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Photofragmentation studies of mass selected Br; - (CO,) ,, n<24, cluster ions are presented.
The heterogeneous cluster ions are synthesized in a supersonic expansion crossed with an
electron beam. These ionic clusters are mass analyzed in a time-of-flight mass spectrometer
prior to photodissociation of the Br; absorber in the cluster. Mass analysis of the ionic
photofragments shows that in some cases the photodissociated Br;” has recombined and in
other cases a Br atom has escaped from the cluster. The branching ratio for recombination
depends on both the size of the initial cluster ion and the photodissociation wavelength. The
photofragmentation data are consistent with a recombination mechanism dominated by
attractive forces in the smaller clusters and repulsive interactions in the larger clusters.

I. INTRODUCTION

Among the more promising prospects for cluster re-
search is the possibility of using appropriate molecular clus-
ters to model the microscopic behavior of certain chemical
and physical processes normally masked by the inherent
averaging of observations on bulk samples.' For example,
clusters have been used as a means of localizing reactantsin a
chemical reaction” and as a means of preparing them in well
defined orientations.® Clusters can also be used to explore
the effects of solvation on the energetics and dynamics of
chemical reactions. This paper concerns the photodissocia-
tion and recombination of a diatomic molecule interacting
with a specific number of solvent molecules in a molecular
cluster.

Photodissociation and recombination of the dihalogens,
particularly I,, have been studied extensively. Noyes and co-
workers measured the photolysis quantum yield as a func-
tion of excitation wavelength® and viscosity® in a variety of
solvents and emphasized the need for a molecular level de-
scription of the reaction.® More recently, measurement of
the photolysis quantum yields and the atom—atom recom-
bination rates of I,, Br,, and Cl, have been performed in both
the gas phase’'? and the liquid phase'*'* at a variety of
pressures and temperatures'® using laser-based techniques.
Troe and co-workers have suggested that van der Waals
clusters are important in decreasing the photolysis quantum
yield under certain conditions.'>'* Picosecond pump—probe
experiments have been performed on I, in solution to deter-
mine the time scales of atom—atom geminate recombination
and vibrational relaxation of the recombined diatom by sol-
vent molecules.'® The process has also been investigated the-
oretically by numerous investigators in order to understand
the observed behavior.'® Photodissociation and recombina-
tion of the dihalogens have also been investigated in rare gas
matrices'”!® where the state distribution of the nascent I¥ or
Br¥ was determined by time resolving the dispersed fluores-
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cence from species recombining on excited state potential
energy surfaces. These studies indicated that the relaxation
pathway was strongly dependent on the solvent cage.'®

Photodissociation and recombination in clusters have
been studied by only a few investigators. In laser induced
fluorescence measurements on I, Ar, clusters synthesized
in a free jet expansion,'®?° I, fluorescence was detected even
when I, was excited above its dissociation limit. Valentini
and Cross®® have observed fluorescence from I, following
excitation of I,- Ar above the dissociation limit of I, leading
to the suggestion that one atom is sufficient to cage the nas-
cent iodine atoms. The photodissociation and subsequent
dynamics of Br, in Br,- Ar,, clusters have been modeled by
Amar and Berne.?! Amar has also modeled®? the dynamics
of Br; -Ar, clusters following photodissociation of Br; .
Both molecular dynamics simulations show a correlation be-
tween structure and recombination mechanism; argon
atoms approximately collinear with Br, or Br; are especial-
ly effective at facilitating recombination.

The studies discussed above raise interesting questions
concerning photodissociation and recombination within
clusters, notably:

(I) How many solvent molecules are necessary to effect
recombination?

(II) What is the excitation energy dependence of the
propensity of a given cluster to cage the dissociated diatom?
To study these questions, it is essential to synthesize and
isolate clusters of specific composition, photodissociate the
diatom within the cluster and then detect the photoproducts.
Ionic clusters are ideally suited for these experiments since
the isolation can be achieved by mass analysis. A number of
groups have reported instruments which provide this capa-
bility.>>° Except for recent work by Bowers and co-
workers on photoinduced charge transfer,?® these groups
have not explored photoinduced chemistry.

In this work we investigate the photodissociation of Br,-
ions solvated by a specific number of CO, molecules and
probe the dynamics of the ensuing Br-Br~ recombination.
The experiments are performed with a tandem time-of-flight
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FIG. 1. A schematic diagram of the experimental apparatus showing the three main regions: ion formation, primary TOF, and secondary TOF. In the first
region, ions are formed by the interaction of an electron beam with a pulsed free jet expansion. The ions drift downstream, react with the neutral gas forming
cluster ions and are extracted into the primary TOF. In the primary TOF, the cluster ions are separated in time according to their mass where the pulsed laser
beam crosses the cluster ion beam. In the secondary TOF, ionic photofragments and parent ions are separated in time according to their mass by a reflectron.
The ions are detected by a particle multiplier. Neutral photofragments pass through the reflectron where they are detected by a separate particle multiplier.

(TOF) mass spectrometer, the first stage is used to select a
particular cluster ion for laser interaction and the second
stage is employed to determine the composition of the ionic
photofragments. We report the branching ratio for recom-
bination of the photoinduced Br and Br ™ atoms to form Br,
as a function of the photodissociation wavelength and the
number of CO, solvent molecules. Three distinct regions of
photofragmentation behavior are observed as a function of
cluster size. The data are interpreted in terms of Amar’s
recent theoretical work on Br; -Ar, clusters.”? His studies
indicate that for smaller clusters, recombination occurs due
to the attractive forces between the diatom and the solvent
molecules while, for larger clusters, recombination is effect-
ed by impulsive collisions with the solvent molecules.

