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The spectroscopy and dissociation dynamics of the N2O2
2~C2v! anion have been investigated using

the technique of fast ion beam translational spectroscopy. A newly developed pulsed supersonic
discharge source is described for the production of internally cold N2O2

2 . A structured absorption
band beginning near 580 nm is observed, and is assigned to theB̃(2A2)←X̃(2B2) transition with the
aid of ab initio calculations. Two dissociation channels from the upper state are observed:~1!
O21N2O and~2! NO21NO. Translational energy and angular distributions are measured for both
channels at several excitation energies. The translational energy distribution for channel~1! at 570
nm shows resolved structure corresponding to N2O vibrational excitation. The translational energy
distributions for channel~1! are reasonably well described by prior distributions, indicating this
channel results from dissociation from the N2O2

2 ground electronic state. In contrast, channel~2!
appears to result from dissociation on a repulsive excited electronic state. From the translational
energy distributions for channel~1!, we obtain the bond dissociation energy and heat of formation
~at 0 K! for N2O2

2 : D0~O–N2O!51.4060.03 eV andDHf ,0
0 ~N2O2

2!50.5860.04 eV. © 1996
American Institute of Physics.@S0021-9606~96!00713-8#

I. INTRODUCTION

In recent years, photodissociation experiments have been
performed on a considerable number of neutral molecules
and positive ions. These experiments have proved invaluable
in understanding the electronic spectroscopy and dissociation
dynamics of these species. In contrast, there have been rela-
tively few photodissociation studies of negative ions. Anion
photodissociation is problematic because, in most negative
ions, bond dissociation energies are higher than the threshold
for electron detachment, so that the dissociative anion state
one might hope to access is generally embedded in the neu-
tral 1e2 continuum. Nonetheless, photodissociation studies
have been carried out on open shell anions such as Cl2

21 or
CO3

22,3 for which the smallest bond dissociation energy is
less than the electron binding energy, and on species such as
O3

24 and O4
25,6 in which photodissociation occurs at energies

well above the threshold for electron detachment. In this pa-
per, we use a fast ion beam experiment to investigate the
photodissociation spectroscopy and dynamics of the N2O2

2

anion, an open-shell species with a high electron binding
energy.

The work presented here is motivated by recent results
on the gas phase spectroscopy and dynamics of the N2O2

2

anion. In a photoelectron spectroscopy study, Posey and
Johnson7 demonstrated the existence of three distinct isomers
of N2O2

2 which can each be prepared selectively in the gas
phase by electron impact on a supersonic expansion of dif-
ferent gases. They characterized these isomers as:~I! O2

2
•N2,

from O2 seeded in N2; ~II ! NNO2
2 , from neat N2O; and~III !

NO2
•NO, from NO seeded in argon. Their results indicated

that isomer~I! is a weakly bound cluster, while the other two
isomers are more strongly bound species. Their proposed C2v
structure for isomer~II ! is supported by subsequentab initio
calculations,8 which also suggest that isomer~III ! has a
trans-ONNO2 structure. Furthermore, several matrix isola-
tion studies9–12 have identified a C2v structure consistent
with isomer ~II !, and a species of the form ONNO2 which
most likely represents isomer~III !.

The existence of multiple isomers is particularly interest-
ing in light of isotopic labeling experiments on the ion-
molecule reaction13,14

O21N2O→NO21NO,

DH0520.1560.01 eV ~Ref. 15!. ~1!

These studies show that reaction occurs through O2 attack at
both the terminal and central N atoms on N2O. These results,
when combined with the photoelectron spectra, imply that
the reaction mechanism involves passing through two com-
plexes corresponding to isomers~II ! and ~III !, NNO2

2 and
ONNO2.

Posey and Johnson found that at 532 and 355 nm, the
only peak in the photoelectron spectrum of the NNO2

2 iso-
mer is from the photodetachment of O2 atoms. Thus, at these
wavelengths, photodissociation to O21N2O occurs rather
than photodetachment of the parent N2O2

2 anion. More re-
cently, Arnold and Neumark16 have measured the photoelec-
tron spectrum of this isomer at 266 and 213 nm. They found
that at these higher photon energies, photodetachment of
N2O2

2 does occur, populating several previously unknown
electronic states of neutral N2O2. From this work alone,
however, one cannot determine at what energy the observed
N2O2 states lie relative to the various asymptotic channels
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~O1N2O, N1NO2, NO1NO, etc.!. One of the goals of this
study is to answer this question by determining the dissocia-
tion energy of the N2O2

2 anion.
In this paper, we present recent work on the excited state

spectroscopy and photodissociation dynamics of the C2v iso-
mer ~II !, which will henceforth be referred to simply as
N2O2

2 . Using the technique of fast beam translational spec-
troscopy, we have measured the relative photodissociation
cross section of N2O2

2 as a function of wavelength, and have
performed more detailed dynamical measurements at se-
lected wavelengths. We observe fragmentation to two chan-
nels, O21N2O and NO21NO, and have measured kinetic
energy and angular distributions for both channels. These
measurements yield bond dissociation energies and a wealth
of information concerning the detailed photodissociation
mechanism. The interpretation of our results is aided byab
initio calculations on the ground and excited states of N2O2

2

which are also reported here.
Section II of this paper describes the experimental appa-

ratus used in this work, including a newly developed pulsed
discharge negative ion source used in these and other experi-
ments in our laboratory. Section III details the experimental
data and the results ofab initio molecular orbital calcula-
tions. Section IV contains analysis of the results while Sec. V
discusses the mechanism for dissociation and the potential
energy surfaces that mediate this process.

II. EXPERIMENT

A. Fast beam translational spectrometer

The fast beam translational spectrometer used in these
experiments was designed to study the photodissociation of
neutral free radicals generated by photodetachment of a
mass-selected anion beam, and has been described in detail
elsewhere.17,18 The anion photodissociation experiment de-
scribed in this paper is somewhat simpler, as only one laser
is required. The photodissociation of O4

2 using a similar in-
strument has recently been reported by Continettiet al.6 The
experimental apparatus is shown in Fig. 1 and is briefly de-
scribed as follows.

A pulsed supersonic expansion of 10% N2O in argon is
either crossed with a 1 keV electron beam or subjected to a
pulsed electric discharge to form an internally cold beam of
N2O2

2 . The pulsed discharge negative ion source developed
in our laboratory was mentioned in a previous

investigation,19 and a full description will be given in Sec.
II B. Anions formed in the source are accelerated to a labo-
ratory energy of 8 keV, separated according to mass by a
collinear beam modulation time-of-flight mass
spectrometer,20 axially compressed with a pulsed electric
field, and slightly focused with an einzel lens. The dissocia-
tion laser, an excimer-pumped dye laser polarized perpen-
dicular to the ion beam direction, is fired at the appropriate
time to intersect only ions of mass 60. Photofragments which
recoil out of the parent ion beam are detected with high
efficiency using microchannel plate detectors located either 1
or 2 m from the photodissociation laser.

Two types of experiments are performed to characterize
the photodissociation of N2O2

2 . First, the total flux of photo-
fragments is detected as a function of laser wavelength, map-
ping out the total dissociation cross section. In the second
type of experiment the laser is operated at a fixed wavelength
and the dissociation dynamics are investigated. For each dis-
sociation event, the two photofragments are detected in co-
incidence. The position of both photofragments on the detec-
tor face and the time difference between their arrival are
simultaneously recorded. From this experiment we obtain
three important quantities that describe the photodissocia-
tion: product mass ratios, translational energy distributions,
and angular distributions. The masses of the product frag-
ments for each dissociation event can be determined by con-
servation of momentum in the center-of-mass frame. After
correcting for the finite geometric acceptance of the detector,
the center-of-mass recoil energy and recoil angle~with re-
spect to the electric vector of the polarized laser! are analyti-
cally determined for each event.18 The calibration of the de-
tector by photodissociation of the Schumann–Runge bands
in O2 is discussed in detail elsewhere.21 We record approxi-
mately one pair of fragments every 30 laser shots. A com-
plete data set consisting of approximately 30 000 coincident
events can be collected in 3–5 h. The energy resolution un-
der the conditions in these studies is 25 meV.

