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Photoelectron-photofragment coincidence spectroscopy of I-(CO2), I-(NH3), I-(H2O), I-(C6H5NH2), and
I-(C6H5OH) clusters was used to study the dissociative photodetachment (DPD) dynamics at 257 nm.
Photodetachment from all five clusters was observed to yield bound neutral clusters as well as the DPD
products of the iodine atom and the molecular solvent. Photoelectron images and kinetic energy spectra were
recorded in coincidence with both the translational energy released between dissociating neutral products and
stable neutral clusters. The variation of the photoelectron angular distributions in the clusters was measured,
revealing significant perturbations relative to I- for I-(H2O) and I-(C6H5NH2). Product branching ratios for
stable versus dissociative photodetachment and photodetachment to the I(2P3/2) and I(2P1/2) states are reported.
The measurements reveal a dependence of the DPD dynamics on the final spin-orbit state of iodine in the
cases of I-(C6H5NH2) and I-(CO2) and a threshold detachment process in I-(C6H5NH2).

Introduction

Studies of solvation phenomena have been an active area of
research rich with fundamental insights. The motivation of these
studies is to obtain a better understanding of the microscopic
interactions that govern the aggregation of matter to form bulk
materials.1,2 Probing the electronic structure of halogen atoms
and ions clustered with small molecules yields insights into weak
interactions such as van der Waal forces, hydrogen bonding,
charge-dipole or quadrupole, and charge-induced-dipole interac-
tions. The focus of the experiments reported here is to study
the half-collision dynamics of the small halogen-molecule
dimers, I(CO2), I(NH3), I(H2O), I(C6H5NH2), and I(C6H5OH)
when these constituents are initially configured in the equilib-
rium geometries of the corresponding anions. Photoelectron-
photofragment coincidence (PPC) measurements probing the
dissociative photodetachment (DPD) dynamics of these anionic
clusters are presented. These DPD measurements provide
complementary observations to previously measured photoelec-
tron spectra, reviewed below, on I-(CO2), I-(H2O), and I-(NH3)
and represent the first photodetachment measurements on
I-(C6H5NH2) and I-(C6H5OH). These measurements constitute
the first study of the dissociation dynamics of the neutral clusters
formed by photodetachment of these anions, significantly
extending previous studies of solvation phenomena in halogen-
and halide-solvent clusters.

A number of experimental measurements on stepwise-
solvated negative-ion clusters have been carried out using
conventional and threshold photoelectron spectroscopies.3-11

The relative ease of generating halide anion clusters with a
variable number of solvent molecules makes them convenient
starting systems to study mass-selected molecular aggregates.12-17

Recently, photoelectron imaging has been used to characterize
the angular distributions and electronic state branching ratios

for a series of solvated iodine anions.18 The excess charge was
found to be localized on the halogen atom, and the atomic
electronic transitions are replaced by bands of transitions
resulting from internal excitation in the neutral clusters after
photodetachment. Results from such experiments provide
information about the structures of the anions and the corre-
sponding neutrals, the vibrational modes, and the heats of
formation of the cluster anions. This information has allowed
generation of empirical potential energy functions describing
the interactions of the cluster constituents.11,19 None of those
studies have directly monitored the dynamics of neutral clusters
that dissociate upon anion photodetachment.

The predissociation dynamics of neutral clusters has also been
the focus of a number of experimental and theoretical studies.
This body of work, too extensive to review in detail here, has
included laser-induced fluorescence studies of the excited states
of neutral clusters formed in supersonic molecular beams.20-23

In general, it has been found that the lifetimes of the excited
states in clusters are shorter than the corresponding states of
the isolated molecules, and evidence for mode-specific lifetimes
has also been reported.24-26 The dissociation dynamics of neutral
clusters have also been studied by translational spectroscopy.27-32

Recently, ion-imaging techniques have allowed simultaneous
observation of the recoil energy and angular distributions of
dissociating neutral dimers.33,34 These studies indicate that the
translational energy (ET) distribution of the recoiling fragments
typically peaks near zero and monotonically decreases with
increasingET, consistent with unimolecular decomposition in
the absence of a barrier.

A number of photodetachment measurements have been
carried out on the I-(CO2) and I-(H2O) clusters.15,16,18,19,35

Photoelectron spectra and high-pressure mass spectrometry
(HPMS) measurements have been reported for the I-(NH3)
cluster,36,37 and negative ion chemical ionization (NICI) and
HPMS were used to study I-(C6H5NH2) and I-(C6H5OH).13,17

These systems exhibit two fundamentally different types of
interactions. Neumark and co-workers found that bonding in
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the I-(CO2) cluster is governed by electrostatic charge-
quadrupole and charge-induced-dipole interactions, yielding a
distorted T-shaped structure withC2V symmetry.15 In contrast,
the I-(NH3) and I-(H2O) clusters are bound by charge-dipole
interactions coupled with hydrogen bonding.16,36The strengths
of these interactions are influenced by the dipole moments of
the solvent molecules (µ ) 1.471 D for NH3 and 1.854 D for
H2O),38 as well as the acidity of the solvent. These interactions
are reflected in the stability of the anionic clusters: I-(CO2) is
more stable than atomic I- by 0.19 eV;15 I-(NH3) is more stable
by 0.29 eV;36,37 and I-(H2O) is more stable by 0.39 eV.16 The
HPMS and NICI measurements on I-(C6H5NH2) and I-(C6H5OH)
indicate that these two systems are more stable than I- by 0.56
and 0.75 eV, respectively.13,17 Since aniline (C6H5NH2) and
phenol (C6H5OH) both have smaller dipole moments than NH3

or H2O (µ ) 1.13 D for C6H5NH2 and 1.224 D for C6H5OH),38

hydrogen bonding and higher order effects such as charge-
induced-dipole interactions with the polarizable aromatic ring
evidently contribute to their enhanced stability.

In the present study, PPC spectra recorded for both stable
and dissociative photodetachment of I-(CO2), I-(NH3), I-(H2O),
I-(C6H5NH2), and I-(C6H5OH) anions at 257 nm are presented.
This technique allows discrimination between stable photode-
tachment and DPD by measuring the photofragments in
coincidence with the photodetached electron. The energy
available for dissociation is determined by the photon energy
and the photoelectron kinetic energy (eKE). The photon energy
used here (4.82 eV) allowed production of both the ground,
2P3/2, and first excited,2P1/2, electronic states of the iodine atom
as neutral products. Due to the rapid photodetachment process,
these measurements probe the half-collision dynamics of the
neutral cluster constituents when they are configured in the
equilibrium geometries of the anions. Following a discussion
of the experimental approach, PPC measurements are presented
that probe the DPD dynamics, energetics, and product branching
ratios for these solvated iodide anions.

Experiment

Photoelectron-photofragment coincidence spectroscopy of
solvated I- clusters was performed using a fast-ion-beam PPC
spectrometer. This spectrometer allows the measurement of both
photoelectron and photofragment kinetic energies and angular
distributions in coincidence. The details of the experimental
apparatus have been described previously,39-41 therefore only
a review is now presented.

