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Photoelectron-photofragment coincidence studies of
I;7 using an electrospray ionization source and a lin-
ear accelerator

J. A. Gibbard“ and R. E. Continetti“

Photoelectron-photofragment coincidence (PPC) spectroscopy is used to examine the dissocia-
tive photodetachment (DPD) of I3~ . The high beam energy PPC spectrometer for complex anions
couples an electrospray ionization source, an hexapole accumulation ion trap and a linear accel-
erator to produce fast beams of I3~ (M = 381 amu) anions, the heaviest system studied to date.
Following photodetachment, the photoelectron and up to three photofragments are recorded in
coincidence yielding a kinematically complete picture of the DPD dynamics at beam energies of
11 keV and 21 keV. Photodetachment leads to the production of stable |5, two-body DPD, as well
as evidence for two- and three-body photodissociation. DPD is found to occur predominantly via
the first excited A state, with some contributions from highly excited vibrational levels in the neutral
ground state. With the ions thermalized to 298K in the hexapole trap, there are significant con-
tributions from vibrational hot bands. Three-body photodissociation at 4.66 eV is found to occur
preferentially via a charge-symmetric process to form [+17 + 1. In the future this method will be
applied to other polyatomic systems with a large molecular mass, including multiply charged an-
ions and complex clusters, in concert with a cryogenically cooled hexapole trap to reduce thermal
effects.

1 Introduction

The photodissociation dynamics of the triiodide anion I~ and tri-
iodine radical I; have been studied in the gas phase, 158 motivated
by the fundamental role played by these species in a wide range
of chemical processes. The rate of recombination of 21 — I,
following photodissociation of I,, is significantly enhanced when
the third body chaperone is itself I,, and the chemically bound
triiodine radical I, is formed as a reaction intermediate.“"1 The
accepted mechanism for this fundamental gas phase reaction is
I+1, — I, I3* +M — I3+ M, I+1; — 2I,, where M is a
third body. Interconversion of the nuclear spin states of I, is also
proposed to occur via the formation of an I; intermediate follow-
ing a three-body collision with an I atom, I+1, +M == 13 +M,
where the reverse reaction produces ortho- and para-I, in their
statistical weights.14

When photodetachment of an anion yields a neutral on a re-
pulsive potential energy surface, a photoelectron and multiple

spray ionization (ESI) source, an hexapole accumulation trap and
a linear accelerator (LINAC) to study multiply charged anions,
clusters and complex anions relevant to biological, atmospheric
and combustion processes.1® In this manuscript this PPC spec-
trometer is used to study the DPD and photodissociation dynam-
ics of I, the heaviest system studied to date.

The triiodide anion, I~ has been extensively studied in the
gas, liquid and solid phase using optical absorption, resonance
Raman and magnetic circular dichroism spectroscopy. 1224 The
condensed phase absorption spectra and gas phase photofrag-
ment yield spectra of I;~ are dominated by two broad features
centered at 290 nm and 360 nm, known as the C and D band in
solution.?2> However, product branching ratios differ between
the gas and the condensed phase.2® The accepted assignment for
these two features is excitation from the ground X 12; state to
the excited states Ily:, and '%:, respectively, 21225127 Below
280 nm in the gas phase a sharp drop in photofragment yield is

neutral fragments are formed via the process of dissociative pho-
todetachment (DPD). Photoelectron-photofragment coincidence
(PPC) spectroscopy builds on photoelectron spectroscopy, by cou-
pling it with translational spectroscopy of the resulting neutrals,
to give a kinematically complete picture of the DPD dynamics.12
The high beam energy PPC spectrometer combines an electro-
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seen as photodetachment becomes a competitive process to pho-
todissociation.2> 1,~ has been used as a test system for studying
photodissociation dynamics in solvation.278:28730' Ruhman and
coworkers have studied the photodissociation of I;7 —— I+1,~
in alcohol solutions and observed coherent vibrational excitation
of the resulting diiodide anions.>8:22130

