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An investigation of the photodissociation dynamics of the dimer anion O2
4 at 523.6, 349.0, and
261.8 nm is reported. Product translational energy and angular distributions have been obtained
using photofragment translational spectroscopy in a fast ion beam. At all wavelengths
2
photodissociation ~O2
4 1h n →O21O2 ! is observed to proceed via a rapid parallel electronic
transition, with the photofragment angular distribution strongly peaked along the laser electric
vector. The lowest energy photodissociation channel produces O2(a 1 D g ) and ground state
2
2
O2
2 (X P g ), indicating that O4 is a doublet anion. The partitioning of energy in the dissociation
reveals a complicated wavelength dependence. © 1996 American Institute of Physics.
@S0021-9606~96!00548-X#

I. INTRODUCTION

Interest in the study of photodestruction dynamics in
cluster ions has grown due to the central role they may play
in developing an understanding of the transition from the
photochemistry of isolated molecules to condensed phases.1
Homogeneous cluster ions, however, can exhibit bonding interactions distinct from either isolated molecules or extended
condensed phase systems.2 Dimer anions present especially
interesting systems for study, since the excess electron may
be either localized or delocalized depending on the nature of
the charge-transfer interaction between the monomers.3,4
Studies of the dynamics of photodestruction, via both photodetachment and photodissociation, provide an important test
of our understanding of the structure and bonding of dimer
anions. The present work describes studies of the photodissociation dynamics of the tetroxide ion, O2
4 , at 523.6, 349.0,
and 261.8 nm.
The photodestruction of O2
4 has been studied in a series
of photodestruction cross-section measurements.5–8 Total
cross sections measured in the 400- to 800-nm range showed
no resolvable structure, and thus no evidence for long-lived
excited states of the anion.6–9 Smith et al. determined the
8
threshold for the photodestruction of O2
4 to be 1.57 eV. Lee
2
9
and Smith recognized that the photodestruction of O4 was
likely to proceed by both photodissociation @Eq. ~1!# and
dissociative photodetachment @Eq. ~2!#,
2
O2
4 1h n →O21O2 ,

~1!

2
O2
4 1h n →O21O21e .

~2!

Early mass spectrometric work by Conway and Nesbitt indicated that O2
4 is stable with respect to dissociation into
10
O21O2
2 by 0.59 eV. More recent mass spectrometric measurements by Hiraoka indicate a stability of 0.4660.02 eV.11
Johnson and co-workers studied the photodissociation of
12–14
Photoelectron
O2
4 using photoelectron spectroscopy.
spectra reported at 532 and 355 nm showed no resolved vibrational structure. In the O2
4 photoelectron spectrum,
Johnson and co-workers also observed the weak features of
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15
the photoelectron spectrum of O2
A study of the laser2 .
power dependence showed that this signal originated from
photodissociation of O2
4 @Eq. ~1!#, followed by photodetach13,16
In a recent study
ment of nascent O2
2 by a second photon.
of the dynamics of the dissociative photodetachment @Eq.
17–19
~2!# of O2
we have also observed photodis4 at 523.6 nm
2
sociation of O4 .
Experimental studies on the structure of O2
4 have employed matrix-isolation techniques.20–22 These investigations
have indicated a symmetric, electron-delocalized trans-C2h
structure. Theoretical calculations of the structure and energetics of O2
4 have produced a range of predicted bond energies and structures. A semiempirical self-consistent field
~SCF! calculation by Conway23 predicted a C2h structure
with an O–O–O bond angle of 110° and a bond energy of
;0.4 eV. The O2
2 –O2 separation was found to be 2.1 Å.
Ohta and Morokuma examined the structure of quartet states
of O2
4 using ab initio techniques ~unrestricted Hartree–Fock
~UHF! SCF, 3-21G basis set!.24 The bond energy of 0.12 eV
given by these calculations is not consistent with the ob25
recently extended these
served stability of O2
4 . Li et al.
studies of quartet states with a UHF-SCF calculation using a
6-31G1sp basis set and found two C2 v minima bound by
'0.57 eV. These structures are well described as O2
2 •O2 ,
with a separation of '3.2 Å. High-level converged calculations of the doublet states of O2
4 remain to be done.
In the following section, the photofragment translational
spectrometer used in these studies is described. This is followed by a review of the data analysis and a presentation of
the raw data. Center-of-mass translational energy and angular distributions are then presented, with an emphasis on the
photodissociation channel producing O2
2 1O2 . The dissociation dynamics are discussed in the context of simple impulsive and Franck–Condon models for the partitioning of energy.