The dynamics experiment requires that both fragments
be detected. However, the front of the detector is biased at a
high negative potential, such that only neutral fragments can
be detected. Although the dissociation of N2O2

2 yields an ion
and a neutral, the experimental conditions are such that the
anion fragment is typically neutralized prior to reaching the
detector. This fragment can be either photodetached by an
additional photon from the dissociation laser, e.g.,

O21hn→O1e2, NO2~y50!1hn→NO1e2 ~2!

or it can autodetach, since vibrationally excited NO2 will
lose an electron via22

NO2~y.0!→NO1e2. ~3!

~The electron affinity of NO is only 0.024 eV.! Hence, pho-
todissociation of N2O2

2 followed by ~2! or ~3! results in two
neutral fragments, enabling us to perform the coincidence
experiment. We emphasize that even though only neutral par-
ticles are detected, this experiment nevertheless probes the

FIG. 1. The fast ion beam translational spectrometer:~1! ion source region;
~2! mass selection and ion optics;~3! dissociation laser port;~4! time- and
position-sensitive MCP detector. A more complete explanation of the appa-
ratus, which was designed for photodissociation of neutral free radicals, can
be found in Refs. 17 and 18.
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dynamics of ion dissociation, because the velocity vector of
the nascent ionic fragment is not affected to any appreciable
degree by the loss of an electron.

B. Pulsed discharge negative ion source

One of the more successful pulsed negative ion sources
developed in recent years is the design of Johnsonet al.,23 in
which a pulsed molecular beam is crossed by a continuous
beam of high energy~'1000 eV! electrons. In this source,
slow secondary electrons generated by ionization initiate ion-
molecule chemistry which can be used to produce a wide
variety of negative ions and negative ion clusters. A disad-
vantage of this source is that the secondary electrons are
thermalized rapidly in the high number density of the pulsed
free jet, so that only those processes which can be initiated
by very low energy~1 eV! electrons can occur. Thus, the
production of F2 from NF3 is very efficient, because this
dissociative attachment process occurs for near zero energy
electrons.24 On the other hand, the production of OH2 from
H2O or CH3O

2 from CH3OH does not work well in this
source because dissociative attachment requires higher elec-
tron energies~.5 eV!. An ion source in which higher energy
processes can be efficiently driven is clearly desirable. To
this end, we have developed a pulsed electric discharge nega-
tive ion source that is straightforward to build and use.

One can find examples of many pulsed supersonic ex-
pansion discharge sources in the literature for the production
of neutral free radicals and cations. To our knowledge, the
only published examples of negative ion production by these
methods are given by Bondybeyet al.25 and Meiwes-Broer
et al.26 Our pulsed discharge negative ion source is similar in
design to that used by Ohshima and Endo27 for production of
internally cold transient neutral species.

Figure 2 shows the details of the design. The faceplate
~2! of the pulsed valve~1! is separated from the cathode~4!
by a Teflon insulator~3!. Discharge occurs through the chan-
nel of a second insulator~5!, to the anode~7!. For flexibility,

nozzles~6! of various inner diameter, shape, and composi-
tion can be inserted into the anode to enhance or suppress
clustering and/or cooling of the negative ions. Teflon screws
secure the entire assembly to the pulsed valve faceplate. We
have used the discharge source with either a piezoelectric
pulsed valve of the type developed by Trickl28 or a general
valve solenoid valve.

The increasing channel diameter along the gas flow di-
rection proved to be the crucial element in attaining intense
internally cold negative ion beams. An advantage of this de-
sign is that ion formation occurs within the flow channel,
beforethe expansion, maximizing the number of ion-neutral
collisions that occur during the free jet expansion into the
source chamber.

A pulse of2500 to2700 V is generated by aMOSFET
switch29 and applied to the cathode~3!. The pulse is typically
15 ms in width, a fraction of the 150ms gas pulse. The
stability of the ion beam is increased if a very weak~,1 mA!
electron beam intersects the gas flow as it emerges from the
nozzle. This effect is most likely due to creation of positive
ions which move against the gas flow towards the negatively
charged cathode, acting as seeds to begin breakdown of the
gas pulse. Ion stability and intensity is also increased when
the discharge pulse comes very near the beginning of the gas
pulse.

The duration of the discharge is 1–8ms. The current
through the discharge is followed by monitoring the voltage
at the cathode both before and during breakdown of the gas.
Typical discharge currents range from 5 to 30 mA depending
on the composition of the gas mixture and the value of a
ballast resistor~typically 7 kV! in series with the cathode. As
the current through the discharge is increased, the voltage
across the discharge increases only slightly, indicating that
the discharge is essentially of the ‘‘normal glow’’ variety.30

Most gaseous precursor molecules are diluted to 1–10 %
concentration with a carrier gas~e.g., Ar, Ne, or O2! and
expanded with a backing pressure of 2–8 atm. For liquid
precursors the carrier gas is bubbled through the liquid. Sub-
stantial rearrangement of the precursor molecules is often
observed. For example, a discharge of neon bubbled through
methanol produces not only CH3O

2, but also C2
2 , C2H

2, and
C2H2

2 . Despite the high energy environment in which ions
are formed, their internal degrees of freedom can still be
effectively cooled in the supersonic expansion. Photofrag-
ment translational spectroscopy of predissociation from the
O2 Schumann–Runge band shows that an O2

2 rotational tem-
perature of'50 K can be attained.31 For the case of CH3O

2

produced in a discharge, photoelectron spectroscopy shows
that 99% of these ions are in their vibrational ground state.
These temperatures are as cold or colder than ions produced
with the electron-gun source in our laboratory. In summary,
we have found that the pulsed discharge negative ion source
combines many of the strengths of other available sources
with some significant new advantages. The source requires
very little maintenance and is easily built at modest expense.

FIG. 2. The pulsed discharge negative ion source. Each component is de-
scribed with its thickness (T) and gas channel diameter (D) given in mm
for components 2–6.~1! Pulsed valve body;~2! pulsed valve faceplate
@T52, D50.6#; ~3! Teflon insulator with alumina insert along gas channel
@T54,D52#; ~4! cathode@T52,D52#; ~5! Teflon/alumina insulator@T52,
D53#; ~6! Nozzle insert@T55, D53#; ~7! Anode.
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III. RESULTS

A. Experimental data

Figure 3 shows the total dissociation cross section spec-
trum of N2O2

2 from 525–580 nm, normalized to dissociation
laser power. The broad, partially resolved features in this
spectrum are reproducible, although the finer structure~,1
nm! is not. The peak spacings range from'150 to 500
cm21, and are presumably due to excitation of multiple vi-
brational modes in the upper electronic state.

The main information we obtain about N2O2
2 photodis-

sociation is derived from dissociation dynamics data ac-
quired at three wavelengths: 570, 532, and 500 nm. Al-
though wavelength resolved cross section data were not
obtained below 525 nm, the cross section appears to be
higher at 500 nm than at 532 nm. The first result from this
dynamics data is the photofragment mass spectrum, shown in
Fig. 4 for 532 nm dissociation. It is immediately seen that
there are two product channels occurring at this wavelength:

N2O2
21hn→O21N2O ~channel 1! ~4!

→NO21NO ~channel 2! ~5!

with similar product mass spectra obtained at 500 and 570
nm.

For each channel, the joint translational energy and an-
gular distribution is given by18,32

P~ET ,u!}P~ET!~11b~ET!P2~cosu!. ~6!