Femtosecond photoelectron spectroscopy,2® translational spec-
troscopy2= and photofragment mass spectroscopy=>>1 have been
used to study the photodissociation of I;~. The emergence of I~
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and I,~ photoproducts was shown to occur within 300 fs by fem-
tosecond photoelectron spectroscopy.2® The I,~ products were
formed in a highly vibrationally excited state, and exhibited co-
herent oscillations similar to those seen in solution.2® Transla-
tional spectroscopy at photon energies of 2.95 —5.16 eV demon-
strated the presence of multiple dissociation pathways by report-
ing the kinetic energy release (KER) spectrum of the neutral frag-
ments produced during photodissociation, either directly or by
subsequent photodetachment of the ionic products.?3/ At photon
energies < 3.87 eV, vibrationally excited I,” (X 2E,j) + I(2P3 /2)
and I-(1S) +1,(A 3M,,) are the dominant two-body channels,
whereas above 3.87 eV, I(2P, )+l X 2y+) dominates. At all
wavelengths, apart from the lowest photon energy, the three-body
channel I(2P3 /2) + I(2P3 /2) +1I7('S) dominates over the two-body
channels, and is believed to proceed via a synchronous concerted
decay mechanism. Evidence for the I(P;5) +1CP; ) +17('S)
channel is seen in the translational energy spectra reported for
excitation at 4.15 eV and 4.28 eV, the highest photon energies re-
ported.” In the photofragment mass spectrometry study the mass
spectrum of ionic products was measured as a function of wave-
length, yielding a measure of the branching ratios for the produc-
tion of I~ and I,~ .21/ Both ionic fragments were formed across
the range of excitation energies studied, implying the compet-
itive occurrence of a range of photodissociation products, both
two- and three-body channels yielding I~ and two-body channels
yielding I,~, suggesting nonadiabatic dynamics on the excited
state repulsive surfaces. A more recent study used photofrag-
ment time of flight mass spectrometry to measure the kinetic
energy and angular distributions of the photofragment ions and
photoneutrals between the energy of 3.36 —4.27 V.2l Across
this energy range it was found that three-body photodissocia-
tion proceeds via a charge-asymmetric process i.e. the charge
is located on one of the I atoms at the ends of the I3~ anion,
rather than the central atom, to ICP; )+ ICPy DT ('$) prod-
ucts. No evidence was seen for the (2P3/2) +I(2P1/2) +17(L9)
channel which is energetically accessible at the highest photon
energies used. At photon energies within the 360 nm absorp-
tion band of I~ the dominant two-body channels were seen
to be I7(18) +I,(X 'Z)) or I7('S) +I,(A *I1},) and a smaller
contribution from I (*Py ) +1m (X 2yF), whereas at 4.27 eV
1P, D)+ (X 2yH) dominated with a small contribution from
I-('$) +1,(B °11,). The branching ratios seen by Nagata and
coworkers differ from those measured by Neumark and cowork-
ers. A preference for formation of I~ rather than I,” and two-
body rather than three-body processes was seen in the photofrag-
ment mass spectrometry studies. Ab initio calculations presented
suggested that the potential energy surface of the I~ is complex,
and characterized by numerous conical intersections and avoided
crossings, ! which is consistent with the ab initio and diatomics-
in-molecules calculations of Harvey and coworkers. 22132

The triiodine radical was first isolated using high resolution
photoelectron spectroscopy by Neumark and coworkers, almost
twenty years ago, and since then numerous excited states of
the radical have been characterized.}22/ The electron affinity
(4.226 +0.013 eV)22 and the vertical detachment energies of the
excited X, A, B and C states of I; have been determined by pho-
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toelectron spectroscopy. 1’22 A vibrational progression has been
recorded for the ground X state, yielding a vibrational frequency
of vo = 115 ecm™!, assigned to the symmetric stretch of I;. The
symmetric stretch of the anion has a harmonic frequency of vy =
112 em~! .29 This extended vibrational progression has been at-
tributed to poor Franck-Condon overlap between the vibrational
ground states of the anion and the neutral, due to the significant
change in the equilibrium bond length.?2 The experimentally de-
termined anion bond length in the solid state is 2.93 A3 and
calculations predict the neutral bond length to be between 2.76 A
and 2.84 A3234 No vibrational structure was recorded for the
excited neutral states.

The photodissociation dynamics of the triiodine radical have
also been studied by Neumark and coworkers in the gas phase
using translational spectroscopy.' Photodetachment of I;” witha
nanosecond laser was used to produce a beam of the ground state
radical I;(X). These radicals were subsequently photodissociated
by a second nanosecond laser pulse. In those experiments, two-
and three-body photodissociation channels were accessible, with
I, +Iand I+I+1I products formed in the ground and excited sates
electronic states accessible at photon energies of 4.59 —5.17 eV .1
Channels with excited state products dominated, and significant
rotational and vibrational excitation was seen in the products re-
gardless of electronic state. Branching ratios were not accurately
determined due to the rovibrational excitation in the products,
but channels with only ground electronic state products seemed
unfavorable.