The cluster anions were generated using a 1 keV electron-
impact ion source on a 1 kHz pulsed supersonic expansion of
<5% CF3I/Ar mixed with the solvent of interest. This source
forms I- through dissociative attachment of low-energy second-
ary electrons to CF3I. Production of I-(CO2) and I-(NH3)
clusters involved mixing the CF3I/Ar carrier gas with CO2 or
NH3 (6:1 for (CF3I/Ar):CO2 and 1:1.75 for (CF3I/Ar):NH3). The
I-(H2O) and I-(C6H5NH2) anions were generated by bubbling
the CF3I/Ar mixture through H2O or C6H5NH2 at room
temperature. I-(C6H5OH) anions were formed by passing the
CF3I/Ar mix over solid C6H5OH at room temperature. Following
anion generation, the expansion was skimmed, accelerated to 5
keV, and then re-referenced to ground potential using a high-
voltage switch.42 The anions were mass-selected by time-of-
flight (TOF) and transported into the laser interaction and
detection chamber. Them/z anion of interest was then perpen-
dicularly intersected with a∼1.8 ps full width at half-maximum
(fwhm) linearly polarized third harmonic pulse (257 nm, 4.82
eV) from a regeneratively amplified Ti:Sapphire laser (Clark

CPA 2000). The laser beam was focused onto the ion packet
yielding typical peak power densities of 120 MW/cm2.

After interaction with the laser, residual anions were elec-
trostatically deflected out of the molecular beam and the
remaining neutral species impinged on a time- and position-
sensitive detector. The neutral particle detector consists of a
stack of three 40 mm diameter microchannel plates in front of
a fast-crossed-delay-line anode. If a stable cluster was produced
by photodetachment, a single particle struck the detector at the
time- and position-of-arrival of the parent beam. However, if
DPD occurred, two momentum-matched fragments were re-
corded and the photofragment masses and center-of-mass
translational energy release (ET) was calculated. In this inves-
tigation, we used a new crossed-delay-line anode that requires
no blocker40 and thus has no significant detector acceptance
limitations other than≈10 ns dead time between particles, but
because of this the translational energy distributions reported
here will representN(ET), the number of events with a given
ET. TheseN(ET) will underestimate the trueP(ET) at ET ) 0 as
a result of the dead time in two-particle detection. The effect
of the dead time is a function of the dissociation kinematics,
ET, and the experimental configuration, all of which are
reasonably similar in these measurements. Comparison of one-
and two-particle TOF spectra for the I-(CO2) and I-(C6H5NH2)
spectra indicate that on the order of 18% of two-particle
coincidence events will be lost due to the dead time in the
present experiments. Calibration of the neutral particle detector
was done through DPD measurements on O4

-; theET resolution
was found to be∼9% ∆ET/ET for a peakET ) 0.78 eV.

Photodetached electrons were extracted perpendicular to the
laser and ion beams in a single-field space-focusing electron
collection assembly and projected onto a time- and position-
sensitive microchannel-plate-based detector.41,43 The space
focusing conditions were kept the same in all the measurements
reported here with an extraction field of∼14 V/cm. The
measurement of both position and TOF for each electron allows
the determination of the three-dimensional velocity distribution
of the photoelectrons over the full 4π steradian solid angle. Since
the electron velocity vector is measured, both the center-of-
mass electron kinetic energy (eKE) and the laboratory-frame
photoelectron angular distributions were simultaneously re-
corded. Defining the face of the electron detector as thex-y
plane, thex- andy-velocity components of the photoelectrons
were determined from the detected positionand TOF. Thez
velocity component is determinedonly from the TOF and is
the limiting factor in the eKE resolution. Higher resolution
N(eKE) spectra are found by selecting only electrons with
minimal velocity components perpendicular to the face of the
electron detector (Vz-sliced N(eKE) spectrum). The slicing
parameter is typically chosen to allow not more than∼10% of
an individual velocity vector to be along thez-axis. The intensity
distribution in aVz-sliced spectrum is influenced by the width
of the velocity slice. The original intensity distribution can be
recovered in a sliced spectrum by taking into account the
effective detector acceptance function (DAF) if the laser
polarization is in thex-y plane.44 A resulting DAF-corrected,
Vz-sliced photoelectron spectrum represents the probability
distribution for measuring a photodetached electron with a
particular kinetic energy,P(eKE). A series of calibrationP(eKE)
spectra of I- and O- were recorded using photon energies
ranging from 1.71 to 4.82 eV in order to determine the
instrumental resolution function over a broad range of photo-
electron energies. The photoelectron energy resolution is
observed to vary linearly in eKE with a fwhm of 0.023 eV at
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eKE ) 0 and 0.28 eV at eKE) 2.0 eV. Recording only
photoelectrons that were detected in coincidence with one or
more neutral particles arriving at the photofragment detector
enhanced discrimination against laser-correlated background.

A PPC measurement allows discrimination between a pho-
todetached electron correlated with a stable neutral cluster from
one correlated with dissociated products. Separation of DPD
events (1 electron+ 2 momentum-matched fragments) from
stable photodetachment events (1 electron+ 1 neutral particle)
is accomplished by counting the measured events. Due to the
neutral particle detection efficiency (≈50%) and detector dead
time, false coincidences contaminate the discrimination. Dis-
crimination is improved by performing a “spherical gating”
procedure on the measured single particle events, selecting as
stable events only those that arrive at the center-of-mass of the
parent ion beam. Photodetachment measurements on atomic I-

indicate that the optimal size for discrimination is a sphere of
1 mm radius, representing the projection of the interaction
volume onto the photofragment detector face, as determined
by the size of the interaction region, and the ion beam velocity
and angular distributions. This procedure effectively removes
those events correlated with a single neutral fragment resulting
from a DPD event in which the second fragment was not
detected. Inevitably asET approaches zero or the dissociation
lifetime approaches the ion flight time from the interaction
region to the detector (≈20 µs for the conditions of this
experiment), discrimination between stable and dissociative
events becomes impossible. In addition, as the mass difference
between the products becomes large, the heavy fragment will
recoil less and contribute more to the spherically gated spectrum.
The neutral fragment detection efficiency is also a function of
the beam velocity and therefore the mass of a product fragment;
this does not affect the shape of theN(ET) spectra in the different
systems but can influence the calculated branching ratios by
reduced detection of coincident photofragments. The branching
ratios reported here thus represent upper limits for the stable
fraction.

Results

In these experiments, DPD from all anionic clusters was
observed, yielding neutral iodine atoms and the associated
solvent molecule. In addition to DPD, photodetachment yielding
stable neutral clusters was observed. First, the photoelectron-
photofragment correlation spectra acquired from 257 nm DPD
of the solvated iodide clusters are presented. Photoelectron
images and spectra follow, and are then resolved into distribu-
tions for either stable or dissociated neutral clusters. The I atom
electronic-state-dependence of the DPD half-collision dynamics
is examined using theN(ET) spectra corresponding to the ground
and excited spin-orbit states of iodine. Finally, the energetics
of stable and dissociative photodetachment in these cluster
anions is discussed.

Photoelectron-Photofragment Coincidence Spectra: DPD
Dynamics.The results of these experiments can be conveniently
presented in a PPC spectrum of the photoelectron kinetic energy
and the translational energy released into the DPD products,
N(ET,eKE). This spectrum reveals the partitioning of the
available energy between photoelectrons and photofragment
translational energy directly. Using the new imaging detector,
the PPC spectrum has theP(eKE) distribution parallel to the
vertical axis and theET distribution, N(ET), parallel to the
horizontal axis. The corresponding one-dimensional spectra are
obtained by integrating the two-dimensional coincidence spec-
trum over the complementary variable; theP(eKE) andVz-sliced

N(eKE) spectra are shown as the projections along the vertical
axes as the solid and dashed lines, respectively. DPD events
are constrained by conservation of energy to lie within a triangle
formed by the horizontal and vertical axes and the maximum
available kinetic energy, KEMAX. KEMAX is determined from
the 5% level on the PPC spectra representing the nominal false
coincidence contour.