Here,ET is the translational energy release,u is the angle
between the photofragment recoil velocity vector and the
laser polarization, andb is the anisotropy parameter. Al-
thoughb can depend on the translational energy, no such
dependence was observed here.

Figure 5 shows the translational energy release distribu-
tion P(ET) for both channels at each wavelength. Statistical
error bars~61s! are drawn for every fourth data point. All
three translational energy distributions for channel 1@Figs.
5~a!–5~c!# are maximal at the lowest translational energies
we can detect, decreasing steadily towards higherET . For

FIG. 6. Translational energy distribution for O21N2O at 570 nm. Triangles
denote the experimental data, the solid line is the empirical fit@peak heights
given byan of Eq. ~10!# assuming bending excitation accounts for all N2O
vibrational excitation. A vibrational comb is shown for they2 bending mode
progression in the N2O fragment. The dashed line is the prior distribution
given by Eq.~11!.

FIG. 3. Total photodissociation cross section spectrum of N2O2
2 . Intensity is

normalized to dissociation laser power. Laser step size is 0.25 nm.

FIG. 4. Product mass spectrum at 532 nm as a function of laser fluence. The
central peak corresponds to the channel~2! fragments, NO21NO. The other
two peaks correspond to the channel~1! fragments, O21N2O. Laser flu-
ences are~—! 3.2 J/cm2 and ~---! 1.6 J/cm2.

FIG. 5. Translational energy distributionsP(ET) at three excitation
energies ~a!–~c! O21N2O; ~d!–~e! NO21NO. The solid lines connect the
data points, which have error bars~61s! on every fourth point. The dashed
line is the prior distribution discussed in the text. The arrows denote the
maximum energy available to translation for each photon energy/product
channel combination.
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the data at 570 nm in Fig. 5~c!, which is replotted as Fig. 6,
vibrational structure is apparent in theP(ET) distribution.
The observed spacing corresponds to excitation of the bend-
ing mode~v25588 cm21! in the N2O fragment.33 This struc-
ture is less evident as the photon energy is increased in Figs.
5~b! and 5~a!. For the NO21NO channel in Figs. 5~d!–5~f!,
no vibrational structure is evident. Unlike channel~1!, the
most probable translational energy becomes larger as the
photon energy is increased.

For the NO21NO channel, the angular distributions are
isotropic ~b50! at all three wavelengths. For O21N2O, the
angular distributions are slightly anisotropic:b~570 nm!5
20.1560.2, b~532 nm!520.360.2, andb~500 nm!520.6
60.3. The anisotropy becomes more negative with increas-
ing excitation energy. The uncertainty in the anisotropy
parameter is a combination of a well-defined statistical error
and an estimated systematic error which reflects the aberra-
tions in our detector response for low translational energies.
The values of the anisotropy parameter are related to both the
symmetry and the lifetime of the excited anion states.

Because the data in this paper use the newly developed
pulsed discharge source to produce N2O2

2 , it is important to
characterize the ions in this beam by comparing their photo-
electron spectra, shown in Fig. 7, to that obtained by
Arnold16 using an electron gun source. We present this data
~from a separate apparatus in our laboratory! because photo-
electron spectroscopy is a sensitive probe of ion source con-
ditions, as is evident from the work of Posey and Johnson7

described earlier. The well-resolved vibrational structure
seen in Fig. 7 at low electron kinetic energy~,1.2 eV! arises
from bound neutral states of N2O2~C2v!. The weak electron
signal from 1.3 to 2.2 eV is from photodetachment of isomer
~III !, ONNO2, based on comparison with the spectra ob-
tained when ions are produced from NO seeded in argon.34

This isomer is not present under the gentler conditions of an
electron gun ion source as used in Refs. 7 and 16.

The photon energies used to dissociate N2O2
2 are indi-

cated by arrows in Fig. 7, demonstrating that direct photode-
tachment of the C2v isomer is not possible at these energies.
However, the photoelectron spectrum in Fig. 7 does raise the
possibility that the NO21NO product channel comes from
photodissociation of the small amount of the ONNO2 isomer
produced in the pulsed discharge source. To examine this
possibility we have performed the same photodissociation
dynamics experiments described in this section using an
electron gun ion source. The NO21NO photofragments are
still observed in similar amounts as when N2O2

2 is produced
in the pulsed discharge source, confirming that this is a pri-
mary product channel of~C2v! N2O2

2 photodissociation.
However, theP(ET) distributions also show that N2O2

2 pro-
duced by the electron gun ion source is not as efficiently
cooled in the supersonic expansion; for example, no vibra-
tional structure is apparent in the O21N2O P(ET) at 570
nm. For this reason we present data exclusively from the
pulsed discharge source in this paper.

B. Ab initio calculations

The product state information presented above is a direct
result of the potential energy surfaces involved in the disso-
ciation of N2O2

2 . In order to gain more insight into the com-
plicated electronic structure of the N2O2

2 system, we have
performedab initio molecular orbital calculations using the
GUASSIAN92 package of programs.35 In the recent work of
Arnold and Neumark,16 the ground state of N2O2

2 was as-
signed as 2B2 with the orbital occupation
(...4b2

22b1
28a1

21a2
25b2

1), based onab initio calculations
@UHF ~unrestricted Hartree–Fock! and MP2/6-311G* ! and
comparison with the isoelectronic species NO3 and FCO2.
We have extended these calculations to include the lowest
excited states of each spatial symmetry within the C2v and Cs
point groups. The results of the C2v calculations are summa-
rized in Table I.

Optimized geometries and vibrational frequencies were
obtained at the UHF/6-311G* level of theory. Five unique
electronic states are found,36 which, in order of increasing
energy, are2B2,

2A9, 2B1,
2A2, and

2A1 states. All of these
configurations, with the exception of2A2, are bound along
all vibrational coordinates. At the UHF level, the2A2 state is
unbound along they4 ~NO2 asymmetric stretch! normal co-
ordinate.

When electron correlation is taken into account at the
MP2/6-311G* level of theory, geometry optimizations re-
veal that the highest energy2A1 state has no stationary point
within C2v. In addition, the self-consistent field~SCF! wave
function for the2A9~Cs! state is no longer convergent after a
few steps in the~MP2 energy gradient! geometry optimiza-
tion. For this reason we discuss no other calculations at Cs

geometries. At the MP2 level, therefore, the only electronic
states which have stationary points along all coordinates are
the ground state,2B2, and the first two excited states2B1,
and 2A2. Frequency calculations at these stationary points
reveal that, just as at the UHF level, the first two states are
bound along all coordinates, while the2A2 state has one

FIG. 7. 266 nm photoelectron spectrum of N2O2
2 using the pulsed discharge

source. The sharp features at 1.13 eV and below are due to the~C2v!N2O2

neutral. The signal from 1.3–2.2 eV arises from an impurity of the ONNO2

isomer~see text!. The energies corresponding to the three dissociation wave-
lengths used in the present study are also shown.
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imaginary frequency. In order to treat electron correlation
more rigorously, geometries for the lowest three states were
further optimized at the QCISD/6-311G* level of theory,
with a single point QCISD~T! calculation at this geometry.
No vibrational frequencies were calculated at this level of
theory. Finally, vertical excitation energies from the ground
state are also shown at each level of theory in Table II.

