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The photoelectron spectrum of the NO;™ anion has been obtained at 266 and at 213 nm. The
266 nm spectrum probes the 24 5 ground state of NO,. The 213 nm spectrum represents the
first observation of the 2E ” lowest-lying excited state of NO,. The 24 ; band shows vibrational
progressions in the v, symmetric stretch and the v, degenerate in-plane bend of NO,. Qur
analysis of this band indicates that the NO, ground state has a D, equilibrium geometry and
is vibronically coupled to the *E’ second excited state via the v, mode. We also obtain the
electron affinity of NO;, 3.937 4 0.014 eV, and the heat of formation of NO, at 298 K,

0.777 +-0.027 eV (17.9 4- 0.6 kcal/mol). The 2E ” state of NO, lies 0.868 + 0.014 eV above
the ground state. The *E ” band shows complex and extensive vibrational structure. Several

possible assignments of this structure are discussed.

1. INTRODUCTION

Nitrogen trioxide, NO;, is one of the most important
free radicals in atmospheric chemical reactions. As one of
the NO, species, it is implicated in reaction cycles involving
ozone and in hydrocarbon and halocarbon oxidation.! Al-
though NO; is rapidly photolyzed during the day, it is essen-
tial to the cycle of reactions which form HNO, at night and
is thus an important contributor to acid precipitation.* The
significance of NO, in atmospheric chemistry has prompted
numerous spectroscopic and kinetic experiments and theo-
retical studies, but questions remain concerning its ground
state structure, excited electronic states, and photochemis-
try. In this paper, we use photoelectron spectroscopy of
NO; to address two of these issues: the geometry of the
ground electronic state and characterization of the first ex-
cited electronic state of NO,. v

Walsh® predicted that NO, would be planar with a
threefold symmetry axis (Dy, point group) in the ground
electronic state and first two excited states (?4 3, E ”, and
2E, respectively). The proposed threefold symmetry of the
ground state has been disputed. Rotationally resolved in-
frared spectra®® of the ground state support Walsh’s predic-
tion of a’4 4 ground state with D5, symmetry, but vibration-
ally resolved dispersed fluorescence spectra have been
interpreted as evidence of either D,,” or Y-shaped planar®
(C,,) structure by different researchers. Ab initio predic-
tions of the ground state equilibrium geometry are divided
between D;,°"* and C,,'"'*'® symmetry. Discrepancies
between these predictions are partly due to the inherent diffi-
culty of treating NO, properly, sinceit is an open-shell mole-
cule with partial double bonds and low-lying excited elec-
tronic states.

Considerably less is known about the excited electronic
states of NO;. The only electronic transition that has been
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observed is the 2E '« 24} band, with its origin at 662 nm.
This band has been studied using absorption'®?! and flu-
orescence excitation”®?? spectroscopy, but the diffuse vibra-
tional structure evident in these spectra has not been fully
analyzed. Johnston and co-workers®® see no rotational
structure in this band even at 0.007 cm ~ ' resolution. The
?E " state is predicted to lie between the ground state and the
E’ state®>'162%26 byt has not been observed because the
*E " <24 ; transition is electric-dipole forbidden. The exact
energy of the *E " state is important because some features of
the ground-state spectrum have been attributed to perturba-
tions by a low-lying electronic state, but ab initio predictions
of its energy vary from 0.04 eV (300 cm ') to 1.61 eV
(13000 ca ~')!! above the ground state.

We present here ultraviolet photoelectron spectra of the
nitrate anion, NO;", which provide new information about
the ground state of NO, and represent the first direct obser-

~ vation of the °E " state. We observe the “dark” 2E " state

because negative ion photodetachment experiments can gen-
erally study all neutral electronic states formed by removing
a single valence electron from the ion. The anion is expected
tohave a D, equilibrium geometry,'®12*72% with the molec-
ular orbital configuration ...(e")*(e')*(a;)? in the '4
ground state.” The 24 ;,2E ", and *E ' electronic states of the
NO; radical, which have the configurations
(e ), . (&) e" ) (a5)  and ... (e') (e ) (a}) 2
respectively, are all accessible via one-electron photodetach- -
ment transitions from the ground state of NO; . Our spectra
show distinct bands corresponding to the *4 ; and *E " states
of NO;, which yield the electron affinity of NO, and the
energy of the previously unobserved *E ” excited state. With
the laser currently in use, the >E ’ state is beyond the range of
our photoelectron spectrometer.

The photoelectron spectra show vibrational progres-
sions within each electronic band which provide new infor-
mation about the frequencies and molecular geometry in the
*4} and *E " states. In particular, these progressions indi-
cate that vibronic coupling is important in both electronic
states. Normally, the relative intensities of vibrational tran-
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sitions within a single electronic band in a photoelectron
spectrum depend only on the Franck-Condon overlap of
neutral and anion wave functions for the relevant vibrational
states.?® The longest progressions generally occur in totally
symmetric vibrational modes of the neutral. For NO; in D,,
symmetry, the symmetric stretch (v,) is the only such
mode. Progressions in non-totally symmetric modes may oc-
cur, but normally the only allowed transitions are those in-
volving even changes in vibrational quantum number (even
Av transitions) between the anion and neutral. If the anion
or neutral electronic state is degenerate, however, vibronic
coupling due to the Jahn-Teller effect®™*' can complicate
the photoelectron spectrum. For example, odd Av transi-
tions can occur in non-totally symmetric vibrational modes.
Such effects have been observed in photoelectron spectra of
CH,0~*** and C;Hy ,* and in photoelectron spectra of
neutral molecules such as BF,3**" and CH,.%*

The*E ” and *E ' states of NO, are both degenerate, and
the v, antisymmetric stretch and v, in-plane deformation
can be Jahn-Teller active in each state. Our photoelectron
spectra do provide evidence of vibronic coupling in the *E "
state. However, we also observe what appear to be Ay, =1
transitions in the ground state v, progression. This is some-
what surprising, since the %4} state is nondegenerate and
should not be affected by first-order Jahn—Teller coupling.
This observation is discussed at length below, and is ulti-
mately attributed to pseudo-Jahn-Teller coupling between
the *4 5 and *E ' states. This mechanism has previously been
invoked by Haller et al.>®*7 to explain similar phenomena in
the photoelectron spectrum of the isoelectronic molecule
BF;.

Il. EXPERIMENT

The time-of-flight photoelectron spectrometer used in
these experiments is shown in Fig. 1 and briefly described
here. (See Ref. 39 for a more detailed description.) Negative
ions are generated by crossing the free jet expansion from a
pulsed molecular beam valve (1) with a 1 keV electron beam
(2). For the NO; spectra presented here, we used a gas
mixture made by bubbling 5% NF, in argon through HNO,
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FIG. L. Schematic of time-of-flight photoelectron spectrometer.