The ground states of the anion and the radical have linear,
centrosymmetric structures.2232432 Trijodide is a well-known ex-
ample of a hypervalent 22 electron molecule that violates the
octet rule,22"37 and is one of the few closed shell anions with
excited electronic states below the electron detachment thresh-
o0ld.1Z Trijodine is the most stable trihalogen radical. 2852 The
ground state closed-shell electron configuration of I3~ is X 12;
o2 my mf of m;* 1827 The ground state electron configuration of
I can be approximated by removing an electron from the highest
occupied molecular orbital of I3~ in accordance with Koopman’s
theorem, 1827 yielding o7 7} nj o7 m;>. This electron configu-
ration is split by spin-orbit coupling to predict a 2Hu73 /2 ground
state, and a 2Hu¢1 /2 first excited state. Pyykko and coworkers pre-
dicted that the o7 7 m; o) m;* electron configuration would
yield a 22 state lower in energy than the *I1, | /, state due to the
large spin-orbit coupling of I using an extended Hiickel model.42
The relative ordering of these three radical states has been the
focus of some discussion.

Coker and coworkers have modeled the ground and excited
state potential energy surfaces of the I, radical using a semi-
empirical diatomics-in-molecules approach.244142 This model
assumes a linear structure for I; and treats it in accordance with
Hund’s case C. The Q = 1/2 ground state, where Q is the projec-
tion of the total angular momentum onto the molecular axis, was
found to be symmetric and weakly bound by 0.19 eV relative to
the I+1, dissociation asymptote. The © = 3/2 first excited state
is also predicted to be weakly bound with a linear equilibrium ge-
ometry along the symmetric stretch coordinate, however the sur-
face has two wells either side of the linear geometry, correspond-
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Fig. 1 The potential energy diagram of I; and I3~ including the excited neutral states. 22/ Asymptotes for two- and three-body DPD and ionic photodis-
sociation channels are also shown.""3 The 266 nm photon energy is shown as hv.

ing to asymmetric geometries, leading to dissociative character
on the potential energy surface. The Q =3/2 second excited state
has a deep well and a linear equilibrium geometry. The approach
has successfully reproduced the photoelectron spectra measured
by Neumark and coworkers, 2% including the ground state vibra-
tional progression. It seems likely that the Q = 1/2 ground state
from Coker and coworkers is the 22;, and the Q = 3/2 first excited
state the 2H,,33 /2, corresponding to the X and A state measured in
the photoelectron spectra. However, high level ab initio calcula-
tions on the electronic structure of I, for a variety of point groups
have been carried out by Harvey and coworkers, that assign the
ground state to the 2T, 5 2 state.32 In the absence of spin-orbit
coupling I, is predicted to be bent with a bond angle of 145.4 °
similar to the Br, radical where Renner-Teller coupling splits the
21, state into 2A; and 2B states. However, spin-orbit coupling
stabilizes the linear geometries more than the bent resulting in a
linear, centrosymmetric ground state for I;. Similarly, the ground
states of Cl; and Bry are both 21T, 3 /2.43 The electron affinity is
calculated to be 4.025 eV (experimental value 4.226 eV),22 but
the spacing between the ground and excited state are in excellent
agreement with experiment.’32

Fig. [I|shows the energy level diagram for I;, I;~ and the ionic
photodissociation and DPD product channels, using values re-
ported in the photoelectron and translational spectroscopy stud-
ies of Neumark and coworkers.17322 Assuming the anion is in its
ground vibrational state, the X and A neutral states are accessible
with a 266 nm photon. Only one DPD asymptote is energetically
accessible at this photon energy, a two-body I, +1+e~ channel,
where both the atom and the diatomic are formed in the ground
electronic state. Other two- and three-body DPD channels are out
of range, with the lowest lying I+ 1+ 1 channel 1.3 eV above the

photon energy. In the experiments described in this manuscript
the neutral states are accessed directly from the anion ground
state via a one-photon process, rather than a two-photon process
of photodissociation following photodetachment used in previous
studies. There are a multitude of accessible two- and three-body
photodissociation channels. I3 is bound with respect to dissoci-
ation by 0.143 eV, whereas the A state lies 0.279 eV above the X
state, or 0.136 eV above the lowest dissociation asymptote. Here
PPC spectroscopy is used to extend these previous photodissocia-
tion studies to include direct studies of DPD processes.