Il. EXPERIMENTAL
A. Overview

A schematic diagram of the apparatus is shown in Fig. 1.
It is similar to the apparatus used in our earlier work on
(CO,), and (CO,)," cluster ions.**-33 The Br; - (CO,),
cluster ions are created by crossing a pulsed free jet expan-
sion with a continuous 1 keV beam of electrons. Expansion
conditions are chosen such that neutral clustering is not ex-
tensive. Br; is the primary anion formed following electron
beam excitation. Br; - (CO,), clusters grow by ion—mole-
cule association reactions while drifting with the un-
skimmed expansion. Ions are separated from the free jet by a
transverse high voltage pulse which extracts them through
an aperture into the first stage of TOF mass analysis. They
are then further accelerated to a total beam energy of 3 keV.

This two field mass spectrometer separates ions in time, ac-
cording to their mass, 1.5 m from the aperture. The pulsed
laser beam crosses the ion beam at this location. Ionic photo-
fragments and parent ions are mass analyzed by a second,
reflectron, TOF mass spectrometer and detected by a parti-
cle multiplier after an additional flight segment. Timing of
the apparatus is controlled by a computer in conjunction
with various delay circuits. Mass spectra of parent and pho-
tofragment ions are acquired with a transient digitizer/sig-
nal averager. The apparatus can readily be adjusted for. posi-
tive or negative ion studies; the specific conditions discussed
here are for negatively charged clusters.

B. lon formation

A pulsed free jet expansion provides relatively high neu-
tral molecule densities which, when combined with high en-
ergy (1 keV) electron beam excitation, yields a simple and
effective method for the preparation of both positively and
negatively charged clusters. The pulsed expansion is genera-
ted by a solenoid-actuated valve (General Valve series 9)
with a 400 um diam aperture, It delivers gas pulses of 500 us
duration at a repetition rate of 10 Hz. The repetition rate is
determined by the use of a pulsed laser with a 10 Hz repeti-
tion rate. The backing pressure varies from 1 to 5 atm de-
pending on the system under study. The expansion region is
pumped by a 10 in. diffusion pump which maintains a pres-
sure of 1-5X 10~* Torr under these conditions. For the typi-
cal expansion conditions, neutral clustering is not extensive.
The positive ions produced directly by the electron beam are
primarily monomers and small clusters. The negative ions
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produced by low energy electron attachment to neutral spe-
cies in the jet are also primarily monomers and small clus-
ters.

The electron beam source is a modified cathode ray tube
electron beam source. It consists of a filament, followed by
acceleration plates, a three element einzel lens, and horizon-
tal and vertical deflectors. The original oxide cathode was
easily poisoned; it has been replaced by a thoriated iridium
filament. This arrangement produces a well collimated, con-
tinuous, 200 uA beam of 1 keV electrons about 1 mm in
diameter. The electron beam crosses the free jet expansion
perpendicular to the direction of flow and at a 45° angle with
respect to the axis of the primary TOF mass spectrometer
(which is also perpendicular to the free jet expansion). By
adjusting the deflectors, the electron beam can be positioned
precisely in the free jet expansion. The vertical distance
between the aperture of the pulsed valve and the electron
beam crossing can be varied from 0.1 to 2.5 cm. The pulsed
valve, electron beam source, and a Faraday cup used to mon-
itor the electron beam are mounted on a rigid assembly
which can be translated from outside the vacuum system.
This allows the distance Z (see Fig. 1) between the electron
beam crossing and extraction into the primary TOF mass
spectrometer to be varied from 0 to 20 cm, while the electron
beam to pulsed valve distance remains constant.

The production of a neutral plasma is the key to the
generation of large numbers of positively and negatively
charged clusters by the electron beam/pulsed free jet expan-
sion combination. The initial interaction of the 1 keV elec-
trons and the expanding gas results primarily in the produc-
tion of small positive ions and low energy secondary
electrons. This combination of positive ions and low energy
electrons produces an electrically neutral plasma with a rela-
tively high ion density and a low loss rate of ions, features
crucial to the efficient formation of cluster ions. The neutral
plasma confines the high initial ion concentration, approxi-
mately 10° cm 3, which would otherwise decrease quickly
due to Coulomb repulsion in the ionic cloud. The neutral
plasma also shields itself from external fields and remains
collisionally coupled to the free jet expansion, allowing the
use of long drift distances (at least 20 cm) without signifi-
cant loss of ions.

The large drift distances (and resulting long reaction
times) are important to the reactive formation of both positi-
vely and negatively charged cluster ions. By slowing the rate
of diffusion of the ions, the neutral plasma environment al-
lows the ions to experience many low energy ion-neutral
collisions. Three body collisions in the high density region
allow small cluster ions to grow via association reactions.
Two body collisions allow further growth and stabilize
metastable cluster ions. Since the Langevin ion—neutral two
body collision rate is temperature independent, it decreases
only with the decreasing density of the expanding jet, much
more slowly than the neutral-neutral two body collision rate
in the low temperature free jet expansion.

In these experiments a mixture of 1% Br, in CO, at a
total pressure of 2 atm was used to generate the mixed ionic
clusters. The electron beam crossed the expansion 0.5 cm
below the valve aperture and the ion drift distance Z was 15

cm, corresponding to a reaction time > 0.3 ms. Under these
conditions substantial amounts of Br; - (CO,),, n<24, were
produced without excessive interference from other species.

C. Primary TOF mass analysis and photolysis

Following the field free drift region, ions are extracted
perpendicular to the expansion axis by applying a 1000 V
pulse across a pair of electrodes, as shown in Fig. 1. This
extraction pulse forms the first acceleration region of a Wi-
ley-McLaren style TOF mass spectrometer,>* modified to
accommodate the 2-3 cm spatial spread of the ions produced
by the electron beam/pulsed free jet expansion ion source.
The spatial extent of the ions is considerably larger than that
typically obtained by laser ionization and requires different
design parameters. The use of a skimmer prior to extraction
would give a smaller spatial distribution, but it would also
reduce the number of ions injected into the mass spectrom-
eter. A 5 cm spacing between the electrodes in the first accel-
eration region was chosen to utilize most of the spatial distri-
bution of the ions and to avoid perturbing the flow
characteristics of the unskimmed expansion. Design of the
primary TOF mass spectrometer was determined chiefly by
this choice of spacing.