The results in Table I show marked differences in the
structures of theX̃, Ã, andB̃ states. The ground state struc-
ture ~RNN51.27 Å, RNO51.30 Å! is best described as an
N–N double bond@RNN51.254 Å in ~CH3!2N2 ~Ref. 37!#
and an N–O distance intermediate between single
~RNO51.398 Å in CH3O–NO! and double~RNO51.212 Å in
HNO! bond character. In theÃ(2B1) state, the N–N bond
length increases toRNN51.35 Å, indicating that it too is now
intermediate between single~RNN51.447 Å in N2H4! and
double bond character. The N–O bond length is very similar
to that of the ground state, differing by only 0.02 Å. In both
theX andA states the geometries are not strongly dependent
on the level of theory. In theB̃(2A2) state, the bond lengths
and bond angles change quite drastically when electron cor-
relation is included with the MP2 or QCISD methods. The
QCISD optimized geometry~RNN51.19 Å,RNO51.42 Å! is
characterized by an N–N bond intermediate between double
and triple~RNN51.094 Å in N2!, and an N–O bond signifi-
cantly longer than a typical single bond. It is also useful to

compare these bond lengths with that of the photofragments
observed in this study. In N2O, RNN51.128 Å,RNO51.184
Å,33 while for NO and NO2 the respective bond lengths are
RNO51.151 Å, and 1.25 Å.22

To determine the degree of confidence that one can place
in the ab initio results, one can examine both spin contami-
nation and the sensitivity of the calculated geometries and
frequencies to the level of calculation. The unrestricted
Hartree–Fock wave functions of all states suffer from some
degree of spin contamination by states of higher multiplicity.
As shown in Table I, spin contamination~^S2&50.75 for a
pure doublet state! is quite large for theB̃(2A2) state, small
for the Ã(2B1) state, and somewhere in between for the
ground state. In terms of structural parameters, for the
ground state the largest change in bond length~0.04 Å! and
bond angle~1°! is relatively modest for the different treat-
ments. In theÃ(2B1) state the only significant change is in
RNO, which increases by 0.05 Å between UHF and the two
correlated methods, the latter two calculations yielding es-
sentially identical geometries. For theB̃(2A2) state the re-
sults are less satisfying: the bond lengths and angles change
by significant amounts~0.06–0.12 Å; 2–4°! at the three lev-
els of theory. The percent change in each vibrational fre-
quency~vUHF/vMP2! for the X̃ and Ã states is at most 19%,
while in theB state four of the six frequencies change by
50–60 %. Therefore one must treat theab initio results with

TABLE I. Ab initio results: Optimized geometries, energies, and vibrational frequencies~frequencies are in units of cm21!.

X̃2B2 Energyb ~Hartrees! ^S2&
Te

~eV! RNN ~Å! RNO ~Å! /NNO°
v1 ~A1!

~NN str.!
v2 ~A1!

~NO str.!
v3 ~A1!

~NO2 bend!
v4 ~B2!

~NO2 a.s.!
v5 ~B2!

~N2O a.b.!
v6 ~B1!

~umbrella!

UHF 2258.494 495 0.920 0.0 1.253 1.253 119.2 1582 1086 692 1434 654 836
MP2 2259.165 961 0.926 0.0 1.270 1.253 120.3 1411 1241 679 1538 609 998
QCISD 2259.190 341 1.022 0.0 1.267 1.296 120.0
QCISD~T!a 2259.215 226 1.022 0.0

Ã2B1

UHF 2258.438 789 0.778 1.52 1.352 1.220 120.1 1029 1404 735 1659 783 837
MP2 2259.124 816 0.797 1.12 1.354 1.274 120.6 990 1219 687 1389 800 713
QCISD 2259.132 971 0.798 1.56 1.345 1.274 120.7
QCISD~T!a 2259.161 024 0.798 1.47

B̃2A2

UHF 2258.407 553 1.404 2.36 1.255 1.320 126.6 1364 1018 707 1668i 685 470
MP2 2259.066 859 1.161 2.70 1.131 1.479 130.3 2177 613 472 1559i 666 716
QCISD 2259.101 678 1.306 2.41 1.194 1.417 128.7
QCISD~T!a 2259.133 796 1.306 2.24

C̃2A1

UHF 2258.325 524 0.882 4.60 1.205 1.347 122.3 1113 884 659 2264 655 689

aQCISD~T! energies are evaluated at the QCISD/6-311G* geometry.
bAll calculations use the standard 6-311G* basis set.

TABLE II. Vertical excitation energies~energies in eV!.

UHF MP2 MP4SDTQ QCISD QCISD~T!

C̃(2A1) 4.90 3.90 4.11 3.78 3.52
B̃(2A2) 3.07 3.86 4.08 3.30 3.24
Ã(2B1) 1.72 1.46 1.40 1.67 1.59
X̃(2B2) 0.0 0.0 0.0 0.0 0.0
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some caution, particularly for theB̃ state, in which all three
criteria show signs that the single-configuration picture may
not be sufficient for a quantitative description.

For comparison with the thermodynamic information ob-
tained from the data in Sec. IV, we have also performed
Gaussian-1~G1! and Gaussian-2~G2! calculations38,39 giv-
ing the total electronic energies~including zero-point ener-
gies! of X̃(2B2) N2O2

2 , X̃(2Ag) trans-ONNO
2, andX̃(1Sg

1)
N2O. These calculations are summarized in Table III. The
ONNO2 configuration is included because it is also strongly
bound and has been implicated as a reaction intermediate in
reaction~1!. The G1 and G2 procedures, due to Pople and
co-workers, are quite successful in predicting dissociation
energies to within a target accuracy of60.1 eV~2 kcal/mol!
for a wide range of neutral and ionic species. Within the
accuracy of these calculations, N2O2

2 ~C2v! and ONNO2

~C2h! are essentially thermoneutral. This differs from the
lower-level calculation in Ref. 8, which predicts the C2v iso-
mer to be more stable by 4.4 kcal/mol.

IV. ANALYSIS

A. Product branching ratio

In Fig. 4, the ratio between the peak areas for channel
1:channel 2 at the higher laser fluence is about 1:1. However,
the extraction of quantitative branching ratios from this data
is more complicated in the case of N2O2

2 photodissociation
than in our previous studies of free radical photodissociation.
As mentioned in Sec. II, only neutral fragments can be de-
tected with our time- and position-sensitive detector. Al-
though both product channels result from single photon dis-
sociation,detectionof O21N2O requires a second photon
~to detach the O2 fragment!, while NO2 ~y.0!1NO detec-
tion does not require another photon due to autodetachment
of the NO2 fragment. The channel 1:channel 2 peak area
ratio increases with laser fluence over the entire range avail-
able to us, indicating that the two photon process producing
O1N2O is not yet saturated. Therefore the branching ratio
stated above should be taken as a lower bound to the true
channel 1:channel 2 branching ratio at 532 nm, because not
all of the O2 is photodetached even at the highest laser flu-

ence. Thus, while quantitative branching ratios cannot be ob-
tained, it is clear that O21N2O is the major product channel.

B. Dissociation energies and product energy
distributions

From the translational energy distributionsP(ET) in Fig.
5, we can extract both thermodynamic data and information
on product state energy disposal resulting from N2O2

2 photo-
dissociation. By conservation of energy we may write

hn5D0~N2O2
2→O21N2O!1ETEint~N2O!, ~7!

hn5D0~N2O2
2→NO21NO!1ET1Eint~NO!

1Eint~NO
2!, ~8!

wherehn is the photon energy,D0 is the dissociation energy
for the specified channel,ET is the energy in product trans-
lation, andEint is the rotational, vibrational, and electronic
energy of the molecular fragments. We assume in Eqs.~7!
and~8! that the supersonically cooled N2O2

2 parent ion con-
tains negligible internal energy. If for some translational en-
ergy ET it can be ascertained thatEint50, the dissociation
energy in the aforementioned equations can be deduced.
Given these thermodynamic quantities, the total internal en-
ergy of the fragments corresponding to each energyET is
determined, and in some cases this energy can be further
delineated among rotational, vibrational, and electronic de-
grees of freedom.