2 Experimental

The experiments were carried out on the high beam energy PPC
spectrometer shown in Fig. |2| The apparatus has been described
in detail elsewhere.1® Gas phase I~ was produced using EST of a
2.5 mmol solution of KI(s) and I, (s) in methanol. Previous studies
have produced I;~ by flowing Ar gas over I, crystals, before su-
personically expanding the beam and intersecting it with an 1 kV
electron beam.'22 ESI provides an easy and efficient alternative
method to produce I;~. Anions are desolvated in a heated cap-
illary, and pass through a differentially pumped skimmer, before
passing into an octopole ion guide to efficiently transfer anions
into the ion trap. The anions are thermalized to 298K via colli-
sions with room temperature He buffer gas in a hexapole accumu-
lation ion trap. The anions are trapped via a radiofrequency field
(RF) field,** and two endcaps are switched initially to trap the
anions, and then eject short, intense pulses of room temperature
anions. Acceleration to anion beam energies in the tens of keV
occurs in a 10-stage linear accelerator (LINAC).42/ The beam en-
ergy can be tuned by adjusting the acceleration potential on the
LINAC, and the timed elements of the acceleration stages results
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Fig. 2 Schematic of high beam energy PPC spectrometer. Anions are produced via ESI on the left hand side, cooled in the hexapole accumulation
trap, accelerated by the LINAC before interaction with the laser to induce photodetachment, photodissociation and DPD. The photoelectron and up to
three photofragments are recorded in coincidence in the PPC detector on the right hand side. The effect of beam energy on the dissociating neutral

fragments is depicted.

in a very narrow m/z being transmitted to the detector. The LINAC
increases the range of masses which can be studied using PPC, by
increasing the acceleration potential which can be applied to the
ions. 19 The fast anion packet is focused into the detector region
via a series of deflectors, einzel lens, a compressor#® and a Bakker
mass spectrometer.“t’

The 4th harmonic of a mode-locked, Q-switched, cavity-
dumped Nd:YAG is used to photodetach the anions.#8 The ejected
photoelectrons are extracted perpendicular to the ion beam, and
imaged on a time and position sensitive microchannel plate
(MCP) detector. An image of the photoelectron x,y positions
encoding the electron kinetic energy (eKE), and the photoelec-
tron angular distribution is produced. Additionally, the flight
time of the electron from the interaction region to the detector
is recorded. The resulting neutral photofragments, whether sta-
ble I; or the products of dissociation, strike the neutral detector
(FXDL) which can record the position and arrival time of up to
three fragments.? Using the conservation of energy and momen-
tum the KER of any pairs or triples of dissociating fragments orig-
inating from the same anion can be calculated. In Fig. [2| the tra-
jectories for the neutral fragments resulting from anions at beam
energies of 11 keV and 21 keV are indicated. Higher beam ener-
gies result in a smaller dissociative neutral spot on the FXDL, and
a narrower range of arrival time for fragments at the FXDL than
for slower parent anions.”? Additionally the higher detection ef-
ficiency of high beam energy measurements results in faster data
acquisition times and better discrimination against false coinci-
dences. Undetached anions are deflected out of the neutral beam
path, and onto a MCP detector to monitor the ion signal in real
time.

3 Results

I;~ was studied by PPC spectroscopy at beam energies of 11 keV
and 21 keV. Photoelectron images and eKE spectra, KER spec-
tra, and Etgr = eKE + KER spectra were measured. PPC mea-
surements record the eKE for a dissociative event in coincidence
with the KER, and the resulting correlation can be plotted in a
2D histogram of N(eKE, KER) known as a PPC spectrum.> Pho-
todetachment of I;~ was found to yield stable I;, the two-body
DPD products of I, +1+e~ and the products of multiple ionic
photodissociation channels. The two-body DPD channel and the
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photodissociation channels? will be discussed in turn.

The data from the PPC measurements of I3~ at both beam en-
ergies was very similar, and the same conclusions can be drawn
from the data. Most of the data presented in this manuscript was
recorded at 21 keV, as high beam energy measurements result
in neutral fragments with a larger detection efficiency, which in
turn results in better discrimination against false coincidences.
The faster data acquisition rates associated with higher beam en-
ergies is especially significant for three-body channels, where the
probability of detecting all three fragments and the electron in
coincidence is very low. The only 11 keV I;~ results shown are
the time of flight spectra where the slower parent anions result in
better separation of peaks in the time of flight spectrum.

3.1 Two-body DPD

Fig. |3| shows the total, two-body dissociative, and stable photo-
electron spectra of 21 keV I3~ at 266 nm. The total photoelectron
spectrum contains all of the photoelectrons recorded in coinci-
dence with at least one fragment, and has contributions from
one-, two- and three-body processes. The measured eKE of the
ground X state and first excited A state are consistent with those
previously recorded by Neumark and coworkers.1"22 Each spectra
is normalized to the maximum intensity of the A state. The width
of the features in Fig. indicates the I;~ anions produced via ESI
and thermalized to room temperature in an ion trap, have more
internal excitation than the I;~ anions produced via a supersonic
expansion in the Neumark study. Some of the width in the X state
is expected to come from the extended vibrational progression
previously reported in the photoelectron spectra of the I~ anion,
seen due to the large change in equilibrium bond length between
the anion and the radical ground states.2 The inset of Fig. [3]is a
photoelectron image of the total photoelectron spectra. The outer
ring is the ground 2P, /2 state of I, indicating the presence of a
photodissociation channel forming I~, and then subsequent pho-
todetachment via a two-photon process. The channel is present
in the eKE data but of very low intensity.

