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The excited states of N2O2 have been characterized by studies of the dissociative photodetachment of N2O2
-

at 266 nm. Photoelectron-photofragment coincidence spectroscopy reveals the correlation between features
observed in the photoelectron spectrum and different neutral dissociation pathways. Evidence for at least two
isomers of N2O2

- is presented and upper limits for their stabilities are determined. One isomer, ONNO-, is
stable relative to NO+ NO + e- by < 1.70( 0.05 eV, while the second isomer, trigonal N2O2

-, is stable
relative to O- + N2O by < 0.57( 0.05 eV. The observed dissociation channels are assigned to ONNOf
NO + NO, N2O2 f O (3P) + N2O, and either O(1D) + N2O or N(4S) + NO2. No evidence for stable N2O2

was found, and the dissociation dynamics of the excited states of N2O2 are discussed.

1. Introduction

The oxides of nitrogen play an important role in atmospheric
chemistry and have received attention owing to their potential
importance as intermediates in catalytic reduction processes1,2

and as potential energetic materials.3 The weakly bound ground-
state dimer of nitric oxide, (NO)2, has been extensively
investigated experimentally4-8 and theoretically.9-11 Excited
states of N2O2 have been proposed as intermediates in the
reactions of N+ NO2,12,13 O + N2O,14-17 and the efficient
vibrational energy transfer processes observed in the self-
relaxation of vibrationally excited NO.18 A number of theoretical
studies have predicted the existence of several high energy N2O2

isomers,1,3,19-22 and some experimental studies have sought to
characterize these N2O2 species.7,8,18,23,24In the present study,
dissociative photodetachment (DPD) of isomeric forms of N2O2

-

has been used to both characterize the predissociative excited
states of N2O2 and to determine the relative energetics of the
isomers of N2O2

- produced by electron impact on a beam of
N2O.

Using photoelectron spectroscopy of negative ions, Posey and
Johnson25 found evidence for three distinct isomers of N2O2

-

by varying ion source reagents and conditions. These isomers
were produced in the gas phase by electron impact on a
supersonic expansion of different gas mixtures. A weakly bound
O2

-‚N2 anion was formed from a 5% O2/N2 gas mixture,
O-‚N2O (or N2O2

-) from N2O, and a weakly bound dimer
NO-‚NO was obtained from a 10% NO/Ar mixture. Photoelec-
tron spectra were used to identify these three distinguishable
isomers. Matrix isolation spectroscopy experiments have es-
tablished the existence ofC2V-N2O2

- andcis- or trans-ONNO-

anions.26,27 More recently, Arnold and Neumark characterized
the metastable, high-energy forms of neutral N2O2 by photo-
electron spectroscopy of the N2O2

- anion at 266 and 213 nm.23

Vibrationally resolved progressions corresponding to transitions
to several electronic states of the N2O2 molecule were observed.
Franck-Condon simulations were used to interpret these spectra
in terms of a trigonal N2O2 species. In addition, studies of the

repulsive states of N2O2
- were performed by photofragment

translational spectroscopy by Osborn, et al.28

In studies of gas-phase electron-impact on N2O, the formation
of N2O2

- has been proposed to proceed by formation of O-

from dissociative electron attachment to N2O followed by
addition to N2O and three-body stabilization of the resulting
N2O2

-.25 Since the reaction of O- with N2O can occur by attack
of O- on either the central or terminal nitrogen atom of N2O,
isomeric forms of N2O2

- are expected to be formed as
intermediates in this reaction. Isotope-labeled experiments29-31

on this reaction showed that all possible NO- products are
formed with equal probability, indicating that complete isotope
scrambling is achieved within the reaction complex, regardless
of whether trigonal N2O2

- or trans- or cis-ONNO- are formed
in the initial attack of O- on N2O. One purpose of the present
work was to search for distinct strongly bound isomers of N2O2