The most detailed information can be obtained from Fig.
6, showing an expanded picture of theP(ET) at 570 nm for
O21N2O. This distribution shows a series of peaks with
spacings close to that of they2 bending mode of the N2O
product. The resolved vibrational structure is significant, as
this spectrum offers substantially more information than the
qualitatively similar spectrum shown in Fig. 5~a!. At 570 nm,
no signal is observed forET . 0.786 0.03 eV[ ET

max. Be-
cause the disappearance of signal atET

max is quite abrupt, we
assign it to the translational energy corresponding to ground
state fragments, i.e., O2 ~2P3/2!1N2O ~y50, J50!. We there-
fore obtain

TABLE III. G1 and G2ab initio energies and heats of reaction.

Species E0 [G1] ~hartrees! E0 [G2] ~hartrees!

X̃(2B2)N2O2
2 2259.525 136 2259.525 952

X̃(2Ag) trans-ONNO
2 a 2259.527 065 2259.527 948

X̃(1Sg
1)N2O 2184.437 103 2184.437 117

X̃(2Pg)NO
b 2129.739 12 2129.739 95

X̃(3Sg
2)NO2 b 2129.736 89 2129.737 52

~2Pu!O
2 b 275.033 85 275.033 41

Reaction DH0 [G1] ~eV! DH0 [G2] ~eV!

N2O2
2~C2v!→O21N2O 1.47 1.51

N2O2
2~C2v!→NO21NO 1.34 1.32

O21N2O→NO21NO 20.14 20.19
N2O2

2~C2v!→trans-ONNO2~C2h! 20.05 20.05

aThe cis ~C2v! isomer lies 0.1 eV higher at the MP2/6-311G* level of theory.
bEnergies taken from Ref. 39.
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D0~N2O2
2→O21N2O!5hn2ET

max51.4060.03 eV,
~9!

wherehn52.175 eV. This value agrees to within 0.1 eV of
the calculated Gaussian-2 value given in Table III~1.51 eV!.
From the 0 K heats of formation of O2 ~1.10 eV! and N2O
~0.88 eV!,40 we obtain the heat of formation of
N2O2

2 : DHf ,0
0 50.5860.04 eV. FromDH0 for reaction~1!

we find thatD0~N2O2
2→NO21NO!51.2560.04 eV. These

values ofD0 yield the maximum allowed values forET at
each dissociation wavelength, which are shown by the ar-
rows in Fig. 5.

Based on the bond dissociation energy in Eq.~9!, the
thresholds for O21N2O ~y25n! are indicated by the comb in
Fig. 6. The correspondence with the experimental peak spac-
ings is quite good forn,6. All the experimental peaks are
offset towards lower translational energy than the thresholds
for each vibrational state. This offset is presumably due to
rotational excitation of each N2O vibrational level. Hence,
from this vibrationally resolvedP(ET) distribution we would
like to determine the vibrational and rotational energy distri-
bution of the N2O fragment.

The simplest way to extract such information is to as-
sume that all of the N2O excitation is in they2 mode. We then
construct an empirical model of theP(ET) distribution using
a set of Gaussian peaks separated by the known vibrational
spacings~588 cm21! of the y2 mode. A Gaussian functional
form is chosen to model the rotational distribution purely on
the basis of mathematical convenience. The model distribu-
tion F(ET) is given byn811 Gaussians such that

F~ET!5 (
n50

n8

anf n~ET!,

f n~ET!5expF2
1

2 SET2~hn2D02nv22D!

G/2.345 D 2G . ~10!

Heren labels the number of N2O bending quanta,G is the
full width at half maximum~FWHM! of the combined rota-
tional envelope and instrumental resolution, andD is the en-
ergy difference between the maximum possibleET for each
n @ET

max(n)5 hn 2D02 nv2# and the center of thenth Gauss-
ian. Eachf n(ET) is truncated forET . ET

max(n), the limit cor-
responding to N2O ~J50!. The coefficientsan give the y2
product state vibrational distribution. The solid line in Fig. 6
shows the best fit to the 570 nmP(ET) from a nonlinear
least squares fitting procedure, with parametersD50.045 eV,
G50.058 eV. Note that the same values ofD andG were used
for all vibrational states.

The fit is excellent forET,0.35 eV. The less than satis-
factory agreement below this energy may reflect excitation of
other N2O vibrational modes. In fact, it is difficult to tell
from the 570 nmP(ET) if excitation in the stretching modes
is occurring at lowET , because the frequencies of the N2O
y1 and y3 modes are nearly integer multiples of they2 fre-
quency:v153.8v2 andv352.2v2. The possibility that there
is excitation in all the N2O modes has important implications
for the dissociation mechanism and is discussed in more de-
tail in Sec. V.

The vibrational structure in the experimental distribu-
tions is not as well resolved at 532 nm as at 570 nm, and at
500 nm it is difficult to pick out any vibrational structure.
This blurring can again be attributed to either increasing
product rotational energy, or a breakdown in the assumption
that all vibrational excitation of N2O occurs as bending mo-
tion. In the absence of resolved structure, we do not attempt
to fit theP(Et) distributions at the higher excitation energies
with Eq. ~10!.

We next consider the translational energy release distri-
butions for channel~2!. In contrast to channel~1!, for which
all the P(ET) curves peak at the low energy cutoff of our
instrument, in channel~2! it is clear that with increasing
photon energy the peak in the translational energy distribu-
tion shifts to higher energy. Furthermore, each increase of
photon energy, which corresponds to a 150 meV increment,
shifts the peak of theP(ET) distributions to higher energy by
approximately 150 meV. In other words, even though the 570
nm P(ET) distribution peaks at or below our low-energy
cutoff, with little of the available energy going into fragment
translation, the extra energy available at 532 and 500 nm is,
on average, channeled into translational energy.

TheP(ET) distributions for channel~2! @Figs. 5~d!–~f!#
can be fit in the same manner as those for channel~1!. These
fits are underdetermined due to the lack of vibrational struc-
ture and the fact that there are two molecular fragments, NO
and NO2, which may both be rovibrationally excited. Even
so, the density of vibrational product states is smaller for this
case of two diatomics than for the products O21N2O. The
absence of resolved vibrational structure and the observation
that theP(ET) distributions fall to zero well belowET

max

implies that both fragments have considerable vibrational
and rotational excitation. At all three wavelengths there is
very little probability of finding both diatomic fragments in
their y50 vibrational states. We will show in Sec. V that a
high degree of NO2 vibrational excitation is consistent with
the photoelectron spectroscopy results of Posey and
Johnson,7 in which no evidence for the NO21NO channel
was evident.

V. DISCUSSION

A. Dissociation mechanism: N 2O2
21hn˜O21N2O

We first consider the nature of the excited electronic
state of N2O2

2 accessed in these experiments followed by a
discussion of how this state dissociates to O21N2O prod-
ucts. To assign the initial electronic excitation we compare
our experimental results with theab initio calculations sum-
marized in Tables I and II. The transition to the first excited
state, Ã(2B1)←X̃(2B2), with a calculatedTe51.47 eV, is
not electric dipole allowed. The lowest allowed transition,
B̃(2A2)←X̃(2B2), has a calculated energy ofTe52.24 eV
~l5553 nm!, and a vertical excitation energy of 3.24 eV
~l5382 nm!. The photodissociation cross section in Fig. 3
starts near the predictedTe for this transition, and rises
steadily towards the blue as would be expected when the
vertical excitation energy is considerably larger thanTe . Fur-
thermore, we measure a negative photofragment anisotropy
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parameter,b, indicating that the initial electronic excitation
is a perpendicular transition. TheB̃(2A2)←X̃(2B2) transition
has the required perpendicular character, involving the pro-
motion of an electron from the doubly occupied out-of-plane
1a2 orbital to the singly occupied in-plane 5b2 orbital. Based
on these considerations, we assign the electronic excitation
of the N2O2

2 ion in our experiment to the first optically al-
lowed transitionB̃(2A2)←X̃(2B2).