The stable photoelectrons were recorded in coincidence with a
single stable neutral product i.e. a neutral I;, and gated in po-
sition and time to reduce the contribution from two-body events
distributed across the detector face where only a single fragment
is measured. The photodetachment events yielding stable I form
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Fig. 3 Photoelectron spectra of 21 keV I3~ gated for two-body disso-
ciative events, one-body stable events and total events. Each spectra is
normalized to the maximum intensity of the A state. Photoelectrons are
recorded in coincidence with at least one neutral fragment. The inset
shows the total spectra plotted as a photoelectron image to clarify the
outer ring corresponding to the photodetachment of 17 (1) to I(2P3/2).

a small feature at the center of the FXDL, which can be spatially
resolved from the broad feature on the FXDL formed via dissocia-
tive fragments.22 In this case a stable fragment is one which does
not dissociate on the timescale of the flight between the interac-
tion region and the FXDL.

The dissociative photoelectrons were recorded in coincidence
with a pair of neutral fragments, in this case the products of two-
body DPD, I, +1 as discussed later. Here the data is gated to select
for the broad dissociative feature on the FXDL, so multiple events
that occur during the same laser shot and result in multiple stable
I; fragments are not included. The photoelectron spectra gated
for one- or two-body events have significantly different intensities
in the A and X states, with the stable photoelectrons having more
intensity in the neutral ground X state, and dissociation occurring
predominantly from the A state. From Fig. [I] the A state lies above
the I+1, +e~ dissociation asymptote, whereas the X state is stable
with respect to dissociation.

When a neutral dissociates the fragments recoil from the parent
anion trajectory conserving energy and angular momentum. The
kinematics of the dissociation allow determination of the num-
ber and mass of the fragments. Fig. |4 plots the two-body KER
spectrum for 11 and 21 keV I3~ at 266 nm. As shown in Fig.
the higher beam energy results in a dissociative feature with a
smaller radius than the same dissociative feature recorded at a
lower beam energy. This is because the lab frame velocity of the
fragments is the sum of the recoil velocity and beam energy de-
pendent center-of-mass velocity. The KER spectra are dependent
only on the recoil velocity of the fragments. The fragments in-
cluded in the KER spectra arrived as a pair of neutral fragments in
coincidence with an electron, indicating a two-body dissociation,
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Fig. 4 KER spectra of two-body DPD resulting in [ +1, at 11 keV and
21 keV

as confirmed by analyzing the arrival times of the fragments. The
fragment mass can also be calculated from the arrival times and
position data indicating a 2:1 mass ratio. In this triatomic system
this can only mean formation of I+1,. There is a single relatively
sharp feature in the KER spectra peaking at 0.15 eV. This feature
requires careful gating as the low KER means there is significant
overlap with the stable I; on the FXDL which is difficult to spa-
tially resolve. The KER spectra are gated in the same way as the
dissociative photoelectrons in Fig. [3| The KER at the two different
beam energies of 11 keV and 21 keV are very similar indicating
that dissociation is prompt on the timescale of the flight time be-
tween the interaction region and the FXDL. Two-body DPD from
the A state to the ground state I+1, asymptote would be expected
to yield a KER of 0.14 eV, strongly indicating that this KER is a re-
sult of DPD to I+1, +e~ via the A state of the I neutral. The lack
of vibrational structure indicates that the A state has repulsive
character and leads to dissociation on a timescale smaller than
the vibrational period of the I5. This plus the observed feature in
the photoelectron spectra indicate that the A state potential en-
ergy surface is similar to the first excited state of I, calculated
by Coker and coworkers, which is bound along the symmetric
stretch coordinate, but dissociative in character for asymmetric
geometries leading to the lowest lying I+ 1, + e~ products.