-

in the gas phase.
Many of the theoretical studies of N2O2 have focused on the

ground and low-lying excited states of the weakly bound neutral
dimer, (NO)2.32,33 There have also been a number of ab initio
calculations focusing on excited-state N2O2 isomers,3,19-22

including the most recent large-basis-set configuration-inter-
action calculations of Vincent et al.1 Depending on the level of
theory used, the kinetic stabilities and energetics of the excited-
state isomers with respect to the NO+NO asymptote vary
dramatically. Neumark and co-workers carried out calculations
on both triplet and singlet excited states of trigonal N2O2, as
well as N2O2

-.23,28High-level calculations on both the anionic
and neutral states of N2O2 have also been reported by Snis and
Panas, including the structure and energetics ofcis- andtrans-
ONNO- and trigonalC2V-N2O2

- anions using DFT/B3LYP and
CASPT2 techniques with large basis sets.9 They predicted that
the trigonalC2V-N2O2

- species is bound by 1.4 eV, while the
trans-ONNO- ion is the most stable form, bound by 1.7 eV
relative to NO+ NO-.

In the present experiments, the DPD of N2O2
- was studied

using photoelectron-photofragment coincidence (PPC) spec-
troscopy. Measurements of the photoelectron and photofragment
kinetic energies in coincidence provide information concerning
the mechanism of anion photodetachment and dissociation of
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the nascent neutral species. N2O2
- was produced by electron

impact on N2O. Two major DPD channels,

were observed at 266 nm (4.66 eV). The coincidence measure-
ments allow the photoelectron spectra to be resolved into
contributions from different product channels and determination
of the dissociation dynamics of the excited states of N2O2

accessed in these experiments. A consideration of the energetics
of dissociation channels (1) and (2) provides insights into the
energetics of isomeric N2O2

- and ONNO-.

2. Experimental Section

The apparatus has been previously described in detail34,35and
is only briefly reviewed here. In these experiments a fast (3-4
keV) mass-selected anion beam is used to carry out photoelec-
tron and photofragment translational spectroscopy in coinci-
dence. Ions are formed by crossing a pulsed supersonic
expansion of 10% N2O/Ar with a 1 keV electron beam at a
repetition rate of 1 kHz. The anions pass through a skimmer,
are accelerated, and mass-selected by time-of-flight (TOF).

The N2O2
- anions are intersected at a right angle with a

linearly polarized laser pulse from the fourth harmonic 266 nm
(4.66 eV) of a mode-locked, Q-switched, cavity-dumped Nd:
YAG laser. This laser produces∼100 ps fwhm pulses with∼30
µJ at 266 nm focused to a 0.5 mm spot, and in the data presented
here the electric vector of the laser was parallel to the ion beam
direction. The recoiling photoelectrons are detected by a time-
and position-sensitive detector. The electron laboratory kinetic
energy is determined by TOF and the recoil angle by detected
position. Measurement of the electron recoil angle allows
correction for Doppler broadening due to the fast ion beam.
With this correction, the electron kinetic energy (eKE) in the
center-of-mass (CM) is determined. The photoelectron spectra
are recorded in coincidence with photofragments or stable
neutral products in these experiments. The photoelectron
spectrometer was calibrated by photodetachment of O- and I-,
with an eKE resolution∆E/E (fwhm) ∼4%.

Photofragments from the ion-laser interaction travel over a
96 cm flight path to a 4-cm-diameter particle detector. Residual
ions and any ionic photofragments are removed from the beam
by electrostatic deflection. The photofragment detector is
composed of a microchannel-plate-assembly coupled to two
wedge-and-strip anodes, allowing the time and position-of-
arrival of two photofragments to be recorded per laser shot. The
time and position information allows direct determination of
the photofragment velocities in the center-of-mass (CM) frame.
Conservation of linear momentum in the CM frame serves to
determine the photofragment mass ratio, ensuring that photo-
fragments originate from a single dissociation event. No
evidence for the production of stable N2O2 or three-body
dissociation processes was observed. The translational energy
resolution of the apparatus∆E/E (fwhm) is e10%. Correlation
of the photoelectron with the photofragments is ensured by
carrying out the experiment at a low event rate of∼0.1 event
per laser shot, with an estimated false coincidence rate in these
experiments of∼4%.