The PPC spectra acquired from DPD of I-(CO2), I-(NH3),
I-(H2O), I-(C6H5NH2), and I-(C6H5OH) are presented in Figure
1a-e, respectively. The two-dimensional coincidence spectra
themselves are generated using the fullP(eKE) spectrum in
concidence with theN(ET) spectra shown in Figure 5. The
measured KEMAX limits determined using both the fullP(eKE)
spectrum and aVz-slicedN(eKE) spectrum at higher resolution
are shown as the solid and dashed lines, respectively. Performing

Figure 1. Photoelectron-photofragment coincidence spectra,N(ET,-
eKE), from 257 nm DPD of (a) I-(CO2), (b) I-(NH3), (c) I-(H2O), (d)
I-(C6H5NH2), and (e) I-(C6H5OH). The photoelectronP(eKE) spectra
(solid lines) and theVz-slicedN(eKE) spectra (dashed lines) are shown
along the vertical axes. The measured KEMAX limits determined for
the coincidence data using both the fullP(eKE) spectrum and aVz-
sliced N(eKE) spectrum are shown as the solid and dashed lines,
respectively.
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the Vz-slicing procedure, as described above, enhances the
resolution of the photoelectron kinetic energy spectrum, provid-
ing a more accurate value for KEMAX. The Vz-sliced N(eKE)
spectra also accentuate any signal near eKE) 0, as seen most
clearly in the I-(C6H5NH2) spectrum in Figure 1d that now
shows a clear threshold photodetachment feature. The spectra
show that the majority of the excess photon energy appears as
eKE, with only a small fraction partitioned to theET release
between the neutral fragments. Note that the two regions
correlating I(2P3/2) and I(2P1/2) DPD with the neutral fragments
are not equivalent within each of these spectra. The region
associated with DPD from I-(CO2) yielding I(2P3/2) (large eKE
feature) extends to slightly largerET values than the region
associated with DPD yielding I(2P1/2) (small eKE feature). An
opposite, larger effect is observed with DPD of I-(C6H5NH2)
in Figure 1d. In this system a significantly largerET is seen for
the I(2P1/2) + C6H5NH2 products. These results show that the
half-collision dynamics of these systems depend on the final
spin-orbit state of the iodine atom. In contrast, theN(ET,eKE)
spectra generated from DPD of I-(NH3), I-(H2O), and
I-(C6H5OH) in Figure 1b,c,e, respectively, show equal partition-
ing of ET for the two states, consistent with state-independent
half-collision dynamics for the resulting neutral clusters.

The measurement ofET and eKE in coincidence provides a
direct measure of the bond dissociation energy of the anionic
cluster, D0(I-(X)). A schematic energy level diagram of a
general DPD process to a single electronic state of a neutral
I(X) cluster is illustrated in Figure 2. The bond dissociation
energy for the anionic cluster is given by

In this equation,hν is the photon energy and EA(I) is the
electron affinity of the iodine atom. If the potential energy
surface of the neutral cluster has a minimum energy (bound)
configuration similar in geometry to the bound anionic cluster,
as illustrated in Figure 2, the neutral fragments produced in a
DPD event are generated from the region of the Franck-Condon
projection higher in energy than the asymptotically separated
products. In this formula, no account has been taken for any
internal energy remaining in the molecular fragments. The
empirically determined KEMAX for each of the clusters studied
in this investigation, using the higher resolutionVz-sliced

correlation spectra, are reported in Table 1. In fact, due to the
poor eKE resolution and the relative low binding energies of
these cluster anions, these values for KEMAX yield values for
the cluster dissociation energies 0.2-0.3 eV too low. The
dissociation energies are discussed further in the section on DPD
energetics below.

Photoelectron Images and Spectra.The photoelectron
images and associatedP(eKE) spectra for photodetachment of
the solvated iodide clusters are shown in Figure 3. The laser
polarization was set parallel to they-axis of the images. These
images and spectra are allVz-sliced and the spectra are DAF-
corrected. These data include photodetached electrons correlated
with bothstable and dissociating neutral clusters. In nearly all
of the photoelectron images it is evident that the photodetached
electron density is maximum perpendicular to the laser electric
vector. This indicates a sin2 θ photoelectron angular distribution,
consistent with photodetachment from atomic p, or p-like,
orbitals on the iodide chromophore. Quantitative differences in
the energy-dependent photoelectron angular distributions will
be further discussed below.

In general, the photoelectron images and spectra consist of
two features. The electron binding energies (eBE) Ehν - eKE)
observed in all of the cluster spectra are greater than the electron
affinity of atomic iodine, so the spectra are all shifted to higher
eBE (lower eKE) relative to the I- spectrum in Figure 3a. The
features in the images and the peaks in theP(eKE) spectra
originate from photodetachment of the solvated I- chromophore
producing the neutral in either the I(2P3/2) ground state (larger
radii features) or the I(2P1/2) spin-orbit excited state (smaller
radii features). In addition to these two features, the I-(C6H5NH2)
image shown in Figure 3e exhibits a high-intensity component
in the center of the photoelectron distribution, corresponding
to a peak near eKE) 0. This shows that, in addition to the two
direct photodetachment processes observed in the other systems,
another electron ejection process occurs in this cluster. This
feature is not readily apparent in theP(eKE) spectrum; however,
it is clearly seen as a resolved peak in theVz-sliced N(eKE)
spectrum shown as they-axis projection in Figure 1d.

The vertical detachment energies (VDE’s) for the anionic
clusters for each resolved product electronic state are given by
the eBE of the peaks in theP(eKE) spectra. The VDE(I-(X))
is the energy needed to remove an electron from the anionic
cluster with no change in geometry between the anion and
resulting neutral, and thus represents an upper limit to the EA
of the neutral cluster, assuming no internal excitation in the
parent anions. The VDEs and electronic state separation
energies,2P1/2 r 2P3/2, resulting from photoelectrons correlated
with bothstable and dissociative neutral clusters are compiled
in Table 2.

The anisotropic photoelectron angular distributions seen in
the photoelectron images are quantitatively characterized in the
electric dipole approximation by the energy-dependent anisot-
ropy parameter,â(eKE). The anisotropy parameter is determined
from the measured photoelectron energy and angular distribu-
tions by fitting to the functional form for electric dipole

Figure 2. Schematic energy level diagram illustrating the relationship
between the photon energy,hν, and the eKE andET distributions in
the DPD of an anionic cluster. Quantities shown include the electron
affinity of iodine, EA(I), the vertical detachment energy of the anionic
cluster, VDE(I(X)), the adiabatic electron affinity of the neutral cluster,
EA(I(X)), the kinetic energy released into the dissociating fragments,
ET, and the bond dissociation energies of the neutral cluster,D0(I(X)),
and the anionic cluster,D0(I-(X)).