II. EXPERIMENT

In the experiments presented in this paper, both molecular products from a photodissociation event are measured in
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FIG. 1. Schematic of the apparatus. The photoelectron spectrometer, ~10!, is not used in the present experiments. The laser electric vector, E, is shown
vertically polarized relative to the ion beam direction. The polar angle ~u! of photofragment recoil relative to the E vector is also shown. The chamber is
differentially pumped by diffusion pumps ~DP! and a turbomolecular pump ~TMP!.

coincidence with a photofragment translational spectrometer.
This allows the measurement of kinetic energy and angular
distributions characterizing photodissociation and dissociative photodetachment processes. A schematic of the apparatus is shown in Fig. 1. The apparatus consists of a massselected anion source, a photoelectron spectrometer,26 and a
photofragment translational spectrometer capable of detecting neutrals or anions. A brief description of photofragmentation studies with this apparatus has been previously
published.27
The fast-beam photofragment translational spectrometer
is similar to that used by Neumark and co-workers to study
the photodissociation of neutral-free radicals.28 O2
4 is generated by crossing a pulsed supersonic expansion of neat O2
~1! with a 1-keV electron beam ~2!.29 The nascent anions
cool in the expansion and pass through a skimmer into a
differentially pumped chamber where they are accelerated to
a beam energy of 2.5–7 keV ~3!. After acceleration, the ion
beam is referenced to ground potential using a potential
switch ~4!.13 Anions are separated according to mass by a
time-of-flight technique that involves a rapidly switched potential perpendicular to the beam axis ~5! and a small entrance aperture ~8! into the laser-interaction region.30 Electrostatic deflectors ~6! are employed to direct the ion beam
through the entrance aperture. Ions are also guided over a
beam-block situated on the beam axis31 ~7! which removes
fast neutral particles from the beam.
Anions at the mass of interest are intersected at a right
angle by a linearly polarized laser pulse ~9! from the frequency doubled ~523.6 nm!, tripled ~349.0 nm!, or quadrupled ~261.8 nm! output of a Nd:YLF laser ~Spectra Physics TFR!. The laser yields 200 mJ at 523.6 nm and 20–30 mJ
at either of the ultraviolet wavelengths using appropriate
nonlinear optics. The laser pulse is 6 ns long full-width-athalf-maximum ~FWHM! and is focused to a 0.5-mm-diam
spot at the point of ion–laser interaction. Absorption of a
photon by O2
4 leads to either photodissociation producing a
neutral and an ionic photofragment or dissociative photodetachment producing two neutral photofragments and a photoelectron.
Photofragments recoil out of the beam over a 96-cm
flight path toward a two-particle time- and position-sensitive

detector ~13!. Fragments must clear a 7-mm-wide horizontal
beam stop to impinge on the detector microchannel plates.
The beam stop is centered on the ion-beam axis to prevent
undissociated ions from reaching the detector. A double
wedge-and-strip anode encodes the position of incident
photofragments on each half of the detector.28 The face of
the detector is held at ground potential to enable the detection of both neutral and charged products. Due to the oneparticle-per-shot detection limit and the coincidence nature
of the experiment, the photodestruction rate is limited to
much less than one event per laser shot. To speed data acquisition the ion source and laser system are operated at a
repetition rate of 500 Hz. The experimental coincidence
count rate is '20 Hz.
Using the time- and position-of-arrival information it
can be determined if the two photofragments originated in a
single dissociation event by checking for conservation of
momentum given the possible dissociation pathways. Once
the mass of the photofragments is determined, the kinetic
energy and recoil angle of the photofragments are calculated,
with the results histogrammed in a raw translational energy
and angular distribution, N(E T , u ).28,32 The photofragment
translational spectrometer has been calibrated using the pho33
todissociation of O2
at 261.8 nm.
2 by the A←X transition
This calibration showed that energy resolution is no worse
than DE/E;10%.
The photofragment translational spectrometer is operated using two different collection modes. Either neutral and
ionic photofragments are simultaneously collected (N1I) or
only neutral photofragments are collected ~N-only!. If the
N-only mode is selected, then the deflection field ~11! is used
to direct undissociated ions and ionic photofragments to a
detector ~12! to measure the ion beam intensity. In the N1I
mode, the deflection field and detector are not used and undissociated ions are dumped into the beam stop on the front
of the photofragment detector. Comparison of coincidence
data taken in the two modes allows spectral signatures due to
photodissociation to be distinguished from dissociative photodetachment.
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III. DATA ANALYSIS