3. Results

A. Photofragment Mass Spectrum.The photofragment mass
distribution obtained in the DPD of N2O2

- at 266 nm is shown

in Figure 1. The mass spectrum is consistent with at least two
product channels, (1) NO+ NO + e- and (2) O+ N2O + e-.
With the mass resolution ofm/∆m ≈ 10, the presence of small
branching ratios to the O2 + N2 + e- and in particular the N+
NO2 + e- channels cannot be ruled out, as further discussed
below. The apparent O+ N2O + e- channel is only 6% of the
total, as calculated by the peak areas in Figure 1. This is a lower
bound for the true branching ratio between these two channels,
as there is a lower acceptance of the particle detector for events
with asymmetric product mass ratios.

B. Photoelectron N(eKE) and Photofragment N(ET) Spec-
tra. A raw N(eKE) photoelectron spectrum is shown in Figure
2a. This is a total spectrum for both product channels and results
from photoelectrons observed in coincidence with at least one
photofragment. The peak positions are consistent with the high-
resolution photoelectron study of Arnold et al.23 The rising
background at low eKE in Figure 2a is generated by scattered
photons interacting with surfaces in the detector region. This
background peaks at low energy and falls off rapidly, with little
contribution at eKE> 0.7 eV. The peak located at≈ 3.20 eV
corresponds to the photodetachment of O-(2P), indicating that
some photodissociation of N2O2

- (N2O2
- + hν f O- + N2O)

occurs at this wavelength, followed by photodetachment of O-

by a second photon.23,25 The photodetachment of O- at 266
nm yields two peaks: at 3.20 and 1.23 eV for the products O(3P)
and O(1D), respectively. The O(1D) peak at≈ 1.23 eV is barely
seen as a small shoulder due to the N2O2

- photoelectron signal
in that region.

Figure 2b shows the photoelectron spectrum recorded in
coincidence with two momentum-correlated NO products. This

Figure 1. Photofragment mass spectrum for the DPD of N2O2
- at 266

nm.

Figure 2. (a) Photoelectron spectrum recorded for photoelectrons plus
at least one neutral photofragment at 266 nm (4.66 eV). The dashed
line represents a Gaussian fit to the photoelectron spectrum of O-. No
laser background is subtracted from this spectrum; however, the form
of the background is shown as the dot-dashed line. (b) Photoelectron
spectrum for the NO+ NO + e- product channel. A vibrational
progression is labeled and the laser background is subtracted. (c)
Photoelectron spectrum for the O+ N2O + e- product channel. The
dashed lines represent the Gaussian fit to the experimental data with
fixed width and position. Four broad peaks marked by 0, 1, 2, and 3
are fit by a series of Gaussian functions with fixed width.

N2O2
- + hν f O + N2O + e- (1)

f NO + NO + e- (2)
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spectrum has been corrected for laser-generated photoelectron
background, which is also reduced by enforcing coincidence
with two momentum-matched products. Figure 2c shows the
photoelectron spectrum recorded in coincidence with O+ N2O
products. The O- peaks are eliminated in Figure 2b since these
data are coincident with NO+ NO products; however, the peak
related to O(3P) at 3.20 eV is still evident in Figure 2c as
expected, given that this spectrum represents coincidences
between O+ N2O + e-.

The photoelectron spectrum of the NO+ NO + e- channel
in Figure 2b exhibits a vibrational progression with a frequency
of ωe ) 1290( 80 cm-1, consistent with the value of one of
the several modes resolved in the higher resolution photoelectron
spectra reported by Arnold and Neumark at 1240( 10 cm-1.
The vibrational band origin is at eKE) 1.31 eV, which is
shifted by one vibrational quantum (possibly a vibrational hot
band) to larger eKE compared to the results of Arnold and
Neumark,23 corresponding to an adiabatic detachment energy
(ADE) of 3.35 eV for this anion. Arnold and Neumark assigned
the 1240 cm-1 mode to an N-O stretch in a3A2 state of trigonal
C2V-N2O2 based on ab initio calculations and Franck-Condon
simulations. However, at the highest level of theory carried out,
MP2/6-31+G, the calculated vibrational frequency for this mode
was 1431 cm-1, considerably larger than the experimental value.
Since these photoelectrons are correlated only with NO+ NO
products and given the energetics discussed below, we propose
that an ONNO- isomer is responsible for this spectrum. Excited
states of N2O2 have recently been studied by Vincent et al.,1