(red tuming, 90%). We also made NO; from a 1%
N, O, /He mixture, and obtained very similar spectra. The
principles of operation of the ion source have been discussed
at length by Johnson and Lineberger.*C. Electron impact ion-
ization of the argon carrier gas generates low energy second-
ary electrons, which efficiently produce F~ from NF, by
dissociative attachment. The subsequent exothermic proton
transfer reaction of F~ with HNO,; forms NO; . The ions
are formed in the continuum flow region of a free jet expan-
sion, so they are expected to cool internally as the expansion
progresses. We have measured vibrational temperatures of
100-150 K for CH,CN~ produced in this source, and a
rotational temperature of about 75 K for SH ™ in a similar
source.*! ]

A 200-400 V negative pulse applied at (3) extracts the
negative ions into a time-of-flight mass spectrometer.*> The
ions are accelerated to 1 keV, and ion deflectors and lenses
(4) are adjusted to ensure optimal ion levels at the detector
(5). Ions separate into bunches according to mass as they

‘travel along the 150 cm flight tube, and the ion of interest is

selectively photodetached (6) by varying the delay between
ion extraction and the firing of the photodetachment laser.
The signal level of negative ions, plus fast neutrals resulting
from photodetachment, is monitored with a 25 mm dual
microchannel plate detector. The neutral signal alone can be
measured at this detector by applying — 1400 V to a grid in
front of the detector. '

Photoelecirons are detected at the end of a 1 m flight
tube by a 40 mm dual microchannel plate detector (7) and
are energy analyzed by time of flight. We detect 0.01% of the
ejected photoelectrons; this fraction is determined by the sol-
id angle subtended by the electron detector. The instrumen-
tal resolution is 0.008 eV (64 cm ~') at 0.65 eV electron
kinetic energy, and degrades as E *? at higher energy. The
resolution in the spectra presented here is somewhat worse
due to space charge effects (see below), and is 0.018-0.025
eV for electron kinetic energies near 1 eV. Rotational peaks
are not resolved in the NO; photoelectron spectra.

Spectra of NO; were taken using the fourth (266 nm,
4,66 eV) and fifth (213 nm, 5.83 eV) harmonics of a
Nd:YAG laser. The laser light is plane polarized, and the
polarization at each wavelength can be rotated with a half-
wave plate. Each spectrum shown here was averaged for
about 500 000 laser shots, at 20 Hz repetition rate. The spec-
tra were smoothed by convolution with Gaussian peaks of 6
meV FWHM. A background noise spectrum was subtracted
from the 213 nm spectrum, to remove the photoelectron sig-
nal generated by stray laser photons which strike the metal
surfaces of the chamber.

Ill. RESULTS

Photoelectron spectra of NO;™ at 266 and 213 nm are
shown in Figs. 2 and 3, respectively. The spectra are plotted
as intensity (number of photoelectrons) vs electron kinetic
energy (eKE). The electron energy is given by

eKE=hv—FA—-T,-E® +E{~". (1)
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FIG. 2. Photoelectron spectrum of NO{ at 266 nm, showing the progrés-

sion in the >4 } state of NO,. Laser polarization angle 6 = 90°.

where Av is the photodetachment laser energy, EA the elec-
tron affinity of NO,, T, the term value for the particular
NO, electronic state, and £ ” and E |~ the vibrational
energy of the neutral and anion, respectively. (We neglect
the rotational contribution to the internal energy.) Peaks at
highest electron kinetic energy correspond to transitions to
the lowest electronic and vibrational energy levels of NO,.
. The 266 nm spectrum shows a single band with well-
resolved vibrational structure. The peak positions are listed
in Table I. The 213 nm spectrum shows this band at higher
energy {hence poorly resolved), plus a band at lower elec-
tron energy with extensive vibrational structure. Peak posi-
tions of this second band are listed in Table II. Each band
represents a series of transitions to vibrational levels within
one electronic state of NO,. The band in the 266 nm spec-
trum is assigned to the 24 ; ground state of NO,, and the
band at lower electron energy in the 213 nm spectrum is
assigned to the 2E ” first excited electronic state. If we assign
the peaks at 0.738 eV in the 266 nm spectrum and 1.035 eV in
the 213 nm spectrum to the origins of the 24 ; and *E ” pro-
gressions, respectively, we calculate Ty, for the 2E ” state to
be 0.868 + 0.014 eV (7000 + 110 cm ™).
Our results indicate a strikingly low partial photode-
tachment cross section into the >4 ; state of NO, at both 266
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FIG. 3. Photoeleciron spectrum of NO; at 213 nm, showing progressions
in the 24 ; and *E ” states of NO,. Laser polarization angle 8 = (.

TABLE I. Peak positions, 266 nm spectrum. Average uncertainty is 0.010
eV (80cm™'). Peak positions are not corrected for space charge (see text).

Position
eV cm™!
0.820 , — 661
0.780 — 339
0.738 0
0.693 - 363
0.644 758
0.607 - 1057
0.562 1420
0.511 - 1831
0.498 1936
0.470 2162
0.442 2387
0.421 2557

and 213 nm. The integrated intensity of the >4 ; state pro-
gression in the 213 nm spectrum is ten times less than that of
the *E ” state progression. This effect is independent of laser
polarization angle (see below). In addition, our photoelec-
tron signal levels were exceptionally low at 266 nm, where
only the 24 j state is accessible, and we photodetached only
2% of the ions (estimated by comparing the fast neutral
signal to the ion signal) with a laser fluence of 120 mJ/cm?.
At 213 nm, where detachment to the E " state dominates,
we photodetached nearly 50% of the ions at a lower laser
fluence of 60 mJ/cm® and the same ion level. This higher
detachment rate is more typical of our experience with other
ions.

The low cross section for the 24 ; state required high ion
densities to ensure adequate electron signal at 266 nm, and
we obtained the 213 nm spectra at the same ion density. The
peaks in our spectra were slightly broadened and shifted to
higher energy by the resulting space charge effects, which
arise from Coulomb repulsion between photoelectrons and
the negative ion cloud. To estimate the magnitude of this
shift, we took spectra of Br—at 266 nm at comparable ion
levels, since its mass and electron affinity (3.365 eV#) are
relatively close to those of NO; . We estimate that the peak
at0.738 eV in the NO; 266 nm spectrum shifted by + 0.010
eV from its true position. This shift is approximately con-
stant across the photoelectron spectrum, so the electron af-
finity is the only parameter affected. We obtain a value of
3.937 + 0.014 eV for the electron affinity of NO;, in good
agreement with the most recent previous estimate of
3.914+0.24eV.#

The heat of formation of NO, at 298 K can be estimated
from our electron affinity and the measured heat of forma-
tion of NO;:

AfHO(NOB )298 K
= A H(NO; )05 x + EA(NO;) +3RT

208
+[ Igmoy-gmon] @
0

where the 5/2 RT( = 1.481 kcal/mol) term co‘rrects for the
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TABLE IL Peak positions and intensities of 2E " band, 213 nm spectrum. Average uncertainty at peak posi-

tions is 0.010 eV.
Position
(experimental)
Position®
eV em™! vy Uy (calculated) Intensity®
1.035 0 0 0 1.035 0.57
0.970 524 0 1 0.968 0.70
0.942 750 1 0 0.935 1.00 -
0.900 1089 0 2 0.901 0.53
0.871 1323 §1 1 0.863 % 0.83
{2 0 0.836
0.838 1589 0 3 0.834 0.87
0.798 1912 1 2 0.801 0.77
0.774 2105 %2 1 0.769 2 0.70
3 0 0.736
0.731 2452 1 3 0.734 0.82
0.703 2678 2 2 0.701 . 0.73
0.672 2928 33 1 0.669 % 0.55
4 0 0.636
0.635 3226 9 3 0.634 - - 0.62 .
0.606 3460 3 2 0.602 0.80
0.569 3759 §4 1 0.569 % 0.50
) 5 0 0.537
0.540 3992 3 3 0.535 0.55
0.505 4275 4 2 0.502 0.65
0.458 4654 ; 5 1 0.470 2 0.48
6 0 0.437
0.437 4823 4 3 0.435 0.49
5009 5 2 0.402 0.50

0.414

*These tentative assignments of v, and v, are made using the best fit frequencies of 804 and 541 cm ~ ', respec-
tively. The calculated positions are based on these assignments and harmonic frequencies. (See Sec. IV E.)
bSince we assume uniform peak widths (0.022 eV), the intensity of each peak is proportional to the Franck—

Condon factor (area under the peak).

heat capacity of the electron,*>*® and the heat capacities of

NO, and NO; are estimated from the vibrational frequen-
cies listed below (Sec. IV A).*” We have also used those
NO; vibrational frequencies to calculate AH°
(NO;™ )95 k from the previously reported value of A.H°®
(NO; dyo1 ¢k = —3.2694-0.023 eV (—75.39 +0.54
kcal/mol).** We obtain A H°(NO; )08 x = — 0.777
4 0.027 eV (17.91 4 0.62 kcal/mol). This does not agree
with the most recent measurement of A H°(NO; ), ¢
=0.667 4 0.033 eV (15.39 4 0.75 kcal/mol),*® but does
agree with the previous value of 0.737 4-0.217 eV (17.0
+ 5.00 kecal/mol).*

Photoelectron spectra at 266 and 213 nm were taken at
two laser polarization directions, & = 0° and 90°, where & is
the angle between the electric field vector of the laser light
and the direction of electron collection. The angular distri-
bution of the ejected photoelectrons is described by

[1 +B(E) (%coszeu%] ; 3)

ﬂ — Utot
dw 47

where S(E) is the asymmetry parameter for the electronic
transition in question, E is the energy above the photode-
tachment threshold, and @ is the polarization angle. If rela-
tive peak intensities across a progression change significant-
ly with @, this may indicate the presence of overlapping
electronic states or vibronic coupling effects, since f may be

different for each electronic transition. The 213 nm spectra
of NO; ™ are essentially the same at 8 == 0° and 90°, indicating
that B is approximately zero for the 24 § and ?E ” transitions
at this wavelength. At 266 nm, the peaks at 0.693 and 0.607
eV (363 and 1057 cm ~ ! relative to the origin at 0.738 V)
change intensity relative to the peak at 0.738 eV; at 8 = 90°,
they are 50% and 29% more intense, respectively. The 50%
change at 363 cm ' is unusually large and may be due to
vibronic coupling, which mixes the ground state with an ex-
cited electronic state; this is discussed in detail in Sec. IV D.

IV. ANALYSIS AND DISCUSSION
A. Background -

The analysis of our NO; photoelectron spectra is facili-
tated by the results of previous experiments on the anion and
neutral. Although NO; has not been studied in the gas
phase, x-ray and neutron diffraction experiments on crystal-
line sodium nitrate indicate that the ion has D,, equilibrium
geometry with an average NO bond length of 1.23 A.*® Vi-
brational frequencies of NO; have been measured by in-
frared®*> and Raman®*%* spectroscopy of condensed-
phase nitrates. Average values are: v, = 1054 cm ™'
(symmetric stretch, a}), v, =834 cm ™' (out-of-plane
bend, ay), v, = 1379 cm "' (antisymmetric stretch, ¢'), and

v, =723 cm ™' (in-plane bend, ¢'). The 1054 cm ' mode
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was not observed in the infrared spectra, nor the 834 cm ~!

mode in Raman spectra, in accordance with the selection
rules for a D,;, molecule. Both modes could be observed, in
principle, if NO; had C,, or C;, symmetry in the ground
state.

Vibrational frequencies in the ground state of gas-phase
NO,; have been obtained from two types of experiments. In
1983, Ishiwata’ and Nelson® independently reported mea-
surements of dispersed fluorescence from excitation of the
0-0 transition in the *E£'«24} band, but drew conflicting
conclusions from their data. Nelson assumed the NO,
ground state to have C,, symmetry. Ishiwata and co-
workers interpreted the vibrational structure in the dis-
persed fluorescence spectrum in terms of a D,, ground state,
and obtained values for v,, v;, and v, of 1060, 1480, and 380
cm ~ !, respectively, for the ground state. This assignment
meant that they were observing odd Av transitions in the
non-totally symmetric v; and v, modes, which could be ex-
plained by the Jahn-Teller coupling expected in the *E’
state.

Rotationally resolved infrared absorption measure-
ments on gas-phase NO,*® gave a more accurate value of v,
(1492.393 cm ~ ') and measured the v, out-of-plane bending
frequency (762.327 cm™!')* for the first time. The high reso-
lution spectra of the v, and v, bands exhibit rotational struc-
ture characteristic of a planar symmetric top with a threefold
symmetry axis, consistent with a D,;, equilibrium geometry
for the NO, ground state. No infrared absorption was ob-
served in the vicinity of the totally symmetric v, mode (1060
cm '), again consistent with D, symmetry. The pattern of
rotational lines shows that the 762 cm ~* band is a parallel
transition (AK = 0) and the 1492 cm ~ ! band a perpendicu-
lar transition (AK = -+ 1). The out-of-plane bend is the
only infrared-active mode which should appear as a parallel
band, so the 762 cm ~ ' band is confirmed to be the v, mode.
The rotational analysis yields an N-O bond length of 1.240
A.