The use of a large-area detector permits a wide kinematic range of photofragments to be detected in coincidence,
allowing the simultaneous and correlated measurement of
photofragment energy and angular distributions in a single
experiment. The beam stop and finite detector size, however,
can discriminate against certain portions of these distributions. The photofragment mass ratio, angular distributions,
and laser electric vector direction all have a strong influence
on this discrimination. To obtain the true form of the centerof-mass distributions, the spectra must be corrected for the
incomplete detector acceptance.28 Since the detector geometry and experimental conditions are known, it is straightforward to numerically correct for the limited acceptance and
directly invert the raw data to the center-of-mass frame kinetic energy and angular distribution P(E T , u ). We perform
the detector acceptance correction following the examples of
Los34 and Neumark.28 The corrected and normalized photofragment energy and angular distribution P(E T , u ) is then
least-squares fit to the separable form:
P ~ E T , u ! 5 P ~ E T !@ 11 b ~ E T ! P 2 ~ cos u !# .

~3!

Here, P 2~cos u! is the second Legendre polynomial in cos u,
b(E T ) is the anisotropy parameter for a given translational
energy release, and P(E T ) is the translational energy release
distribution. b(E T ) describes the energy dependent angular
distribution, and varies between the limits of cos2 u ~b52,
parallel transition! and sin2 u ~b521, perpendicular transition! in the limit of prompt axial recoil.35
The preceding discussion describes the procedure used
to extract P(E T ) and b(E T ) from the data recorded in a
single experiment. While the detection scheme samples a
wide range of E T and u space, the coverage is not complete.
A more complete P(E T , u ) can be determined by combining
data acquired under different experimental conditions ~beam
energy, laser polarization and/or detector position!. Due to
the large kinematic range of each data set, it is straightforward to scale different data sets and combine them. Adding
these data sets together allows not only more complete distributions to be obtained but also establishes confidence levels for the P(E T ) and b(E T ) distributions.36 The P(E T ) and
b(E T ) distributions reported in this paper were obtained in
this manner. The quality of the P(E T ) and b(E T ) found by
this approach can be checked using a Monte Carlo forward
convolution simulation to compare to the raw data.28 Simulated data is generated by averaging P(E T ) and b(E T ) over
apparatus parameters including the ion beam size, velocity
and angular distribution, the laser beam spot size, detector
geometry and the time- and position-resolution of the detector.
IV. RESULTS—PHOTODISSOCIATION OF O2
4 AT
523.6, 349.0, AND 261.8 nm

Raw photofragment translational energy release spectra,
N(E T ), from the photodestruction of O2
4 at 523.6 nm ~2.368
eV!, 349.0 nm ~3.552 eV!, and 261.8 nm ~4.736 eV! are
presented in Fig. 2. These spectra were recorded with a beam

FIG. 2. Wavelength-dependent raw translational energy release N(E T )
spectra for the photodestruction of O2
4 at a beam energy of 4 keV. The data
were recorded with the laser polarized along the ion beam. The solid lines
corresponds to ion1neutral (N1I) coincidences. The dotted lines correspond to coincident neutrals only ~N-only!.

energy of 4 keV and the electric vector of the laser polarized
along the ion-beam direction ~horizontal polarization!. The
solid curves in each spectrum were obtained from detection
of both coincident neutral–neutral and anion–neutral pairs
~N1I mode!, while the dotted lines correspond to neutral–
neutral coincidences only ~N-only mode!. The differences in
the spectra indicate that both photodissociation @Eq. ~1!# and
dissociative photodetachment @Eq. ~2!# occur at each wavelength. Only equal-mass photofragment pairs were observed.
Analysis of data taken under a variety of beam energies and
detector positions showed no evidence for other primary
product channels such as O31O or stable O4 after photodetachment.
A. 523.6-nm translational energy release spectra

The spectrum at 523.6 nm in the bottom frame of Fig. 2
shows two features in both the N1I and N-only spectra. The
broad peak at 0.40 eV is present in both spectra while the
smaller, narrower peak at 0.80 eV is reduced in the N-only

FIG. 3. The dependence of the photodissociation peak at E T 50.80 eV in the
raw 523.6-nm data on fragment collection mode and laser power is shown.
Solid line: (N1I), high laser power; dashed line ~N-only!, high laser power;
dotted line ~N-only!, laser power reduced by a factor of 10. The energy
shifts in the three spectra indicate a precision of '60.02 eV in translational
energy measurements.
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FIG. 5. Raw N(E T ) spectra in the (N1I) mode at 349.0 nm. The solid and
dotted lines represent data taken with horizontal and vertical laser polarization, respectively. The upper and lower frames show the effect of beam
energy on the form of the spectra.