In order to consider the dissociation dynamics subse-
quent to electronic excitation, it is important to understand
how the electronic states of N2O2

2 correlate to product chan-
nels. Figure 8 represents the adiabatic picture of the relevant
surfaces, where the lowest states of each symmetry are cor-
related to asymptotic states to determine the evolution of the
electronic wavefunctions. As dissociation begins towards the
O21N2O asymptote, the extension of the N–O bond lowers
the ion’s symmetry from C2v to Cs , such that the in-plane
orbitals ~a1 andb2! becomea8 while the out-of-plane orbit-
als ~a2 and b1! correlate toa9. On the other hand, if one
approaches from the asymptotic region, N2O2

2 is formed by
combining O2~2Pu! with N2O ~1Sg

1!, resulting in three elec-
tronic states of Cs symmetry:A8, A8, andA9. By adiabati-
cally correlating the lowest states of each symmetry, the
X̃(2B2) ground state becomes

2A8, while theÃ(2B1) excited
state matches withA9. The third state,B̃(2A2), cannotcor-

relate with the remainingA8 state, and must instead be
matched with anA9 state that adiabatically leads to
O~3Pg!1N2O

2~2A8!. These products are not energetically ac-
cessible at the photon energies used in the present study. The
remainingA8 state arising from O2~2Pu! with N2O~1Sg

1!
most likely correlates with the unboundC̃(2A1) state, al-
though it is possible that a lower-lying2B2 state exists.

The key feature of Fig. 8 is that theB̃(2A2) state, which
we assign as the initial excited state in our experiment, does
not correlate to ground state O21N2O products. A nonadia-
batic transition to another electronic surface is required in the
dissociation mechanism. The question remains as to whether
dissociation occurs on an excited state surface, such as the
repulsive C̃(2A1) state, or if internal conversion to the
ground state occurs prior to dissociation. The translational
energy distributionsP(ET) in Fig. 5 can, in principle, help
distinguish between these possible mechanisms.

The excited state mechanism appears reasonable at first
glance. Given that N2O is linear, whereas theN–N–Omoi-
ety in N2O2

2 is strongly bent, one would expect significant
excitation in the N2O bend from excited state dissociation on
a repulsive surface, which is consistent with the vibrational
structure seen in the translational energy distribution at 570
nm. This mechanism would also result in relatively little
N2O rotational excitation, since the departing O2 ion cannot
apply much torque to the N2O fragment; this is again con-
sistent with the observation of resolved vibrational structure
in theP(ET) distribution, at least at 570 nm.

However, photodissociation studies of many small mol-
ecules have shown that when dissociation occurs on a repul-
sive potential energy surface, the translational energy distri-
bution peaks well away fromET50. In contrast, all three
experimental distributions for this channel peak near zero
translational energy, and their overall shape is relatively in-
dependent of photon energy@compared to channel~2!, for
example#. This trend is what one might expect if the disso-
ciation mechanism were internal conversion to the ground
state, followed by statistical decomposition without an exit
barrier. The absence of a barrier is certainly reasonable for
bond fission yielding an ion/neutral fragment pair, which will
be governed by an attractive potential proportional to21/r 4.
It is useful for the moment to bypass the first step in this
mechanism, internal conversion to the ground state, to deter-
mine if the observed translational energy distributions are
consistent with statistical theory.

1. Prior distributions

The most straightforward comparison one can draw is
with the prior translational energy distribution41 for the
photofragments. This model is expected to be most appropri-
ate for a potential without an exit barrier, in which the tran-
sition state lies far enough in the exit channel that the nuclear
configuration is essentially that of the products. One can then
use the rotational constants and vibrational frequencies of
N2O in computing the prior distribution.

In order to compute the prior translational energy distri-
bution, the vibrations are treated as discrete quantum states,
while to good approximation the translational and product

FIG. 8. One-dimensional projections of potential energy surfaces of the
N2O2

2 system. The nuclear coordinate is approximately represented by the
structures shown along the bottom of the diagram. Below the label for each
symmetry group~Cs , C2v, C2h! are listed the electronic states of that sym-
metry, showing the correlation of electronic states. Energy differences be-
tween theX(2B2) minimum and the two asymptotes are those derived from
this experiment~thick lines!. Thin lines are based on theab initio results and
molecular orbital correlations. Surfaces depicted by dashed lines are plau-
sible guesses for which no calculations have been successful. According to
our calculations~Table I!, theB(2A2) state does not have a local minimum
in C2v symmetry, but this may be a symmetry-breaking artifact~see text!.
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rotational degrees of freedom can be treated as continuous
distributions. Based on the treatment by Levine,41 one can
show that the prior translational energy distributionP0(ET)
for the O21N2O channel is given by

P0~ET!5C0 (
y1 ,y2 ,y350

Ey,Eavail2ET

g~y1 ,y2 ,y3!~ET!1/2. ~11!

HereEav5hn2D0 is the total energy available to the prod-
ucts andg~y1,y2,y3! is the degeneracy of the specified N2O
vibrational level; at eachET , the sum is over all energeti-
cally allowed N2O vibrational levels.

The prior distributions resulting from Eq.~11!, convo-
luted with a 0.025 eV FWHM Gaussian instrument resolu-
tion function, are superimposed on the experimental distribu-
tions in Figs. 5~a!–5~c! and Fig. 6. The prior distributions
peak nearET50.1 eV ~our experimental cutoff!, decreasing
towards higherET . Overall, the agreement between the prior
and experimental distributions is quite good, except at the
very lowest values ofET where the error bars on the experi-
mentalP(ET) are large. The prior distributions match the
general shape of the experimental distributions, and at each
wavelength both distributions drop to zero at approximately
the same value ofET . Moreover, there is observable vibra-
tional structure in the 570 nm prior distribution which be-
comes less prominent at lower wavelengths, in agreement
with the experimentally observed trend.

In Fig. 6 one can make a more detailed comparison be-
tween the prior and experimental distributions at 570 nm.
Like the experimental data, the prior distribution contains
periodic structure on an interval that matches they2 bending
mode of N2O. Even though all three vibrational modes are
excited, they2 mode dominates the statistical distribution be-
cause it is~n11!-fold degenerate whenn bending quanta are
populated. Because of this effect, combined with the diffi-
culty ~see Sec. IV! in distinguishingy2 excitation from exci-
tation in they1 andy3 modes of N2O, it is possible for even
a statistical distribution of product states to support a 588
cm21 ~i.e.,v2! vibrational spacing in the translational energy
distribution. We make this point because the experimental
data at 570 nm may also be modeled quite convincingly by
Eq. ~10! ~solid line in Fig. 6! to represent excitation of pure
N2O bending motion, an interpretation that is irreconcilable
with a statistical dissociation mechanism.

However, a closer comparison shows that structure in the
prior distribution is broader than the experimental rotational
envelope at 570 nm, particularly at highET . This broadening
arises because for each N2O vibrational level~y1,y2,y3!, the
corresponding term in the summation of Eq.~11! begins
abruptly atET5Eav2Ey . For this reason the thresholds in
the prior distribution line up well with the vibrational comb
in Fig. 6. In addition, for each vibrational state the prior
distribution extends all the way toET50, i.e., the maximum
Ej allowed by energy conservation. This yields very broad
rotational energy distributions for low vibrational states of
N2O, with narrower distributions only for the highest vibra-
tional states. In contrast, the fitting of the experimental data

to Eq. ~10! indicates that the rotational envelope for each
state is about the same, and is considerably narrower than
that resulting from the prior distribution.