who reported the energetics and vibrational frequencies for a
number of isomers. They found several structures with vibra-
tional frequencies in the 1250( 100 cm-1 range. In particular,
cyclic ONNO and NONO structures were found that could
undergo facile dissociation to NO+ NO. Of these, only the
cyclic ONNO species would be expected to have significant
Franck-Condon overlap with either thetrans- or cis-ONNO-

structures predicted by Snis and Panas.9 Vincent et al. calculated
the cyclic ONNO species to lie 1.66 eV about NO+ NO + e-,
with an 1100 cm-1 symmetric NO stretch.

The photoelectron spectrum of the O+ N2O + e- channel
is located in the low eKE area with strong laser background,
and the signal-to-noise suffers from the small branching ratio
for this dissociation channel. It is obvious, however, that the
photoelectron spectrum coincident with O+ N2O is different
from that found for NO+ NO products. Four poorly resolved
peaks are fit in Figure 2c using Gaussian functions. The peak
positions are at 1.14, 0.88, 0.64, and 0.40 eV, consistent with
a vibrational progression ofωe ∼ 2100 cm-1. Given the signal-
to-noise of this spectrum, this assignment is clearly tentative.
The only modes consistent with such a large vibrational spacing
are the N-N stretches in trigonal or nearly trigonal N2O2

species. Arnold and Neumark calculated 2190 cm-1 at the MP2/
6-31+G level for the N-N stretch in theCs symmetry1A′ state
of N2O2.23 From the highest energy peak in the photoelectron
spectrum, an ADE of 3.52 eV is found for this species.

The photofragment translational energy release spectra, N(ET),
for the two product channels are shown in Figure 3. The
spectrum labeled N(ET) for the NO+ NO + e- products is a
broad peak with the most probable ET at 1.05( 0.02 eV. The
N(ET) spectrum for the O+ N2O + e- products clearly shows
two components: a low ET component at≈ 0.1 eV and a high
ET component at 0.82 eV( 0.02.

C. N(ET,eKE) Correlation Spectra. The measurement of
three-particle coincidence events provides a correlation spectrum

between ET and eKE. The correlation spectra N(ET,eKE) for
NO + NO + e- and O+ N2O + e- channels are shown by the
contour maps in Figures 4 and 5, respectively. The lowest
contour line is at 4% of the peak, the false coincidence rate
expected in this experiment. No effort has been made to correct
for the energy and angular acceptance of the particle detectors

Figure 3. Photofragment translational energy release (N(ET)) spectra
for the NO+ NO + e- and the O+ N2O + e- DPD channels.

Figure 4. Photoelectron-photofragment (N(ET,eKE)) correlation
spectrum (30 000 events) for N2O2

- + hν f NO + NO + e- at 266
nm, recorded at a beam energy of 4 keV. The assigned maximum kinetic
energy for the photoelectron and photofragments, KEmax ) 2.94 eV, is
shown as the solid diagonal line. The lowest contour is at the 4% level
with the rest of the contours linearly spaced from 10% to 95%.

Figure 5. Photoelectron-photofragment (N(ET,eKE)) correlation
spectrum (2700 events) for N2O2

- + hν f O + N2O + e- at 266 nm
(4.66 eV). The assigned maximum kinetic energy for O(3P) + N2O is
shown as the solid diagonal line at KEmax ) 2.2 eV. In addition, a
dashed diagonal line at 0.8 eV is shown for the low-ET channel
discussed in the text. The contours are as in Figure 4.
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or laser-correlated background in these spectra, as this is difficult
to do with the coincidence spectra.

In Figure 4, horizontal features are seen in the contour map
correlated with the peaks in the photoelectron spectrum for NO
+ NO + e-. These bands peak at ET ∼ 1.1 eV, as seen in the
N(ET) spectrum for this channel in Figure 3. The diagonal line
on this spectrum, drawn at the 4% false coincidence level
contour represents the maximum kinetic energy release for this
DPD process at KEmax ) 2.94( 0.05 eV. The contour map in
Figure 5 consists of a low ET and a high ET component,
corresponding to the two features in the N(ET) spectrum for O
+ N2O + e- in Figure 3. Two KEMAX values are noted on this
figure, KEmax ) 2.2 ( 0.05 eV for O(3P) + N2O + e- and a
second KEmax at 0.8( 0.05 eV for the low-ET channel.