Fig. [5|shows the two-body PPC spectrum for I;~. There is one
feature of almost Gaussian intensity centered at KER= 0.15 eV,
and eKE=0.15 eV. This indicates two-body DPD from the A state
of the neutral to the lowest dissociation asymptote of I+1, +e~.
The maximum kinetic energy of all the fragments, KEpax, assum-
ing two-body DPD to the I, +1+e~ channel can be calculated
from the photon energy, the electron affinity of the neutral and
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Fig. 5 Two-body PPC spectra of 21 keV I3~ showing two-body DPD. The
black line indicates the KEpnax = 0.294 eV calculated from the potential
energy diagram in Fig. [}

the binding energy of the neutral, /22
KEmax :A(l) - EA(IS) - DO(I+IZ)
=4.66 eV —4.226 eV —0.14 eV (@D

=0.294 eV

The calculated value is plotted in black in Fig. and matches
well with the experimental maximum indicating two-body DPD.
The feature extends beyond the theoretical KEp ¢ indicating the
parent anion has significant internal excitation. The extension
of the feature to larger eKE values may indicate the presence of
dissociation products from vibrationally excited ground state I,.
Fig. |§| plots the total kinetic energy, Eror = eKE + KER, for the
dissociative events recorded at 21 keV I;~. The peak of the distri-
bution is 0.3 eV, which matches well with the calculated KEmax,
plotted as the black line in Fig. [f] Events that occur to the high
energy side of this line indicate excited anions, which results in an
increase in the Epgr available to partition between the fragments
following photodetachment. However the energy resolution of
the measurement of Ergr is dependent on the energy resolutions
of the eKE and the KER, which are typically 5%2° and 10%,>1
yielding an energy resolution for Ergr of 11%. This significant un-
certainty is more likely to broaden the distribution than shift the
peak position, hence Ergr is considered to be in good agreement
with the calculated KEpax. The high energy tail with low intensity
can be attributed to the high energy tail in the dissociative photo-
electron spectra in Fig. [3| Similar features in the calibration pho-
toelectron spectrum of I~ indicate that it is not representative of
the anion vibrational temperature, but characteristic of the appa-
ratus. One source of this high energy tail is the electron resolution
which is dominated by uncertainty in the electron velocity com-
ponent perpendicular to the plane of the electron detector v.22 It
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Fig. 6 The Etor spectrum for two-body events recorded in coincidence
with a photoelectron for 21 keV I3~ . The black line indicates the KEpax =
0.294 eV calculated from the potential energy diagram in Fig. m

is possible to minimize this effect by slicing the eKE spectrum in
time, but it is always present as the electron detector is optimized
for velocity map imaging of the photoelectrons.>? Additionally
false coincidences between neutral fragments and spurious elec-
trons produced when the UV laser noise interacts with metallic
surfaces in the experiment, contribute to the tail. Previous mea-
surements on I,~ indicated that the anions have significant rovi-
brational excitation consistent with a vibrational temperature of
298K.1% The anion temperature is largely due to thermalization
with the room temperature buffer gas in the hexapole accumula-
tion trap. In the future the hexapole accumulation trap will be
cryogenically cooled, reducing the anion vibrational temperature
to = 10K.

3.2 Photodissociation

Photodissociation cannot be studied directly using PPC spec-
troscopy, unless photodissociation is followed by photodetach-
ment or autodetachment of the resulting anionic product. In
these cases, photoelectrons and neutral fragments are the only
products that can be recorded in a kinematically complete mea-
surement by PPC spectroscopy. Excluding autodetachment, this
only occurs via a two-photon process and is therefore dependent
on the laser fluence. In our experiments the low laser power
makes the probability of photodetachment following photodis-
sociation low. Therefore, a two-body photodissociation is more
likely to yield a single neutral fragment than a pair of fragments
and a photoelectron, and three-body photodissociation is more
likely to produce a pair of neutral fragments than three fragments
and a photoelectron. In the current study, at 4.66 eV, stable I3
and the products of DPD dominate, but some small signal is seen
which can be attributed to photodissociation. As described earlier
both Nagata and coworkers, and Neumark and coworkers have
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Fig. 7 Time of flight spectrum for single neutral fragments produced via
photodetachment of 21 keV I3~ at 266 nm. High intensity feature centered
atr=0nsis from stable |, whereas the early or late fragments result from
dissociation when only a single fragment is recorded, providing evidence
for two-body photodissociation.

performed studies into the photodissociation of I, ~. 215125206531/ N
KER spectra for the photodissociation products of I~
electron affinity of I; have previously been reported.

above the

3.2.1 Two-body photodissociation

Multiple two-body photodissociation channels are energetically
accessible at the photon energy of 4.66 eV leading to the products;
(9 + LKX '), 1CPy ) + 1,7 (X 25, 17(18) + 1,(A 10y,),
I(2P1/2) +I,7 (X 2le{)and (s + L,(B 3Har”) in ascending ener-
getic order.® Previous studies have reported that the fourth chan-
nel (1P, )+ (X 2¥5)) is the dominant two-body photodis-
sociation channel at 4.27 eV, with a minor contribution from
the fifth channel (I"('S) +1,(B *I1)), producing both I~ and
I, .S81 A single feature arising from two-body DPD is seen in the
two-body PPC spectra shown in Fig. |5} indicating that any two-
body photodissociation followed by photodetachment has a neg-
ligible rate. Furthermore, no features in the dissociative photo-
electron spectrum in Fig. can be attributed to photodetachment
of either I~ or I,”. The atomic anion would yield sharp features
and the photoelectron spectra of the diatomic anion extends to
significantly higher eKE. Therefore, the only detectable product
of two-body photodissociation is a single neutral fragment.

