Fig. 1, has been described in detail elsewhere, and will only
be briefly described here.52–54 An I−�H2O�n cluster beam was
formed by first flowing neat Ar at a pressure of �20 psi over
CH3I, bubbling the resulting Ar/CH3I mixture through wa-
ter, followed by a supersonic expansion through a pulsed
piezoelectric valve operating at 60 Hz. An electron beam �1
keV� directed perpendicularly to the expansion was used as
an ionization source. The resulting cluster anions were accel-
erated to 4.5 keV and mass selected using a Bakker time-of-
flight mass spectrometer. Ions of the desired mass intersected
the frequency-doubled light from an excimer �Lambda
Physik LPX 210, 308 nm� pumped dye laser �Lambda
Physik Scanmate 2E� at the CTTS maxima �3.9, 4.2, 4.4, and
4.7 eV for n=2, 3, 4, and 5 clusters, respectively�.38 Laser
energies of 0.5–1 mJ/pulse were used. The resulting photo-
fragments then traveled the 2.15 m flight length and struck a
time-and-position-sensitive �TPS� detector. The fragments
from each dissociation event were detected in coincidence;

FIG. 3. Two-body translational energy distributions �P�ET�� of I−�H2O�n=2–

distributions of I−�H2O�n=1,3–5 excited at 5.6 eV �dashed lines�. The anisotro
=3–5 clusters excited to their CTTS states.
the arrival times and positions of the fragments were then
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used to calculate the masses of the fragments as well as
fragment velocities. Thus, collection of many coincident im-
ages enabled the calculation of a translational energy distri-
bution P�ET� as well as the anisotropy parameter ��ET� that
specifies the photofragment angular distribution.55

The TPS detector, based on the design of Amitay and
Zajfman,56 comprises a standard imaging quality 75 mm
Z-stack microchannel plate �MCP� coupled to a phosphor
screen �Burle Spec. S9739, Rev. 0�. A beam splitter was po-
sitioned at a 45° angle to the phosphor screen, transmitting
roughly half of the phosphorescence to an image intensifier
and a charge-coupled device �CCD� camera �Dalsa, CA-D6-
D512�, yielding position information. The remaining phos-
phorescence was reflected to a 4�4 photomultiplier tube
�PMT� array �Hamamatsu H 6568-10� giving precise timing
and crude position information. Correlation of the CCD and
PMT signals yielded timing and position for all photofrag-
ments from each photodissociation event. One can directly
detect both anionic as well as neutral fragments with this
setup, making it ideally suited to study the I−�H2O�n system.
As will be seen, all the products detected were neutral, so a
pulsed field ��200 V� was used to deflect any of the undis-
sociated parent ions away from the detector, as shown in the
inset of Fig. 1. As a result, the beam block used in all previ-

ited at 3.9, 4.2, 4.4, and 4.7 eV, respectively �solid�, as well as the P�ET�
arameters ��ET� as a function of translational energy are also shown for n
5 exc
py p
ous experiments on this instrument was unnecessary.
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III. RESULTS

Figure 2 �black lines� shows the two-body photofrag-
ment mass distributions for the I−�H2O�n=2–5 clusters excited
to their CTTS states. The photon energies used were 3.9, 4.2,
4.4, and 4.7 eV for n=2, 3, 4, and 5, respectively, based on
the spectra of Serxner et al.38 Although the experimental
CTTS maximum for I−�H2O�5 is not known, the photon en-
ergy used, 4.7 eV, should be very close to the maximum and,
due to the width of the CTTS peak, will still excite the n
=5 cluster to the CTTS state. Data for I−�H2O�, also shown
in Fig. 2, were collected at the arbitrary energy of 4.4 eV, as
there is no CTTS resonance for this cluster size.38 Each mass
distribution shows two peaks corresponding to the
�H2O�n�n�18 amu� and I �127 amu� fragments. As men-
tioned in the Experiment section, the data presented here
were taken with a pulsed field applied after the dissociation
laser was fired, in order to deflect any undissociated parent
ions away from the detector. Data sets taken with and with-
out the deflecting field were identical. This identifies the
products as neutral, corresponding to the asymptotic disso-
ciation process I−�H2O�n→ I�2P3/2�+ �H2O�n+e−. �I�2P1/2�
formation is not energetically allowed.�

Figure 3 shows the experimental P�ET� distributions for
all clusters, as well the anisotropy parameter ��ET� for n
=3–5 clusters. As can be seen, all cluster sizes partition little
energy into translation, with nearly all the translational en-
ergy release below 0.1 eV, and display an isotropic photo-
fragment angular distribution with �=0. The lack of transla-
tional energy imparted in the dissociation of the n=1, 2
clusters, along with the large mass ratio of the photofrag-
ments �127:18 and 127:36� prevented many of the fragments
from receiving enough recoil velocity perpendicular to the
beam axis to “clear” a dead spot on the center of the detector.
For this reason the P�ET� distributions shown for
I−�H2O�n=1,2 are “raw” distributions, not corrected for the
detector acceptance function, which calibrates for the geo-
metric factors that prevent the collection of all of the disso-
ciation events.57 As a result, anisotropy parameters for the
dissociation were not calculated. Note that because the n=1
and n=2 distributions are not corrected for the detector ac-
ceptance function, they should be referred to as N�ET�, the
number of detected events with a given translational
energy.30 However, for continuity’s sake, they are referred to
as P�ET� distributions in the text.

Our photofragment coincidence imaging technique al-
lows the detection of three-body dissociation. Such a channel
was found for the n=2–5 cluster sizes excited to their CTTS
states, and the corresponding photofragment mass distribu-
tions are shown in Fig. 4 �black lines�. For each cluster, the
three-body channel corresponds to the fragments
H2O�18 amu�, I�2P3/2��127 amu�, and �H2O�n−1��n−1�
�18 amu�. Once again, the products were found to be neu-
tral, corresponding to the reaction I−�H2O�n→ I+ �H2O�n−1

+H2O+e−. Figure 5 shows the P�ET� distributions calculated
from the three-body dissociation data. Just as in the two-
body channel, little energy is partitioned into translation. A
rough estimate of the branching ratio for the two-body chan-

nel to the three-body channel is �6:1, 10:1, 11:1, and 14:1
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for n=2, 3, 4, and 5 clusters, respectively. These are upper
bounds, however, since the detection efficiency of the pho-
tofragments is less than unity, making it less likely to detect
all fragments in coincidence from a three-body event com-
pared to a two-body event.

Figure 6 displays Dalitz plots58 for the three-body disso-
ciation channels. These plots show the partitioning of mo-
mentum to the photofragments from three-body dissociation.
Each point represents the fraction of the square of momen-
tum of each three-body photofragment event, Pj

2 /�Pj
2, with

all points lying within an inscribed circle as required by mo-
mentum conservation. The Dalitz plot for I−�H2O�2 is sym-
metric about the line representing equal partitioning of mo-
mentum into the two water molecules, as expected since the
H2O fragments are indistinguishable.59 Most of the points in
this plot correspond to PI

2 /�Pj
2�0.5. For the larger clusters,

FIG. 4. Three-body photofragment mass distributions of I−�H2O�n=2–5 ex-
cited at 3.9, 4.2, 4.4, and 4.7 eV, respectively, are shown as solid lines. The
three-body photofragment mass distributions of I−�H2O�n=3–5 excited at 5.6
eV are shown as dashed lines. The distributions correspond to the produc-
tion of I �127 amu�, H2O �18 amu�, and �H2O�n−1��n−1��18 amu�. The
mass resolution is comparable in both cases.

FIG. 5. Three-body P�ET� distributions of I−�H2O�n=2–5 excited at 3.9, 4.2,

4.4, and 4.7 eV, respectively.
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the Dalitz plots show that relatively little momentum is par-
titioned to the H2O fragment, with most of the points corre-
sponding to PH2O

2 /�Pj
2�0.25. As n increases, the fraction of

momentum for the �H2O�n−1 fragment increases slightly at
the expense of that for the I atom.

Data were also taken for n=3–5 excited at 5.6 eV, which
is considerably to the blue of the respective CTTS reso-
nances. At this photon energy, one probes the dissociation
dynamics from the neutral internal energy distribution corre-
sponding to direct detachment of the anion, i.e., the Franck-
Condon distribution typically obtained in photoelectron
spectroscopy. Once again, the same two channels were ob-
served. The two-body mass distributions of the 5.6 eV data
�dashed line� are shown plotted alongside the CTTS mass
distributions �black line� in Fig. 2. The resolution of the mass
distributions at 5.6 eV is considerably worse. The P�ET� dis-
tributions are shown in Fig. 3; photofragment angular distri-
butions �not shown� were isotropic. Note that the P�ET� dis-
tributions resulting from CTTS excitation and direct
detachment are very similar, with only slightly more transla-
tional energy appearing in the latter.