4. Discussion

A. Lifetime of the Dissociative States of N2O2. The
observation of resolved structure in the photoelectron spectra
indicates that the dissociative states of N2O2 survive for more
than a vibrational period. To determine the upper limit of the
lifetime for the N2O2 dissociative states, we also measured the
photofragment translational energy distributions at different
beam energies (3 and 4 keV). No difference was found in the
measured ET distributions, indicating that the neutral N2O2

dissociated promptly relative to the 9.7 and 8.4µs flight times
from the interaction region to the detector at 3 and 4 keV,
respectively. Monte Carlo simulations indicate that an upper
limit to the excited-state lifetime is 500 ns, as differences in
the observed translational energy distributions would be ob-
served for longer lifetimes. Product angular distributions were
also measured for both channels. It was found that for the NO
+ NO + e- channel the products were distributed isotropically
at low ET up to the peak of the N(ET) distribution at 1.05 eV,
while the products were peaked along the electric vector of the
laser beyond that value. Energy conservation dictates that the
products at higher ET predominantly arise from more highly
internally excited N2O2 molecules (i.e., lower eKE) and implies
that the dissociation lifetime decreases with internal excitation.
The O + N2O product channel is peaked along the electric
vector of the laser over the entire translational energy distribu-
tion. These results suggest that the more highly excited N2O2

internal states dissociate on the order of a rotational period, much
faster than the crude upper limit of 500 ns. In any case, no
excited states of N2O2 were observed with lifetimes useful for
energetic materials applications.

B. Energetics.The stability and nature of the anions that
have been photodetached is an important aspect of this study.
Figure 2 shows that the NO+ NO + e- and O+ N2O + e-

DPD channels are characterized by different photoelectron
spectra, consistent with the formation of isomeric forms of
N2O2

- by electron impact on N2O. Two isomers of N2O2
-,

trigonal N2O2
- and atrans- or cis-ONNO- species, are expected

to form by this mechanism. The N(ET,eKE) spectra allow
determination of the energetics of the anion precursors, since
the relative energetics of the neutral products are well known.
Given the photon energy of 4.66 eV, the values for KEmax

discussed above for these two DPD processes indicate that there
are two different anion precursors. This discussion will refer to
these isomers as N2O2

- and ONNO-, respectively, with a
stability relative to DPD for reaction 1 of 2.46 eV and for
reaction 2 of 1.72 eV, respectively. Combined with the known
electron affinities of O and NO, these numbers further imply

that the ionic bond dissociation energies are as follows:

For these values to be accurate, two assumptions must hold.
First, the anions must not be internally excited, which is
generally true in the pulsed supersonic expansion ion source.
This assumption will be accepted based on previous experience,
although there is some evidence for a hot band in the NO+
NO channel. Second, some of the products must be formed in
their ground electronic, vibrational, and rotational states. This
merits further consideration and, in any case, implies that these
values are upper limits to the true bond dissociation energies.

The only previous study to directly investigate the bond
dissociation energies of N2O2

- was the photodissociation study
in the visible wavelength region by Osborn et al.28 Using both
electron-impact and pulsed-discharge ion sources, they observed
photodissociation of ions atm/e ) 60 to both O- + N2O and
NO + NO + e-. Since no evidence for the production of stable
NO- (V ) 0) was observed, they assumed NO+ NO- products
were not formed in the lowest internal states, and they did not
use the lower ET,max (and hence higher indicated bond energy)
found from these data. Evidence for vibrational bending
excitation in the N2O product of reaction 3 was noted, and the
observed threshold for that process was taken as the maximum
ET from which the bond dissociation energy was deduced.
Assuming the presence of a single isomer, they found∆D0 )
1.40 eV for reaction 3 and∆D0 ) 1.25 eV for reaction 4. To
explain the production of NO- + NO from the trigonal N2O2

-

isomer, they invoked a mechanism involving rearrangement on
a repulsive excited state.