Although the rotationally resolved spectra strongly sug-

- gest a D, ground state geometry, several ab initio calcula-
tions''"'® predict a Y-shaped planar C,, configuration for
the ground state. In addition, some of the dispersed fluores-
cence® and electron resonance® experimental results have
been interpreted as evidence of C,, symmetry. Similar dis-
crepancies have been reported for CO;,> which is isoelec-
tronic with NO,. The high resolution spectra of NO, rule
out a rigid C,, structure, because that would result in rota-
tional structure characteristic of an asymmetric top. How-
ever, it is possible that the NO; ground state structure is
nonrigid. This could occur, for example, if the potential en-
ergy surface had three equivalent shallow minima, each cor-
responding to a “Y-shaped” C,, equilibrium structure.
Ishiwata er al.*® have argued against a triple-minimum po-
tential, since that should lead to additional bands which
were not observed in their spectra. We will consider this
issue below. :

One complication in the analysis of the high resolution
spectra is the role of the excited E " state, which had not
previously been observed because the transition from the

24 4 ground state is electric-dipole forbidden. Ishiwata er
al.* and Friedl and Sander® suggested that a very low-lying
excited electronic state (less than 2000 cm ~! above the

“ground state) might account for anomalous features ob-

served in the high resolution spectra. For example, Friedl
and Sander observed an additional Q branch, which they
could not assign, near the Q branch of the v, band. Several
ab initio calculations!'®?*25 also predict the existence of a
2E  state close to the ground state. Qur spectra clearly show
that the *£ “ state lies much further above the ground state
(7000 cm ~ Y.

B. NO, ground state: Features of the spectrum

Our understanding of the NO, ground state is derived
from the vibrational structure observed in the 266 nm photo-
electron spectrum. The peak positions and intensities in this
spectrum provide information about vibrational frequencies
and molecular geometry in the ground state. In the Franck-
Condon approximation, the transition intensity between the
vibrational levels v” in the anion and v’ in the neutral is given
by29

L lTeizl<¢v’{¢/v">(z‘ (4) .
Here 7, is the electronic transition dipole moment between

the anion electronic wave function ®,. and neutral -4 pho-
toelectron wave function @,

Te = <cbe l#elq)c“) (5)
which is assumed to be constant for vibrational transitions
within a single electronic band. The Franck—Condon factor
[{¥,|¥, )| depends on the spatial overlap of ion and neu-
tral vibrational wave functions ¢,- and #,,. This overlap will
be identically zero unless the direct product ', ® I',. con-
tains the totally symmetric representation in the molecular
point group. Transitions to all levels of totally symmetric
vibrations in NO, are allowed from the totally symmetric
ground vibrational state of NO;, as are transitions to even
quanta of the non-totally symmetric vibrations. The fre-
quency of a particular non-totally symmetric mode v; must
change substantially between the ion and neutral if transi-
tions other than those with v; = v}’ are to have significant
intensity.>®

Within the Franck-Condon approximation [Eq. (4)],
the appearance of the NO; photoelectron spectra can be
predicted from relevant changes in geometry and frequency
between the anion and neutral. In the ground state, the small
change in N-O bond length upon photodetachment should
result in a short progression in the v, symmetric stretch of
NO;. No progression in the out-of-plane bend is expected,
because the ion and neutral are planar with similar v, fre-
quencies. Similar reasoning applies to the v, antisymmetric
stretch. However, the v, frequency decreases considerably
upon photodetachment, from 723 to 380 cm ! (assuming
the assignment by Ishiwata et al.” to be correct), so that
transitions with even Av, might be observed.

The experimental photoelectron spectrum in Fig. 2 ful-
fills some of these predictions. We initially assign the intense

J. Chem. Phys., Vol. 94, No. 3, 1 February 1991
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peak at 0.738 eV to the origin of the 4 ; band. The most
intense progression appears as peaks at 0.738, 0.607, and
0.470 eV, and the average spacing of 0.134 eV (1080cm ™)
corresponds to the v, frequency. A second progression has
peaks at 0.738, 0.693, and 0.644 eV, and the peaks at 0.607,
0.562, and 0.511 eV appear to be the associated combination
band with v} = 1. The peak spacings in the second progres-
sion, of 0.045 and 0.094 eV (363 and 758 cm ~ '), suggest a
progression in the v, in-plane bend. The v, progression is
unusual, since transitions only to even v, levels of NO,
should be allowed from the v} = 0 level of NO; . The ob-
served peak spacing should then be 720 cm !, assuming
v, = 360cm ™ '.*” The apparent occurrence of odd Av, tran-
sitions requires explanation, and the analysis described be-
low focuses on this phenomenon.

Finally, we assign the small peak at 0:780 eV to a “hot
band” originating from an excited vibrational level of the
ion. Its energy is correct for the
NO; (vf = 1) =NO; (v; = 1) transition. The intensity of
this hot band implies a vibrational temperature of 435 K for
NO;, which is somewhat higher than that expected from
our experience with other ions. We do not observe intense
hot bands in the v, progression, because at 435 K the popu-
lation of the vy = 1 level is about six times smaller than that
of the vy = 1 level. ‘

C. NO; ground state: Detailed analysis

This section describes our attempts to simulate the ex-
perimental ground-state progression within the Franck—
Condon approximation, neglecting the possible effects of vi-
bronic coupling. We consider only the v,-and v, modes,
which are assumed to be separable. The v, mode is modeled
as a one-dimensional harmonic oscillator in the anion and
neutral, and various two-dimensional potential energy func-
tions are used for the neutral v, mode. ,

Eigenfunctions and eigenvalues of each potential energy
function are calculated numerically. We use a variational
method for the one-dimensional v, calculations,*® and a dis-
crete variable representation (DVR)>® procedure for the
two-dimensional v, calculations. The transition intensity
between the anion level v{vY - -+ and neutral level v{v;--- is
proportional to the product of Franck—Condon factors:

e |<¢u; (Ql )I¢u;'(Q1 )>12'|(¢v5(Q2)'¢U5(Q2 ))lz tt.
(6)

In this calculation, we neglect mixing of the neutral normal
coordinates relative to those of the anion (Duschinsky rota-
tion), and assume the same normal coordinates for both.
Ervin et al.®° showed that this was a reasonable approxima-
tion in analyzing the photoelectron spectrum of NO;".

The simulation of the v, progression is relatively simple.
Weassume v, = 1057 cm ~ ! in the neutral and 1054 ¢m " 'in
the anion. The anion and neutral symmetric stretch poten-
tials are assumed to be displaced by an amount
AQ, = 6.9Aryo (AQ, in amu'/? A, Ary, in A); this ratio
was determined from the reduced mass for the v, mode and
the appropriate symmetry coordinate.®’ The displacement

AQ, is varied, and Frpanck—Condon factors calculated, until
the intensity distribution of the simulated v, progression
agrees with the experimental result. The optimal displace-
ment, JAQ, | =0.21+ 0.05 amu'? A, corresponds to an
NO; bond length of 1.21+0.01 A, assuming that
Fno = 1.24 A in NO, and that the N-O bond in the ion is
shorter than that in the neutral (as determined in previous
experiments, Sec. IV A). This NO; bond length is close to
the 1.23 A average measured for crystalline NaNOQ, (vari-
ation 1.21-1.24 A).>® The direction of displacement and the
specific form of the Q; normal coordinate affect only the
calculated N~O bond length, and not the calculated Franck—
Condon factors. The same Franck—Condon factors for v,
are used in all our simulations.