The extraction pulse, produced by a simple thyratron
circuit, has a sharp leading edge (10" V/s) followed by a
long decay (100 us time constant). The decay time is long
enough such that the extraction voltage is approximately
constant over the time the largest ionic clusters take to exit
the extraction region (10 us), as required to obtain optimal
focusing of the spatial distribution. After passing through
the entrance aperture (3 mm in diameter), the ions acquire
an additional 2.5 keV of kinetic energy over a distance of 5
cm in the second acceleration region of the primary TOF
mass spectrometer. A series of guard rings maintains paral-
lel field conditions in this region. Disruption of the hydrody-
namic flow of the free jet is mitigated by minimizing the size
of the second acceleration region, enclosing it in a small tube
8 cm in diameter and 20 cm long. This tube also serves, in
conjunction with the entrance aperture, both as a conduc-
tance barrier for the differentially pumped flight tube and a
shield for the ions in the free jet expansion from the electric
field of the second acceleration region. Following the second
acceleration region, the ions pass through a set of vertical
deflectors which compensate for most of the small down-
ward component of kinetic energy imparted by the super-
sonic beam. Ions then pass through an einzel lens tuned to
focus the ions transversely at the longitudinal focus of the
primary TOF mass spectrometer, 1.5 m from the entrance
aperture. The transverse focus is accomplished by running
the einzel lens in a mild decelerating mode with the central
element set at 1.5 kV. This has no significant effect on the
timing of the primary TOF mass spectrometer. Immediately
following the einzel lens the ion beam is deflected 1.5° by a set
of horizontal deflectors. This small deflection reduces the
background signal at the neutral photofragment detector.

The ion beam is crossed perpendicularly by the laser
pulses at the spatial focus of the primary TOF mass spec-
trometer. The ionic clusters arrive at the spatial focus at a
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time determined by their mass. Thus, the time delay of the
laser pulse relative to the extraction pulse of the primary
TOF mass spectrometer unambiguously determines the
mass of the ion cluster being probed. The photodissociation
studies of Br, - (CO,), were carried out at wavelengths of
355,700, and 820 nm. The laser fiuence typically used was 1-
2 mJ/cm? at 355 nm and 20-30 mJ/cm? at 700 and 820 nm.
Laser output was generated by a YAG pumped dye laser
system (Quanta Ray DCR-1A and PDL-1). Multiphoton
processes are easily detected as laser fluence dependent frag-
mentation patterns, allowing the extent of multiphoton pro-
cesses to be determined accurately. Multiphoton processes
were not observed for the typical laser fluences used.

D. Secondary TOF mass analysis and detection

Mass analysis of the ionic photofragments is achieved by
the secondary TOF mass spectrometer which uses a modi-
fied reflectron®® both to reverse the trajectories of the ions
and to separate parent and fragment ions according to their
mass. The primary utility of the reflectron for our experi-
ments lies in the fact that a mode of operation exists where
the arrival times at the ion detector of fragment ions from
given mass parent ions are strongly dependent on the frag-
ment mass but only weakly dependent on the parent ion ki-
netic energy.

In order to understand this mode of reflectron oper-
ation, we first examine how a reflectron refocuses parent
ions. The reflectron design used in this instrument consists
of a reversing field tilted a small angle off the beam axis
followed by a field free drift region, as depicted schematical-
ly in Fig. 2(a). Consider two ions of the same mass m located

a)
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FIG. 2. A schematic diagram of the reflectron depicting (a) the refocusing
of two ions of the same mass m but different energies, U, and U,, and (b) the
separation of fragment ions of mass m, from parent ions of mass m. The
filled and unfilled dots represent the trajectories of the two groups of ions.

at the entrance and moving into the reflectron, one with en-
ergy U, and one with energy U,. This is the situation for ions
generated by the electron beam/pulsed free jet expansion ion
source and spatially focused near the entrance of the reflec-
tron. The ion with more energy penetrates more deeply into
the field of the reflectron and exits later in time. After leaving
the reflectron, the more energetic ion eventually catches up
to the less energetic ion at the second spatial focus of the
tandem TOF mass spectrometer, the location of the ion de-
tector.

To calculate the distance to the second spatial focus we
first calculate the time T required for an ion to travel from
the entrance of the reflectron through the reversing field and
to the ion detector:

T=[2msec(8/2)/qE1(2U/m)"/?

+ Dsec8/(2U/m)"'?, 2.1

where E is the magnitude of the reversing electric field, (2U /
m)!/? is the initial (and final) velocity of the ion, D is the
distance from the reflectron to the ion detector and @ is the
tilt angle of the reflectron. The spatial focus occurs where
dT /dU = 0, namely at

D=4(U)/qE, (2.2)

where (U ) is the average kinetic energy of the parent ions.