D0(I
-(X)) ) hν - EA(I) - KEMAX (1)

TABLE 1: Maximum Kinetic Energies, KE MAX , for the
Products of DPDa

DPD products KEMAX DPD products KEMAX

I + CO2 + e- 1.90( 0.04 I+ C6H5NH2 + e- 1.55( 0.04
I + NH3 + e- 1.70( 0.04 I+ C6H5OH + e- 1.20( 0.03
I + H2O + e- 1.60( 0.04

a The values for KEMAX (eV) are empirically determined fromVz-
sliced correlation spectra and are shown as the dashed diagonal limits
in Figure 1. The quoted errors are dominated by the eKE resolution.
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transitions with linearly polarized light.45,46

In this equationθ is the electron recoil angle relative to the
laser electric field vector,E, andP2(cosθ) ) 1/2(3 cos2 θ - 1),
is the second-order Legendre polynomial in cosθ. P(eKE,θ) is
the normalized doubly differential cross-section in eKE andθ
and â(eKE) is the energy-dependent anisotropy parameter
determined in the fit. In single-photon electric dipole transitions,
â(eKE) is restricted to the range from-1 to +2, and for
photodetachment from an atomic p orbital, as is the case for I-

in the energy domain studied here,â(eKE) will be less than or
equal to 0.

Variations inâ(eKE) for these clusters relative to atomic I-

result from both distortions of the filled 5p orbital of I- in the
different anionic clusters and the interaction of the continuum
electron with the noncentral potential of the neutral complex.
As a result of the energy dependence ofâ(eKE) above the
detachment threshold,45,46a direct comparison of these distribu-
tions with atomic I- at the same wavelength is not appropriate.
Instead, they are compared with values for I- at the same eKE
above the detachment threshold obtained by Sanov and co-
workers.18 The results found by fitting eq 2 forâ(eKE) in the
present experiments are compared with I- in Table 2. It is seen
that in general the clusters have negative values ofâ(eKE)
similar to atomic I-, with the notable exceptions of the I(2P1/2)
distributions for I-(H2O) and I-(C6H5NH2). In the case of
I-(C6H5NH2), the I(2P1/ 2) distribution is nearly isotropic, with
â(eKE) > -0.10, significantly different from I-.

In addition to the energetic shifts and peak broadening
observed in each of theP(eKE) spectra, variations in the peak
intensities show that the spin-orbit state branching ratios vary
for the different cluster spectra shown in Figure 3. Quantification
of these differences is achieved by calculating the integrated
electronic state channel branching ratios,P(2P1/2)/P(2P3/2). Since
the spectra for the different systems are broadened by internal
excitation of the neutral clusters and an underlying laser-
correlated background signal, each spectrum in Figure 3 was
fit with a sum of five or six Gaussian curves, with the exception

Figure 3. Photoelectron images andP(eKE) spectra from 257 nm
photodetachment of (a) atomic I-, (b) I-(CO2), (c) I-(NH3), (d) I-(H2O),
(e) I-(C6H5NH2), and (f) I-(C6H5OH). Photoelectrons correlated with
both stable and dissociating neutral fragments are included in both
images and spectra. The laser polarization vector,E, is parallel to the
y-axis in the images. In theP(eKE) spectra, experimental data points
are represented by open circles, the solid fits correspond to the I(2P3/2)
and I(2P1/2) channels and the broad dotted curves represent the
background signal. The energy scales (eV) are eKE along the lower
x-axes and eBE along the upperx-axes of each spectrum.

TABLE 2: Summary of Results from Photoelectron Spectra
(Including Both Stable and Dissociative Products) for I-(X)
Clusters at 257 nma

anion VDE 2P1/2 r 2P3/2 â(2P3/2) â(2P1/2)

I- 3.06( 0.04 0.94 -0.54( 0.10 -0.73( 0.10
3.059b 0.943b -0.58h -0.80h

I-(CO2) 3.24( 0.04 0.96 -0.65( 0.14 -0.73( 0.09
3.224c 0.955c -0.69h -0.72h

I-(NH3) 3.33( 0.04 0.94 -0.69( 0.10 -0.63( 0.10
3.319d 0.94d -0.71h -0.65h

I-(H2O) 3.50( 0.04 0.97 -0.79( 0.08 -0.26( 0.08
3.449e 0.963e -0.77h -0.46h

I-(C6H5N H2) 3.57( 0.04 0.94 -0.57( 0.07 -0.09( 0.07
3.62f -0.79h -0.42h

I-(C6H5O H) 3.81( 0.04 0.98 -0.71( 0.14 -0.06( 0.08
3.81g -0.80h -0.02h

a VDE is the vertical detachment energy,2P1/2 r 2P3/2 is the spin-
orbit state separation energy,â(2P3/2) and â(2P1/2) are the anisotropy
parameters for ground- and excited-state photodetachment. Literature
results for atomic I- are included as well as previous measurements
on the clusters studied here where available. Theâ(eKE) values initalics
are values associated with photodetachment of atomic I- at the same
eKE as that observed from photodetachment of the cluster. All energies
stated are in eV, and the energy uncertainty derives from the eKE
resolution.b Reference 69.c Reference 15.d Reference 36.e Reference
35. f Calculated from heats of formation reported in ref 17.g Calculated
from heats of formation reported in ref 13.h Reference 18.

P(eKE,θ) ) P(eKE)(1+ â(eKE)P2(cosθ)) (2)
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of I-. In the case of I-, P(eKE) was fit with three Gaussians;
one for each of the peak features and a third to account for the
background signal. This determined the shape of the background
contribution used in the remaining fits. The broaderP(eKE)
spectra observed in the more strongly bound I-(H2O),
I-(C6H5NH2), and I-(C6H5OH) clusters required six Gaussians
for a better fit as seen in Figure 3. The branching ratios are
determined from the fits for the two I product channels. The
results obtained from this procedure applied to the total
photoelectron spectra (photoelectrons correlated withbothstable
and dissociative neutral clusters), (P(2P1/2)/P(2P3/2))TOTAL, are
listed in Table 3.

The P(eKE) spectra for DPD events only (excluding stable
neutral complexes) compared to those for stable photodetach-
ment events only, exhibit the same general features as those in
Figure 3. Quantitative differences exist, however, as illustrated
in theP(eKE) spectra resulting from either stable or dissociative
photodetachment of I-(C6H5NH2) and I-(C6H5OH), each pre-
sented separately in Figure 4. The column of spectra in Figure
4a result from photodetachment of I-(C6H5NH2) and the column
in Figure 4b are from I-(C6H5OH). The spectra in the top panels
of each column are correlated with DPD, and the spectra in the
middle panels are correlated with stable photodetachment only,
generated by performing the spherical gating procedure on each
I-(X) data set. The fitting procedure outlined above was used
to quantify the spin-orbit branching ratios in the photoelectron
spectra and to quantify the dissociative versus stable photode-
tachment yield for each system. The fraction of stable products
reported in Table 3 is calculated from the measured number of
events in the spherically gated photoelectron spectra of stable
products compared to the triple coincidence events from a
number of single data files for each system. The number of
triple coincidence events is scaled by a factor of 2.4 to account
for an assumed 50% detection efficiency for the second fragment
and the≈18% detector dead time loss for two-particle events
in these experiments. It is likely that 50% represents an upper
limit to the particle detection efficiency, as previously discussed,
so these ratios should be interpreted as upper limits to the
fraction of stable products, amplifying a point made at the end
of Experiment concerning dissociation lifetime and fragment
velocity effects. The comparisons of these fits for the two
systems are shown in the bottom frames of Figure 4. The relative
intensities of I(2P3/2) and I(2P1/2) vary in both spectra, showing
that production of excited-state I(2P1/2) is associated with
significantly fewer stable products, particularly in I-(C6H5NH2).
This same behavior was observed in the I-(NH3) spectra when
resolved for stable versus dissociative products; however this
spectrum is not presented here.