The v, progression is more difficult to reproduce in sim-
ulations. The simplest explanation for the 360 cm ™' peak
spacing in the experimental spectrum is that the v, funda-
mental frequency is 180 cm ~', and that we observe transi-
tions only to even overtones of the v, mode, in accordance
with our seléction rules. With this assignment, the v, transi-
tions observed in the dispersed fluorescence spectra’® would
also correspond to even v, levels of the NO, ground state,so
that those results could be explained without invoking vi- -
bronic coupling in the 2K’ state.

We simulated the NO; photoelectron spectrum with
v, = 180 cm "' in the NO, ground state. The degenerate v,
mode is assumed to be a two-dimensional isotropic harmon-
ic oscillator in both the anion and neutral. Since this is a non-
totally symmetric mode, the normal coordinate displace-
ment AQ, = 0. Transitions other than Av, = 0 would have
zero intensity if not for the large frequency change between
the anion and neutral (723 to 180 cm ~'). The resulting sim-
ulated spectrum is shown in Fig. 4. We assume Gaussian
peak envélopes of FWHM 0.022 eV, determined by space
charge rather than instrumental resolution. The simulation
reproduces the peak positions below 0.738 eV reasonably
well, but the simulated v} = 4 peak at 0.644 ¢V is too small.
A more serious problem is that the simulation fails to repro-
ducethe position of the hot band at 0.780 eV. Instead, hot
bands appear at 0.760 eV (v, =3 <v; = 1) and 0.805 eV

0.9 L— -
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Experiment
07 71
e? 0.6 - 4
%]
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02 ,'\‘ A
0.1 ~F i _
0.0 1 A
03 0.6 0.7 09 1.0

Electron Kinetic Energy (eV)

FIG. 4. Simulated photoelectron spectrum of NO;" (266 nin), assuming an
isotropic oscillator potential for the v, coordinate of NO,. v, = 1057
em” ', v =1054cm™', v, = 180cm ', v, =723cm "', T=435K.
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1746 Weaver et al.: The 24, and E£” states of NO,

(v; = 1«—11 = 1) in the sunulated spectrum. The choice. of
a 180 cm ~ ! isotropic oscﬂlator for the v; potentlal is thus
unsatisfactory.

In order to gain more ﬂex1b111ty in simulating both’ the
intensity distribution in this progression and the hot band
position, we next consider a perturbed harmonic oscillator
potential for the NO; v, coordinate, with a barrier at the D,
configuration. We use potentials of the form .

Veikri—ar, (7
where r is the radial polar coordmate e e
r=yQL+0% " T o (8)

and Q,, and Q,, are the degenerate components of the nor- -

mal coordinate for the v, mode.®® This surface has acircular
trough surrounding a barrier of height a*/ 2k.
The energy levels of this perturbed potentlal differ sig-
“nificantly from those of the isotropic oscillator. Figure 5.
shows the energy levels and asgociated symmetry labels for
(a) a two-dimensional isotropic harmonic oscillator and
(b), (c) perturbed oscillators. The energy levelsin (a) show

the (n + 1)-fold degeneracy expected for the nth level of: thev

two- dlmenslonal Isotropic oscillator. The correspondlng Vi~
' brational wave functions are classified as @/, @ ,ore’ accord-
ing to their properties under the symmetry operations of the
D;,, point group. The only transitions with nonzero Franck—

Condon factors are those between levels of the same symme-

try: for example, from the aivy =0 level of the jon to aj.
levels of the neutral, or from thee'vy =1 level of "NO; toe
levels of NO;. This restrlctlon 1s equlvalent to the even Av,
selection rule dlscussed above.®® The elgenfunctlons of Eq

(7). can be classified with the same symmetry labels as the.

two- dlmenswnal harmonic oscﬂlator elgenfunctlons, and
the same selectlon rules apply. However, the perturbatlon_
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FIG. 5. Vibrational energy levels for the degenerate v; mode, assuming (a)
an isotropic oscillator, ¥, = 180 cm ', (b) a cylindrically symmetric po-
tential [Eq. (7); @ = 0.065eV/A, k = 0.212eV/A?], (¢) a triple-minimum
potential [Eq. (9); @ = 0.340 eV/A, k =0.531 eV/AZJ The isotropic oscil-
lator energy level with v = nis (n 4 1)-fold degenerate; in (b) and (c), the
perturbations partially remove this degeneracy. .

due to the central barrier splits the degeneracy of levels with
different symmetries, and an 1rregular energy level pattern
results. :

In our simulations assuming a potential of the form of
Eq. (7),; we vary both k and a (related to the unperturbed
oscillator frequency and central barrier height) until the
simulated peak positions and intensities agree best with the
experimental spectra.’In these calculations, we make the as-
sumptions about separable modes and normal coordinates
discussed above, and use the same frequencies and harmonic
potential energy functions as above for v, and v, in NO; and
for v, in NO; . Assuming the peak at 0.738 eV to be the
origin, the best result is obtained for a barrier of 80 cm ™!
(2 =0.065eV/A), with k= 0.212eV/A2 The energy levels
for this potential are shown in Fig. 5(b). The simulated spec-
trum is similar to that shown in Fig. 4 for the isotropic oscil-
lator: The slightly uneven spacing of the experimental v,
progression is reproduced using this perturbed oscillator po-
tential, but the simulated peak intensities and hot band posi-
tions are still not satisfactory.

Our third set of simulations assumes a trlple-rmmmum
potential energy surface for the NO; v, coordinate, encour-
aged by theoretical predictions that a Y-shaped C,, equilib-

rium geometry for NO, should be slightly more stable than = -

the symmetric D,, geometry.!” We use a model potential of
the form

V=§kr2’+arcos39,,“ o BNCOR
where 7 and 0 are polar coordinates, r as in Eq. (8) and

Q4a

“P=tan" =L
= Yap-

(10)

This potentlal energy surface has three equivalent minima at-
Y-shaped C,, conﬁguratlons, and conversion between the
minima proceeds along the minimum-energy path through
the Dy, “configuration. The barrier helght at the D, configu-
ration is a*/2k. '
The simulations using the trlple~m1n1mum surface for
v, follow the procedure described above for the first per-
turbed oscillator. With the origin at 0.738 eV, the best result

" is obtained for a barrier of 210cm ~ !, with & = 0.332 eV/A?

and @ = 0.134 eV/A. The simulated spectrum is shown in
Fig. 6. Although agreement with experiment is satisfactory
for the peaks below 0.738 eV, the position of the hot band at
0.780 eV is incorrect.