Next we consider how the reflectron can function as a
mass analyzer for ionic photofragments. Figure 2(b) shows
a parent ion of mass m, a fragment ion of mass m and their
trajectories through the reflectron. It can be seen in Fig.
2(b) that the parent ion penetrates further into the reflec-
tron and arrives at the ion detector later in time and at a
different transverse location. The distance to the second spa-
tial focus for ionic photofragments can be obtained by re-
writing Eq. (2.1) for the time required for fragment ions to
travel from the entrance of the reflectron to the ion detector:

T=[2m;sec(6/2)/gE 1 (2U/m)"?
+Dsec8/QU/m)'?. 2.3)

Note that the transit time depends linearly on the mass of the
fragment ion, for a given mass parent ion. This is because
fragment ions from parents of mass m have the same initial
(and final) velocity, (2U /m)"/?, regardless of their mass,
but have different energy. The fragment energy U, is simply
the ratio of the fragment mass to the parent mass times the
parent energy, (m,/m) U. For fragment ions the distance to
the spatial focus is 4(U,)/gE. Clearly for fixed reflectron
field strength E the distance to the spatial focus depends on
the mass of the fragment ion. By reducing the reflectron field
strength to the value

E = (m/m)E, 24)

fragment ions of mass m, will be spatially focused at the
same distance D that the parent ions are by the reflectron
field strength E. The focused fragment ions also spend exact-
Iy the same time in transit to the ion detector as their parents
did, providing unambiguous fragment ion mass determina-
tion. In addition, since the focused fragment ions follow the
same trajectory as their parents, they will strike the detector
in the same area, eliminating possible problems of spatially
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varying detection efficiency. This arrangement unfortunate-
ly precludes detection of all fragment ions from each laser
pulse, but affords an unambiguous method of determining
the mass of the fragment ion.

The reflectron is 20 cm deep and 15 cm in diameter.
Wire mesh at both ends allows particles to enter and exit the
retarding field region while maintaining a uniform electric
field within the reflectron. The entrance to the reflectron is
held at the beam potential, 2.5 kV, and the rear is biased so
the ions of interest are reflected at 50%-90% of the total
depth, — 3.5 kV to — 830 V for parent ions. Ten guard
rings, 0.4 in. thick, spaced by 0.021 in. thick Mylar washers
and connected by resistors drop the potential smoothly
between the ends and maintain field homogeneity. The en-
tire assembly is tilted 10°, displacing the reflected ions 20°
from the incident beam to allow room for the ion detector.

The ion detector (Johnston MM 1) and a series of paral-
lel wire acceleration meshes are mounted in an aluminum
cylinder to shield the ion beam from the detector bias poten-
tial. A small potential, approximately 200V, is applied to the
first mesh to discriminate against iow energy electrons. The
second mesh accelerates ions an additional 3 keV just before
striking the detector. The additional kinetic energy is par-
ticularly important for efficient detection of the very light
(low energy) ionic fragments produced by photodissocia-
tion of large parent ions. Signal levels are usually in the range
of 10°-10° ions per valve opening, which requires the detec-
tor to be operated in a linear rather than a particle counting
mode.

A particle multiplier ( Ceratron series EME) located be-
hind the reflectron along the primary TOF axis allows detec-
tion of neutral particles resulting from photodissociation or
photodetachment of ions. Neutral photofragments from a
given parent ion are obviously not separated in the reflectron
and all arrive at the neutral detector simultaneously. The
number of neutral fragments typically exceeds 100 from
each laser pulse, so this multiplier must also be operated in a
linear gain mode.

Under our operating conditions, (U) = 3 keV, D= 20
cm, and 6 = 20°, we estimate a mass dispersion of 50 ns/amu
for a fragment ion of mass 100 amu from a parent ion of mass
500 amu. The typical width of a mass peak is 70 ns
(FWHM), so identical masses are well focused while differ-
ent masses are dispersed. We normally attain a fragment ion
mass resolution > 50, even though the energy resolution U /
AU of the parent ion beam is only 5.

E. Data collection

In the negative ion mode of operation, after ion accelera-
tion and electron amplification, the anode potential of the
ion detector reaches 10 kV, requiring capacitive coupling of
the ion signal to the pulse processing electronics. The signal
is preamplified (Ortec 9301) and sent to a transient digi-
tizer/signal averager (Transiac 2001S/4100). Dwell time,
record length, and the number of averages are controlled by
a computer (DEC MINC-11), which also reads the data
from the signal averager and stores it on a disk after comple-
tion of the preset number of averages.
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FIG. 3. A typical parent ion mass spectrum. The major species are (CO, ),
and Br; - (CO,),, clusters. In addition, Br~- (CO,),, clusters are present in
the lower mass region while Br; - (CO,), clusters are present in the higher
mass region.

Figure 3 shows a parent ion mass spectrum taken under
the typical conditions described previously. This spectrum
was taken at 20 ns dwell time and is an average of 128 open-
ings of the pulsed valve. Several classes of cluster ions are
present in the mass spectrum, Br~ - (CO,),, Br; - (CO,),,
Br, - (CO,),, and (CO,), clusters. The parent ion mass
resolution, M /AM, is about 200, more than enough for sepa-
ration of these species. Multiplets due to the isotopes of bro-
mine are easily resolved up to mass 500, making the assign-
ment of this portion of the mass spectrum especially easy.
Arrival times of higher mass cluster ions are readily calculat-
ed by extrapolation from the arrival times of the lower mass
cluster ions.

The acquisition of photofragmentation data involves
some additional steps. The laser timing is adjusted to allow
the laser pulses to strike the selected parent cluster ion and
the reflectron voltage is adjusted to focus the fragment ion of
interest. The laser timing is set by observing, on an oscillo-
scope, either the depletion of a given parent ion peak or the
production of neutral photofragments. The latter method is
much more sensitive and was used for the 700 and 820 nm
data. The computer sets the reflectron voltage for the select-
ed fragment ion mass, as discussed above, and directs the
signal averager to record data for a number of openings of
the pulsed valve with the laser striking the selected cluster
ion and the same number with it blocked. This process is
repeated for each fragment ion from each parent ion. The
photofragmentation data presented here are the result of 800
openings of the pulsed valve (400 with the laser striking the
selected ion and 400 with it blocked) per fragment ion.