The 5.6 eV three-body mass distributions are shown in
Fig. 4, plotted with those taken at the respective CTTS states
�black line�. Here, however, the mass resolution of the two
data sets is similar. The poor statistics of the three-body
channel at 5.6 eV, where the absorption cross section is con-
siderably lower than on resonance,38 prevented the calcula-
tion of a meaningful P�ET� distribution.

IV. DISCUSSION

In this section we consider the dissociation dynamics

FIG. 6. Dalitz plots of I−�H2O�n=2–5 excited at 3.9, 4.2, 4.4, and 4.7 eV,
respectively, showing the partitioning of little momentum to the H2O frag-
ment and a near equal partitioning of momentum to the I and �H2O�n−1

fragments.
from CTTS excitation and direct detachment in more
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detail. There are two main channels observed when
I−�H2O�n=2–5 clusters are excited to their CTTS states,

I−�H2O�n + h�CTTS → I�2P3/2� + �H2O�n + e−, �1�

I−�H2O�n + h�CTTS → I�2P3/2� + �H2O�n−1 + H2O + e−.

�2�

As pointed out in Sec. III, channel �1� is the dominant
process for all cluster sizes. Figure 3 shows that this disso-
ciation channel partitions little energy into product transla-
tion with an isotropic photofragment angular distribution.
The minor channel �2� forms three neutral photofragments: I,
�H2O�n−1, and H2O. We first examine the P�ET� distributions
for channel �1� and use these to obtain a more complete
picture of the overall dynamics following CTTS excitation.
This is followed by a discussion of channel �2�.

A. Dynamics of the two-fragment channels

The first step in the interpretation of the P�ET� distribu-
tions is to compare them to the translational energy available
to the products. For channel �1�, the amount of energy avail-
able Eavl for photofragment translation ET and internal exci-
tation Eint is given by

Eavl = ET + Eint = h� − eKE + Eint
�−� − EA�I� − D0, �3�

where h� is the photon energy, Eint
�−� is the internal energy of

the parent ion, taken here to be negligible, eKE is the elec-
tron kinetic energy, EA�I�=3.059 eV is the electron affinity
of iodine,60 and D0 is the I−-�H2O�n association energy. D0 is
estimated from the �H values for I−�H2O�n→ I−�H2O�n−1

+H2O measured by Hiraoka et al.61 and by assuming the
water-water interaction for the dimer �0.21 eV �Ref. 62�� is
additive; the values are listed in Table I.

Equation �3� is perfectly general and applies to both
CTTS excitation and direct detachment, with the difference
between the two sets of experiments reflected primarily in
the eKE distribution. The eKE distribution for CTTS excita-
tion has been determined by recent photoelectron imaging
experiments on I−�H2O�n clusters performed in our labora-
tory with a tunable laser; these have shown that only very
slow electrons are produced at these wavelengths,63 consis-
tent with autodetachment as the main electron production
mechanism �see below�. Hence, we set eKE=0 in Eq. �3� for
the CTTS experiments. This gives values of Eavl=0.22, 0.54,
0.55, and 0.67 eV for n=2–5, respectively. These values are
shown in Table I.

Excitation at 5.6 eV results in direct detachment of the

TABLE I. Table shows the CTTS energy, I−-�H2O�n association energy
�D0�, and available energy Eavl for clusters excited to the CTTS state and the
continuum.

n h�CTTS�eV� Eavl,CTTS�eV� D0�eV� Eavl,5.6 eV�eV�

2 3.9 0.22 0.62 0.24
3 4.2 0.54 0.60 0.63
4 4.4 0.55 0.79 0.74
5 4.7 0.67 0.97 0.74
ion, leaving the nascent neutral with an internal energy dis-
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tribution determined by the Franck-Condon overlap with the
ion. The nascent neutral will then dissociate, leaving the pho-
tofragments with an available energy as defined in Eq. �3�.
Here, however, the eKE is not negligible, and is obtained
from the vertical binding energies of Markovich et al.25 Ne-
glecting the spread in eKE and substituting eKE=h�−VBE,
where VBE is the vertical binding energy, into Eq. �3� gives

Eavl = VBE − EA�I� − D0, �4�

where EA�I� and D0 are defined above. This yields available
energies of 0.63, 0.74, 0.74 eV for n=3–5 clusters, respec-
tively, i.e., similar but slightly higher values than were found
for CTTS excitation. These results are also tabulated in Table
I.