Our problems with reproducing the intensity and posi- -
tion of the hot band at 0.780 eV suggest that it might instead
be the origin of the *4 ; state band. This requires a higher
barrier at the D,, geometry, so that the 0-0 transition is no
longer the most intense peak and the v, progression is more
extended. In this case, we assume no vibrational excitation in
NOj; . The best result is obtained using a triple-minimum
potential with a barrier of 870 cm = [k = 0.531 eV/A%and
a =0.340 eV/A in Eq. (9)] and is shown in Fig. 7. This
simulation reproduces the positions of the major peaks in the
experimental photoelectron spectrum, but the experimental
intensity distribution is not reproduced as accurately as in
other simulations.

J. Chem. Phys., Vol. 94, No. 3, 1 February-1991
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FIG. 6. Simulated photoelectron spectrutn of NO; (266 nm), assuming a
triple-minimum potential for the v, coordinate of NO,, with a barrier of
210cm” ' (a=0.134 eV/A, k=0.332 eV/;\z), originat 0.738 eV, T'= 435
K.

Although the simulation in Fig. 7 is the only one which
reproduces the experimental peak positions including the
peak at 0.780 eV, it implies a triple-minimum potential for
the v, coordinate, with a barrier at the D,, geometry that is
considerably higher than the v, zero-point energy. Such a
potential is inconsistent with the high resolution infrared
spectra of NO, . Figure 5(c) shows the first few energy levels
of the triple-minimum potential used for the simulation of
Fig. 7. The v, = le' level lies only 22 cm ™! above the v, =0
level, and will be substantially populated at room tempera-
ture. As discussed by Ishiwata,* additional hot bands origi-
nating from this level should thus occur in the infrared spec-
trum of the v, band, due to vibration—rotation transitions
between the (v =007 = 1) and (v = L,v; = 1) levels.
These hot band transitions should be quite distinct from
those transitions originating from the (v =vy=0)
ground state. In the ground vibrational state, only K * = 3n
rotational levels have nonzero statistical weight, whereas
only K" = 3u 1 1 levels have nonzero statistical weight for

the (v, = 0,0, = 1) vibrational level. Ishiwata et al.*® ob-

serve only transitions with X ” = 3n in the v; band, ruling
out a low-lying v, = 1 level such as in Fig. 5(c).

f T T N T

Simulation
Experiment

Intensity

Electron Kinetic Energ); V)

FIG. 7. Simulated photoelectron spectrum of NO;” (266 nm), assuming a

triple-minimum potential for the v, coordinate of NO;, with a barrier of
870 cm ' (@ =0.340 eV/A, k = 0.531 eV/A?), origin at 0.780 eV, T=1
K. .

In summary, none of the simulations discussed in this
section is satisfactory. We must therefore search for another
explanation for the 360 cm ~ ! progression in our photoelec-
tron spectrum.- : : v

D. Vibrbnic coupling in the NO, ground state

In this section, we consider vibronic coupling between
the electronic statés of NO, as an alternative explanation for
the apparent odd Av, transitions in the ground state band.
Our selection rules were derived assuming nuclear and elec-
tronic motion to be separable [Eq. (4)]. Vibronic coupling
makes this approximation invalid, and lends intensity to
Franck—Condon forbidden transitions. The photoelectron
spectrum of BF,, which is isoelectronic with NO;, shows
effects similar to those that we observe. In particular, odd
Av, transitions are observed in the %4 | excited state progres-
sion, due to coupling between the 24 | and 2E’ states of
BF3. Our interpretation of our NO; spectra is largely
based on the comprehenswe analy31s of BF+ by Haller et
al¥

This vibronic interaction between d15$1m11ar electronic
states is called Herzberg-Teller,** or pseudo- (or second-
order) Jahn-Teller coupling.***>® The necessary symme-
try condition for a mode v to couple electronic states 72 and n
is’,eI,,®, DT, where ', is the totally symmetric
representation in the molecular point group. In NO;, the v,
and v, modes (T, = ¢') couple the 24 ; ground state to the
2E’ state, and the v, mode (I, = aZ) couples the E’ and
2E " states. The v, and v, modes are also Jahn-Teller actlve
within both the E ” and 2E "’ states. v

To examine the effects of vibronic coupling on the NO,
ground state, we incorporate the interaction term into the
molecular Hamiltonian. For simplicity, we consider only
pseudo-J apn—Teller coupling between the ?4 5 and *E’ elec-
tronic states (to be referred to. henceforth as the 4 and £
states) via v,, and neglect Jahn—Teller coupling within the
*E’ stéj:e. The Hamiltonian for motion in the v, coordinate
(using the notation of Haller et al.’") is

. €4 14?4;: - Aaqap : :
CHPT =041 + | A494a g - 0 S(11)
AeQap-- 0 £g

Here g,,, is one of the degenerate componenté of the dimen-

sionless normal coordinate g,,® where
2mev;
q;: = 7 Qi ) _(12) :

Q,is the harmomc oscﬂlator Hamﬂtoman for nuclear mo-
tion in the v, mode,

94_ ___l_a)(AE) (__a_z__i_ az
v aqia aqib

1 .
)+2 @S P (Gha 4 93)s
| (13)

2

where w{*® is the energy spacing between the unperturbed
harmonic oscillator levels of the A or E state. I, is the 3X3
unit matrix in the space of the 4 and E electronic states, A, is
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1748 Weaver et al.: The A, and 2£* states of NO,

the pseudo-Jahn—Teller coupling constant for the v, mode,
and ¢; is the energy of the electronic state /. The eigenfunc-
tions and eigenvalues of H *'T can be determined using the
techniques developed by Koppel et al.,**> who use coupling
constants and vibrational frequencies calculated by ab initio
methods. Their “exact” methods use vibronic basis func-
tions which are products of harmonic. oscillator nuclear
wave functions and diabatic electronic wave functions for
the 4 and E states. Assuming o4 and o to be equal, the
nuclear basis functions coupled by the A,¢,,, terms in H'T
differ by one quantum of v,. -

The pseudo-Jahn-Teller interaction therefore couples
the v, = nlevel of the *4 ; state with the v, = n + 1 levels of
the 2E ' state. This explains the odd Av, transitions observed
in the ground state progression. The photodetachment tran-
sition probability from the NO; ground state to odd vi-
bronic levels of NO; is no longer zero, since these nominally
forbidden transitions borrow intensity from allowed transi-
tions to the even v, levels of the *E ' state. In addition, the 4
state vibronic levels obtain some of the character of those E
state levels, which might explain the variation in the 0.693
eV (363 cm ™' from the origin) peak intensity with laser
polarization.