Energetic shifts are also observed in the spectra resolved for
stable and dissociative products. In the I-(C6H5OH) and I-(H2O)
spectra, shifts of 0.06 and 0.05 eV, respectively, are observed

in the I(2P3/2) channel in the dissociative spectrum relative to
the stable spectrum, consistent with production of stable clusters
at the highest eKE’s. A similar difference was observed upon
comparing the spectra from I-(CO2), I-(NH3) and I-(C6H5NH2),
with a shift of 0.03 eV to lower eKE for I(2P3/2) DPD compared
to I(2P3/2) photodetachment, yielding stable neutral clusters. The
vertical detachment energies found in theP(eKE) spectra for
stable neutral clusters, VDESTABLE, and VDEDPD for dissociative
products are given in Tables 3 and 4, respectively. It is expected
that higher resolution photoelectron measurements would reveal
a more striking variation in these spectra.

The quantitative differences between theP(eKE) spectra for
stable clusters compared to DPD events are seen in the spin-
orbit-state branching ratios. The DPD branching ratios are
compiled in Table 3 as (P(2P1/2)/P(2P3/2))DPD, and the stable

TABLE 3: Spin-Orbit-State Branching Ratios, P(2P1/2)/P(2P3/2), and Product Branching Ratios for Stable versus DPD and the
Energetics Associated with Stable Photodetachment of I-(X) Clustersa

anion (P(2P1/2)/P(2P3/2))TOTAL (P(2P1/2)/P(2P3/2))STABLE (P(2P1/2)/P(2P3/2))DPD PSTABLE/(PSTABLE + PDPD) VDESTABLE

I- 0.40 (0.38b) 3.06( 0.04
I-(CO2) 0.41 0.42 0.41 0.18 3.22( 0.04
I-(NH3) 0.42 0.37 0.53 0.67 3.34( 0.04
I-(H2O) 0.56(0.63b) 0.56 0.60 0.63 3.48( 0.04
I-(C6H5NH2) 0.85 0.32 0.88 0.05 3.55( 0.04
I-(C6H5OH) 0.73 0.24 0.82 0.09 3.77( 0.04

a The total branching ratio is calculated from data consisting of photoelectrons resulting from both stable and DPD events. The stable branching
ratio is calculated from photoelectrons detected in coincidence with a single stable product, and the DPD ratio is calculated from photoelectrons
detected in coincidence with two neutral, momentum-matched fragments. VDESTABLE is the vertical detachment energy determined from the spherically
gatedP(eKE) corresponding to stable clusters.b Reference 18.

Figure 4. PhotoelectronP(eKE) spectra comparing the photoelectron
distributions correlated with DPD (top frames) with those correlated
with stable photodetachment (middle frames) as discussed in the text.
The spectra and fits in column a are for I-(C6H5NH2), and those in
column b are for I-(C6H5OH).
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photodetachment branching ratios given as (P(2P1/2)/
P(2P3/2))STABLE. The values found for DPD of I-(CO2) and
I-(H2O) are, to within the error of the fitting procedure, the
same as those ratios calculated when considering photoelectrons
correlated with only stable events. Differences are seen in the
spin-orbit branching ratios for I-(NH3), I-(C6H5NH2), and
I-(C6H5OH), however. The largest effects are seen for
I-(C6H5NH2) and I-(C6H5OH), where the ratio varies from 0.32
and 0.24 for the stable channel to 0.88 and 0.82 for DPD,
respectively.

In addition to spin-orbit branching ratios, the fraction of
stable products can be measured. Using the same fitting routine
outlined above on spherically gated photoelectron spectra, the
percentage of neutral clusters that remain bound over the 16-
22 µs flight time from the interaction region to the photofrag-
ment detector was determined for each system. The upper limits
for these branching ratios are given in Table 3 asPSTABLE/
(PSTABLE + PDPD) and indicate that there is a large difference
in the percentage of clusters that remain bound in the systems
studied here, ranging from 5% for I-(C6H5NH2) to 67% for
I-(NH3).

Photofragment Images andET Spectra. The results ob-
tained from monitoring the neutral clusters that dissociate upon
photodetachment are now presented. Figure 5 shows the neutral
photofragment images and associatedN(ET) spectra acquired
from photodetachment of (a) atomic I-, and DPD of (b) I-(CO2),
(c) I-(NH3), (d) I-(H2O), (e) I-(C6H5NH2), and (f) I-(C6H5OH).
The N(ET) spectra for the clusters in frames b-f are obtained
from the coincidence data by integrating over eKE ranges
correlated with the production of ground and spin-orbit excited
I, as determined from the fits to the DPDP(eKE) spectra. The
solid N(ET) spectra are correlated with I(2P3/2) fragments and
the dashed spectra with I(2P1/2) fragments; the ranges of eKE
for each of the spin-orbit states correlated with the spectra are
listed in Table 4, along with the average〈ET〉 for each
distribution. The neutral image correlated with atomic iodine
consists of a sharp spot produced by the stable I atom, providing
a measure of the size of the beam when projected onto the
detector. ThisN(ET) spectrum peaks at 0.002 eV, with a fwhm
of 0.003 eV when a product mass distribution of 63 and 64
amu is considered. This choice of masses gives the highest false
〈ET〉. Additional product masses were considered to explore the
effects; the resultingN(ET) spectra converged to zero as the
chosen masses approached the known values of 127 and 0 amu.
This shows that false coincidences with stable or long-lived
neutral complexes in the cluster spectra do not significantly
perturb the results.

The neutral images acquired for the clusters exhibit broader
distributions due to theET release in DPD. The relative sizes
of the images are affected by both the energy release and the

mass difference between the two neutral fragments. For frag-
ments with a large mass difference, such as I+ NH3 and I +
H2O in Figure 5c,d, the iodine atom primarily remains localized
along the parent beam and the lighter solvent molecule is ejected
further out of the beam axis. Product masses that are nearly
equal, such as I+ C6H5NH2 and I + C6H5OH in Figure 5e,f,
lead to ejection of both the atomic and molecular fragments
significantly out of the parent beam axis. The I+ CO2 system
in Figure 5b is kinematically between these two limits.

The photofragment images andN(ET) spectra shown in Figure
5 reveal that the fragments associated with I(NH3) dissociation
receive lessET than any of the other clusters studied here. The
peak in theN(ET) spectrum is very close to zero; however, the
spectrum extends to significantly higherET (≈0.10 eV) than
the false coincidence background spectrum recorded in the I-

experiment. This shows that I(NH3) is produced with low
internal energies and is consistent with the branching ratio,
indicating that 67% of the I(NH3) complexes remain bound after
photodetachment of the anionic cluster. In contrast, the photof-
ragment images acquired from the DPD of I-(C6H5OH) and
I-(C6H5NH2) are considerably broader, and theN(ET) spectra
extend aboveET ≈ 0.20 eV. No significant photofragment
anisotropy was observed in the images and angular distributions,
consistent with sequential DPD, in which photodetachment is
followed by unimolecular decomposition of the nascent neutral.

As discussed for theN(ET,eKE) spectra, subtle differences
are observed between the I(2P3/2) and I(2P1/2) product channels
for the DPD of I-(CO2), with the I(2P3/2) N(ET) exhibiting a
slightly largerET distribution. TheN(ET) spectra for the two
spin-orbit states of the I atom product have been normalized
to unity to facilitate comparison between the two potential
energy surfaces that the neutral clusters are formed on. This is
shown quantitatively as the difference between averageET for
each product electronic state〈ET(I(2P3/2)+X)〉 and〈ET(I(2P1/2)+X)〉
tabulated in Table 4. Error bars have been included in the I+
CO2 N(ET) spectra at the〈ET〉 values for each of the electronic
state distributions to indicate that the difference observed in
the two spectra is outside of statistical fluctuations and results
from state-dependent dissociation dynamics. A larger effect, but
in the opposite electronic state of the I atom, is observed for
the I(2P3/2) and I(2P1/2) product channels for the DPD of
I-(C6H5NH2). In this case,〈ET(I(2P1/2)+X)〉 is 0.050 eV, while
〈ET(I(2P3/2)+X)〉 is only 0.032 eV. TheN(ET) spectra resulting
from DPD of I-(NH3), I-(H2O), and I-(C6H5OH) show no
product-state dependence.