The branching ratios for photofragmentation of a given
parent ion are determined by integrating the stored fragment
ion mass peaks and scaling the results to compensate for the
momentum dependent detection efficiency of the ion detec-
tor. The scaling relationship for detection efficiency was de-
termined by comparing the absolute amount of signal deplet-
ed from a parent cluster peak with the amount appearing as
fragment ion signal. This quantity was measured for several
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different ions and a variety of energies, and found to vary
approximately linearly with momentum over the energy
range of interest. While this approximate dependence was
used to scale the raw data, it does not materially affect the
results.

lil. RESULTS AND DISCUSSION

The primary goal of this work is to study the photodisso-
ciation and recombination dynamics of Br;” in Br; - (CO,),,
clusters. The first section reports the photofragmentation
products generated by photoexcitation of the cluster ions.
Before drawing conclusions about the dynamics of photodis-
sociation and recombination from the data, three relevant
issues will be addressed. First, we present evidence that the
identity of the chromophore within the cluster is Br; . Sec-
ond, the contention that the Br; chromophore dissociates
following photoabsorption will be substantiated. Third, data
will be presented which argue that recombination has actu-
ally occurred in the Br;” based photofragments. Finally, the
photofragmentation data are interpreted in terms of the dy-
namics of photodissociation and recombination.

A. Photofragmentation data

Photoabsorption by a given Br; - (CO,),, cluster results
in the production of two types of ionic photofragments: Br;
based fragments

Br; - (CO,), + Av—Br; - (CO,),, + (n — m)CO,, (3.1)
and Br~ based fragments

Br; (CO,), + Av—Br~-(CO,), + Br + (n — k)CO,.
(3.2)

Identification of the ionic products is straightforward, even
when both types of products are present. For example, Fig. 4
shows Br;” and Br™ ' (CO,), fragments resulting from ab-
sorption of a 700 nm photon by Br; - (CO,)s. The Br; frag-
ment is easily distinguished from the Br~ based fragment by
the triplet vs doublet isotope splitting as well as by the arrival
time.

Br3+(COz), Fragments
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FIG. 5. A schematic representation of the ionic photofragments from
Br; - (CO;),, n = 1-19, at 700 nm. The peaks lying along a given horizon-
tal line represent the ionic photofragments from a given parent ion. Br~
based photofragments are unshaded and are labeled by the axis at the bot-
tom. Br; based photofragments are shaded and labeled by the axis at the
top.

A representation of the 700 nm photofragmentation
data for Br; - (CO,),, n = 1-19, is shown in Fig. 5. The
uncertainty is approximately 5% of the height of the peak.
The 700 nm photofragmentation data show only Br~ based
fragment ions for n < 4. Both types of fragment ions are ob-
served for n = 4-12. For n>13, only Br; fragments are ob-
served. The photofragmentation data at 820 nm are similar,
except that Br; based fragment ions are first observed at
n = 2. For 355 nm excitation, Br, based fragments are not
observed until n = 11.

The branching ratio for production of Br; based frag-
ment ions (the number of Br; based fragments divided by
the total number of ionic photofragments) vs cluster size for
the wavelengths studied is plotted in Fig. 6. For 700 and 820
nm excitation, the data can be divided into three regions:

(I) A small cluster region, n<10, where most of the
ionic fragments are Br~ based.
(II) An intermediate transition region from n = 10-
13.
(IIT) A large cluster region, 7> 13, where the only ionic
fragments observed are Br, based.
The branching ratio in region I is strongly dependent on
photon energy, decreasing by as much as a factor of 2
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Br®'Br~, and ®'Br;, respectively) and Br~ - (CO,), (167 and 169 amu

for the ”Br~ and ®'Br ™~ isotopes, respectively), arising from the photofrag-
mentation of Br; - (CO,) at 700 nm.
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FIG. 6. The branching ratio for production of Br;” based ionic photofrag-
ments vs parent cluster ion size for 355, 700, and 820 nm excitation.
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between 820 and 700 nm excitation. Region II is dominated
by a sharp rise in branching ratio, reaching 100% at n = 13.
In the third region, only Br, based ionic fragments are ob-
served, independent of both cluster size and photon energy.
Additional ionic photofragments corresponding to absorp-
tion of two photons are observed at higher laser fluences for
n>4 at 700 nm and n > 2 at 820 nm. These photofragments
are less massive than the one photon fragments, and have
intensities proportional to the square of the laser fluence.

The 355 nm data in Fig. 6 also display three regions. In
the small cluster region the 355 nm data show no detectable
Br; based fragments. A rapid increase in branching ratio
occurs from n = 12-14. For larger clusters the branching
ratio is approximately constant at 50%.

B. Photoabsorption and electronic structure of
Brz-(COz),

We contend that the charge in the Br; - (CO,),, clusters
remains localized on an intact Br;, and furthermore that
Br, is the visible chromophore in the cluster ions. This con-
tention seems likely a priori, based on studies of the dihalo-
gen negative ions in solution,>® where features in the vibra-
tional Raman spectra occur at values calculated®’ for
isolated Br, . Similarly, studies of alkali metal cations com-
plexed to Br, in an argon matrix®® indicate that Br; re-
mains the chromophore in the matrix. The remainder of this
section discusses evidence relevant to the claim that the
charge remains localized on an intact Br;” and that Br; is
the chromophore in Br; - (CO,), clusters.

A discussion of the energetics of Br; is useful prior to
consideration of the electronic structure of Br; - (CO,),.
The potential energy curves of Br; relevant to the photoab-
sorption process are shown schematically in Fig. 7. Photoab-
sorption at 355 nm corresponds to a transition from the *3
ground state to the purely repulsive >2 ;" excited state. Pho-
toabsorption at 700 or 820 nm results in a transition to the

T T
Br+Br
4 - > —
L]
0
S @
2 "
w =
33
2 il e
il PN
— R
E Br+8r3 e
. L= 4
> 25+ of ui
u ()
(o = -
1 ] | ]
2 3 4 5 6
R (R)

FIG. 7. The relevant potential energy curves for Br;” and Br,. The vertical
arrows labeled by wavelength are intended to show schematically which
excited state is accessed at a given wavelength.