We now wish to determine the coupling strength A, nec-
essary to explain the intensity distribution in our spectra.
Since we do not have a reliable ab initio estimate of A,, we
calculate an approximate value from the experimental peak
intensities, using the expression derived by Haller et al.3¢

Ivlv"4= 1 (A) ZITE' ,2/1 2 . 1.
L—o(d) |7, (Ae+w)?

(14)

Here v, is the quantum number in the ith vibrational mode,
Ag~eg; — €5z = — 1.87 €V, and 7 is the electronic transi-
tion dipole moment for a particular state. This is a simplified
versiori of their expression, which is based on first-order per-
turbation theory approximations to the wave functions. The
unperturbed frequency w, is assumed to be the same in the
ion and in the neutral 4 and E states (720 cm ~!). To calcu-
late 4,, we require the ratio 2|7.|*/|7,|%. This would be
given by the ratio of the integrated intensities of the 2E’ and
’4 ; bands iri the 213 nm spectrum. Since we observe the 2E *
state but not the 2E’ state, we assume 7. ~7¢.. The transi-
tion moment ratio is thus 2|7. [*/|7, |~ 10, the ratio of the
integrated areas under the 2E ” and *4 } state progressions at
213 nm. (As discussed in Sec. III, the photodetachment
cross section to the 4 ; state, which is proportional to |7, |%,
is exceptionally low.) For the I, , _ /I, ,, .o ratio in Eq.
(14) we use four peak intensity ratios measured from the
NO, ground state progression. We use the results for v, =0
and 1, and those at two laser polarization angles (6 = 0° and
90°). ,

We calculate an average value for 4, of 0.348 4 0.058
eV, which is similar to the >4 ;—*E ' coupling constants cal-
culated for BF;'. Our value of A, indicates that this vibronic
coupling mechanism provides a reasonable explanation for
the odd Av, transitions that we observe. However, the inten-
sity borrowing effect of the pseudo-Jahn-Teller interaction

in NO, is amplified, relative to BF;", by the large
|75 [*/]74)? value.

If the vibronic coupling is sufficiently strong, the equi-
librium geometry of the NO, ground state may be affected.
The adiabatic electronic potentials for the 4 and E states
should then show minima at configurations other than the
symmetric D, position (g, = 0). These adiabatic potential
energy surfaces, for motion along the g, coordinate, are de-
termined by neglecting the nuclear kinetic energy in H ™7
[Eq. (11)], setting 0§ = ¥, and diagonalizing the resulting
matrix:

E4 + 404q; A494a AaGas
A4Qaa Eg -+ %‘04113; (U » (15)
ym 0 Eg + %(044%

where ¢2 = g3, + q3,. For a given value of A, we estimate
4 by comparing the first few vibrational levels on the 4 state
surface with the experimental v, progression. If we set
A, =0.348 (the perturbation theory value), the best agree-
ment with experimental peak positions is obtained for
w4 ~0.125€V (1000 cm ). The experimental v, = 1 and 2
peaks are 363 and 758 cm "' from the origin. The eigenval-
ues of the adiabatic surface reproduce this uneven spacing,
but the calculated positions are 359 and 842 cm ~*. Decreas- -
ing A, and adjusting w, accordingly improves the fit. At
A, =0.290 eV, the lower limit of our calculated coupling
strength, o, = 0.1 ¢V (805 cm ™ ') gives peaks at 360 and
780 cm ™.

.- The estimate of o,, the unperturbed vibrational fre-
quency, obtained from our simulations is similar to the mea-
sured v, = 720 cm "' in NOj; . Vibronic coupling may thus
explain the anomalously low measured v, frequency in the
NO, 24} state, in addition to explaining other features of the
ground state progression. Figure 8 shows the adiabatic
curves with and without the pseudo-Jahn-Teller interaction
energy, for 4, =0.290 eV and o ( = wf) =0.1 €V (805

Energy (eV)

-10.0 -5.0 00 5.0 10.0

FIG. 8. Potential eriergy of the NO, *4 } and 2E’ states as a function of ¢,
the dimensionless normal coordinate. The solid curves are the adiabatic
pseudo-Jahn-Teller-perturbed potentials calculated from Eq. (15), with
w, =0.1eV (805cm ') and A, = 0.290eV. We have neglected Jahn~Tell-
er coupling in the 2E ’ state, The unperturbed harmonic oscillator potentials
for the %4 5 (X) and *E’ (O) states are also shown.
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cm ~'). One of the components of the 2E ' state is not affect-
ed by the perturbation, but the other interacts repulsively
with the 24  state.

This perturbed potential for the 4 state has a minimum
at g, =0, corresponding to a D,, equilibrium geometry.
Haller et al.>” have shown that this will be true as long as
Ai/w,<i(ex —&,). Even with A, =0.348 eV and
@, =0.125 eV, the barrier in the adiabatic potential is only
0.001 eV. We believe that our lower estimate of A (0.290
eV), which gives a better fit to the experimental peak spac-
ings, is closer to the true PJT coupling constant. To obtain
the transition moment ratio |7z |*/|7,|* used in Eq. (14),
weassumed that |75, |* = |75+ |> Itis likely that the >E ” and
*E’ states have somewhat different integrated intensities, so
the perturbation theory estimate of 1, = 0.348 eV is a good
first guess, at best. The coupling constant derived from fit-
ting peak spacings is more reliable because we are then using
experimental information to adjust 1, and e, . The compari-
son of adiabatic eigenvalues to experimental peak spacings is
not strictly valid, since nonadiabatic coupling due to the nu-
clear kinetic energy operator will mix vibronic levels of the
individual 4 and E surfaces.®**® However, thev, =0, 1, and
2 levels of the A4 state lie well below the E state, so nonadiaba-
tic effects on these low-lying states are probably small. Our
calculated vibronic coupling strength is sufficient to induce
intensity in forbidden transitions, but is weak enough that
the NO,?4 ; state still has D,, symmetry.

In summary, pseudo-Jahn-Teller coupling between the
*4 4 and 2E’ states of NO, via the v, mode accounts for the
observed peak positions in the ground state band of the NO;”
photoelectron spectrum. The coupling strength necessary to
reproduce our results does not break the D;, symmetry of
the 24 ; state, and this explanation is consistent with the D,,
equilibrium geometry implied by the high resolution spectra
of NO,. An important test of our analysis should result from
obtaining a photoelectron spectrum which includes the *E’
state of NO,. This will allow the direct measurement of
2|7g-|*/|74]% the parameter which controls intensity bor-
rowing via pseudo-Jahn-Teller coupling. This experiment
should be possible using an ArF excimer laser (photon ener-
gy 6.42 eV).

E. NO, excited state

The 213 nm spectrum of NO;~ shows an excited state
progression 0.868 + 0.014 eV (7000 4 110 cm~') above
the ground state. This is identified as the ?E ” state of NO,,
since the 2E ' state has been observed at 1.87 eV7%21:23.70 554
the dark 2E “ state is predicted to lie between the ground
state and 2E ’ state. The *E “ band shows extensive vibration-
al structure. A satisfactory fit to the peak positions is ob-
tained by assuming only two active harmonic vibrational
modes, with frequencies of 804 - 4 cm and 541 + 8 cm ™ Y;
the 804 cm ! progression is considerably longer.