Fig. |7| shows the time of flight spectrum for a single fragment
centered at the arrival time for stable I;. The intense feature at
t=0 is the stable I; and is not discussed in this section. Wings
in the spectrum indicate the presence of fragments forward and
backward scattered along the ion beam propagation direction, but
not correlated with a second fragment. The early and late ar-
rival times indicate these fragments are formed via a dissociative
process with a significant KER, resulting in fragments which are
recoiling from the center-of-mass velocity. The arrival times of
the fragments do not overlap with the arrival times for fragments
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Fig. 8 Time of flight spectrum for two-body events which arrive in co-
incidence with a photoelectron and without. Fragments resulting from
two-body DPD would arrive between —100 ns < ¢t < 100 ns and have been
gated out of the figure.

produced via two-body DPD, indicating a two-body photodisso-
ciation process. The low intensity of these features at early or
late arrival time indicates that these two-body photodissociation
channels are minor channels at this photon energy. In total, the
limited information that can be extracted from this single neu-
tral fragment data indicate the presence of at least one two-body
photodissociation channel.

3.3 Three-body photodissociation

The three-body DPD to I+1+1+e™ is expected to be out of range
at the current photon energy, but three-body photodissociation
to I-(1S) + I(2P3/2) + I(2P3/2) has been the dominant three-body
photodissociation channel seen in previous studies at all wave-
lengths when it is energetically accessible, and has been found to
be promoted by vibrational excitation.” Three-body photodissoci-
ation to I~ (18) +1(>Ps )+ 1P, /2) is also energetically accessible
at the photon energy used here, but Nagata and coworkers saw
no evidence for it,*!' and Neumark and coworkers saw it only as
a minor channel at the highest photon energies.” In these exper-
iments only neutral fragments are detected, so the one-photon
products of three-body photodissociation are two neutral frag-
ments recorded without an electron in coincidence. Fig. [§shows
the arrival times for pairs of neutrals recorded with and without
an electron in coincidence, where the two-body DPD signal has
been gated out. The signal is far larger for the two neutral events
without an electron in coincidence, implying that these neutrals
produced with ionic fragments, rather than a photoelectron. The
inner peaks correspond to a pair of fragments arriving at the FXDL
in coincidence, and the outer peaks form a second pair. In total
this implies two separate three-body photodissociation channels,
yielding I+1+1" in various electronic states.
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Fig. 9 KER spectrum for I+ | resulting from three-body photodissociation
of 21keV I37. The gating is the same as Fig. The dashed black
lines indicate the calculated KER for the I(P3 ;) + 1(*Ps) +17('S) and
I(2P52) + 1(*Py o) +17 (' S) channels.

In the case of photodissociation, any excess energy after the
bond is broken is transferred into the KER of the products, or
internal excitation of any molecular product fragments. Useful
energetics can be gained from measurement of only the two neu-
tral products here as the fragments are atoms and all the excess
energy is appears as the KER. For a three-body dissociation the
KER is,

1 1 1
KER = 5mlvl2 + 5m2v22 + 5m3v32 (2

where m,m, and m3 are the masses and V;,V, and V3 are the re-
coil velocities of the photofragments in the center-of-mass frame.
When a linear homonuclear triatomic molecule dissociates the
terminal atoms recoil with equal and opposite momentum, leav-
ing the central atom stationary in the center-of-mass frame, such
that Vi = —V3, V, = 0 and m = my,m>,m3. Here the recoil can
be characterized by a single velocity vector |v| = |V} + V3|. This
simplifies equation [2| to KER= % uv?, which is the equation for
the KER of a two-body dissociation, as used to calculate Fig.
O A similar approach has previously been employed in this
laboratory to study Og~.>% Fig. [1| shows there are two three-
body photodissociation channels below the ionization threshold
of I3~, which are energetically accessible with a 4.66 eV pho-
ton, 1Py 5) + 1Py ) +17(1S) at Dy = 2.85 eV and 1(3Py) +
I(2P1/2) +17(18) at Dy = 3.8 eV. These channels would be asso-
ciated with a KER of 1.81 eV and 0.86 eV. Fig. [9 plots the KER
for the two neutral fragments shown in Fig. There are two
clear features peaking at 1.55 eV and 0.75 eV, close to the calcu-
lated three-body KER values, plotted in black dashes in Fig. 9]
for the I(P; /5) +1(*Ps ) +17('S) and I(Ps ) +1CPy ;o) +17(1S)
photodissociation channels.