*[1, state, which is also repulsive. It is clear that photoab-
sorption leads to photodissociation with unit quantum effi-
ciency. Although no photodissociation data are available for
gas phase Br, , there have been photodissociation studies of
Cl;,%4% which suggest that the *I1, state may be weakly
bound.*® The potential energy curves in Fig. 7 were taken
from the calculations of Wadt and Hay.*' The asymptotic
energies have been adjusted to agree with experimental val-
ues for the electron affinity (EA) of Br, and the dissociation
energy (D,) of Br, . The EA of Br, has been determined to
be 2.6 + 0.2 eV by endoergic charge transfer.*? There are no
direct measurements of D,(Br, ) in the gas phase; however
areasonable estimate can be obtained from a thermodynam-
ic cycle that uses the EA of Br,, Do (Br,), 1.971eV,* and the
EA of Br, 3.365 eV*:

Dy(Br; ) = Do(Br,) + EA(Br,) — EA(Br) .

This yields a Br;” bond energy of 1.2 + 0.2 eV. Raman stud-
ies of Br; in solution yield a similar value, 1.3 + 0.2 eV, via
Birge-Sponer extrapolation.>® Based on this bond energy,
photoabsorption of 820 nm (1.5 eV), 700 nm (1.8 eV), or
355nm (3.5eV) photons by Br,™ gives, respectively, 0.3,0.6,
or 2.3 eV Kkinetic energy to the nascent atoms.

In the Br; : (CO,), clusters, the Br,” species is expect-
ed to be stable based on energetic grounds. Especially clear is
the case of the binary complex Br;™ - (CO,), where consider-
ation of only a few alternative charge distributions is re-
quired: Br,-CO;,[Br,CO,]~, and Br-CO,-Br—. The
Br,-CO, form is very unlikely since CO; is unstable by 0.6
eV*® with respect to CO, + e~ . This implies that this config-
uration is less stable than Br; -CO, by 3.2 eV (the EA of Br,
plus an additional 0.6 eV required to force the electron onto a
CO, monomer). Since the addition of an electron to CO, is
endoergic, even a partial charge transfer described by
(Br,-CO,)~ would appear to be unfavorable. The
Br-CO,"Br~ structure is also unlikely, since it costs the
bond energy of Br; (1.2 eV) and recovers only the differ-
ence between the EAs of Br, and Br (0.75 eV) and the differ-
ential solvation energy between the Br:-CO,:Br~ and the
Br; - CO, structures.

For larger clusters, the possibility of Br,* (CO,), com-
peting with Br;™ - (CO,),, can similarly be ruled out energeti-
cally. DeLuca et al.*6 have measured photoelectron spectra
of (CO,), clusters, n = 2-13, and observe that the EA of
the corresponding neutral cluster is less than ~2.2 eV. Since
the EA of Br, is 2.6 eV, the charge transfer reaction
Br; + (CO,), —Br, + (CO,), is endothermic at least for
n < 14. The positive electron affinity of the larger (CO,),
clusters does not, however, preclude the possibility of some
charge sharing in the larger clusters. Regarding the
Br-(CO,), Br™ class of structures, where the bromine
atoms are separated, it seems likely, in analogy with the bina-
ry Br; -CO, complex, that the energy gained is less than
D,(Br; ). These structures are therefore unlikely to be more
stable than Br; - (CO,),. Based on these energetic argu-
ments, we contend that the Br; - (CO,), configuration is
the most stable. Detailed electronic structure calculations on
these species are not available, but would be most welcome.
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Since the clusters are formed by association of CO, mon-
omers onto the Br;~ core, the existence of a kinetic bottle-
neck inhibiting the formation of the most stable structure is
unlikely.

We have no direct spectroscopic evidence that
Br; - (CO,), correctly describes the clusters in this experi-
ment, however, the photodissociation data support the con-
tention. We observe that free Br; has a small photodissocia-
tion cross section at both 820 and 700 nm, exhibits no
photodissociation at 532 nm, and has a large photodissocia-
tion cross section at 355 nm, approximately 20 times larger
than the photodissociation cross section at 700 and 820 nm.
All of the Br; ‘- (CO,), clusters studied here display very
similar photodissociation behavior. In contrast, neither
Br™-(CO,), or (CO,),, clusters show detectable photodis-
sociation at 700 or 820 nm. These observations are a strong
indication that Br;™ is the chromophore for all of the clusters
studied here.

Supporting evidence for a Br;” chromophore also comes
from the photofragmentation data. Photolysis of
Br; - (CO,), at 355 nm always yields some Br~ based pho-
tofragments. The existence of these products following 355
nm excitation suggests that the photon energy is localized in
the Br-Br~ bond and that the >,F «?2} transition of Br;
is intact for all clusters studied. Thus, it seems reasonable to
assume that photoabsorption at 700 and 820 nm is due to the
1, 2=} transition of Br; for all of the clusters studied.
These results support the contention that the electron re-
mains localized on Br, in the clusters studied and that the
electronic structure of clustered Br, is qualitatively un-
changed from that of free Br; .

The photofragmentation behavior of other cluster ions
also supports the existence of a Br; chromophore in
Br; - (CO,), clusters. Photolysis of (CO,), clusters at 355
nm results*® in evaporation of neutral CO, molecules for
n>13, and thus only Br;” based and (CO,), ionic photo-
fragments would be expected from photofragmentation of
large Br; - (CO,),, clusters if the charge had completely left
Br,. Since only Br™ and Br; based photofragments are ob-
served from Br; * (CO,),, the electron appears to be at least
partially localized on Br,. Photodetachment is the only
channel observed following absorption of 355 nm photons
by Br™-(CO,), clusters, i.e., no ionic photofragments are
observed. This is not the behavior observed for the
Br; - (CO,),, clusters and implies that Br, is intact within
the Br,; - (CO,),, clusters.