As discussed above, the different photoelectron spectra
observed for the two DPD channels in this experiment suggest
that there are at least two isomeric forms of the anion: the
trigonal N2O2

- isomer proposed by Arnold and Neumark23 and
a strongly bound ONNO- isomer (cis- or trans-N2O2

-), with
the former undergoing DPD to O+ N2O + e- and the latter to
NO + NO + e-. It must be noted that the earlier results of
Posey and Johnson,25 who found evidence for a weakly bound
(NO)2 species formed in the electron impact on NO, do not
exclude the possibility that a more strongly bound ONNO-

anion exists. In fact, the recent calculations by Snis and Panas9

predict that thetrans-ONNO- anion is the most stable form of
the anion, with a bond dissociation energy of 1.70 eV as opposed
to 1.41 eV for theC2V-N2O2

- species.
Thus Osborn et al.28 have reported a 1.40 eV upper limit to

the bond dissociation energy forC2V-N2O2, which agrees well
with the prediction of Snis and Panas, while our results indicate
1.01 eV. On the other hand, we find a 1.70 eV bond dissociation
energy for an assumed ONNO- isomer, which agrees with the
stability of trans-ONNO- reported by Snis and Panas.9 The NO
+ NO- photodissociation data of Osborn et al. is reasonably
consistent with the energetics of ONNO- reported here. As
noted previously, they did not use the N(ET) observed for that
channel to determine the energetics owing to the lack of
evidence for the production of NO- (V ) 0). In any case, the
results obtained here are consistent with the existence of at least
two isomeric forms of N2O2

-, with the form that undergoes
DPD to NO+ NO + e- being more stable than the form that
yields O+ N2O + e-. There are other potential explanations
for these results, for example a single isomer with a strong state-

N2O2
- f O- + N2O ∆D0 ) 1.00( 0.05 eV (3)

ONNO- f NO- + NO ∆D0 ) 1.70( 0.05 eV (4)
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specific branching ratio between the two channels that leads to
a markedly different partitioning of energy among the photo-
products.

An important assumption, as mentioned above, is that some
ground-state products are formed in the DPD process. In this
regard, it must be noted that DPD ofC2V-N2O2

- f O + N2O
+ e- would be expected to lead to significant internal excitation
in the N2O products owing to the transition from a bent O-N-N
configuration (calculated to be 120° by Snis and Panas) to linear
N2O. The energy to bend N2O to 120° is estimated to be> 1
eV,36 so considerable bending excitation in this dissociation is
expected. This leads to the question of the origin of the feature
seen at low ET in the N(ET) and N(ET,eKE) spectra for the O
+ N2O + e- channel. Two possible product channels could
give rise to this feature. The first is O(1D) + N2O. This channel
lies 1.97 eV above O(3P) + N2O and is the lowest singlet
dissociation channel. As noted by Gordon and co-workers21 and
in the calculations of Arnold and Neumark,23 there are predicted
to be several singlet and triplet states of trigonal N2O2, and this
would represent the lowest spin-allowed dissociation pathway
for the singlet states. Estimating the origin of this feature in
the N(ET,eKE) spectrum as KEmax ) 0.8 eV, this would yield
a bond dissociation energy for trigonal N2O2

- f O- + N2O of
only 0.43 eV, considerably below the prediction of Snis and
Panas of the stability of this species. The second possibility is
that the N(4S)+ NO2(2A1) channel is responsible for this feature.
This channel is spin-allowed for triplet excited states. Regret-
tably, the photofragment mass resolution and the lack of
convenient isotopic substitutions prevents a definitive assign-
ment of this channel at this time, so the energetics must be
considered. This channel lies 1.83 eV above O(3P) + N2O,37

indicating a bond dissociation energy for trigonal-N2O2
- f O-

+ N2O of 0.57( 0.05 eV. From a Franck-Condon perspective,
the N + NO2 channel is more likely to produce ground-state
products, as the equilibrium geometry of NO2 has an ONO bond
angle of 134.1°, closer to the∼120° ONO bond angle predicted
in the various forms of trigonal N2O2

23 than in the case of
dissociation to linear N2O. The energetics implied by the
assignment of the N+ NO2 dissociation pathway are also in
better accord with the theoretical predictions of Snis and Panas
than the O(1D) + N2O channel.9 The occurrence of one of these
two channels, and the concomitant necessity of reducing the
estimated bond dissociation energy of trigonal-N2O2

- appears
to be the simplest explanation of this additional feature in the
O + N2O + e- N(ET) and N(ET,eKE) spectra, although state-
specific effects on the mechanism and partitioning of energy in
the dissociation of the transient N2O2 species cannot be ruled
out.