Dissociative Photodetachment Energetics.As discussed in
the section on theN(ET,eKE) spectra, the cluster anion bond
dissociation energies calculated using eq 1 are significant
underestimates of the stability of these anions as a result of the
relatively low eKE resolution in this experiment. An alternative

TABLE 4: Summary of the DPD Energetics for I-(X) Clustersa

neutral products 〈ET(I(2P3/2)+X)〉 〈ET(I(2P1/2)+X)〉 VDEDPD D0(I-(X))

I + CO2 0.028( 0.003 0.025( 0.003 3.25( 0.04 0.16
1.1e eKE e 2.2 0.0e eKE e 1.0

I + NH3 0.017( 0.002 0.020( 0.002 3.37( 0.04 0.29
0.95e eKE e 2.0 0.0e eKE e 0.95

I + H2O 0.028( 0.003 0.026( 0.003 3.53( 0.04 0.44
0.85e eKE e 2.0 0.0e eKE e 0.85

I + C6H5NH2 0.032( 0.003 0.050( 0.005 3.58( 0.04 0.50
0.65e eKE e 1.9 0.0e eKE e 0.65

I + C6H5OH 0.040( 0.004 0.044( 0.004 3.83( 0.03 0.73
0.45e eKE e 1.6 0.0e eKE e 0.45

a 〈ET(I(2P3/2,1/2)+X)〉 are the state-dependent averageET over the eKE ranges indicated. VDEDPD are determined from theP(eKE) spectra resulting
from electrons correlated with dissociating neutral clusters only. The anionic bond dissociation energies,D0(I-(X)), are calculated using eq 3 and
have the same errors as the VDEDPD. All energies are in eV.
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approach to quantifying theD0(I-(X)) from the measurement
is to use the VDE for ground-state DPD in conjunction with
〈ET〉. The shift in the VDE relative to I- is expected to primarily
arise from stabilization of the cluster anion owing to the stronger
attractive forces in the anion. Inclusion of〈ET〉 in the energy
balance accounts for the fact that many of the neutrals are
produced above the neutral cluster dissociation asymptote. This
gives the approximate equation for the cluster anion bond
dissociation energies:

Using 〈ET〉 to estimate the repulsion between the neutrals is
clearly an approximation and assumes that all neutrals are
produced with no internal excitation. In the present case where
the repulsion on the neutral surface is not expected to be large
this should be a reasonable assumption. The anionic bond
dissociation energies determined using eq 3 are given in Table
4. These results are consistent with the previously reported
values for the stability of the cluster anions reported in the
Introduction, as a result of the lowET for DPD in these systems.
In the cases of I-(C6H5NH2) and I-(C6H5OH), the results
reported here are the first microscopic measurements of the
stability of these anions, complementing the earlier bulk mass
spectrometric measurements.

Discussion

The experiments presented here probe the interactions
between I- and several simple solvent molecules, and the even
weaker interactions between the neutral constituents. These
clusters all exhibit photoelectron spectra characteristic of
photodetachment from a core I- moiety, a result of the greater
electron affinity of the iodine atom relative to any possible
anionic states in the solvent molecules. This discussion initially
addresses the state-dependent half-collision dynamics observed
in the N(ET) spectra of I-(CO2) and I-(C6H5NH2). Then, the
photodetachment dynamics are discussed, with particular em-
phasis on the variations observed in the spectra of I-(C6H5NH2).
Finally, potential complications arising from the chromophores
C6H5NH2 and C6H5OH are addressed.

State-Dependent Half-Collision Dynamics.When direct
DPD occurs on a repulsive surface, theN(ET) spectrum is
proportional to the projection of the vibrational wave function
of the anion onto the multidimensional reaction coordinate along
which dissociation proceeds. When there is Franck-Condon
overlap with a repulsive region along the reaction coordinate,
the topography of the potential surface dictates the width of
the measuredN(ET) spectrum, while the magnitude ofET is
proportional to the repulsive energy of the fragments in the
equilibrium geometry of the anion. The situation becomes more
complicated when the initial anion and the final neutral cluster
have similar structures. In this case, DPD only occurs if the
total energy on the neutral surface exceeds the binding interac-
tion between the neutral constituents. This will lead to DPD
occurring by a sequential mechanism, where the neutral
undergoes unimolecular decomposition long after the electron
has departed and a significant fraction of stable complexes are
produced. TheN(ET) distribution is expected to peak nearET

) 0, as seen in the present results shown in Figure 5. This is
consistent with previous observations of structured ZEKE
spectra for I-(CO2) that are lifetime broadened into a continuum
for large internal excitations.19

Variations in the N(ET) spectra for the I(2P3/2) and I(2P1/2)
DPD channels are observed for I-(CO2) and I-(C6H5NH2).

Figure 5. Neutral photofragment images and associated electronic-
state-dependentN(ET) spectra for DPD of (a) atomic I-, (b) I-(CO2),
(c) I-(NH3), (d) I-(H2O), (e) I-(C6H5NH2), and (f) I-(C6H5OH). Each
N(ET) distribution is normalized to unity at the peak. TheN(ET)
spectrum associated with photodetachment of atomic I- is used to
quantify the upper limit for two-body dissociation background signal
and includes a magnified inset in a. The solidN(ET) spectra correspond
to neutral fragments for DPD leading to the I(2P3/2) + X product
channel, and the dashed spectra represent the I(2P1/2) + X product
channel. Statistical (Poisson) error bars are shown in the I-(CO2)
spectrum in frame b at the〈ET〉 values for this system reported in Table
4.

D0(I
-(X)) ≈ VDEDPD(I(X)) - EA(I) - 〈ET〉 (3)
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While the interactions between the neutral products are multi-
dimensional, to a first approximation, a one-dimensional reaction
coordinate can be considered as in Figure 2. The observed
variations inET arise in this approximation from different slopes
in the Franck-Condon region for the I(2P3/2) + X and I(2P1/2)
+ X surfaces. These interactions, and thus the slopes of the
potential energy surfaces, are dependent on the orientation of
the atomic orbitals on iodine relative to the solvent molecule.47

In a diatomic approximation, the solvent molecule can be
assumed to be a spherical particle interacting with the 5p5 I
atom. The atomic p-orbital aligned along the internuclear axis
experiences a different interaction with the solvent molecule
than either of the other two p-orbitals.48 In I(2P3/2)-rare-gas
interactions, this results in splitting the ground electronic state
of the open-shell neutral cluster into two states denoted X(2Σ1/2)
andΙ(2Π3/2).3,15

In the case of the neutral I(CO2) cluster, high-resolution
photoelectron spectra showed that the 0.028 eV splitting of the
I(2P3/2) ground state of iodine into the X(2Σ1/2) andΙ(2Π3/2) states
was observable, as in halogen-rare-gas atomic interactions.19,49

The empirically determined structures of I(CO2) showed that
the I-C bond length differs by 0.157 Å between the X(2Σ1/2)
and Ι(2Π3/2) states, with the X(2Σ1/2) state having the shorter
bond length.19 The photoelectron energy resolution of the present
experiments was not able to resolve these low-lying states;
however, if they were resolved, anET dependence would be
expected. Beyond the diatomic approximation, the shapes of
the solvent molecules studied here lead to different interactions
of all three atomic p-orbitals on the I atom with the solvent.
Depending on which orbital the electron is removed from in
the closed shell anion, different repulsive interactions may result,
leading to final-state dependences as observed in theN(ET)
spectra of I+ CO2 and I + C6H5NH2.