FIG. 4. Energetics diagram for photodissociation and dissociative photodetachment thresholds in O2
4 . The photodissociation channels labeled B and C
are observed to occur. The dissociative photodetachment thresholds correspond to the production of a zero kinetic energy electron.

spectrum. The 0.80-eV peak in the N-only spectrum is found
to be laser power dependent and is assigned to photodissociation. The power dependence studies, shown in Fig. 3, indicate that the O2
2 fragment produced in photodissociation is
being photodetached by a second photon at higher laser powers. As discussed earlier, this effect was also observed in the
photoelectron spectrum of O2
4 at 532 nm by Johnson and
co-workers.13 The broad feature at 0.40 eV obtained in both
fragment collection modes is assigned to dissociative photodetachment. The photodissociation peak at 0.80 eV has a
FWHM of only 0.09 eV.
The narrow photodissociation peak allows an indepen2
dent determination of the O2
4 bond energy with respect to O2
2
and O2 . Neglecting internal energy in the parent O4 and
internal excitation in the O2
2 and O2 products, the maximum
translational energy release in photodissociation is given by
the difference between the photon energy and the O2
2 –O2
bond dissociation energy. Using the bond energy determined
by Hiraoka ~0.46 eV!,11 ground state O2
2 and O2 products
would be expected to have translational energy releases up to
1.91 eV. The narrow photodissociation peak rising below 1.0
eV thus indicates that excited O2(a 1 D g ) and ground state
2
O2
2 (X P g ) are the lowest energy products of photodissociation at this wavelength. Assigning E T,max 5 1.00 6 0.02 eV as
the maximum translational energy, the bond energy for the
production of ground-state O2
2 and O2 is redetermined at
D 050.3960.02 eV. This value ignores the possibility of internal excitation in the O2
4 parent yielding products at higher
translational energies. Given that no good diagnostic exists
for the measurement of parent internal energy, Hiraoka’s
value for the bond energy is adopted, yielding E T,max 5 0.93

60.02 eV. This bond energy, in conjunction with spectro37,38
determines the energetics for
scopic data for O2 and O2
2 ,
the possible photodestruction channels of O2
4 as shown in
Fig. 4. Since the dissociation of a quartet state into a singlet
and doublet is spin-forbidden,39 the result also indicates that
the O2
4 ground state is likely to be a doublet.
B. 349.0-nm translational energy release spectra

Translational energy release spectra obtained at 349.0
nm are shown in the middle frame of Fig. 2. The complexity
of these spectra indicate that new dissociation pathways are
accessed at this wavelength. The dominant feature appears at
0.43 eV in both the N1I and N-only spectra and is assigned
to dissociative photodetachment. There is also a peak at 1.05
eV and a shoulder centered at ;1.65 eV that are reduced in
the N-only spectrum. These two features are assigned to photodissociation. Unlike the 523.6-nm data, however, reduction
of the laser power by a factor of 3 causes no change in the
N-only spectrum. This is in large part due to the fact that the
maximum laser fluences available at both 349.0 and 261.8
nm are only '4 MW/cm2 vs 25 MW/cm2 at 523.6 nm. The
N-only signal at high energies can be attributed to either
rapid autodetachment of vibrationally excited O2
2 produced
in photodissociation or an overlapping dissociative photodetachment channel. Due to the low electron affinity of O2 ,
2
autodetachment of O2
2 (X P g ) occurs for vibrational states
v .3 on a time scale of ,100 ps,40 much shorter than the
time-of-flight to the ion deflection field ~;1–4 ms!.
Due to the detector acceptance, the raw spectra in Fig. 2
do not reveal all important features of the translational energy release distribution for 349.0 nm. Spectra recorded with
beam energies of 4 and 7 keV and different laser polarizations are shown for N1I data in Fig. 5. These spectra reveal
two features not evident in the spectrum in Fig. 2, which was
recorded with a horizontal laser polarization and a beam energy of 4 keV. A sharp peak at 0.2 eV appears at low beam
energies, preferentially when the laser is vertically polarized.
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FIG. 6. P(E T ) distributions in the (N1I) mode ~solid line! and ~N-only!
mode ~dashed line! at 523.6, 349.0, and 261.8 nm. Error bars ~62s! are
shown for the (N1I) data.

FIG. 7. b(E T ) distributions in the (N1I) mode ~solid line! and ~N-only!
mode ~dashed line! at 523.6, 349.0, and 261.8 nm. Error bars ~62s! are
shown for the (N1I) data.