The energetics proposed for the isomeric forms of N2O2
- and

the excited states of N2O2 observed in this experiment are
summarized in Figure 6. The neutral and ionic dissociation
asymptotes are well known from the heats of formation and
electron affinities for the various species.37-39 The ONNO-

anion is shown 1.70 eV below the NO+ NO- asymptote, and
the N2O2

- anion is shown 0.57 eV below the O- + N2O
dissociation asymptote, consistent with the assignment of the
low ET channel to N+ NO2 + e-. It is noted that the N2 + O2

+ e- DPD pathway lies below the isomeric anions, but no
evidence for kinetic energy release consistent with this low lying
dissociation pathway was observed. Once the stability of the
isomeric forms of the anions are fixed, the location of the neutral
excited states produced by photodetachment can be assessed.
As shown in the figure, the ADE of 3.35 eV for the ONNO
species places it 1.63 eV above NO+ NO + e-, while the

ADE of 3.52 eV for the N2O2 species places it∼2.95 eV above
NO + NO + e-.

The location of ONNO 1.63 eV above the NO+ NO + e-

dissociation asymptote is in good accord with the prediction of
1.66 eV by Vincent et al.1 for the cyclic ONNO species
mentioned above. The location of the N2O2 neutral state
accessed in this experiment,∼2.95 eV above NO+ NO + e-,
is not reproduced as well in the calculations of Vincent et al.
that found an asymmetric nearly trigonal N2O2 excited state 1.96
eV above NO+ NO + e-. The calculations of Gordon and
co-workers3 found at least five N2O2 minima between 1.5 and
3.0 eV above this asymptote. Arnold and Neumark studied a
number of singlet and triplet states of trigonal N2O2 and found
both aCs symmetry1A′ and a trigonalC2V symmetry3A2 state
∼1.6 eV above NO+ NO + e-.23 Given the number of low-
lying excited states, it is difficult to make a definitive assignment
based on the calculations and the present experimental results.

As noted in the Introduction, isotopically labeled studies of
the O- + N2O f NO- + NO reaction have shown that there
is a common intermediate where isotope scrambling occurs.30,31

Our results show that there are two distinct isomeric forms, but
do not shed light on the barrier to interconversion between these
forms. As the ions are formed in a supersonic expansion, the
vibrational temperature is typically found to be on the order of
300-500 K, so it is very possible that the trigonal N2O2

- species
may be transient in reaction processes, with isotopic scrambling
occurring upon conversion of trigonal N2O2

- to the more stable
ONNO- anion.

C. Excited-State Dissociation Dynamics.The dissociation
of the ONNO species to NO+ NO is characterized by a large
kinetic energy release with no evidence for product NO
vibrational state resolution in the N(ET) or N(ET,eKE) spectra.
Once this species crosses to a dissociative surface there is
considerable repulsion between the NO products, and given the
1900 cm-1 vibrational frequency in the NO products, the lack
of vibrational resolution shows that there is significant rotational
excitation in this dissociation. As discussed above, a cyclic
ONNO species calculated by Vincent et al. is consistent with
the energetics found in this experiment.1 This species, also found
in lower-level MP2 calculations by Gordon and co-workers, is
not a perfect rectangle, thus considerable rotational excitation
in the dissociation is expected, unlike the O4

- system previously
studied in this laboratory in which vibrationally resolved
correlation spectra were observed.40

Figure 6. Energetics diagram for the DPD of N2O2
-. The 266 nm

(4.66 eV) photoelectron spectra for the two channels are shown on the
left plotted on an energy scale relative to the two isomers, ONNO-