As noted above, the state dependence in theN(ET) for I +
C6H5NH2 is larger and in the opposite direction from I+ CO2s
the I(2P1/2) channel has a largerET in this system. The
I-(C6H5NH2) anion is significantly more strongly bound, by
both ion-dipole, hydrogen-bonding, and ion-induced-dipole
interactions, due to the presence of the polarizable aromatic ring
in aniline. In addition to affecting theN(ET) spectra, the
photoelectron spectrum for this system exhibits considerably
broader peaks resulting from distortion of the aniline in the
cluster yielding greater internal excitation in the nascent neutral.
Also, as noted in the product branching ratios in Table 3,
photodetachment of I-(C6H5NH2) yields few stable I(C6H5NH2),
particularly in the excited state, consistent with Franck-Condon
overlap with a more repulsive region in the excited state of the
neutral cluster.

Stable/Dissociative Product Branching Ratios.The fraction
of stable products observed in these experiments ranges from
nearly 0.7 for I(NH3) and I(H2O) down to less than 0.1 for
I(C6H5OH) and I(C6H5NH2). As discussed previously, these
represent upper limits to the fraction of stable complexes as a
result of the flight time relative to the predissociation lifetime,
N(ET) distributions, kinematics, and detection efficiency as-
sumptions. It would be interesting to compare these results to
theoretical predictions taking into account the Franck-Condon
projection of the anionic wave function onto the neutral surface,
followed by unimolecular decomposition of the energized neutral
complex. This is beyond the scope of the present study. Given
that the ion flight times from the interaction region to the
detector only vary from 17.3µs (I(NH3)) to 21.4µs (I(C6H5-
OH)), it is unlikely that lifetime effects bias the comparison of
the different systems. The predissociation lifetimes of vibra-

tionally excited neutral clusters have been reported for many
weakly bound systems.26,27,50-53 The range of lifetimes for
vibrationally excited states prior to dissociation span time scales
from picoseconds when large internal excitations are present
to tens of nanoseconds for clusters with small internal excita-
tions, although the predissociation lifetime of the (HCN)2 was
found to be 1.7µs.54 Future studies at a number of different
beam energies could provide further insights into lifetime effects
on these branching ratios; however, at the present time we will
just take the fraction of stable products observed as an upper
limit.

Photodetachment Dynamics.In I- photodetachment, the
electronic state branching ratioP(2P1/2)/P(2P3/2) has been
observed to deviate from the statistical value of 0.5.18 This
results from variations in the energy-dependent photodetachment
cross-sections for the two final electronic states. Given that
photodetachment from an atomic p-orbital yields outgoing s-
and d-waves, the s-wave partial cross-section is expected to
decrease less rapidly as the eKE approaches zero at thresh-
old.55,56Since the present measurements are all at 257 nm, and
the clusters have different electron affinities, variations in the
spin-orbit state branching ratios as a function of the available
energy are not a surprise. This effect is in addition to solvent-
dependent changes in the electronic structure of these anion
clusters. The most important effect seen in the product branching
ratios is the significant change in theP(2P1/2)/P(2P3/2) ratio for
stable and dissociative product channels for I-(NH3),
I-(C6H5NH2), and I-(C6H5OH) clusters. It is found in these
systems that the stable channel favors ground-state I(2P3/2) +
X products significantly. This implies that the ground-state
I(2P3/2)-X clusters that remain stable have better Franck-
Condon overlap with the parent anions, as mentioned above in
the case of I-(C6H5NH2).

The photoelectron energy and angular distributions indicate
that photodetachment from these clusters involves ejection of
an electron from an atomic p-like orbital on the iodide
chromophore. The angular distributions are the most sensitive
probe of the high-lying orbitals of the anion cluster, and in fact
we find that theâ(eKE) values measured for I-(CO2), I-(NH3),
the I(2P3/2) state of I-(H2O), and both states of I-(C6H5OH)
are not appreciably different from those observed in the
photodetachment of I-.18 However, as shown by theâ(eKE)
values in Table 2, substantial variations in the photoelectron
angular distributions were observed in both detachment channels
of I-(C6H5NH2), and in the I(2P1/2) channel of I-(H2O). In these
systems and for these electronic states the photoelectron angular
distribution is significantly more isotropic than in I-. This
indicates suppression of the d-wave (l ) 2) angular momentum
component in the photodetached electron, the presence of
another electron detachment mechanism, or both. The common
feature in the systems that show significant differences is the
permanent dipole in the solvent molecule and the potentially
enhanced dipole of the neutral cluster when configured in the
equilibrium geometry of the anionic cluster, although phenol
does not exhibit a significant perturbation.

To explore the effect of the dipole field of the nascent neutral
clusters on the photodetached electrons, density functional theory
calculations were performed using the Gaussian 03 program
suite to predict the dipole moments of the neutral clusters
configured in the optimized geometries of the anionic clusters.57

Geometry optimizations of each of the anionic clusters were
performed at the B3LYP level with the aug-cc-pvdz basis set
for the solvent molecules and the DGDZVP basis set for the
iodide atom. Subsequently, the dipole moment of each neutral
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cluster was calculated with the cluster constituents frozen in
the geometrical configurations of the optimized anionic clusters.
These calculations giveµ ) 0.38 D for I‚CO2, 1.46 D for I‚
NH3, 2.35 D for I‚H2O, 5.30 D for I‚C6H5NH2, and 4.43 D for
I‚C6H5OH. The largest dipole moments are found for those
solvent molecules containing polarizable aromatic rings, with
that of the I‚C6H5NH2 cluster significantly greater than any of
the other systems. A significant interaction between the transient
dipole of the neutral cluster configured in the anion geometry
and the continuum photoelectron is therefore expected for this
system that could result in the observed relatively isotropic
angular distribution and be responsible for the threshold
detachment feature observed in Figures 1d and 3e.

A potential mechanism for production of the threshold
detachment feature in aniline involves capture of a fraction of
the incipient continuum electrons by the large dipole field of
the neutral cluster configured in the anionic geometry.58 The
diffuse dipole-bound electron would not bind the neutral
constituents, so in the subsequent dissociation a low-energy free
electron could be liberated. There must be a charge-transfer-
to-solvent aspect to this process; however, as an excited
(I‚C6H5NH2)*- anion might dissociate above threshold to yield
I- + C6H5NH2, I + C6H5NH2

-, and I + C6H5NH2 + e-. No
evidence for production of I- during the 1.8 ps laser pulse by
photodetachment of I- by a second photon was observed;
however, this does not fully rule out occurrence of this channel,
due to the short laser pulse. Since the electron is initially
localized on I-, it is expected that absorption of a photon yields
a state with the electron transferred to the solvent. The second
product channel in this mechanism involves the anilide anion;
however, this species is not stable in either valence59 or dipole-
bound states. The dipole moment in isolated aniline is only
µC6H5NH2 ) 1.13 D,38 considerably less than needed to bind an
electron. Any charge-transfer-to-solvent in this system, then,
will be expected to exhibit a low-energy threshold detachment
feature consistent with a two-step process involving photoex-
citation of an excited state of the cluster anion followed by
dissociation and autodetachment from anilide.