This discrepancy may simply indicate that the rotational
distribution reflects the dissociation dynamics on the ground
state surface, and that the constraints on N2O rotation im-
posed by energy and angular momentum conservation alone
are physically unreasonable. While there is some rotational
excitation of the N2O2

2 in the ion beam, if we assume that the
total angular momentumJ>0, then the N2O rotational angu-
lar momentumj is approximately equal in magnitude tol ,
the orbital angular momentum of the separating fragments.
Consider, for example, the N2O ~y254! level, for which the
maximumET is 0.48 eV at 570 nm. The value ofjmax5lmax
determined by energy conservation alone is 96\, while lmax
determined by considering the maximuml at which the
translational energy is greater than the centrifugal exit barrier
~assuming the appropriate21/r 4 long range potential! is only
slightly smaller, 93\. The corresponding impact parameters,
given bymvbmax5lmax, are 1.84 and 1.79 Å, respectively,
both of which are considerably greater than the radius of the
N2O molecule, 1.156 Å. Given that the O2 is originally
bound to the central N atom of the N2O fragment, these
values appear to be unreasonably large even if there is sub-
stantial large amplitude vibrational motion on the ground
state surface prior to dissociation. In this context it is not
altogether surprising that the experimental rotational distri-
butions are narrower than those predicted by statistical mod-
els.

Based on the reasonable overall agreement between the
experimental results and prior distributions, we believe that
the O21N2O channel results from decay on the ground state
surface rather than dissociation on a repulsive excited state.
While the latter mechanism certainly cannot be ruled out, it
would be unusual for the translational energy distribution
from such a process to be so similar to that predicted by a
simple statistical model.

2. Angular distributions and RRKM lifetimes
The angular distributions and their dependence on exci-

tation energy provide further insight into the dissociation dy-
namics. Recall that the angular distribution is essentially iso-
tropic at 570 nm and that the anisotropy increases with
energy. This indicates that the lifetime of the N2O2

2 complex
is several rotational periods at 570 nm, whereas at 500 nm
the lifetime is shorter, presumably more on the order of the
characteristic rotational period of the complex. If we assume
a rotational temperature of 60 K and treat the complex as an
oblate symmetric top with rotational constants determined
from the ground state geometry, the average value of rota-
tional quantum numberJ is 11. The corresponding classical
rotational period about thec-axis of the complex~i.e., per-
pendicular to the plane! is 6.3 ps.

It is of interest to compare the rotational period to the
Rice–Ramsperger–Kassel–Marcus~RRKM! lifetime of
N2O2

2 in its ground electronic state. The RRKM dissociation
ratek(E) is given by

k~E!5N‡~E‡!/hr~E!. ~12!
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HereN‡(E‡) is the number of accessible states at the transi-
tion state andr(E) is the density of N2O2

2 states at total
energyE, both of which can be calculated from the Whitten–
Rabinovitch expressions42 if the vibrational frequencies of
the transition state and reactant are known. Because no bar-
rier to dissociation is expected, we choose a loose transition
state with four vibrational frequencies set equal to the N2O
frequencies and one low frequency vibration corresponding
to the in-plane O–N2O bend ~the O2–N2O asymmetric
stretch is taken to be the reaction coordinate!. The calculated
vibrational frequencies at the MP2 level are used to calculate
r(E) for N2O2

2 . If the O–N2O bend frequency in the transi-
tion state is assumed to be 50 cm21, the resulting lifetime of
the complex at 570 nm is 0.13 ps, considerably shorter than
the rotational period. We note that the preexponentialA fac-
tor calculated with these transition state and reactant frequen-
cies is only 231014 sec21 ~atT5300 K!. This value is some-
what low for dissociation without a barrier; more typical
values are 1016 sec21.43 Thus our assumed transition state is,
if anything, too ‘‘tight.’’ It might be more realistic to use a
lower bend frequency or an internal rotor to model the rela-
tive motion of the O2 and N2O fragments at the transition
state, in which case the dissociation lifetime would be even
shorter.

The large discrepancy between the apparent dissociation
lifetime implied by the angular distributions and the RRKM
lifetime suggests that dissociation on the ground state poten-
tial energy surface is not the rate-limiting step. A possible
explanation is that internal conversion from the initially ex-
cited B̃(2A2) state to the ground state occurs on a time scale
of several picoseconds and is therefore rate limiting. We
would then attribute the decrease in lifetime with increasing
excitation energy to an increased internal conversion rate
arising from more highly excited vibrational levels of the
B(2A2) state.

B. Dissociation mechanism: N 2O2
21hn˜NO21NO

The description of product channel~2!, which yields
NO21NO, requires a discussion of several of the same is-
sues raised in considering channel~1!. However, channel~2!
is clearly more complex, as it involves rearrangement and
elimination, rather than the simple bond fission process of
channel~1!. A key issue in the mechanism of channel~2! is
the role of the ONNO2 isomer. Posey and Johnson7 showed
that this isomer~which they denote NO2NO! is a stable spe-
cies on the global potential energy surface of the negative
ion. There is no experimental evidence for the exact energy
of this isomer relative to the N2O2

2~C2v! well. The only pre-
viously published calculation, by Hiraokaet al. at the
ROHF/6-311G level, finds the C2v structure more stable
than trans-ONNO2 ~C2h! by 4.4 kcal/mol.8 Our G1 and G2
calculations described in Sec. III B show that at this more
accurate level of theory the two isomers are essentially
isoenergetic, with the trans-ONNO2 isomer more stable by
only 0.05 eV. The depth of this well on the potential energy
surface depicted in Fig. 8 is based on the G-2 calculations.
Although the photoelectron spectrum offers no clues as to

the relative thermodynamics of these two isomers, we can be
certain that the anion potential energy surface has a well in
an ONNO2 configuration.

Based on the discussion of channel~1!, the first mecha-
nism which must be considered, aside from the initial elec-
tronic excitation, is that the dynamics for channel~2! occur
entirely on the global ground state potential energy surface
for the O21N2O→NO21NO reaction. Specifically, elec-
tronic excitation would be followed by internal conversion to
the N2O2

2 ground electronic state, after which isomerization
to ONNO2 and bond fission to NO21NO occur. The result
of this mechanism would be experimentalP(ET) distribu-
tions which, like those for channel~1!, should reflect a
largely statistical decomposition mechanism for a process
with no exit channel barrier.

As one test of this mechanism, the experimentalP(ET)
distributions can be compared to prior distributions for chan-
nel ~2!, using a version of Eq.~11! appropriate for two di-
atomic fragments.41 The comparison in Figs. 5~d!–5~f!
shows that, in contrast to channel~1!, the prior and experi-
mental distributions are very different. The experimental dis-
tributions show that the fragments have considerably less
translational energy, on the average, than predicted by the
prior distribution. Moreover, although the 570 nm distribu-
tion peaks nearET50, the maxima in the other two distribu-
tions clearly move towards higherET as the excitation en-
ergy is raised. More specifically, as was pointed out in Sec.
IV A, the magnitude of this shift is very nearly equal to the
additional excitation energy, indicating that this additional
energy is efficiently channeled into product translational en-
ergy.

Taken together, these observations cast serious doubt on
a statistical decomposition mechanism for channel~2!. Sta-
tistical decay should lead to translational energy distributions
that are, at most, weakly dependent on the excitation energy.
Moreover, the high level of product vibrational excitation
suggests a rather sudden dissociation beginning from a
nuclear configuration in which the N–O bond lengths are
very different from those in the separated products. Exten-
sive product rotational excitation should also be expected if
the nuclear configuration changes rapidly from a C2v struc-
ture to the trans-ONNO2 intermediate on the way to prod-
ucts, due to the significant torque such motion exerts around
the noncentral N atom of N2O2

2 . A possible mechanism con-
sistent with these results is one in which the initially pre-
pared N2O2

2 excited electronic state interacts with another
excited state that correlates asymptotically to NO21NO
products, and that dissociation to channel~2! takes place on
this second excited state surface. Even though we postulate a
second excited surface that is repulsive, it has been
demonstrated44 that extensive vibrational and rotational exit
channel interactions, such as those qualitatively described
above, can effectively channel the majority of available en-
ergy into internal states of the products.