Based on the combined strength of these arguments, we
conclude that the charge remains localized on Br,, and that
Br, is the absorber for all the clusters investigated in the
present work. This is equivalent to concluding that the gross
electronic structure of the parent cluster ions is of the form
Br, - (CO,), and not Br,"(CO,),, [Br, (CO,),]7, or
Br:(CO,), Br™.

C. Photodissociation of Br;

Both the photofragmentation and the photodissociation
data indicate that the Br;” chromophore dissociates follow-
ing photoabsorption. The observation of Br~ based photo-

fragments clearly indicates dissociation of Br; in some of
the absorbing clusters. The most direct evidence that Br;" is
initially dissociated in all of the absorbing clusters is the
similarity of the cluster ion photodissociation cross section
to that of free Br; .

With 355 nm excitation, some Br~ based photofrag-
ments are always observed, indicating that excitation occurs,
atleast partially, to a dissociative state. With 820 and 700 nm
excitation, only Br; based fragments are observed for the
larger clusters, and, as a result the case is less clear. Because
the excess energy at 820 and 700 nm (0.3 and 0.6 €V, respec-
tively, above the dissociation energy of free Br, ) is close to
the energy of solvation, it is possible that the disappearance
of Br™ based photofragments at # = 13 results from a solva-
tion effect producing a bound upper state. If this were the
case it is likely that the photodissociation cross section
would change, including, perhaps, the appearance of struc-
ture in the cross section as a function of wavelength. The
similarity in photodissociation cross section for all of the
cluster ions studied and the lack of any structure observed as
a function of wavelength near 700 and 820 nm in any of the
ionic clusters, argues that photoabsorption always results in
dissociation of Br, in the Br; - (CO,), cluster ions.

D. Recombination of the dissociated Br;

Examination of the fragmentation data indicates that
Br; has recombined within the fragment ion clusters which
contain two Br atoms, i.e., the structure of the Br, based
fragment ions is Br; - (CO,),,, not Br~-(CO,),, 'Br. Atin-
creased laser fluence the 700 nm fragmentation products of
Br; : (CO,),, with n >4, include small amounts of small
Br™ based photofragments. The quantity of these Br— based
photofragments depends on the square of the laser fluence,
indicative of a two photon process. Since Br~- (CO,), and
presumably Br- (CQO,), do not absorb 700 nm radiation,
these fragments probably result from absorption of a second
photon by the recombined Br; , i.e.,
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FIG. 8. The average number of CO, molecules lost after absorption of a 1.8
¢V photon for both Br;” and Br~ based photofragments as a function of
parent cluster jon size. The solid horizontal line shows the predicted maxi-
mum average number of CO, molecules lost for 1.8 eV excitation. The
dashed horizontal line shows the predicted maximum average number of
CO, molecules lost for 0.6 eV excitation.
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Additional evidence that the dissociated Br, has re-
combined in the Br; based photofragments comes from
analysis of the number of CO, molecules lost following pho-
toabsorption. The average number of CO, molecules lost
following photoabsorption at 700 nm (1.8 eV) as a function
of parent cluster ion size for both Br~ and Br;™ based photo-
fragments is shown in Fig. 8. The average number of CO,
molecules remaining on Br, based photofragments is al-
ways less than the average number remaining on Br~ based
photofragments from the same parent ion.

The horizontal lines in Fig. 8 are derived from the data
in Fig. 9, a plot of the average number of CO, molecules lost
in the photofragmentation of large (CO,),} (n>20) and
(CO,), (n>35) clusters®>** as a function of excitation en-
ergy. For the large clusters the average number of CO, mole-
cules lost is linearly dependent on the excitation energy but
independent of the parent cluster ion size or the sign of the
charge. The average number of CO, molecules lost from
smaller clusters is less than the average lost from larger clus-
ters, for a given excitation energy, and decreases with de-
creasing cluster size. Thus, the average energy expended per
CO, molecule lost in the smaller clusters is more than that
expended in the larger clusters. Figure 9, therefore, repre-
sents the maximum average number of CO, molecules lost,
as a function of excitation energy, in the photofragmentation
of (CO,),” or (CO,),f cluster ions. Similarly, the slope of
the data in Fig. 9 represents the minimum average energy
required to remove one CO, molecule from a (CO,), or
(CO,),F cluster ion.3>** The solid line in Fig. 8 corresponds
to the loss of 9.2 CO, molecules, the maximum expected
average loss with 1.8 eV of excess energy. The dashed line in
Fig. 8 corresponds to the loss of 3.6 CO, molecules, the max-
imum expected average loss with 0.6 eV [1.8 eV—
Dy(Br; )] of excess energy.

For the Br; based photofragments, the average number
of CO, molecules lost is consistent with all of the excitation
energy becoming available for evaporation of CO, mole-

Alexander et a/.: Recombination of Bry

cules. Conversely, the number of CO, molecules lost is in-
consistent with only 0.6 eV available for evaporation of CO,
molecules. This observation implies that a preponderance of
the energy initially expended to break the Br; bond is recov-
ered by recombination. For the Br~ based photofragments,
the number of CO, molecules lost is consistent with that
expected if only 0.6 eV is available for evaporation of CO,
molecules.
E. Dynamics of photodissociation and recombination
Having concluded that Br;™ is the chromophore for all
the clusters studied here, and that following photodissocia-
tion, recombination of Br;~ occurs in the Br,” based photo-
fragments, the dynamics of photodissociation and the subse-
quent recombination can now be addressed. We have
measured the dependence of the branching ratio for recom-
bination on two factors: photon energy and parent cluster
ion size. The results are summarized below.

For the photon energies studied, the branching ratio for
recombination vs parent cluster ion size (Fig. 6) can be di-
vided into three regions:

(I)  In the region from # = 2-10, the branching ratio

for recombination is small, increases gradually
with parent cluster ion size and is strongly depen-
dent on the photon energy.
For parent cluster ion sizes of # = 10-14, the
branching ratio for recombination displays a
strong dependence on parent cluster ion size re-
gardless of the photon energy.