Neumark and coworkers have described how three-body disso-

8| 1410]

ciation of I proceeds via a concerted synchronous mechanism.

In the limit of a true concerted dissociation the terminal I atoms
are forward and backward scattered on equal and opposite trajec-
tories upon dissociation, carrying away all of the energy released.
However, the discrepancy between the calculated KER and the
spectrum indicates that at the time of dissociation the central I
atom is displaced from the center-of-mass. Vibrational excitation
of the asymmetric stretch or the bending mode breaks the sym-
metry of the anion, leading to some translational energy being
partitioned to the undetected central I atom following dissocia-
tion. The discrepancy is larger for the high KER channel.

Nagata and coworkers have presented evidence for a charge-
asymmetric dissociation where the electron is localized on one
of the terminal I atoms in the linear anion.2! In order for the
three-body KER to be extracted from two neutral fragments, it
is necessary to collect the forward and backwards scattered frag-
ments, in this case the terminal I atoms of the linear I; radical.
This implies that the anions undergo a charge-symmetric disso-
ciation, i.e. the charge is located on the central I atom, and the
resulting I~ is left at the center-of-mass velocity following pho-
todissociation. The agreement between the calculated KER and
the experimental KER shown in Fig. [9] provide clear evidence for
the charge-symmetric three-body photodissociation of I;~. The
charge-asymmetric process would result in a neutral fragment ar-
riving near the center-of-mass velocity, or + = 0 ns in Fig. |8} and a
companion fragment arriving in either the forward or backward
scattered wings. These events are difficult to isolate from false co-
incidences as the arrival time of the central I atom would be very
similar to the arrival time of a stable I; or fragments from the
low KER two-body DPD channel. The KER for charge-asymmetric
events cannot be calculated from the arrival time and position of
the two neutral fragments, hence in Fig. [0 the charge-symmetric
events are selectively analyzed.

More information could be extracted if following photodissoci-
ation, photodetachment of the resulting I~ occurred. However,
the PPC spectra for the three-body photodissociation data calcu-
lated from two neutral fragments in coincidence with an electron
(not shown) has clear vertical stripes, an indication that this spec-
trum is dominated by false coincidences. This is a consequence of
the low event rate for the sequential two-photon process required
to yield an electron in coincidence. This is confirmed by the very
small amount of data (< 100 events) collected where three neu-
trals were recorded in coincidence with an electron. This is at-
tributed to the low laser fluence used in these experiments.

From the intensity of the KER spectrum in Fig. [9]it is clear that
the low KER photodissociation channel dominates. This chan-
nel results in the production of an electronically excited I atom
along with a ground state I atom and dominates over the produc-
tion of two ground state I atoms which has been determined to be
the dominant three-body photodissociation channel at lower pho-
ton energies.22! This indicates that at the higher photon ener-
gies used in the current study, repulsive potential energy surfaces
which yield the excited state products are accessible. Addition-
ally, the vibrationally excited anions produced in the room tem-
perature ion trap may yield good Franck-Condon overlap with dif-
ferent portions of the potential energy surface. Within the limita-
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tions of extrapolating data about a three-body photodissociation
process from a pair of neutral fragments, the data dictates that at
4.66 eV three-body photodissociation preferentially proceeds via a
charge-symmetric process to produce I” ('8) +1(2P; ) +1C*P; ).

4 Conclusions

The DPD and photodissociation of I;~ has been studied via PPC
spectroscopy at two beam energies. Two-body DPD of I3~ result-
ing in ground electronic state I, +1+4e~ has been shown to pro-
ceed via the first excited A state of the I; radical. Measurements
at 21 keV and 11 keV are consistent, showing that dissociation
is prompt. There is evidence for at least one two-body photodis-
sociation channel. At 4.66 eV two three-body photodissociation
channels are observed resulting in I+1+1" in the ground elec-
tronic state, or with an excited I atom. Notably this is observed to
proceed via a charge-symmetric process producing [+1~ 41, with
the excess charge residing on the central atom.
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Photoelectron-photofragment coincidence studies of I3~ using an electrospray ionization source
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New insights into the dissociative photodetachment and the charge-symmetric three-body
photodissociation of I5-are provided by photoelectron-photofragment coincidence spectroscopy.