Although there is uncertainty in the parent beam internal
energy Eint

�−� as well as in the calculation of D0, it is clear that
the observed P�ET� distributions peak at 0 eV and terminate
well shy of the energetic limit, regardless of whether the
I−�H2O�n cluster is excited to the CTTS state or the direct
detachment continuum. These results suggest a statistical dis-
sociation mechanism in both cases, which typically leads to
partitioning most of the available energy into internal de-
grees of freedom.64

The next point to consider in the interpretation of these
experiments is whether the electron is ejected prior or sub-
sequent to heavy-particle fragmentation. In the case of direct
detachment, electron ejection is essentially instantaneous,
but if autodetachment from an excited electronic state of the
anion dominates, as appears to be the case for CTTS excita-
tion, there is a time scale associated with this process that
must be compared with that for fragmentation.

For direct detachment, the internal energy distribution
subsequent to electron ejection reflects the Franck-Condon
overlap between the anion and the two neutral states result-
ing from the interaction of the I�2P3/2� level with the sur-
rounding solvent species.65,66 The n=1 cluster is bound by
44 meV, and the two electronic states are split by 38 meV.29

Dissociation then occurs from neutral species on either sur-
face with sufficient vibrational excitation to fall apart. This
excitation can be in the I · ·H2O bonds, the hydrogen bonds
between the water molecules, and in the water molecules
themselves, depending on the geometry changes that occur
upon photodetachment. We also note that any vibrational ex-
citation in the anions can enhance formation of vibrationally
excited neutrals, thereby facilitating dissociation. However,
the form of the P�ET� distributions, peaking at 0 eV and
dropping off rapidly with increasing ET, strongly suggests
that the initial distribution of vibrational energy does not
drive the dissociation dynamics, and that instead, the internal
energy of the neutral complex is randomized prior to disso-
ciation.

For CTTS excitation, we can obtain insight into the com-
petition between autodetachment and heavy-particle frag-
mentation by considering the P�ET� distributions in Fig. 3.
Several theoretical papers have pointed out that subsequent
to CTTS excitation of I−�H2O�n clusters, there should be a
repulsive interaction between the I atom and excess electron
that will presumably drive some of the ensuing dynamics.

Our results suggest that while this effect may indeed be

Downloaded 07 Mar 2006 to 128.32.220.15. Redistribution subject to
present, it does not result in direct dissociation of the I atom
on a repulsive potential-energy surface. Such a mechanism
would likely result in a translational energy distribution
peaking away from ET=0 and extending more towards the
maximum available translational energy. For example, the
recent calculations of Kim and co-workers47,51 on direct dis-
sociation from a repulsive �I�H2O�n

−�* surface result in I
+ �H2O�n

− photofragments with translational energy release of
0.1 eV for n=3 and 0.2 eV for n=6, in contrast to the ob-
served P�ET� distributions that drop to nearly zero intensity
by 0.1 eV.

The second point of interest is that the P�ET� distribu-
tions for channel �1� from direct detachment and CTTS ex-
citation are essentially the same, with only slightly more
translational energy from direct detachment. This result is
easily understood if, subsequent to CTTS excitation, autode-
tachment precedes I atom loss, so that the I atom is leaving
from a neutral complex with slightly less internal energy
than that from direct detachment. This interpretation is also
consistent with the time-resolved photoelectron imaging ex-
periments discussed in the Introduction,14 which implied that
at 4.67 eV excitation energy, autodetachment was faster than
I atom loss for clusters with n�5, and that the rates for the
two processes were comparable for the n=5 cluster. An al-
ternative and, in our view, less likely explanation of the
P�ET� distributions would be that autodetachment does not
occur before I atom loss, but the interaction between the
excess electron and I atom is sufficiently weak so that the
departing I atom is not affected significantly.

Our preferred interpretation is in line with the calcula-
tions on I−�H2O�4 by Vila and Jordan,46 who found that rela-
tively small changes in the solvent geometry subsequent to
CTTS excitation would reduce the electron binding energy
significantly, thus favoring rapid autodetachment. We note
that the simulations of Timerghazin and Peslherbe45 and Kim
and co-workers48,51 show the I atom moving away from the
solvent network on a time scale faster than 1 ps. Our experi-
ment does not necessarily contradict these calculations. It is
possible, for example, that the I atom becomes trapped in a
shallow minimum resulting from a combination of solvent
and electronic motion; the existence of such a minimum was
found in electronic structure calculations of Lee et al.,47 and
its presence was also inferred from our time-resolved studies
on larger clusters.14

Although detachment from the water cluster following
dissociation cannot be ruled out entirely, we believe that for
the clusters studied here �n�5�, autodetachment followed by
dissociation is the likely mechanism responsible for channel
�1�,

I−�H2O�n + h�CCTS → �I�H2O�n
−�*,

�I�H2O�n
−�* → I�H2O�n + e−,

I�H2O�n → I�2P3/2� + �H2O�n. �5�

We note that the time-resolved experiments on larger clusters
�n�5� indicate that autodetachment is slower than I atom

14
loss, and it will be of interest to investigate the photodis-
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sociation dynamics of these clusters on the instrument used
here.