(III) For parent cluster ion sizes of n> 14, only recom-
bined ionic photofragments are observed for 700
and 820 nm excitation. For 355 nm excitation the
branching ratio is approximately 50%. A weak
dependence on photon energy and no dependence
on parent cluster size are observed in this cluster
size regime.

The caging mechanism operative for small clusters appears
to be controlled primarily by the photon energy, probably by
the kinetic energy of the nascent Br atoms. A different mech-
anism is indicated for the large clusters: one largely insensi-
tive to photon energy and parent cluster ion size.

A hard sphere model for the interaction of the nascent
Bratoms with the CO, molecules does not explain our obser-
vations. Calculations on the (CO,),, neutral cluster by van
de Waal*’ indicate that the most stable structure is an isosa-
hedral shell of 12 CO, molecules completely surrounding a
central CO, molecule. If the large Br;” - (CO,),, clusters had
a complete shell of CO, molecules, the repulsive interactions
of the nascent Br atoms with the CO, molecules in the path
of the dissociating diatom could lead to recombination fol-
lowing absorption of a sufficiently low energy photon if the
collision occurred when Br;” was still in the attractive region
of its potential. This is essentially the mechanism proposed
by Amar and Berne?' for recombination in large Br,-Ar,
clusters. For the smaller ionic clusters a distribution of struc-
tures, principally without nearly collinear CO, molecules,
could explain the observed low occurence of recombination.
However, the difference in the photon energy dependence of
the branching ratio between small and large ionic clusters is
difficult to explain with this purely repulsive model; a more

(ID)
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sophisticated model incorporating the effects of intermole-
cular attraction is indicated.

The photodissociation of Br; in Br; -Ar, clusters has
been studied recently by Amar.?? The equilibrium structures
calculated for the Br; - Ar, clusters show that for n < 10 all
of the Ar atoms lie about the interatomic axis of Br, . The
only way Ar atoms in this configuration can cage a dissociat-
ing Br, is by collectively attracting the nascent atoms, since
no small impact parameter collisions between the Br and Ar
atoms occur. Amar’s molecular dynamics calculations show
that this is the case for Br; - Ar,. Since the branching ratio
for recombination is determined by a balance between the
kinetic energy of the nascent Br and Br— and their attraction
to the surrounding Ar atoms, the branching ratio should
depend strongly on excitation energy. The branching ratio
for recombination of small Br; - (CO,), clusters depends
sensitively on photon energy. Although the structure of
Br, -(CO,), is not known, we suggest that an attractive
mechanism may also apply to small Br; - (CO,),, clusters.
For kinetic energies much larger than the attractive interac-
tion, e.g., following 355 nm excitation, no recombination
occurs.

For Br, -Ar,,, Amar finds that one Ar atom residesina
position nearly collinear with Br;, in the path of the dissoci-
ating diatom, and that recombination is principally due to
impulsive collisions between the collinear atom and a nas-
cent Br atom. This model suggests that once the repulsive
interactions become important, recombination will occur
with high probability for low excitation energy and exhibit a
weak dependence on cluster size. This impulsive model is
probably the mechanism for recombination in Br; - (CO,),,
with n > 12, where 100% recombination is observed for both
1.5 and 1.8 eV excitation. For greater excitation energy, e.g.,
3.5 eV, such a model suggests that recombination will occur
with lower probability but continue to exhibit a relatively
weak dependence on cluster size, as is observed. The mass of
the solvent molecules may have a significant effect on the
recombination process in this regime, an effect which we
have not explored but which is amenable to further experi-
ments.

The transition region observed is due to the transition
from attractive to repulsive control of the recombination
process. The increase in branching ratio for recombination
which begins at Br;” - (CO,),, is possibly due to the appear-
ance of a CO, molecule in the path of the dissociating diatom
for some of the clusters as a result of a distribution of struc-
tures or the effects of large amplitude motion in the cluster.
Recombination would be highly likely in these clusters and
would lead to an abrupt increase in the measured branching
ratio for recombination. Molecular dynamics simulations
incorporating thermal averaging would contribute to under-
standing this transition.

V. SUMMARY

We have demonstrated the use of an ion source to synth-
esize clusters of the form Br; ‘- (CQ,),. These ion clusters
are mass analyzed, photodissociated and the resulting ionic
photofragments mass analyzed. Data are presented which
imply that the chromophore is Br, for the clusters studied,

6209

and that visible and near UV photoabsorption results in dis-
sociation of Br;, followed by recombination in some cases.
Two CO, molecules are sufficient to cage Br;” at a photon
energy of 1.5 eV, 0.3 eV above the dissociation limit of free
Br, . The minimum number of CO, molecules required to
cage Br; depends strongly on the photon energy. The
branching ratio for recombination vs parent cluster ion size
reveals three regions. For small clusters, n < 10, the branch-
ing ratio for recombination is small for all photon energies
used. For clusters with n = 10-13, an abrupt transition from
asmall to a large branching ratio is observed. This transition
persists over a wide, 2.0 eV, range of excitation energies. For
large clusters, n > 13, the branching ratio is large, with only
recombined ionic photofragments observed following low
energy excitation. The data suggest that two mechanisms are
responsible for recombination. For small ionic clusters, re-
combination appears to be due to attractive forces between
the CO, molecules and the dissociating diatom, while, for
large ionic clusters, impulsive collisions of the nascent Br
atoms with the CO, molecules are largely responsible for
recombination.

This ionic system presents an excellent opportunity for a
detailed study of the dynamics of photodissociation, recom-
bination, and relaxation. Due to the paucity of low lying
electronic states of Br;, all of them repulsive, the complex-
ity concerning nonadiabatic effects in the recombination
process is reduced. Furthermore, since photoabsorption is
detected extremely sensitively via fragmentation, similar
techniques as those described here can be used for picose-
cond pump—probe measurements.
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