(dashed line) and N2O2
- (solid line).
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The photofragment N(ET) distributions for the different
vibrational states of the transient ONNO molecule can be
determined by examining eKE-gated slices of the N(ET,eKE)
spectrum in Figure 4 around the peaks resolved in the N(eKE)
spectrum for this channel. The results are shown in Figure 7,
in which the arrows indicate the maximum available energy
for internal and translational degrees of freedom of the NO
products. The peak positions in the N(ET) spectra forV ) 1-5
are nearly identical, so conservation of energy in this coincidence
experiment dictates that the peak internal energy among the NO
+ NO products increases linearly with excitation in the ONNO
neutral, as determined by the eKE measured in coincidence.
Going fromV ) 1 up to 5, the peak ET increases slightly from
1.0 to 1.1 eV, but the fraction of the available energy appearing
in translation at the peak decreases from 56% to 46% over this
range. It is intriguing that nearly the same peak ET is observed
for the dissociation of these different vibrational states of
ONNO. Generally in DPD experiments it is assumed that the
peak ET is a measure of the repulsion between the photofrag-
ments upon crossing to the dissociative surface, as shown in
the vibrationally resolved experiments on the direct DPD of
O4

-.40 In the case of the sequential DPD of O3
-, which exhibits

a structured photoelectron spectrum similar to ONNO-, a greater
variation of the N(ET) distribution with eKE was observed,
although the trend was similar in that higher internal excitation
in the nascent O3 led to higher internal excitation among the
photofragments.41 Further characterization of the dissociative
surfaces involved will be necessary to resolve this question.

As discussed above, the O+ N2O + e- channel is assigned
to DPD of the N2O2

- isomer. Given the broad, poorly resolved
structure observed in this photoelectron spectrum, this dissocia-
tion pathway may proceed very rapidly with concomitant
lifetime broadening in the photoelectron spectrum. The eKE
resolution in these experiments, however, precludes a definitive
answer at this time. Similar to the NO+ NO channel, a large
ET release is observed at the peak of the N(ET) distribution,
indicative of significant repulsion between the O+ N2O
products. As discussed above, a possible candidate for the N2O2

state here is theCs symmetry1A′ state. Dissociation of this state
to O(3P) + N2O is spin-forbidden. However, Gordon and co-
workers21 have predicted that thisCs-N2O2 (1A′) species rapidly
predissociates to N2O (Ì 1Σ+) + O (3P) by spin-orbit

interactions. The current study also provides evidence for a
second dissociation pathway to N(4S)+ NO2 (2A1) for the N2O2

species. This dissociation pathway is only spin-allowed from a
triplet state, possibly the3A2 state predicted by Arnold and
Neumark in the same energy range as the1A′ state. Spin-allowed
dissociation of the1A′ state to yield O (1D) + N2O products is
also energetically possible, as discussed above. One of these
two dissociation pathways could be responsible for the low ET

feature, with energetic considerations favoring the N(4S)+ NO2

channel.

5. Conclusion

The DPD of N2O2
- has been studied at 266 nm, revealing

two major dissociative photodetachment channels, ONNOf
NO + NO + e- and N2O2 f O + N2O + e-. PPC spectroscopy
allows separation of the photoelectron spectrum into contribu-
tions from these channels, and the observed energetics imply
the existence of at least two distinct isomers of N2O2

-. The
results are consistent with an ONNO- species stable relative to
NO + NO + e- by < 1.70( 0.05 eV, while trigonal N2O2

- is
stable relative to O- + N2O by < 0.57 ( 0.05 eV. The
energetics of the trigonal N2O2

- are fixed by the assignment of
a low-energy feature in the correlation spectra to the N(4S) +
NO2 product channel. The rapid dissociation of all the excited
states of N2O2 observed in these photodetachment experiments
indicates that these species are not good candidates for high-
energy density materials. In addition, this study demonstrates
the insights into multiple isomeric species and dissociation
channels to be gained from photoelectron-photofragment coin-
cidence spectroscopy. There remains much work to be done,
however, in both the experimental and theoretical characteriza-
tion of the rich excited-state chemistry of N2O2.
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