This peak shows no collection-mode dependence and is assigned to dissociative photodetachment. A shoulder at ;1.32
eV is also more evident in the spectra in Fig. 5 indicating
another photodissociation pathway. Product state assignments for these photodissociation features are inferred from
the energy level diagram in Fig. 4. The highest translational
energy products appear 0.2 eV below the threshold for
2
O2(a 1 D g )1O2
2 (X P g ) and the shoulder at ;1.32 eV is immediately below the threshold for production of O2(b 1 S 1
g )
2
1O2
(X
P
).
2
g

tance has only a small effect on the data. In overview, both
P(E T ) and b(E T ) exhibit a large wavelength dependence.
While P(E T ) are different for N1I and N-only data, b(E T )
is similar for the two collection modes. The similarity in the
angular distributions for both modes confirms the importance
of photodissociation followed by autodetachment leading to
the signal seen at high translational energies in the N-only
data at 349.0 and 261.8 nm. Assuming that the ranges of E T
corresponding to photodissociation and dissociative photodetachment do not significantly overlap, an integrated branching ratio ~dissociative photodetachment/photodissociation!
can be calculated from the N1I P(E T )’s at each wavelength. The branching ratio at 523.6 nm, assuming all data
below 0.65 eV is attributable to dissociative photodetachment and all above 0.65 eV is from photodissociation is
360.5:1. At 349.0 and 261.8 nm, the dividing points are 0.80
eV and 1.6 eV, respectively, and the branching ratios are
260.5:1 and 1062:1, respectively. The error bars are determined by recalculating the branching ratios after moving the
dividing points 60.1 eV at 523.6 and 349.0 nm, and 60.2
eV at 261.8 nm. At the highest photon energy, optical excitation to the photodetachment continuum is significantly favored over the ionic photodissociation continuum.
At 523.6 nm, the b(E T ) shown in Fig. 7 exhibits dramatic variation over the translational energy range. For the
dissociative photodetachment feature peaking at 0.40 eV in
the P(E T ), the angular distribution is characterized by b
;20.8, indicating that the transition moment is perpendicular to the breaking bond. b(E T ) rises rapidly at E T .0.6 eV
to b;1.9, indicating that the transition moment is parallel to
the bond broken in photodissociation and that prompt axial
recoil is occurring. In the 349.0 nm b(E T ) distribution at
E T .1.0 eV, where photodissociation producing stable O2
2
and O2 is known to occur, b approaches the limiting value of
2.0. This once again shows that photodissociation is prompt,
with the transition moment lying along the dissociating bond.
The angular distribution for the dissociative photodetachment peak at 0.43 eV is slightly parallel ~b;0.6!, while that

C. 261.8-nm translational energy release spectra

The translational energy release spectra at 261.8 nm are
simpler and contain three main features ~top frame, Fig. 2!.
The dominant features are a large peak at 0.80 eV and a
prominent shoulder at ;0.35 eV present in both N1I and
N-only spectra. These features are assigned to dissociative
photodetachment. A broad feature from 1.8–2.5 eV is reduced in the N-only spectrum and is assigned to photodissociation. The photodissociation feature exhibits no power dependence in the N-only spectra, as observed in the 349.0-nm
experiment. Once again, autodetachment of vibrationally excited O2
2 can explain the presence of the photodissociation
feature in the neutrals-only spectrum. Examination of the
energy level diagram indicates that the observed onset of the
photodissociation feature at ;2.5 is 0.2 eV less than the
expected
for
dissociation
into
maximum
ET
2
2
O2(b 1 S 1
g )1O2 (X P g ).
D. Center-of-mass energy and angular distributions

Using the procedures discussed in Sec. III to correct for
the detector acceptance, the distributions P(E T ) and b(E T )
are determined for each wavelength. These distributions for
both the N1I and N-only modes are shown in Figs. 6 and 7,
respectively. The similarity of the P(E T ) to the raw data
show that for dissociation into equal mass fragments with the
angular distributions exhibited by O2
4 , the detector accep-
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FIG. 8. Comparison of raw N(E T ) spectra ~points! and Monte Carlo simulation results ~solid lines! for the 349.0 nm (N1I)-mode data recorded at a
beam energy of 7 keV. Frames ~a! and ~b! correspond to vertical and horizontal laser polarizations, respectively.