Previous studies have shown that the interaction between the
incipient continuum electron and the dipole of the resulting
neutral cluster or the solvent itself may have a significant impact
on the photodetachment dynamics. In the I-(H2O) system the
interaction between the permanent dipole and the excess electron
is sufficient to support a transient charge-transfer-to-solvent
dipole-bound anionic excited state.58 Isolated H2O has a large
dipole moment (µH2O ) 1.854 D) that is enhanced in the
geometry of the I-(H2O) anionic cluster as shown by the
calculations carried out in this study and in ref 18. However,
no autodetachment signal is observed in the I-(H2O) cluster.
Autodetachment has been previously observed in (OCS)2

- and
attributed to excited states of covalently bound isomers of this
homomolecular dimer anion.60,61 Bonding in the I-(C6H5NH2)
cluster is noncovalent so a different mechanism for threshold
detachment in this system must be operative, such as that
proposed in the previous paragraph. Given the similarities of
the interactions in I-(H2O) and I-(C6H5NH2), however, the
question is why no threshold detachment is observed in I-(H2O).
The fundamental difference between the two is that aniline is a
large, polarizable object, so even though the permanent dipole
is smaller, it has a greater tendency to capture the incipient
continuum electrons. In addition, aniline has significantly more
low-lying electronic states than water that can be involved in
the formation of temporary anionic states.59

The decreased anisotropy in the angular distributions observed
in both channels for the photodetachment of I-(C6H5NH2) was
also observed in studies of the 267 nm photodetachment of
I-(CH3CN).18 Of the clusters investigated in the present study,
I-(CH3CN) most closely resembles I-(C6H5NH2) with the
inclusion of a C-N bond. However, the bonding in acetonitrile
is significantly different, with an electron-rich C-N triple bond
instead of the more diffuse lone pairs on the N atom in aniline.
In addition, the large permanent dipole in CH3CN (µ ) 3.924
D)38 supports a long-lived dipole-bound state, facilitating
photodissociation to yield I+ CH3CN- below and possibly
above the photodetachment threshold.62,63 Photodestruction of
I-(CH3CN) above threshold could lead to competition between
direct DPD, photodissociation to I- + CH3CN, and photodis-
sociation to I+ internally excited CH3CN- that could subse-
quently autodetach to yield low-energy electrons. However, no
autodetachment signal was observed for I-(CH3CN) in ref 18,
as the dipole moment of the CH3CN fragment is evidently strong
enough to retain any captured electrons. In the case of
I-(C6H5NH2), the calculations presented here indicate that while
the dipole moment of the C6H5NH2 fragment is enhanced in
the geometry of the anionic cluster, the dipole moment of
isolated C6H5NH2 cannot support a stable, dipole-bound
C6H5NH2

- after cluster dissociation. Thus, relaxation of a
transient C6H5NH2

- after dissociation will yield a low-energy
autodetached electron.

In the state-dependentN(ET) spectra in the DPD of
I-(C6H5NH2), it is interesting to note that the channel with the
largerET is the I(2P1/2) + C6H5NH2 product channel and that
this channel also has a nearly isotropic photoelectron angular
distribution, indicating either s-wave (l ) 0) photodetachment
or an indirect electron emission mechanism at threshold. At the
larger eKEs in this channel, photodetachment is undoubtedly
direct, and given that the angular momentum carried away by
the photoelectron and the electronic angular momenta of the
products are less in this channel, it is possible that the half-
collision dynamics in this case lead to higherET as a result of
angular momentum conservation. The clusters under study here
are produced in a jet-cooled environment, with rotational
temperatures expected to be on the order of 35 K;64 thus the
parent rotational angular momentum is limited. The half-
collisions probed in these experiments have impact parameters
constrained by the initial geometry of the anion. The relative
spatial orientation of the atomic and molecular orbitals of the
cluster constituents will also govern the electronic interactions
in the anion and neutral. It is interesting to speculate that a
stereo-electronic coupling of the cluster anion structure to the
photodetachment continuum leads to the different product
channels, with different angular momentum constraints leading
to the differences observed in theN(ET) spectra for the I(2P1/2)
+ C6H5NH2 and I(2P3/2) + C6H5NH2 dissociation channels.

Finally, we note that the interaction of I- with both aniline
and phenol is considerably stronger than their nonaromatic
homologues. The alcoholic H atom in phenol is relatively acidic,
and thus the potential for proton-transfer reactions yielding HI
- C6H5O- complexes must be considered. It has been shown
that when the chloride anion interacts with phenol, proton
transfer occurs.65 The electron affinity (EA) of the phenoxyl
radical is 2.25 eV,66 and we have found the VDE≈ EA for the
I(C6H5OH) cluster to be 3.81 eV. If the proton-transfer reaction
were to occur, the phenoxide anion would be stabilized
compared to the free anion, but not by 1.4 eV. In addition, the
similarity of the I-(C6H5OH) photoelectron spectra to perturbed
I- strongly argues against the occurrence of proton transfer in
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the complex. Aniline is less acidic than phenol, so the likelihood
of proton transfer is even less in that case. The similarity of the
observed photoelectron spectra in these iodide-aromatic com-
plexes also argues against any significant absorption by either
phenol or aniline playing a role in the photodetachment process.
It is important to keep in mind, however, that both of these
molecules readily absorb ultraviolet radiation67,68and have the
potential to act as a chromophore in the cluster. At this photon
energy, it is possible that excitation of the aromatic molecules
in the I-(C6H5NH2) and I-(C6H5OH) clusters to their S1 states
occurs, but there is no evidence this is affecting the photode-
tachment process under study here. Studies of the wavelength
dependence of the photodetachment dynamics of these clusters
will provide further insights into this question.

Summary

An experimental study of the stable and dissociative photo-
detachment of the solvated iodide clusters I-(CO2), I-(NH3),
I-(H2O), I-(C6H5NH2), and I-(C6H5OH) at 257 nm has been
presented. Photoelectron-photofragment coincidence spectros-
copy was used to investigate the half-collision dynamics of the
nascent neutral clusters produced in the equilibrium geometries
of the anionic precursors. The photoelectron angular distributions
for the I(2P3/2) and I(2P1/2) product channels were measured and
compared to I-, revealing the effect of clustering on the
photodetachment dynamics. The largest effects were seen in
the ion-dipole systems I-(C6H5NH2) and I-(H2O). These
coincidence measurements allowed investigation of the spin-
orbit-state dependence of the DPD dynamics. Spin-orbit
branching ratios,P(2P1/2)/P(2P3/2), were measured for stable and
dissociative neutral products, and the fraction of stable products
are also reported. The translational energy distributions were
found to peak nearET ) 0, with small average energy releases
that were cluster-dependent. A dependence of the dissociation
dynamics on the I spin-orbit state was found in both the I(CO2)
and I(C6H5NH2) clusters, showing that the potential energy
surfaces governing dissociation into I(2P1/2) + X and I(2P3/2) +
X products are not equivalent for these clusters when produced
in the equilibrium structure of the anion by photodetachment.
In addition to the spin-orbit-state-dependent dissociation
dynamics in the DPD of I-(C6H5NH2), a threshold photode-
tachment process was observed for this system. These observa-
tions indicate that additional studies on I-(C6H5NH2) at other
wavelengths would be fruitful for understanding the photode-
tachment dynamics of this cluster.
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