B. Dynamics of three-fragment channels

The P�ET� distributions for the three-fragment channel,
channel �2�, are similar to those of channel �1�, regardless of
cluster size. Based on the arguments given above, we assume
autodetachment to be followed by cluster dissociation. Fol-
lowing autodetachment, there are several possible mecha-
nisms for the minor three-body decay channel, which can
either be concerted �reaction �6� below� or sequential �reac-
tions �7� and �8� below�. The sequential dissociation would
most likely occur from two possible cases: I atom loss fol-
lowed by dissociation of the nascent water cluster �7�, or
through loss of one H2O followed by I�H2O�n−1 dissociation
�8�.

I�H2O�n → I�2P3/2� + �H2O�n−1 + H2O; �6�

I�H2O�n → I�2P3/2� + �H2O�n, �7a�

I�2P3/2� + �H2O�n → I�2P3/2� + �H2O�n−1 + H2O; �7b�

I�H2O�n → I�H2O�n−1 + H2O, �8a�

I�H2O�n−1 + H2O → I�2P3/2� + �H2O�n−1 + H2O. �8b�

Neither the P�ET� distributions nor the Dalitz plots lead to an
unambiguous assignment of the three-body channel to one of
these mechanisms. However, the observation that I atom loss
�1� is the dominant two-body dissociation channel strongly
implies that three-body dissociation occurs sequentially via
�7a� and �7b�, in which some fraction of the �H2O�n clusters
have enough internal energy to lose a water molecule by
evaporation. This sequential mechanism is consistent with
the small amount of momentum partitioning to the H2O frag-
ment as revealed by the Dalitz plots.

The presence of channel �2� may explain an unusual fea-
ture of the fragment mass spectra for two-body dissociation
in Fig. 3, which show that the mass resolution for two-body
dissociation is worse for clusters excited at 5.6 eV than that
obtained from excitation to the CTTS state. This effect may
result from three-body events being incorrectly counted as
two-body events, which would happen, for example, if the
�H2O�n fragment falls apart with very little kinetic energy,
and the corresponding two spots on the phosphor screen are
focused onto the same element of the 4�4 PMT array. This
scenario is reasonable to expect for channel �2�, since frag-
mentation of the water cluster should result in very little
translational energy release. It can happen using either exci-
tation scheme. However, compared to CTTS excitation, di-
rect detachment results in higher average internal energy in
the neutral clusters, as shown in Table I. Moreover, the pho-
toelectron spectra of these clusters are quite broad,16 indicat-
ing that some fraction of the neutral clusters has considerably
more internal energy than indicated in Table I. Both effects
will contribute toward the enhancement of channel �2� from
direct detachment, resulting in more three-body events being

counted as two-body events and thereby broadening the two-

Downloaded 07 Mar 2006 to 128.32.220.15. Redistribution subject to
body mass distribution. As expected, the mass distribution of
I−�H2O� is much narrower ��12 amu full width at half maxi-
mum �FWHM�� compared to the CTTS data of I−�H2O�2

��25 amu FWHM� because there is no three-body channel
available to broaden the distribution.

V. CONCLUSIONS

I−�H2O�n clusters excited to their CTTS states show two
major dissociation pathways. The major pathway ��90% � is
a two-body channel producing neutral I�2P3/2�+ �H2O�n frag-
ments. The second channel is a three-body process forming
I�2P3/2�+H2O+ �H2O�n−1��10% �. The two-body P�ET�
peaks at 0 eV and terminates well shy of the energetic limit.
Clusters excited to the direct detachment continuum show
qualitatively similar P�ET� distributions, suggesting dissocia-
tion of neutral clusters when excited to the CTTS as well as
to the continuum. For this reason, autodetachment of the
excited clusters followed by a statistical dissociation of the
nascent neutral cluster is assigned as the most likely mecha-
nism �5�. However, direct dissociation of the excited cluster
followed by autodetachment of the �H2O�n

− cluster cannot be
ruled out entirely.

The minor channel, three-body dissociation producing
neutral I, �H2O�n−1, and H2O, is also believed to occur fol-
lowing autodetachment of the excited cluster. Although it is
not possible to determine the mechanism of this process, the
fact that I atom loss is the major channel suggests that three-
body dissociation proceeds via a sequential process, where I
atom ejection is followed by �H2O�n evaporation �7�.
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