at 0.2 eV is much more parallel ~b;1.2!. This observation
supports the hypothesis of at least two dissociative photodetachment channels at this wavelength. At 261.8 nm, the
photofragment angular distribution shows a parallel transition is operative throughout the range of E T . The peak at
0.35 eV is characterized by b;1.4, while all data at E T .0.8
eV has b;1.9. The 261.8 nm P(E T ) and b(E T ) are truncated at 2.5 eV due to a lack of sufficient data for determination of b(E T ) at higher energies. The basic conclusion is
that all photodissociation features in the data at the three
wavelengths result from a parallel transition.
In order to ensure that the extracted P(E T ) and b(E T )
distributions at the three wavelengths are correct these distributions are used as input to simulations for experiments
done at different beam energies and laser polarizations. If the
two distributions are accurate, then the simulations should
reproduce the data obtained under all different experimental
conditions. Since the angular distributions for O2
4 are highly
anisotropic, simulations of the translational energy release
spectra recorded with horizontal and vertical polarizations
are an effective test of the accuracy of P(E T ) and b(E T ).
Monte Carlo forward convolution simulations for N1I data
at 349.0 nm and both polarizations are given in Fig. 8. This
data is chosen as it covers a wide range of energy and angle
space. Good overall agreement is observed between the
simulation and the data.
E. Photodissociation P ( E T ) at 523.6, 349.0, and 261.8
nm

The P(E T ) distributions for the photodissociation channels producing O2 and stable O2
2 ~v ,4! can be seen more
clearly by taking the difference of the P(E T )’s obtained from
the N1I and N-only data, scaled to the low-energy dissociative photodetachment peaks. These photodissociation
P(E T )’s are shown in Fig. 9 at 523.6, 349.0, and 261.8 nm.
Also shown are the maximum translational energies for the
photodissociation channels shown in Fig. 4 ~see caption for

FIG. 9. Photodissociation P(E T )’s given by the difference of the (N1I)
mode and ~N-only! mode P(E T )’s. Bottom frame: 523.6-nm data, A and B
mark E T,max for the accessible photodissociation channels shown in Fig. 4.
The accessible product vibrational states of O2 and O2
2 are shown by the
combs. Middle frame: 349.0-nm data, B and C mark E T,max for the photodissociation channels as in the bottom frame. The three components labeled
I, II, and III are discussed in the text. Top frame: 261.8-nm data with
E T,max for photodissociation channel C.

Fig. 9!. It is evident that the photodissociation P(E T )’s show
strong wavelength-dependent variations in the fraction of energy appearing in translation.
The best assignment that can be made in these spectra is
in the 523.6-nm data ~bottom frame of Fig. 9!. In this P(E T ),
the peak at 0.80 eV is 0.13 eV below the expected E T,max
5 0.93 eV ~labeled B in Fig. 9! for photodissociation produc2
ing O2~a 1 D g , v 50!1O2
2 ~X P g , v 50!. While this energy
difference is very close to the vibrational spacing of O2
2 , it is
difficult to imagine such a sharp vibrational inversion occurring. The most likely explanation is that the sum of the rotational energies of the two diatomic products peaks at 0.13
eV. As the figure shows, there is also a nearly resolved
shoulder, which is consistent with production of O2~a 1 D g ,
2
v 50!1O2
2 ~X P g , v 51!. Two Gaussian curves are fit to the
data, representing these two product channels. The fit indicates that 86% of the products are O2~v 50!1O2
2 ~v 50!, with
14% in O2~v 50!1O2
2 ~v 51!. At 523.6 nm, there is a strong
propensity for low internal excitation ~both vibrational and
2
rotational! in the O2(a 1 D g )1O2
2 (X P g ) products.
The 349.0 nm P(E T ), in the middle frame of Fig. 9,
shows three broad features. These are fit with three Gaussian
functions. The highest energy feature, labeled ‘‘I’’, peaks at
1.65 eV. This is 0.46 eV below the maximum translational
2
energy ~B, 2.11 eV! expected for O2(a 1 D g )1O2
2 (X P g )
products, a considerably larger offset than observed at 523.6
nm. This channel is the only plausible assignment for this
feature. The second feature, labeled ‘‘II’’, peaks at 1.32 eV
which is 0.16 eV below the maximum translational energy
2 2
~C, 1.48 eV! expected for O2~b 1 S 1
g , v 50!1O2 ~X P g ,
v 50! products. This offset is much closer to that observed in
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the 523.6 nm P(E T ). The third feature, labeled ‘‘III,’’ peaks
at 1.05 eV which is 0.43 eV below the maximum transla2
2
tional energy for the O2(b 1 S 1
g )1O2 (X P g ) channel. Pho2
1
todissociation producing O2(a D g )1O2 (X 2 P g ) at 349.0 nm
yields a much higher degree of internal excitation than at
523.6 nm. The assignment of peaks II and III to the
2
2
O2(b 1 S 1
g )1O2 (X P g ) channel are plausible but by no
means definitive. With this assignment it appears that the
2
2
O2(b 1 S 1
g )1O2 (X P g ) channel shows evidence for both
low and high internal excitation pathways.
The 261.8 nm P(E T ) in the top frame of Fig. 9 shows no
identifiable structure. The P(E T ) has a broad peak centered
at 2.20 eV. This peak is 0.47 eV below below the maximum
2
2
translational energy for the O2(b 1 S 1
g )1O2 (X P g ) channel
2
1 1
2
~C, 2.67 eV!. Thus the O2(b S g )1O2 (X P g ) channel at
261.8 nm shows only a high internal excitation pathway.
V. DISCUSSION