We first try to assign these two progressions by compar-
ing their frequencies to those observed in NO; and other
electronic states of NO,. Since the *E ” state is degenerate,
the degenerate v, and v, modes can be activated in the pho-

toelectron spectrum via first-order Jahn—Teller coupling,
which allows odd Av transitions to occur in these modes. As
discussed above, a change in the N-O bond length upon pho-
todetachment to the 2E ” state will also lead to a progression
in the v, symmetric stretch. If vibronic interactions between
the 2E “ state and other electronic states are negligible, the v,
out-of-plane bending mode should not be active since the
2E " state is expected to be planar.

The measured v, frequencies in NO; and in the 4}
state of NO, are 723 and 360 cm ~ ', respectively, so either
the 541 or the 804 cm ~' frequency in the *E” band could
correspond to the v, mode. The v, frequency is about 1060
cm ! in the ion and neutral ground state, and 950 cm ™ ! in
the neutral 2E ' state,?®”° but the average v; frequency in the
ion and two neutral states is 1440 cm~'. Assuming that
these are the only possible active modes, the most reasonable
assignment on the basis of frequency alone is that the 804
cm ' progression corresponds to the v, mode and the 541
cm ~! progression to the v, mode. Using this assignment,
Table IT lists the v, and v, quantum numbers for each peak
in the band. With this assignment, the v} == 1<v{ = 1 tran-
sition, which is prominent in the >4} state progression,
should occur at 1.060 eV. The 0-0 peak at 1.038 eV does
have ashoulder in the right place for this hot band transition.

We next consider the intensity distribution in the *E”
band. Table II lists peak intensities relative to the
(v, = l,p, =0) peak at 0.935 eV (calculated position).
These were obtained by assuming Gaussian peaks, each of
FWHM 0.022 eV, and determining the peak intensities re-
quired for the cumulative simulated spectrum to match the
experimental spectrum. Peak positions were calculated from
the harmonic frequencies. Figure 9 shows that we can repro-
duce the peak positions and the broad, intense base under the
*E " band with overlapped Gaussians.

The intensity distribution in Table II presents two prob-
lems. If we assume that the two modes are separable, the
intensity of each peak should be given by a product of
Franck—Condon factors as in Eq. (6). The intensity ratio for
the peaks (v, = n,v, ) and (v, = m,v, ) is then independent
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FIG. 9. Experimental and *“simulated” photoelectron spectra of NO; (213
nm), for detachment to the NO, *E " state. The simulation assumes two
active modes, of frequency 804 and 541 cm ', and shows that a combina-
tion of Gaussian peaks (FWHM 0.022 e¢V) can reproduce the peak posi-
tions and shape of the *E ¥ band.
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of v,. However, the observed (1,0)/(0,0) ratio is 1.75, the
(1,1)/(0,1) ratio is 1.19, and the (1,2)/(0,2) ratio is 1.45.
Similar discrepancies occur throughout the band.
Inaddition, if we assume the v, mode to be a one-dimen-
sional harmonic oscillator displaced from the oscillator in
the ion, which is appropriate for a totally symmetric mode,
we are unable to model the (#,0) progression. Specifically, if
we match the experlmental (1,0)/(0,0) ratio the simulated
peak intensities for v, >4 are cons1derably lower than the
experimental intensities. If we assume that AQ, = 6.9 Aryo.
for the *E ” state, as we did for the 24 ; state (Sec. v C), the
displacement necessary to match the experimental
(1,0)/(0, O) ratio requires that the N-O bond length change
by 0.07 A between the ion and the 2E” state. This seems
excessive for the removal of 2 nominally nonbonding e” elec-
tron® from the ion. (By comparison, removal of a nonbond-
ifig a; electron in the transition from NO; to the 4 ; state
results in a bond length change of only about O. 03A.)
The intensity distribution in the 2E ” band shows that
separability of the two active modes in the 2E ” state is a poor
assumption This leads us to question our assignment of the
804 cm ™! progression to the symmetric stretch, since the vy
and v, modes are of different symmetries and should not
mix. An alternative explanation for this progression involves
vibronic coupling with other electronic states. In Sec. IV D,
the v, progression in the 24 § band was attributed to pseudo-
Jahn-Teller coupling between the >4 ; and 2E ' states via the
v, mode. This vibronic coupling mechanism also exists be-
tween the 2E " and 2E’ states via the v, out-of-plane bend
(a5 symmetry) and can activate the v, mode in the *E”
band. Thé v, frequency is 834 cm ™~ ' in NO;™ and 762 cm ~*
in the NO, >4} state, so the 804 cm ™' progression in the
*E " state is in the right frequency range for the v, mode. If
this as51gnment were correct, the extended nature of the 804
cm - progression would 1mp1y substantial vibronic cou-
pling, possibly large enough to cause distortion from a

planar equilibrium geometry for the *E " state. However,

Haller et al.* calculated the analogous pseudo-Jahn—Teller
coupling constant for BF;" to be relatively small. In addi-
tion, the absence of the 2E " >4 ¥ transition in absorption
puts a limit on the strength of the coupling between the 2E’
and ?E " states.

More theoretical work on NO, is required before we can
determine whether this alternative assignment is realistic.
Ideally, vibronic coupling constants could be obtained by ab
initio methods, and then used in calculations of the type de-
veloped by Cederbaum and co-workers.?* These simulations
of the *E * band should clearly indicate the relative impor-

tance of different vibronic coupling mechanisms. .

V. SUMMARY AND CONCLUSIONS

We have observed the °4 ; ground state and 2E " first
excited state of NO, via photoelectron spectroscopy of the
NOj; anion. The electron affinity of NO, is 3.937 + 0.014
eV, and we calculate A H °(NO; )55 ¢ = 0.777 4+ 0.023 eV
(17.91 4 0.62 kcal/mol). Our analysis of the 24 ; band indi-

cates that the NO; ground state has a D, equilibrium geom- -

etry, but is perturbed by vibronic coupling to the £’ second

excited electronic state through the v, degenerate in-plane
bend. This coupling explains both the appearance of odd Av,
transitions in this band and the anomalously low v, vibra-
tional frequency in the 24 ] state.

~ Our results represent the first direct observation of the
*E" state of NO,, which lies 0.868 + 0.027 eV above the
ground state. The *E” band shows extensive vibrational
structure which has been tentatively assigned to progres-
sions in the v, symmetric stretch and the Jahn—Teller active
v, mode. However, this assignment is not completely satis-
factory, and the analysis of the 2E ” band could clearly bene-
fit from further theoretical work.
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