Unfortunately, we have little information regarding what
excited states may play a role in NO21NO production. To
further explore this product channel it would be useful to
form ground state ONNO2 in the ion source, dissociating it
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at the same three wavelengths used in the current study.
However, repeated attempts to create this species from the
same NO/Ar mixture used in the photoelectron spectroscopy
studies have not yet been successful on the fast beam trans-
lational spectrometer.

One issue raised by the mechanism proposed above is
why statistical decomposition to channel~2! does not seem
to be occurring, given that we believe channel~1! to proceed
by dissociation from a ground state N2O2

2~C2v! complex. The
statistical~i.e., ground state! mechanism for channel~2! re-
quires passage over an isomerization barrier to form the
ONNO2 complex, representing a much tighter transition
state than that for bond fission to O21N2O. Thus, unless the
isomerization barrier is considerably lower than
D0~O

2–N2O!, bond fission will dominate over isomerization
once the ground state complex is formed. Unfortunately, we
were unable to locate the isomerization barrier between the
two potential minima in our calculations, which precludes a
more quantitative analysis of the possible ground state reac-
tion path.

C. Comparison with photoelectron spectroscopy

The observation of both product channels shown in Figs.
4 and 5 warrants a comparison of our results to the photo-
electron spectroscopy of Posey and Johnson.7 They observe
in the 532 nm photoelectron spectrum of N2O2

2 a single peak
due to the detachment of O2 ions. They conclude that this
isomer photofragmentsexclusively to O21N2O. At first
glance, our observation of NO21NO products at 532 nm
seems to contradict their interpretation. One must question
why signal from NO2 photodetachment is not observed in
the photoelectron spectrum if this fragment ion is in fact
produced. The explanation can be found in the translational
energy release distributions for channel~2! shown in the
right column of Fig. 5. The small fraction of available energy
in translation for this channel requires that the fragments
have a high degree of vibrational excitation. Because the
detachment threshold of NO2 ~194 cm21! ~Ref. 22! is small
compared to its vibrational frequency45 of 1363 cm21,
NO2~y.0! spontaneously autodetaches an electron to give
primarily NO~y85y21!1e2. The slow electrons produced
from autodetachment are below the low-energy cutoff of the
time-of-flight photoelectron spectrometer used by Posey and
Johnson, and would not have been observed in those experi-
ments. Taking both the photoelectron data and our transla-
tional spectroscopy experiments into account, the only mu-
tually consistent explanation is that photodissociation of
N2O2

2 at 532 nm does produce NO2, but none of this product
is in its ground vibrational state, and is therefore not detect-
able in the photoelectron spectrometer.

To further support our argument, we note that Posey and
Johnsondid observe the unmistakable photoelectron spec-
trum of NO2 at 532 nm from photodestruction of the
ONNO2 isomer. As explained earlier, NO2 ~y50! is the only
product vibrational state which could produce this signal in
their experiments. Therefore, if the ONNO2 isomer were
present in our electric discharge ion beam at any appreciable

concentration, theP(ET) distributions of Fig. 5 would show
some intensity at the highest possible translational energy
@which corresponds to NO2 ~y50! products#. The complete
lack of intensity at these translational energies further sup-
ports our conclusion that NO21NO arises unambiguously
from ~C2v!N2O2

2 photofragmentation.

D. Comparison with photodissociation of CO 3
2

The CO3
2 ion, which is isoelectronic with N2O2

2 , also
dissociates in the visible region, yielding O21CO2. The
photodissociation dynamics of CO3

2 have been extensively
examined for twenty years.2 One might therefore expect to
gain further insight into the N2O2

2 photodissociation dynam-
ics through a comparison with the CO3

2 work. The study by
Snodgrasset al.3 is particularly relevant for comparison to
our data. They measured the O21CO2 translational energy
distribution and calculated the CO3

2 geometry at the unre-
stricted Hartree–Fock level, finding a2A28 ground state with
D3h symmetry. Their translational energy distributions, like
ours, peak nearET50 and decrease steadily towards higher
ET , indicating a high level of CO2 internal excitation: How-
ever, they find that the average translational energy release
decreasesas the photon energy is increased from 514 to 476
nm, finally increasing again at 458 nm, which differs from
our results and the predictions of statistical models. Based on
these results, they concluded that this dissociation occurs on
an excited state surface, rather than by statistical decompo-
sition of the ground state as we have proposed for
N2O2

2→O21N2O.
A closer look at both ions indicates that there are impor-

tant differences in the electronic states involved in the two
transitions. The visible excitation in CO3

2 is assigned by Sn-
odgrasset al. to the2E8←2A28 transition. In C2v symmetry,
the 2A28 state correlates to2B2, implying that the ground
states for CO3

2 and N2O2
2 have similar electronic structure.

However, the2E8 excited state of CO3
2 correlates to a2A1

and2B2 state, neither of which corresponds to the
2A2 excited

state that we believe provides the oscillator strength in N2O2
2

dissociation. Instead, a2A2 state correlates to2E9 in D3h

symmetry, although the2E9←2A28 transition is not optically
allowed. The excited states formed by electronic excitation
in the two experiments are therefore quite different, which
could certainly account for the different dissociation mecha-
nisms proposed for the two anions. This comparison shows
that while rough predictions about a molecule can be made
based on properties of isoelectronic species, the detailed dy-
namics of each system can be completely dissimilar.

VI. CONCLUSIONS

The photodissociation of N2O2
2 (C2v) has been investi-

gated using fast beam translational spectroscopy. Two prod-
uct channels are observed: O21N2O and NO21NO. Ab
initio calculations have been carried out for the lowest state
of each symmetry in this ion. Based on the agreement be-
tween experiment and theory, the transition in the total dis-
sociation cross section spectrum is assigned to
B̃(2A2)←X̃(2B2).
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Product state distributions for both channels show that
the majority of available energy goes into internal energy of
the fragments. TheP(ET) distributions for channel~1! dem-
onstrate resolved vibrational structure of the N2O fragment.
From these distributions the following thermodynamic data
has been derived:D0~O

2–N2O!51.4060.03 eV,D0~N2O2
2

→NO21NO!51.2560.04 eV, and DHf ,0
0 ~N2O2

2!
50.5860.04 eV. The calculated values from G1 and G2
theory are in good agreement with the experimental values,
which lends credibility to the value calculated by the same
methods~but not experimentally known! for the isomeriza-
tion reaction DH0@N2O2

2~C2v!→trans-ONNO2~C2h!#
520.05 eV. Within the accuracy of the calculations, these
two isomers are thermoneutral.

The formation of O21N2O is most consistent with a
sequential mechanism of rate-limiting internal conversion to
the ground state followed by fast dissociation without a bar-
rier. At all three excitation energies used in this study, the
product translational energy distributions are in overall
agreement with the calculated prior distributions. However,
at the lowest excitation energy, 570 nm, vibrational structure
in the experimental distribution is resolved to the point
where it is clear that the N2O rotational distributions are
colder than predicted by the prior distribution. The N2O ro-
tational distribution is apparently constrained by the disso-
ciation dynamics on the ground state surface rather than by
energy and angular momentum conservation. Nonetheless,
because the product translational energy distributions are
reasonably well predicted by a simple statistical model, we
believe this channel is due to dissociation on the ground state
rather than on an excited state surface.

In contrast, the translational energy distributions for the
NO21NO channel are very different from the corresponding
prior distributions. Their dependence on excitation energy
suggests that this channel results from dissociation on an
excited state potential energy surface that interacts with the
initially excited N2O2

2 B̃(2A2) state. The translational energy
distributions indicate that their is significant internal excita-
tion of the fragments. The apparent absence of this channel
in the earlier study by Posey and Johnson indicates that all of
the NO2 is vibrationally excited.
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