The measured photofragment energy and angular distributions indicate that photodestruction of O2
4 is complicated
and proceeds through multiple photodissociation and dissociative photodetachment channels. The complexity of the
spectra are not surprising considering the number of lowlying O2 states. The strongly anisotropic photofragment distributions observed at the three wavelengths indicate that
both photodissociation and dissociative photodetachment occur rapidly. Since rotational motion of the photoexcited complex reduces photofragment anisotropy,41 photodissociation
~with b'2! must be occurring faster than the ;1 to 10-ps
time scale of molecular rotation.
The translational energy release features assigned to
photodissociation ~as opposed to dissociative photodetachment, in which a free electron is also produced! provide a
direct determination of the partitioning of energy between
translational and internal degrees of freedom. These measurements lead to plausible assignments for product electronic states and an independent verification of the O2
2 –O2
bond energy. The assignment of the lowest energy photodis2
sociation channel to O2(a 1 D g )1O2
2 (X P g ) indicates that
the ground electronic state of the parent O2
4 is a doublet, not
a quartet. Although doublet ground state O2
4 could produce
2
2
O2(X 3 S 2
g )1O2 (X P g ) products in a spin-allowed dissociation, this channel is not observed. Johnson and co-workers14
have also found little evidence for photodestruction at 1064
nm, suggesting that photodissociation to ground state products does not occur at that wavelength either.
The nearly complete partitioning of the available energy
2
into product translation in the O2(a 1 D g )1O2
2 (X P g ) photodissociation channel at 523.6 nm is interesting. A small
amount of O2
2 ~v 51! is observed in the photodissociation
P(E T ) at this wavelength, but the dominant ~86%! channel is
assigned to O2~v 50!1O2
2 ~v 50! products. In addition, the
sharp peak at 0.80 eV indicates that a narrow range of rotational states in the two diatomic products are excited. This
implies that the structure of O2
4 is characterized by a welldefined geometry, and the dissociation occurs with a welldefined exit-channel impact parameter. An impulse
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model42,43 can be used to predict the partitioning of the maximum available energy between translation and internal degrees of freedom. Using the structure inferred from matrix
isolation20 and theoretical studies23 ~C2h symmetry,
r O–O51.26 Å in the O2 moieties, uOOO5110°!, this model
predicts an energy of 0.41 eV in rotation and 0.05 eV in
vibration. This degree of rotational excitation is much higher
than the observed offset of the peak at E T 50.80 eV from
E T,MAX 5 0.93 eV calculated using Hiraoka’s bond energy.11
Thus the impulsive model using the matrix structure fails to
explain the rotational distribution implicit in the peak width
observed at 523.6 nm. Due to the large O–O–O bond angle,
the impulse model predicts little vibrational excitation, consistent with experiment. However, r O–O is expected to
change from 1.26 Å in O2
4 to r e 51.216 and 1.35 Å in
2
38
In this case a
O2(a 1 D g ) and O2
2 (X P g ), respectively.
Franck–Condon distribution of product vibrations in O2 and
O2
2 might be expected. Given the large change in bond
lengths, such a distribution would be characterized by significant vibrational excitation. In fact, very little vibrational
excitation is observed at 523.6 nm, indicating that a Franck–
Condon model for the vibrational distribution is not applicable. Thus both impulsive and Franck–Condon models for
the energy partitioning in photodissociation at 523.6 nm fail.
At 349.0 and 261.8 nm the P(E T ) are characterized by a
greater partitioning of energy into internal ~rotational, vibrational, and electronic! degrees of freedom. The fact that resolved vibrational features are not observed indicates that
more rotational excitation is occurring at these wavelengths.
The simple impulse model predicts the rotational excitation
to increase significantly at 349.0 and 261.8 nm, however, the
amount of rotational energy is far higher than observed. Dissociation feature II ~see Fig. 9! observed at 349.0 nm and
2
2
assigned to the O2(b 1 S 1
g )1O2 (X P g ) channel is interesting, as the peak of this feature is only 0.16 eV below the
maximum available energy for this dissociation channel.
Thus the energy partitioning in this case is very similar to
2
that observed in the O2(a 1 D g )1O2
2 (X P g ) photodissociation channel at 523.6 nm. Features I and III at 349.0 nm and
the 261.8 nm P(E T ), however, have peaks occurring an average of 0.45 eV below the respective thresholds. This raises
the possibility that there are at least two different dissociative
states correlating to each of these asymptotes which are characterized by different geometries and hence different energy
partitioning. The excited state dynamics of O2
4 photodissociation are complex and inviting to further study.
A question that remains unanswered is whether the excess electron in O2
4 is in a delocalized molecular orbital or is
shared via a vibronic interaction between two instantaneously distinguishable O2 moieties. Comita and Brauman
studied the photodissociation cross section of the dimer anion of toluquinone,3 and observed vibronic structure attributed to resonant charge transfer between the two monomers
below the photodetachment threshold. They applied a vibronic coupling model of resonant charge transfer44,45 to analyze the structure in the photodestruction cross section. This
analysis indicated that for the dimer anion of toluquinone,
the electron is highly localized and the structure is consistent
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with a solvated monomer anion. While we have not been
able to perform a similar measurement of the photodissociation cross section for O2
4 , the influence of a solvated anion
structure on the photodissociation dynamics can be considered. If the excess charge is localized on one of the O2 moieties and resonant charge transfer is optically promoted, subsequent vibronic interactions could lead to production of O2
and O2
2 closer to their asymptotic equilibrium bond lengths.
This would yield little product vibrational excitation, as observed at 523.6 nm. The vibronic coupling treatments presented to date involve only the ground state and a single
excited state. The photodissociation of O2
4 always occurs to
electronically excited products, however, requiring a generalization of the vibronic coupling model to include several
excited states.
The product angular distributions observed from the
photodissociation of O2
4 are characterized by an anisotropy
parameter near the parallel limit of 2.0, indicating that the
transition moment for photodissociation lies directly along
the breaking O2
2 –O2 bond. In a one-electron transition,
charge transfer between the O2 moieties necessarily involves
motion of the electron along an O2 –O2 coordinate. It is possible that the parallel photofragment angular distribution is a
consequence of photodissociation proceeding by charge
transfer between the O2 species followed by rapid dissociation. It is interesting to note that the ~SO2!2
2 anion also exhibits competing photodissociation and photodetachment
pathways.4,46 Photodissociation in this dimer anion was observed to occur by a parallel transition ~b;1.0! by Bowers
and co-workers.46 Measuring photofragment angular distributions of other dimer anions will be of interest to evaluate
whether or not this is a general phenomenon.
The photochemistry of O2
4 is complicated by the fact
that dissociative photodetachment is the dominant photodestruction pathway at all of the wavelengths studied in this
work. A theoretical description of the interaction between the
dissociative photodetachment continuum and the photodissociation continuum remains to be given. Determination of the
branching ratio between dissociative photodetachment and
photodissociation is also obscured by autodetachment of vibrationally and/or electronically excited states of O2
2 after
photodissociation.
VI. CONCLUSIONS

In conclusion, these experiments have shown that both
photodissociation and dissociative photodetachment of O2
4
occur at 523.6, 349.0, and 261.8 nm. The lowest energy photodissociation channel observed is assigned to
2
O2(a 1 D g )1O2
2 (X P g ), indicating that the ground state of
2
O4 is a doublet. At all wavelengths photodissociation occurs
by a parallel electronic transition. At 523.6 nm, photodissociation primarily yields v 50 diatomic products with little
rotational excitation. The observed rotational excitation is
not consistent with a simple impulse model based on the
structure of O2
4 determined in matrix-isolation studies. At
higher photon energies, the nature of the energy partitioning
changes, with evidence for both low and high internal exci-

tation pathways observed. The lack of vibrational excitation
at 523.6 nm indicates that a Franck–Condon model of the
vibrational excitation, based on a symmetric O2
4 structure,
fails. An alternative view of the bonding in O2
4 by vibronic
charge transfer interactions between O2 and O2
2 may provide
a reasonable explanation of the observed energy partitioning
and photofragment angular distributions.
Theoretical studies on the structure of O2
4 ground and
excited electronic states will be of great use in the further
interpretation of the results reported in this paper. Such calculations are anticipated to be difficult, however, as O2
4 is an
open-shell weakly bound anion. Further studies of dissociative photodetachment, involving coincidence measurement
of the photoelectron and photofragments, are ongoing47 and
should also reveal the extent to which autodetaching states of
O2
2 produced in photodissociation play a role in the photodestruction dynamics of O2
4 . We hope to extend studies of
photodissociation and dissociative photodetachment to other
2
small dimer anions, such as ~SO2!2
2 and ~CO2!2 , in the near
future. These studies should provide a clearer picture of the
structure and dynamics of dimer anions.
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